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1
Lecture 1

INTRODUCTION TO VITAMINOLOGY. 
LIPID SOLUBLE VITAMINS

I. Introduction to vitaminology

Vitamins may be regarded as organic compounds required in the diet 
in small amounts to perform specific biological functions for normal 
maintenance of optimum growth and health of the organism. 

1. Historical resume

In the beginning of 20th century, it was clearly understood that the diets 
containing purified carbohydrate, protein, lipid and minerals were not 
adequate to maintain the growth and health of experimental rats, which the 
natural foods (such as milk) could do. Hopkins coined the term accessory
factors to the unknown and essential nutrients present in the natural foods.
Funk (1913) isolated an active principle (an amine) from rice polishing 
and, later in yeast, which could cure beri-beri in pigeons. He coined the 
term ′vitamine′ (Greek: βvitaβ  life) to the accessory factors with a belief
that all of them were amines. It was later realized that only few of them are 
amines. The term ′vitamin′, however, is continued without the final letter 
'e'. The usage of A, B and C to vitamins was introduced in 1915 by 
McCollum and Davis. They first felt there were only two vitamins lipid
soluble A and water soluble B. Soon another water soluble anti-scurvy
factor named vitamin C was described. Vitamin A was later found to 
possess two components one that prevents night blindness (vitamin A) and
another anti-ricket factor named as vitamin D. A lipid soluble factor called
vitamin E, in the absence of which rats failed to reproduce properly, was
discovered. Yet another lipid soluble vitamin concerned with coagulation
was discovered in mid 1930s. It was named as vitamin K. In the sequence
of alphabets it should have been F, but K was preferred to reflect its 
function (′koagulation′). As regards the water soluble factors, vitamin C 
was identified as a pure substance and named as ascorbic acid. Vitamin B 
was found to be a complex mixture and nomenclature also became
complex. B1 was clearly identified as anti-beriberi factor. 

2. Classification of vitamins

There are about 15 vitamins, essential for humans. They are classified
as lipid soluble (A, D, E and K) and water soluble (C and B-group)
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vitamins. The B-complex vitamins may be sub-divided into energy-
releasing (B1, B2, B6, biotin, etc.) and hematopoietic (folic acid and B12).
Most of the water soluble vitamins exert the functions through their 
respective coenzymes while only one lipid soluble vitamin (K) has been 
identified to function as a coenzyme.

3. Synthesis of vitamins by intestinal bacteria

Vitamins, as per the definition, are not synthesized in the body. 
However, the bacteria of the gut can produce some of the vitamins,
required by man and animals. The bacteria mainly live and synthesize 
vitamins in the colon region, where the absorption is relatively poor. As far 
as humans are concerned, it is believed that the normal intestinal bacterial
synthesis and absorption of vitamin K and biotin may be sufficient to meet 
the body requirements. For other B-complex vitamins, the synthesis and
absorption are relatively less. Administration of antibiotics often kills the 
vitamin synthesizing bacteria present in the gut, hence additional
consumption of vitamins is recommended.

4. Antivitamins 

Antivitamins are antagonistic to (oppose and block) the action of 
vitamins. Administration of antivitamins causes vitamin deficiencies.

1. Some antivitamins are structural analogs of the vitamins and
competitive inhibitors of the vitamin's action e.g., dicumarol is inhibitor of 
vitamin K, 4`-hydroxythiamine is inhibitor of vitamin B1.

2. Some antivitamins are enzymes, destroying vitamins e.g., thiaminase
found in raw fish cleaves thiamine.

3. Some antivitamins form with vitamins strong inactive complexes
e.g., avidin combines tightly with biotin, preventing its absorption.

4. Some antivitamins have ability to induce chemical modification of 
vitamins.

5. Vitamin supply

A healthy diet usually covers average daily vitamin requirements. By 
contrast, malnutrition, malnourishment (e.g., an unbalanced diet in older 
people, malnourishment in alcoholics, ready meals), or resorption 
disturbances lead to an inadequate supply of vitamins from which 
hypovitaminosis, or in extreme cases avitaminosis, can result. 

Medical treatments that kill the intestinal flora (e.g., antibiotics) can 
also lead to vitamin deficiencies (K, B12, H) due to the absence of bacterial
vitamin synthesis. Since only a few vitamins can be stored (A, D, E, B12), a 
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lack of vitamins quickly leads to deficiency diseases. These often affect 
the skin, blood cells, and nervous system. The causes of vitamin 
deficiencies can be treated by improving nutrition and by administering
vitamins in tablet form. 

An overdose of vitamins only leads to hypervitaminosis, with toxic 
symptoms, in the case of vitamins A and D. Normally excess vitamins are 
rapidly excreted with the urine.

Exogenous causes of hypovitaminosis

1. One-sided nutrition (insufficient intake).
2. Inadequate amounts or absence of vitamins in food.
3. Improper storage of food products and gross violations in preparing 

and cooking food, which result in the destruction of most of the vitamins.

Endogenous causes of hypovitaminosis

The need of the human organism for vitamins is greatly increased 
during severe physical stress, pregnancy, and breast feeding.

1. Increased destruction of vitamins at febrile states.
2. Diseases affecting the gastrointestinal tract – impaired absorption of 

vitamins.
3. Diseases affecting the liver, pancreas – impaired intake of lipid 

soluble vitamins.
4. Drug therapy:

• suppression of the intestinal microflora by antibiotic and
sulfanilamide administration;

• suppression of endogenous synthesis of vitamin К, biotin, vitamins 
of B-group in the intestines;

• suppression of the synthesis of coenzyme form of vitamin В2 by
tranquilizer;

• suppression of the utilization of folic acid by aspirin;
• nitrous oxide used in surgery inactivates В12;
• some medicines are antivitamins.

5. Administration of antivitamins.

II. Lipid soluble vitamins

Features of lipid soluble vitamins

1. Lipid soluble vitamins are apolar hydrophobic molecules, which are 
all isoprene derivatives since they are made up of one or more of five 
carbon units namely isoprene units.
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2. Cannot be synthesized by the body in adequate amounts and must, 
therefore, be supplied by the diet.

3. Require normal fat absorption to be occurring in order to be 
absorbed efficiently. 

4. Once absorbed, must be transported in the blood in lipoproteins or 
specific binding proteins. 

5. Can be stored in liver and adipose tissue.  
6. Excess consumption of these vitamins (particularly A and D) leads to 

their accumulation and toxic effects (hypervitaminosis).
7. They are not readily excreted in urine.

The lipid soluble vitamins have diverse functions, e.g., vitamin A, 
vision; vitamin D, calcium and phosphate metabolism; vitamin E, 
antioxidant; vitamin K, blood clotting. Although once thought of as a 
vitamin, in the true sense vitamin D (cholecalciferol) is a hormone.

Because of their lipid nature, conditions affecting the digestion and 
absorption of the lipid soluble vitamins such as steatorrhea and disorders of 
the biliary system can all lead to deficiencies. 

Dietary deficiencies affect the functions of the vitamins: vitamin A 
deficiency causes night blindness and xerophthalmia; vitamin D 
deficiency leads to rickets in young children and osteomalacia in adults; in 
vitamin E deficiency, which is rare, neurologic disorders and anemia of 
the newborn may arise; vitamin K deficiency, again very rare in adults, 
leads to bleeding and hemorrhage of the newborn. 

A role in cancer prevention has been ascribed to both vitamin A and 
β-carotene, provitamin A.

1. Vitamin A (retinol, antixerophthalmic vitamin)

Vitamin A is a generic term referring to all compounds from animal 
sources that exhibit the biologic activity of vitamin A. They are retinol, 
retinoic acid, and retinal. Only retinol has full vitamin A activity, the 
others fulfilling some, but not all, vitamin A functions. The term 
′retinoids′ has been used to describe both the natural forms and the 
synthetic analogs of retinol.

In vegetables, vitamin A exists as a provitamin in the form of the 
yellow pigment β-carotene, which consists of two molecules of retinal 
joined at the aldehyde end of their carbon chains. However, because 
β-carotene is not efficiently metabolized to vitamin A, weight for weight, 
β-carotene is only one-sixth as effective a source of vitamin A as retinol.

Retinol, retinoic acid, and retinal are polyisoprenoid compounds 
containing a cyclohexenyl ring (Fig.1). 



Lecture 1

8

reduction

Retinoic acid

Fig. 1. Retinol, retinal and retinoic acid, and their interconversions.

Retinyl esters dissolved in the fat of the diet are dispersed in bile 
droplets and hydrolyzed in the intestinal lumen, followed by absorption 
directly into the intestinal epithelium. Ingested β-carotenes may be 
oxidatively cleaved by β-carotene dioxygenase. This cleavage utilizes 
molecular oxygen, is enhanced by the presence of bile salts, and generates 
2 molecules of retinaldehyde (retinal). Also, in the intestinal mucosa, 
retinal is reduced to retinol by a specific retinaldehyde reductase utilizing 
NADPH. A small fraction of the retinal is oxidized to retinoic acid
(Fig.1). Most of the retinol is esterified with saturated fatty acids and 
incorporated into lymph chylomicrons, which enter the bloodstream. These 
are converted to chylomicron remnants, which are taken up by the liver 
together with their content of retinol. Carotenoids may escape some of 
these processes and pass directly into the chylomicrons.

In the liver vitamin A is stored as an ester in the lipocytes, probably as 
a lipoglycoprotein complex. For transport to the tissues, it is hydrolyzed 
and the retinol bound to retinol binding protein (RBP). The resulting holo-
RBP is processed in the Golgi apparatus and secreted into the plasma. 
Retinoic acid is transported in plasma bound to albumin. Once inside 
extrahepatic cells, retinol is bound by a cellular retinol binding protein 
(CRBP). Vitamin A toxicity occurs after the capacity of RBP has been 
exceeded and the cells are exposed to unbound retinol.

When retinol is taken up into CRBP it is transported about the cell and 
binds to nuclear proteins, where it is probably involved in the control of 
the expression of certain genes. Thus, in this respect vitamin A behaves in 
a manner similar to that of steroid hormones. The requirement of vitamin A 
for normal reproduction may be ascribed to this function.

Retinol and retinal are interconverted in the presence of NAD- or
NADP-requiring dehydrogenases or reductases, present in many tissues. 
However, once formed from retinal, retinoic acid cannot be converted 

RetinolRetinal

Retinyl esters

oxidation acylCoA
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back to retinal, or to retinol (Fig.1). Thus, retinoic acid can support 
growth and differentiation but cannot replace retinal in its role in 
vision or retinol in its support of the reproductive system.

Biochemical functions

1. Retinal participates in the visual cycle (Fig.2).
Rhodopsin occurs in the rod cells of the retina, which are responsible 

for vision in poor light. 11-cis-retinal is specifically bound to the visual 
protein opsin to form rhodopsin. When rhodopsin is exposed to light, it 
dissociates as it bleaches and forms all-trans-retinal and opsin. This 
reaction is accompanied by a conformational change that induces a calcium 
ion channel in the membrane of the rod cell. The rapid influx of calcium 
ions triggers a nerve impulse, allowing light to be perceived by the brain.

The all-trans-retinal is immediately isomerized by retinal isomerase
(of retinal epithelium) to 11-cis-retinal. This combines with opsin to 
regenerate rhodopsin and complete the visual cycle (Fig.2). 

However, the conversion of all-trans-retinal to 11-cis-retinal is 
incomplete. Therefore, most of the all-trans-retinal is transported to the 
liver and converted to all-trans-retinol by alcohol dehydrogenase. The all-
trans-retinol undergoes isomerization to 11-cis-retinol which is then 
oxidized to 11-cis-retinal to participate in the visual cycle (Fig.2).

(Satyanarayana U. Biochemistry, 3 ed., Books and Allied (P) Ltd., 2007)

Fig. 2. Visual cycle.
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2. Retinol supports the normal function of the reproductive system in 
males and females.

3. Retinol and retinoic acid are involved in the control of the 
expression and transcription of certain genes. Thus, they regulate the 
protein synthesis and are involved in the cell growth and differentiation. 

4. Vitamin A is essential to maintain epithelial tissue. This is due to the 
fact that retinol and retinoic acid are required to prevent keratin synthesis 
(responsible for horny surface). 

5. Retinoic acid is necessary for the synthesis of certain glycoproteins, 
which are required for growth and mucus secretion. 

6. β-Carotene is an antioxidant and may play a role in trapping peroxy 
free radicals in tissues at low partial pressures of oxygen. The ability of 
β-carotene to act as an antioxidant is due to the stabilization of organic 
peroxide free radicals within its conjugated alkyl structure. Since 
β-carotene is effective at low oxygen concentrations, it complements the 
antioxidant properties of vitamin E, which is effective at higher oxygen 
concentrations. Vitamin A and β-carotene antioxidant properties may well 
account for their possible anticancer activity. 

7. Vitamin A is essential for the maintenance of proper immune system 
to fight against various infections.

Dietary sources and daily requirement

Animal sources contain (preformed) vitamin A. The best sources are 
liver, kidney, egg yolk, milk, cheese, butter. Fish (cod or shark) liver oils 
are very rich in vitamin A.

Vegetable sources contain the provitamin A – β-carotenes. Yellow and 
dark green leafy vegetables and fruits are good sources of carotenes, e.g.,
carrots, red peppers, sweet potatoes, spinach, amaranthus, pumpkins, 
apricots, mango, papaya, etc.

The daily requirement of vitamin A is 1.5-2.5 mg (5.000-7.000 IU) or 
2-5 mg of carotene.

Hypovitaminosis

Vitamin A deficiency occurs mainly on poor basic diets coupled with a 
lack of vegetables that would otherwise provide the provitamin β-
carotene.

Many human cancers arise in epithelial tissues that depend on retinoids
for normal cellular differentiation. Some epidemiologic studies have shown 
an inverse relationship between the vitamin A content of the diet and the 
risk of cancer, and experiments have shown that retinoid administration 
diminishes the effect of some carcinogens.
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Hypovitaminosis is due to malfunction of the various cellular 
mechanisms in which retinoids participate.

1. Night-blindness (nyctalopia) is defective night vision, which occurs 
when liver stores are nearly exhausted.

2. Keratinization of epithelial tissues of the eye, lungs, 
gastrointestinal, and genitourinary tracts, coupled with reduction in mucous 
secretion, leading to increased bacterial infection.

3. Dryness and deterioration in conjunctiva and cornea of the eye 
(xerophthalmia), leads to blindness.

4. Destruction of the cornea (keratomalacia) causing total blindness.
5. Drying of skin and atrophy of sebaceous glands, appearance of 

pustules around hair follicles.
6. Degeneration of germinal epithelium, thus affecting reproduction.
7. Defective formation of the enamel of teeth.
8. Growth retardation due to impairment in skeletal formation.

Hypervitaminosis

This is possible in children by ingestion of large dose of vitamin A. 
Excessive consumption of vitamin A leads to toxicity. Manifestations are 
headache, lack of appetite, dermatitis (drying and redness of skin), 
enlargement of liver and spleen, skeletal decalcification, thickening of long 
bones, loss of weight, irritability, loss of hair, joint pains, etc.

2. Vitamin D3 (cholecalciferol, calciol, antirachitic vitamin)

Vitamin D is a steroid prohormone (Fig.3). It is represented by a group 
of steroids that occur chiefly in animals but also in plants and yeast. By 
various metabolic changes in the body they give rise to a hormone known 
as calcitriol, which plays a central role in calcium and phosphate 
metabolism.

Ergosterol occurs in plants and 7-dehydrocholesterol in animals. 
Ultraviolet irradiation from sunlight cleaves the B ring of ergosterol to 
form ergocalciferol (vitamin D2) in plants (Fig.3). 

7-Dehydrocholesterol may be converted by ultraviolet light to 
cholecalciferol (vitamin D3) in the skin in animals (Fig.3) and then 
hydroxylated in the liver to 25-hydroxyvitamin D3 (calcidiol) and then in 
the kidney to 1,25-dihydroxyvitamin D3 (calcitriol), the physiologically 
active form of vitamin D3 (Fig.4).
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Fig. 3. Ergosterol and 7-dehydrocholesterol and their conversion by photolysis to 
ergocalciferol and cholecalciferol, respectively.

Fig. 4. Metabolism of vitamin D3.
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Biochemical functions of calcitriol
(or 1,25-dihydroxycolecalciferol)

Blood calcium level is increased by calcitriol (the active vitamin D).
Calcitriol has 3 target tissues ‒ intestine, bone and kidneys ‒ to exert its 
action. 

1). Action of calcitriol on the intestine.
Calcitriol stimulate the intestinal reabsorption of Ca and phosphate by 

stimulating the synthesis of the specific calcium-binding protein (CBP) in 
the intestinal cells which increases the Ca uptake by the intestine. Thus, it 
can promote translocation of Ca against the concentration gradient, which 
exists across the intestinal cell membrane. This protein increases the 
intestinal absorption of Ca as well as phosphate.

The transfer of Ca or phosphate across the intestinal mucosa requires:
1) uptake across the brush border and microvillar membrane; 2) transport 
across the mucosal cell membrane; and 3) efflux across the basal lateral 
membrane into the ECF. It is clear that calcitriol enhances one or more of 
these steps, but the precise mechanism has not been established. CBP was 
thought to be actively involved until it was observed that Ca translocation 
occurs within 1-2 hours after administration of calcitriol, well before CBP 
increases in response to calcitriol. CBP may bind Ca and protect the 
mucosa cell against the large fluxes of Ca coincident with the transport 
process. Several investigators are searching for other proteins that may be 
involved in Ca transport, whereas others suggest that the process, 
particularly the early increase of Ca flux, may be mediated by a membrane 
change. Metabolites of polyphosphoinositides have been implicated.

2). Action of calcitriol on the bone.
The effects of the calcitriol in bone are complex:
1. Calcitriol promotes bone formation by stimulating osteoblast 

differentiation. In the osteoblasts calcitriol stimulates Ca uptake for 
deposition as calcium phosphate thereby influencing the calcification or
mineralization of young bone tissues. 

2. Calcitriol along with parathyroid hormone increases the mobilization 
of Ca and phosphate (demineralization) from the old bone tissues. 

3). Action of calcitriol on the kidney.
Calcitriol increases Ca reabsorption and minimizes the excretion of Ca

and phosphate by inducing transporters in the kidneys. 

The net effect of calcitriol on bone and kidney is to increase the 
calcium and the phosphate levels in the blood. 
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Dietary sources and daily requirement

Good sources of vitamin D include fish liver oils, liver, butter, milk, 
fatty fish, egg yolk, etc. 

Vitamin D can be provided to the body in three ways:
1. Exposure of skin to sunlight for synthesis of vitamin D;
2. Consumption of natural foods;
3. By irradiating foods (like yeast) that contain precursors of vitamin D 

and fortification of foods (milk, butter, etc.).
The daily requirement of vitamin D is 12-25 μg (500-1000 IU).

Hypovitaminosis

Vitamin D deficiency is relatively less common since this vitamin can 
be synthesized in the body. However, insufficient exposure to sunlight and 
consumption of diet lacking vitamin D results in its deficiency. Vitamin D
deficiency occurs in strict vegetarians, chronic alcoholics, individuals with 
liver and kidney diseases or fat malabsorption syndromes. 

Dietary deficiency of vitamin D causes rickets in children and 
osteomalacia in adults. It is due to softening of bones resulting from lack 
of calcium and phosphate. 

Rickets is derived from an old English word βwrickkenβ, meaning to 
twist. Rickets is characterized by deficient mineralization of the skeleton 
and severe, crippling bone deformities leading to soft and pliable bones, 
knock-knees, bead-like swellings at the rib junctions (rachitic rosary), 
enlargement of the epiphyses and contracted pelvis. The weight-bearing 
bones are bent to form bow legs.

In rickets the plasma level of calcitriol, calcium and phosphorus are
decreased and alkaline phosphatase activity is elevated. Alkaline 
phosphatase is concerned with the process of bone formation. There is an 
overproduction of alkaline phosphatase related to more cellular activity of 
the bone. It is believed to be due to a vain attempt to result in bone 
formation.

There are 2 types of vitamin D-dependent rickets. Type I is an 
inherited autosomal recessive trait characterized by a defect in the 
conversion of calcidiol to calcitriol. Type II is an autosomal recessive 
disorder in which there is a single amino acid change in one of the zinc 
fingers of the DNA-binding domain. This results in a nonfunctional 
receptor.

Osteomalacia is derived from Greek (βosteonβ – bone; βmalakiaβ –
softness). In case of osteomalacia (adult rickets) demineralization of the 
bones occurs (bones become softer), increasing their susceptibility to 
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fractures. The ionic serum calcium is reduced to low levels resulting in 
neuromuscular irritability and tetany. 

Calcium and phosphorus absorption are decreased, as are the ECF 
levels of these ions. Consequently mineralization of osteoid to form bone is 
impaired, and such undermineralized bone is structurally weak.

When substantial renal parenchyma is lost or diseased, the formation of 
calcitriol is reduced and calcium absorption decreases. When hypocalcemia 
ensues, there is a compensatory increase of PTH, which acts on bone in an 
attempt to increase ECF calcium. The associated extensive bone turnover, 
structural changes, and symptoms are known as renal osteodystrophy. 
Early treatment with vitamin D will blunt this process.

Hypervitaminosis

Vitamin D is stored mostly in liver and slowly metabolized. Among the 
vitamins, vitamin D is the most toxic in overdoses. Toxic effects of vitamin 
D excess causes demineralization of bone (resorption) and increased 
calcium absorption from the intestine, leading to elevated calcium in 
plasma (hypercalcemia). Prolonged hypercalcemia is associated with 
metastatic calcification of soft tissues such as kidney and arteries, calculi 
formation. High consumption of vitamin D is associated with loss of 
appetite, nausea, increased thirst, loss of weight, digestive disturbances, etc.

3. Vitamin E (tocopherol, antisterility vitamin)

There are several naturally occurring tocopherols. All are isoprenoid 
substituted 6-hydroxychromanes or tocols (Fig.5).
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Fig. 5. α-Tocopherol.

D-α-Tocopherol has the widest natural distribution and the greatest 
biologic activity. 

Impaired fat absorption leads to vitamin E deficiency because 
tocopherol is found dissolved in the fat of the diet and is liberated and 
absorbed during fat digestion. Furthermore, it is transported in the blood by 
lipoproteins, first, by incorporation into chylomicrons, which distribute the 
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vitamin to the tissues containing lipoprotein lipase and to the liver in 
chylomicron remnants, and second, by export from the liver in VLDL and 
LDL. It is stored in adipose tissue, liver and muscle.

Biochemical functions

1. Vitamin E is a most potent lipid soluble antioxidant: 
Vitamin E (Toc-OH) prevents the peroxidation of polyunsaturated fatty 

acids contained in cellular and subcellular membrane phospholipids of 
mitochondria, endoplasmic reticulum, and plasma membranes by O2 and 
free radicals such as O2

·-, OH·, HO2
· and H2O2.

Toc-OH + O2
·- → Toc-O· + HO2

·

Vitamin E breaks free-radical chain reactions as a result of its ability to 
transfer phenolic hydrogen to peroxyl free radical of peroxidized 
polyunsaturated fatty acid. The phenoxy free radical formed then reacts 
with a further peroxyl free radical.

Toc-OH + ROO· → Toc-O· + ROOH
Toc-O· + RO· → Toc-O-O-R

Glutathione peroxidase, of which selenium (Se) is an integral 
component, provides a second line of defense against peroxides (ROOH) 
before they can propagate in chain reactions, damaging membranes and 
other cell components. Thus, tocopherol and selenium reduce each other's 
requirement or reinforce each other in their actions against lipid peroxides.

Glutathione peroxidase (Se)
ROOH + 2 glutathione (G-SH)                ROH + G-S-S-G + H2O
In addition, selenium is required for normal pancreatic function, which 

is necessary for the digestion and absorption of lipids, including vitamin E. 
Conversely, vitamin E reduces selenium requirements by preventing loss of 
selenium from the body or maintaining it in an active form. 

The antioxidant action of tocopherol is effective at high oxygen 
concentrations, and thus it is not surprising that it tends to be concentrated 
in those lipid structures that are exposed to the highest O2 partial pressures
e.g., the erythrocyte membrane and the membranes of the respiratory tree.

2. Vitamin E is essential for the membrane structure and integrity of the 
cell. 

3. Vitamin E prevents the oxidation of vitamin A and carotenes from 
oxidative destruction.

4. Vitamin E is required for cellular respiration through electron 
transport chain (believed to stabilize coenzyme Q).

5. Vitamin E is closely associated with reproductive functions and 
prevents sterility. It preserves and maintains germinal epithelium of 
gonads.

6. Vitamin E increases the synthesis of heme.
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7. Vitamin E is required for proper storage of creatine in skeletal 
muscle.

8. Vitamin E is needed for optimal absorption of amino acids from the 
intestine.

9. Vitamin E is involved in proper synthesis of nucleic acids.

Dietary sources and daily requirement

Many vegetable oils are rich sources of vitamin E. Wheat germ oil, 
cotton seed oil, peanut oil, corn oil and sunflower seed oil are the good 
sources of this vitamin. It is also present in soya beans, grain crops, hips, 
green vegetables, salad, cabbage, apples, nuts, fish, liver, meat, milk, butter 
and eggs.

The daily requirement of vitamin Е is 20-30 mg.
Requirement of vitamin E increases with increased intake of 

polyunsaturated fatty acids (PUFA): 1 g of PUFA is corresponding to 1 mg 
of vitamin E.  

Vitamin E is destroyed by commercial cooking and food processing, 
including deep-freezing. 

There is a possible need for supplementation of tocopherol in the diet of 
pregnant and lactating women and for newborn infants where anemia can 
arise as a result of insufficiency of vitamin E. Anemia may be due to 
decreased production of hemoglobin and a shortened erythrocyte life span.

Hypovitaminosis

Intake of mineral oils, exposure to oxygen (as in oxygen tents), or 
diseases leading to inefficient lipid absorption may cause deficiencies of 
the vitamin.

1. Severe symptoms of vitamin E deficiency are not seen in humans 
except increased fragility of erythrocytes, muscular weakness, creatinuria
and minor neurological symptoms.

2. In many animals like rabbit, rat, guinea pig, the deficiency is 
associated with sterility, degenerative changes in muscle, megaloblastic 
anemia and changes in central nervous system. 

4. Vitamin K (phylloquinone, antihemorrhagic vitamin)

Vitamins belonging to the K group are polyisoprenoid-substituted 
napthoquinones. Menadione (K3), the parent compound of the vitamin K 
series, is not found naturally but if administered it is alkylated in vivo to 
one of the menaquinones (K2). Phylloquinone (K1) is the major form of 
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vitamin K found in plants (Fig.6). Menaquinone-7 is one of the series of 
polyisoprenoid unsaturated forms of vitamin K found in animal tissues and 
synthesized by bacteria in the intestine.
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Fig. 6. The phylloquinone (K1). 

The naturally occurring K derivatives are absorbed only in the presence 
of bile salts, like other lipids, and are distributed in the bloodstream via the 
lymphatics in chylomicrons. Menadione, being water soluble, is absorbed 
even in the absence of bile salts, passing directly into the hepatic portal 
vein. Although vitamin K accumulates initially in the liver, its hepatic 
concentration declines rapidly and storage is limited. From liver vitamin K 
is transported along with LDL.

Biochemical functions

1. The function of vitamin K is concerned with blood clotting process. 
It brings about the posttranslational modification for activation of clotting 
factors II (prothrombin), VII, IX and X, synthesized as inactive 
precursors in the liver. For their generation into the biologically active 
forms they require vitamin K as coenzyme of the enzyme γ-glutamate 
carboxylase. γ-Glutamate carboxylase forms γ-carboxyglutamate (Gla) 
from glutamate residues (Glu) present in the precursors of clotting factors
by carboxylation reaction (Fig.7).

Fig. 7. Vitamin K-dependent carboxylase reaction. Activation of clotting factors II 
(prothrombin), VII, IX and X.

Gla residues of clotting factors are high affinity calcium chelators.
They are negatively charged (COO-) and combine with positively charged 
calcium ions (Ca2+) to form a complex. The mechanism of action has been 
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studied for prothrombin (factor II). Prothrombin contains 10 of Gla, which 
allow chelation of calcium. The prothrombin-Ca complex binds to the 
phospholipids on the membrane surface of the platelets (Fig.8). This leads 
to the increased conversion of prothrombin to thrombin.

Fig. 8. Mechanism of action of γ-carboxyglutamate of prothrombin in blood clotting.
(Satyanarayana U. Biochemistry, 3 ed., Books and Allied (P) Ltd., 2007)

2. Vitamin K is also required for the carboxylation of glutamate residues 
of osteocalcin, a calcium binding protein present in the bone.

3. Vitamin K as a cofactor in oxidative phosphorylation being 
associated with mitochondrial lipids.

The vitamin K-dependent carboxylase reaction (Fig.7) occurs in the 
endoplasmic reticulum of many tissues and requires molecular oxygen, 
carbon dioxide, and the hydroquinone (reduced) form of vitamin K. In the 
endoplasmic reticulum of liver there exists a vitamin K cycle (Fig.9) in 
which epoxide form of vitamin K formed from hydroquinone via
carboxylation reaction is converted by epoxide reductase to the quinone
form of vitamin K, using an, as yet, unidentified dithiol reductant. This 
reaction is sensitive to inhibition by 4-hydroxydicoumarin (dicumarol) 
types of anticoagulant, such as warfarin. 

Subsequent reduction of the quinone form to the hydroquinone by 
NADH of quinone reductase completes the vitamin K cycle for 
regenerating the active form of the vitamin.

An important therapeutic use of vitamin K is as an antidote to poisoning 
by dicumarol-type drugs. The quinone forms of vitamin K will bypass the 
inhibited epoxide reductase and provide a potential source of the active 
hydroquinone form of vitamin K.
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Fig. 9. Vitamin K cycle.

Dietary sources and daily requirement

Vitamin K can be adequately synthesized in the gut by the microflora.
Cabbage, cauliflower, tomatoes, alfa-alfa, spinach, and other green 
vegetables, fruits are good sources. It is also present in egg yolk, meat, 
liver, cheese and dairy products, cereal grain products.

The daily requirement of vitamin К is 0.2-0.3 mg.

Hypovitaminosis

Vitamin K deficiency can be caused by fat malabsorption, which may 
be associated with pancreatic dysfunction, biliary disease, atrophy of the 
intestinal mucosa, or any cause of steatorrhea. In addition, sterilization of 
the large intestine by antibiotics can result in deficiency when dietary 
intake is limited. 

Deficiency of vitamin K leads to the lack of active prothrombin in the 
circulation. The result is that blood coagulation is adversely affected. The 
individual bleeds profusely even for minor injuries. The blood clotting time 
is increased.

Vitamin K is widely distributed in plant and animal tissues used as food, 
and production of the vitamin in the intestine ensures that dietary 
deficiency does not occur in adults. However, newborn infants are 
vulnerable to the deficiency, because the placenta does not pass the vitamin 
to the fetus efficiently and the gut is sterile immediately after birth. In 
normal infants, the plasma concentration decreases immediately after birth
but recovers after food is absorbed. If the prothrombin level drops too low, 
the hemorrhagic syndrome may appear.

(https://www.researchgate.net)

https://www.researchgate.net
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Lecture 2

WATER SOLUBLE VITAMINS

The water soluble vitamins are heterogenous group of compounds since 
they differ chemically from each other. The only common character shared 
by them is their solubility in water. Most of these vitamins are readily 
excreted in urine and they are not toxic to the body. Water soluble vitamins 
are not stored in the body in large quantities (except B12). For this reason, 
they must be continuously supplied in the diet. 

The vitamins essential for human nutrition are: (1) ascorbic acid 
(vitamin C), (2) thiamin (vitamin B1), (3) riboflavin (vitamin B2), (4) niacin 
(vitamin B3), (5) pyridoxine (vitamin B6), (6) pantothenic acid (vitamin 
B5), (7) biotin (vitamin B7), (8) vitamin B12 (cobalamin), and (9) folic acid 
(vitamin B9).

The water soluble vitamins form coenzymes that participate in a variety 
of biochemical reactions, related to either energy generation or 
hematopoiesis. It may be due to this reason that the deficiency of vitamins 
results in a number of overlapping symptoms. 

Absence or relative deficiency of vitamins in the diet leads to 
characteristic deficiency states and diseases. Deficiency of a single vitamin 
of the B complex is rare, since poor diets are most often associated with 
multiple deficiency states. Nevertheless, definite syndromes are 
characteristic of deficiencies of specific vitamins. Among the water soluble 
vitamins the following deficiency states are recognized: beri-beri (thiamin 
deficiency); cheilosis, glossitis, seborrhea, and photophobia (riboflavin 
deficiency); pellagra (niacin deficiency); peripheral neuritis (pyridoxine 
deficiency); megaloblastic anemia, methylmalonic aciduria, and
pernicious anemia (cobalamin deficiency); megaloblastic anemia (folic 
acid deficiency); and scurvy (ascorbic acid deficiency). Vitamin 
deficiencies are avoided by consumption of food of a wide variety in 
adequate amounts.

1. Ascorbic acid (vitamin C, antiscorbutic vitamin)

Ascorbic acid is a hexose (6 carbon) derivative and closely resembles
monosaccharides in structure (Fig.1). 

The acidic property of vitamin C is due to the enolic hydroxyl groups. It 
is a strong reducing agent. 

L-Ascorbic acid undergoes oxidation to form dehydroascorbic acid and 
this reaction is reversible. Both ascorbic acid and dehydroascorbic acid are
biologically active. The plasma and tissues predominantly contain ascorbic
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acid in the reduced form. On hydration, dehydroascorbic acid is
irreversibly converted to 2,3-diketogulonic acid which is inactive (Fig.1).

Hydration reaction is almost spontaneous, in alkaline or neutral solution. 
It is for this reason that oxidation of vitamin C is regarded as biological 
inactivation (formation of diketogulonic acid). 

+ Н2О

O C

C

C

HO

HO

CO
CHO H
CH2OH

O

COOH

C

C

O

O

CH
CHO H
CH2OH

OH
COOH

C

C

H

HO

CH2OH

OH

H

t

COOH

COOH
+

щавелевая кислота

Аскрорбиновая
кислота (АК)

2,3-дикетогулоновая 
кислота треоновая

кислота 2Н

дегидроаскорбиновая кислота
(ДАК)

O C

C

C

O

O

CH
CHO H
CH2OH

O

Fig. 1. Ascorbic acid and its related compounds.

Many animals can synthesize ascorbic acid from glucose via uronic acid 
pathway. However, man, other primates, guinea pigs and bats cannot 
synthesize ascorbic acid due to the deficiency of a single enzyme namely 
L-gulonolactone oxidase. Vitamin C is rapidly absorbed from the intestine.
It is not stored in the body to a significant extent. Ascorbic acid is excreted 
in urine as such, or as its metabolites diketogulonic acid and oxalic acid.

Biochemical functions

Most of the functions of vitamin C are related to its property to undergo
reversible oxidation-reduction i.e., interconversion of ascorbic acid and 
dehydroascorbic acid.

Ascorbic acid

Dehydroascorbic acid

Oxalic acid

2,3-diketogulonic 
acid Threonate

H
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Vitamin C participates in various types of reactions:
I-st type of reactions:
Ascorbic acid + NADP → Dehydroascorbic acid + NADPН2

NADPН2 is used in hydroxylation reactions.
1. Collagen synthesis. Ascorbic acid plays the role of a coenzyme in 

hydroxylation of proline by enzyme prolylhydroxylase and lysine by 
enzyme lysylhydroxylase. Hydroxyproline and hydroxylysine formed are 
essential for the collagen cross-linking and the strength of the fiber while 
protocollagen is converted to collagen (i.e., post-translational 
modification). In this way, vitamin C is necessary for maintenance of 
normal connective tissue and wound healing process.

2. Tyrosine metabolism. The oxidation of ρ-hydroxyphenylpyruvate to 
homogentisate by hydroxyphenylpyruvate hydroxylase requires ascorbic 
acid, which may maintain the reduced state of copper necessary for 
maximal activity of enzyme. The subsequent step catalyzed by 
homogentisate dioxygenase, which is a ferrous iron-containing enzyme, 
also requires ascorbic acid. Ascorbic acid is also necessary for the synthesis 
of noradrenalin from dopamine (enzyme dopamine hydroxylase).

3. Serotonin synthesis. Ascorbic acid is essential for hydroxylation of 
tryptophan to hydroxytryptophan by enzyme hydroxylase in the synthesis 
of serotonin. 

4. Ascorbic acid is involved in detoxification of toxic substances by 
microsomal oxidation.

5. Synthesis of corticosteroid hormones. Ascorbic acid is necessary 
for the hydroxylation reactions in the production of the steroid hormones 
from cholesterol, by activating certain enzyme systems involved in this
process in the gonads and adrenal cortex. 

6. Bile acid synthesis. The bile acid formation from cholesterol at the 
initial 7α-hydroxylase step is enhanced by ascorbic acid. 

7. Peptide hormone synthesis. Many peptide hormones contain 
carboxyl terminal amide which is derived from terminal glycine.
Hydroxylation of glycine is carried out by peptidyl glycine hydroxylase
which requires vitamin C.

II-nd type of reactions: reduction reactions.
1. Ascorbic acid is involved in the redox mechanisms. It acts as a 

donor of reducing equivalents when it is oxidized to dehydroascorbic acid. 
Ascorbic acid is a reducing agent with a hydrogen potential of +0.08V, 
making it capable of reducing such compounds as molecular oxygen, 
nitrate, and cytochromes a and c.

2. Iron and hemoglobin metabolism. Ascorbic acid enhances iron 
absorption by conversion of the ferric form (Fe3+) to the ferrous form
(Fe2+). It helps in the formation of ferritin (storage form of iron) and
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mobilization of iron from ferritin. Vitamin C is useful in the reconversion
of methemoglobin (Fe3+) to hemoglobin (Fe2+). The degradation of 
hemoglobin to bile pigments also requires ascorbic acid.

3. DNA synthesis. Ascorbic acid takes part in the formation of 
deoxyribose from ribose. 

4. Folic acid metabolism. Vitamin C is needed for the formation of 
tetrahydrofolic acid (THFA) from folic acid (enzyme folic acid reductase). 
Further, in association with THFA vitamin С is involved in the maturation 
of erythrocytes.

III-rd type of reactions: vitamin C acts as a general water-soluble 
antioxidant.

1. Sparing action of other vitamins. Sparing of vitamins A and E from 
oxidation. 

2. Immunological function. Vitamin C enhances the synthesis of 
immunoglobulins (antibodies) and increases of the phagocytic action of 
leucocytes. 

3. Preventive action on chronic diseases. Vitamin C reduces the risk
of cancer, cataract, and coronary heart diseases.

4. Nitrosamine metabolism. Ascorbic acid may inhibit the formation of 
nitrosamines during digestion.

Eventual effects of vitamin С

1. Increasing of organism resistance to the action of adverse factors. 
Participation of vitamin C in I-st type of reactions (examples 2-5) and in 
III-rd type of reactions.

2. Maintenance of normal connective tissue – synthesis of collagen (I-st
type of reactions). 

3. Participation in hematopoiesis (II-nd type of reactions).

Dietary sources and daily requirement

Citrus fruits, gooseberry, guava, green vegetables (cabbage, spinach), 
tomatoes, potatoes (particularly skin), green peppers, broccoli, hips,
currant, sorrel are rich in ascorbic acid. High content of vitamin C is found 
in adrenal gland and gonads. Milk is a poor source of ascorbic acid. 

The daily requirement of vitamin С is 70-120 mg. 

Hypovitaminosis

Scurvy is the classical syndrome of vitamin C deficiency. Scurvy has 
been known to man for centuries. It was the first disease found to be 
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associated with diet. In the 16th century about 10.000 mariners died of a 
miraculous disease (scurvy) due to lack of fresh vegetables in their diet. 

This disease is characterized by soft swollen and bleeding gums, with 
ulceration and even gangrene, loose teeth, pains at the swollen joints, 
osteoporosis, decreased immunocompetence, delayed wound healing, union 
of fractures, sluggish hormonal function of adrenal cortex and gonads, 
anemia, muscle weakness reduction in the amount of inter-cellular 
substance and weakens the endothelial wall of the capillaries, fragile blood 
vessels, hemorrhages inside the muscles, from the mucous membranes of 
the mouth and gastrointestinal tract. Subcutaneous bleeding results in the 
formation of red patches under the skin (petechial hemorrhages). 

Most of these symptoms are related to impairment in the synthesis of 
collagen and/or the antioxidant property of vitamin C. Scurvy is cured by 
consumption of fruits and fresh vegetables. The normal stores of vitamin C 
are sufficient to last 3-4 months before signs of scurvy appear.

2. Vitamin Р

Flavonoids (or bioflavonoids) (Latin: ″flavus″ – yellow) are composed 
of a group of brightly colored substances that often appear in fruits and 
vegetables as companions to vitamin C. The components of the 
bioflavonoids are citrin, hesperidin, rutin.

Szent-Gyorgi and his associates (1936) observed that flavonoids, 
isolated from lemon peel (known as citrin) were responsible for 
maintenance of normal capillary permeability. The term ′vitamin P′ (′P′ for 
permeability) was used to this group of substances. 

Chemically flavonoids have the general structure of a 15-carbon 
skeleton, which consists of two phenyl rings and heterocyclic ring (Fig.2).

O

O

Fig. 2. Rutin.

When ingested together, bioflavonoids and C are more helpful than 
vitamin C taken alone. The absorption and storage properties of 
bioflavonoids are very similar to those of vitamin C. The bioflavonoids are 
readily absorbed from the gastrointestinal tract into the bloodstream. 
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Biochemical functions

1. Bioflavonoids are essential for the proper absorption and use of 
vitamin C. They assist vitamin C in keeping collagen, the intercellular 
cement, in healthy condition. 

2. Bioflavonoids act as antioxidants and protect ascorbic acid from 
being destroyed by copper-containing enzymes.

3. Bioflavonoids are vital in their ability to increase the strength of the 
capillaries and to regulate their permeability. These actions help prevent 
hemorrhages and ruptures in the capillaries and connective tissues, correct 
the vascular abnormality and build a protective barrier against infections.

Dietary sources and daily requirement

Bioflavonoids are found in tea, peels and pulp of citrus fruits (oranges, 
lemons, and grapefruit), tobacco leaves, sorrel grapes, plums, black 
currants, apricots, cherries, blackberries, and rose hips, buckwheat and 
many vegetables. 

The daily requirement of vitamin P is 30-50 mg.

Hypovitaminosis 

Symptoms of a bioflavonoid deficiency are closely related to those of a 
vitamin C deficiency. Especially noted is the increased tendency to bleed or 
hemorrhage and bruise easily. A deficiency of vitamins C and P may 
contribute to rheumatism and rheumatic fever.

3. Thiamin (vitamin В1, anti-beri-beri vitamin, antineuritic vitamin)

Thiamine contains a pyrimidine ring and a thiazole ring held by a 
methylene bridge (Fig.3). 
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Fig. 3. Thiamin. In thiamin diphosphate the -OH group is replaced by pyrophosphate.
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The alcohol (OH) group of thiamine is esterified with phosphate 
(2 moles) to form the coenzyme, thiamine diphosphate. The 
pyrophosphate moiety is donated by ATP and the reaction is catalyzed by 
the thiamine pyrophosphate transferase mainly in brain and liver (Fig.3). 

Biochemical functions

The coenzyme thiamine diphosphate (TDP) is associated with 
enzymes ultimately connected with the energy releasing reactions in the 
carbohydrate metabolism:

1. Pyruvate dehydrogenase catalyses oxidative decarboxylation of 
pyruvate to acetylCoA.

2. α-Ketoglutarate dehydrogenase catalyses oxidative decarboxylation 
of α-ketoglutarate to succinylCoA (citric acid cycle). 

3. α-Keto acid dehydrogenase catalyses the oxidative decarboxylation 
of the α-ketocarboxylic acid derivatives of the branched-chain amino acids 
(Leu, Ile and Val). 

4. Transketolase (pentose phosphate pathway of glucose metabolism).
5. Pyruvate decarboxylase catalyses decarboxylation of pyruvate to

acetaldehyde (alcoholic fermentation).
6. TDP plays an important role in the transmission of nerve impulse. It 

is believed that TDP is required for acetylcholine synthesis by inhibition of 
choline esterase and the ion translocation of neural tissue.

Dietary sources and daily requirement

Whole grains, bran (rice and wheat), cereals (oat, buckwheat, and 
millet), meal, pulses, oil seeds, nuts (hazelnut, walnut, and peanut), green 
vegetables and dried yeast are good sources. Thiamine is mostly 
concentrated in the outer layer (bran) of cereals. Polishing of rice removes 
about 80% of thiamine.

Vitamin B1 is also present in animal foods like pork, liver, heart, kidney, 
eggs, fish, milk, etc. 

The daily requirement of vitamin В1 is 2-3 mg.

Biochemical alterations in B1 deficiency

1. Carbohydrate metabolism is impaired. Accumulation of pyruvate 
occurs in the tissues, which is harmful. Pyruvate concentration in plasma is 
elevated and it is also excreted in urine.

2. Normally, pyruvate does not cross the blood-brain barrier and enter 
the brain. However, in thiamine deficiency, an alteration occurs in the 
blood-brain barrier permitting the pyruvate to enter the brain directly. It is 
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believed that pyruvate accumulation in brain results in disturbed 
metabolism that may be responsible for polyneuritis.

3. Thiamine deficiency leads to impairment in nerve impulse 
transmission due to lack of TDP.

4. The transketolase activity in erythrocytes is decreased.

Hypovitaminosis

The deficiency of vitamin B1 results in a condition called beri-beri. 
Beri-beri is caused by carbohydrate-rich/low-thiamin diets e.g., polished 
rice or other highly refined foods such as sugar and white flour acting as 
the staple food source. 

The early symptoms of Beri-beri are loss of appetite (anorexia), 
weakness, exhaustion, constipation, nausea, mental depression, peripheral 
neuropathy, irritability, fatigue, headache, insomnia, which lead on to 
edema and cardiovascular, neurological, and muscular degeneration and 
gastrointestinal disorders, etc. Numbness in the legs complaints of ''pins 
and needles sensations'' is reported. 

Certain raw fish contain a heat-labile enzyme (thiaminase) that destroys 
thiamin, but this is not considered to be critical in human nutrition.

Manifestations of hypovitaminosis В1

1. Wernicke's encephalopathy – neurological disorder caused by 
thiamine deficiency, typically from chronic alcoholism or persistent 
vomiting, and marked by mental confusion, abnormal eye movements, and 
unsteady gait.

2. Wernicke-Korsakoff syndrome – disorder mostly seen in chronic 
alcoholics. It is characterized by loss of memory, apathy and a rhythmical 
to and fro motion of the eye balls.

4. Riboflavin (vitamin В2, growth factor)

Riboflavin consists of a 6,7-dimethyl isoalloxazine (heterocyclic 3-ring 
structure) attached to the sugar alcohol, D-ribitol, by a nitrogen atom
(Fig.4). It is a colored, fluorescent pigment that is relatively heat stable but 
decomposes in the presence of visible light.

Vitamin is absorbed in the intestine by a phosphorylation-
dephosphorylation sequence in the mucosa. 

Hormones (e.g., thyroid hormone and ACTH), drugs (e.g.,
chlorpromazine; competitive inhibitor), and nutritional factors affect the 
conversion of riboflavin to its cofactor forms. 
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Flavin mononucleotide (FMN) and flavin adenine dinucleotide
(FAD) are the two coenzyme forms of riboflavin. FMN is formed by ATP-
dependent phosphorylation of riboflavin (Fig.4), whereas FAD is 
synthesized by a further reaction with ATP in which the AMP moiety of 
ATP is transferred to FMN.
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Fig. 4. Riboflavin. In FMN the -OH is replaced by phosphate.

Biochemical functions

Enzymes that use flavin coenzymes (FMN or FAD) are called 
flavoproteins. They participate in a variety of cellular oxidation-reduction
reactions responsible for energy production and involved in carbohydrate, 
lipid, protein and purine metabolisms, besides the electron transport chain.

The functional unit of FMN or FAD is isoalloxazine ring which serves 
as an acceptor of two hydrogen forming FMNH2 or FADH2. 

FMN and FAD as cofactors are used for certain enzymes:
1). In cellular respiration, where FAD and FMN act as components of 

the respiratory chain: 
1. FMN is the prosthetic group of the FMN-linked-dehydrogenase (or

NADH dehydrogenase) in the complete respiratory chain.
2. FAD is the prosthetic group of the FAD-linked-dehydrogenase in the 

incomplete respiratory chain:
 Succinate dehydrogenase (citric acid cycle), 
 AcylCoA dehydrogenase (β-oxidation of fatty acids).
2). FAD is the prosthetic group of pyruvate and α-ketoglutarate 

dehydrogenase complexes (oxidative decarboxylation).
3). FAD is the prosthetic group of the following enzymes: 
 D-amino acid oxidase (amino acid deamination), 
 Xanthine oxidase (purine degradation), 
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 Aldehyde dehydrogenase (degradation of aldehydes).
4). FMN is the prosthetic group of L-amino acid oxidase (amino acid 

deamination). 

Dietary sources and daily requirement

Riboflavin is synthesized by intestinal microflora. Milk and milk 
products, meat, liver, kidney, heart, eggs, yeast, mushrooms are rich 
sources; cereals, fruits, leafy green vegetables, fish, roots, grain, seeds are 
moderate sources.

The daily requirement of riboflavin is 2-4 mg. 

Hypovitaminosis

In view of its widespread metabolic functions it is surprising that 
riboflavin deficiency does not lead to major life-threatening conditions.

Riboflavin deficiency symptoms include cheilosis (fissures at the angles 
of the mouth or angular stomatitis), glossitis (tongue red, swollen, smooth 
and purplish) and dermatitis, inflammation of cornea, blood-shot eyes, 
dimness of vision, photophobia, burning and dryness of eyes and redness of 
the conjunctiva, seborrhea, itching. 

Vitamin B2 deficiency as such is uncommon. It is mostly seen along 
with other vitamin deficiencies. Chronic alcoholics are susceptible to 
riboflavin deficiency. 

5. Niacin (vitamin РР, pellagra-preventing factor, vitamin В3)

Niacin is the generic name for nicotinic acid and nicotinamide either of 
which may act as a source of the vitamin in the diet. Nicotinic acid and 
nicotinamide are derivatives of pyridine (Fig.5).
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Fig. 5. Naturally of vitamin niacin.
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Niacin in the form of niacinamide (nicotinamide) is a part of the 
coenzymes nicotinamide adenine dinucleotide (NAD+) and nicotinamide 
adenine dinucleotide phosphate (NADP+). NAD+ and NADP+ are 
synthesized from dietary nicotinamide, nicotinic acid and tryptophan (an 
essential amino acid). Nicotinamide is deaminated in the body to nicotinic 
acid. The latter then undergoes a series of reactions to produce NAD+ and 
NADP+. Tryptophan produces quinolinate, which then forms nicotinate 
mononucleotide and, ultimately, NAD+ and NADP+.

Biochemical functions

The NAD+ and NADP+ coenzymes of oxidoreductases are involved in a 
variety of oxidation-reduction reactions. They accept hydride ion 
(hydrogen atom and one electron) and undergo reduction in the pyridine 
ring. While one atom of hydrogen (as hydride ion) from the substrate is 
accepted by the coenzymes to form NADH or NADPH, respectively, the 
other hydrogen ion is released into the surrounding medium.

The NAD+ and NADP+ participate in almost all the metabolisms
(carbohydrate, lipid, protein, etc.) as coenzymes to many dehydrogenase
enzymes. Generally, NAD-linked dehydrogenases catalyze oxido-reduction 
reactions in oxidative pathways, whereas NADP-linked dehydrogenases or 
reductases are often found in pathways concerned with reductive 
syntheses.

1. NAD+, the coenzyme of NAD-linked dehydrogenase, is concerned 
with cellular respiration as a component of the complete respiratory chain. 
NADH produced is oxidized in the electron transport chain to generate 
ATP. Examples of enzymes:

 Malate dehydrogenase, isocitrate dehydrogenase (citric acid cycle),  
 Lactate dehydrogenase, glyceraldehyde-3-phosphate dehydrogenase

(anaerobic glycolysis), 
 β-HydroxyacylCoA dehydrogenase (β-oxidation of fatty acids),
 Alcohol dehydrogenase (oxidation of alcohol),
 Glutamate dehydrogenase (deamination of glutamate).
2. NAD is a coenzyme of pyruvate and α-ketoglutarate dehydrogenase 

complexes (oxidative decarboxylation).
3. NADPH is a component of microsomal oxidation for detoxication of 

xenobiotics. 
4. NADPH takes part in biosynthesis of fatty acids, cholesterol, bile 

acids, steroid hormones, vitamin D.
5. NADP+ is a coenzyme of glucose-6-phosphate dehydrogenase and 

6-phosphogluconate dehydrogenase (pentose phosphate pathway).
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Dietary sources and daily requirement

The rich natural sources of niacin include liver, kidney, heart, lean meat, 
yeast, beans, peanuts, wheat and rice bran, whole grains, and cereals. Milk, 
fish, eggs and vegetables are moderate sources.

Tryptophan can be converted to niacin in the liver. 1 g of a good quality 
protein containing 60 mg of tryptophan is equivalent to 1 mg of niacin for 
the synthesis of nicotinamide coenzymes. Therefore, both niacin and 
tryptophan have to be invariably provided in the diet.

The daily requirement of vitamin РР is 15-25 mg.

Hypovitaminosis

Niacin deficiency results in a condition called pellagra (Italian: ′rough 
skin′). This disease involves skin, gastrointestinal tract and central nervous 
system. Pellagra characterized by bronzing and thickening of the skin.

The symptoms of pellagra are referred to as three 'D's: 
1. Dermatitis (inflammation of skin) is found in the areas of the skin 

exposed to sunlight (neck, dorsal part of feet, back of the hands, forearms,
ankle and parts of face). Stages are erythema, desquamation, pigmentation; 

2. Diarrhea may be in the form of loose stools, often with blood and 
mucus. Prolonged diarrhea leads to weight loss;

3. Dementia is associated with degeneration of nervous tissue. The 
symptoms of dementia include delusion, hallucinations, anxiety, irritability, 
poor memory, insomnia (sleeplessness), etc.

It is also of note that pyridoxal phosphate, the active form of vitamin B6, 
is involved as a cofactor in the pathway of synthesis of NAD+ from 
tryptophan and therefore vitamin B6 deficiency can potentiate a deficiency 
in niacin.

Other conditions leading to symptoms of pellagra include administration 
of some drugs such as isoniazid, malignant carcinoid syndrome in which 
tryptophan metabolism is diverted to serotonin, and Hartnup disease, in
which tryptophan absorption is impaired.

Nicotinic acid has been used therapeutically for lowering plasma 
cholesterol. This is due to inhibition of the flux of free fatty acids from 
adipose tissue, which leads to less formation of the cholesterol-bearing 
lipoproteins, VLDL, IDL, and LDL.

6. Pyridoxine (vitamin B6, antidermatitis factor)

Vitamin B6 consists of three closely related pyridine derivatives: 
pyridoxine, pyridoxal, and pyridoxamine (Fig.6). All three have equal 
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vitamin activity. Pyridoxine can be converted to pyridoxal and 
pyridoxamine, but the latter two cannot form pyridoxine.

N
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CH2OH
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H3C

C

CH2OH

O H

N

OH

H3C

CH2NH2

CH2OH

Pyridoxine              Pyridoxal           Pyridoxamine

Fig. 6. Naturally of vitamin pyridoxine.

The active forms of vitamin B6 are the coenzymes, pyridoxal 
phosphate and pyridoxamine phosphate. Pyridoxal phosphate can be 
synthesized from the three compounds pyridoxine, pyridoxal and 
pyridoxamine. 

All forms of vitamin B6 are absorbed from the intestine, but some 
hydrolysis of the phosphate esters occurs during digestion. Pyridoxal 
phosphate is the major form transported in plasma. Most tissues contain the 
enzyme pyridoxal kinase, which is able to catalyze the phosphorylation by 
ATP of the unphosphorylated forms of the vitamin to their respective 
phosphate esters. While pyridoxal phosphate is the major coenzyme 
expressing B6 activity, pyridoxamine phosphate may also act as an active 
coenzyme.

Biochemical functions

Pyridoxal phosphate is found attached to the ε-amino group of lysine in 
the enzyme. It is closely associated with the metabolism of amino acids. 

Pyridoxal phosphate as coenzyme is used for the following enzymes:
1. Aminotrasferase – transamination reactions converting amino acids 

to keto acids. During the course of transamination, pyridoxal phosphate 
interacts with amino acid to form a Schiff base. The amino group is handed 
over to pyridoxal phosphate to form pyridoxamine phosphate and the keto 
acid is liberated.

2. Decarboxylase – decarboxylation of certain amino acids to form the 
respective biogenic amines. 

3. Kynureninase – biosynthesis of niacin coenzymes NAD and NADP 
from tryptophan. 

4. Cystathionine synthase – transsulfuration (transfer of sulfur) reaction 
from homocysteine to serine occurs in the synthesis of cysteine. Taurine, a 
decarboxylated (pyridoxal phosphate dependent) product of cysteine, is 
involved in the conjugation of bile acids.
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5. Dehydratase – deamination of hydroxyl group containing amino 
acids (serine and threonine).

6. Hydroxymethyltransferase – serine biosynthesis from glycine.
7. Amino levulinic acid synthase – biosynthesis of δ-amino levulinic 

acid (precursor for heme synthesis) from succinylCoA and glycine. 
8. Glycogen phosphorylase – the pyridoxal phosphate is an integral part 

of the mechanism of action of enzyme, mediating the breakdown of 
glycogen. In this action, it also forms an initial Schiff base with an α-amino 
group of a lysine residue of the enzyme, which, however, remains intact 
throughout the phosphorolysis of the 1,4-glycosidic bond to form glucose-
1-phosphate. Muscle phosphorylase may account for as much as 70-80% of 
total body vitamin B6.

Dietary sources and daily requirement

Vitamin B6 synthesized by intestinal microflora. Animal sources such as 
yeast, liver, heart, kidney, egg yolk, fish (mackerel), milk, meat are rich in 
vitamin. 

Whole grains, wheat, nuts, legumes, peas, crude molasses, green and red 
peppers, cabbage, roots and tubers, avocados and bananas are good 
vegetable sources.

The daily requirement of vitamin B6 is 2-3 mg, pregnant 6-7 mg.

Hypovitaminosis

A deficiency due to lack of vitamin B6 alone is rare, and any deficiency 
is usually part of a general deficiency of B-complex vitamins.

Pyridoxine deficiency is associated with neurological symptoms such as 
depression, irritability, lethargy, nervousness and mental confusion, 
convulsions, peripheral neuropathy, vomiting, and diarrhea. These 
symptoms are related to the decreased synthesis of biogenic amines 
(serotonin, GABA, norepinephrine and epinephrine). Decrease in 
hemoglobin levels, associated with hypochromic microcytic anemia is seen 
in B6 deficiency. This is due to a reduction in heme production. The 
synthesis of niacin coenzymes (NAD+ and NADP+) from tryptophan is 
impaired. In children B6 deficiency with a drastically reduced GABA 
production results in convulsions (epilepsy). 

A possibility of deficiency is recognized in nursing infants whose 
mothers are depleted of the vitamin due to long-term use of oral 
contraceptives. Alcoholics may also be deficient due to metabolism of 
ethanol to acetaldehyde, which stimulates hydrolysis of the phosphate of 
the coenzyme. A widely used antituberculosis drug, isoniazid, can induce 
vitamin B6 deficiency by forming a hydrazone with pyridoxal.
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7. Pantothenic acid (vitamin В5, chick antidermatitis factor 
or filtrate factor)

Pantothenic acid is formed by combination of pantoic acid and 
β-alanine held together by a peptide linkage (Fig.7).

Fig. 7. Pantothenic acid.

Pantothenic acid is absorbed readily in the intestines and subsequently 
phosphorylated by ATP to form 4'-phosphopantothenate. Addition of
cysteine and removal of its carboxyl group results in the net addition of 
thioethanolamine, generating 4'-phosphopantetheine, the prosthetic group 
of both HSCoA and acyl carrier protein (ACP). HSCoA contains an 
adenine nucleotide. Thus, 4'-phosphopantetheine is adenylylated by ATP to 
form dephosphoCoA. The final phosphorylation occurs with ATP adding 
phosphate to the 3'-hydroxyl group of the ribose moiety to generate 
Coenzyme A.

Coenzyme forms of pantothenic acid:
1. 4`-phosphopantetheine – non-protein group of ACP in the enzyme 

fatty acid synthase;
2. DephosphoCoA – coenzyme of citrate lyase (fatty acid synthesis) 

and N-acetyltransferase (amino acid metabolism);
3. HSCoA (Coenzyme A). 

Biochemical functions

1). Acyl carrier protein, a component of fatty acid synthase complex, 
contains pantothenic acid moiety  4`-phosphopantetheine and has an 
important role in the biosynthesis of fatty acids. 

2). Functions of pantothenic acid are exerted mostly through 
Coenzyme A. It has a terminal thiol or sulfhydryl group (-SH) which is the 
reactive site, hence HSCoA is also use. Coenzyme A is a central molecule 
involved in all the metabolisms (carbohydrate, lipid and protein). More 
than 70 enzymes that depend on coenzyme A are known. Coenzyme A 
serves as a carrier of activated acetyl or acyl groups. Coenzyme A may be 
regarded as a coenzyme of metabolic integration, since acetylCoA is a
central molecule for a wide variety of biochemical reactions:
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1. Metabolism of carbohydrates – oxidative decarboxylation of 
pyruvate to acetylCoA and α-ketoglutarate to succinylCoA. SuccinylCoA 
is required for the synthesis of porphyrins of heme.

2. Metabolism of lipids – acylCoA and acetylCoA are produced in the 
oxidation of fatty acids. AcetylCoA is required for the synthesis of 
acetylcholine, cholesterol, steroid hormones, fatty acids, ketone bodies and 
for acetylation reactions (e.g., drugs).

3. Metabolism of proteins – acetylCoA is the product of the oxidation 
of ketogenic amino acids.

4. CoA takes part in the reactions of the citric acid cycle. 

Dietary sources and daily requirement

Pantothenic acid (Greek: ″pantos″ – everywhere) is widely distributed 
in nature. This is because it is widely distributed in foods, being 
particularly abundant in meat, liver, kidney, eggs, beef, milk, fish, yeast,
green vegetables, cabbage, cauliflower, potatoes, peanuts, peas, whole-
grain cereals, and legumes.

The daily requirement of pantothenic acid is 10-15 mg.

Hypovitaminosis

Manifestations of pantothenic acid deficiency are dermatitis, ulcers of 
the mucous of gastrointestinal tract, burning feet syndrome (pain and 
numbness in the toes, sleeplessness, and fatigue) which is associated with 
reduced capacity for acetylation and depigmentation. 

Pantothenic acid deficiency in experimental animals results in anemia, 
fatty liver, decrease steroid synthesis, etc.

8. Biotin (vitamin Н, antiseborrheic vitamin, 
anti-egg white injury factor, vitamin B7)

Biotin is heterocyclic sulfur containing monocarboxylic acid. The 
structure is formed by fusion of imidazole and thiophene rings with a
valeric acid side chain (Fig.8). 

HN NH

S
(CH2)4 COOH

O

Fig. 8. Biotin.
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Biotin is covalently bound to ε-amino group of lysine (Fig.8) to form 
biocytin in the enzymes. Biocytin may be regarded as the cofactor of 
biotin.

Biochemical functions

Biotin functions as a prosthetic group of specific multi-subunit enzymes
that catalyze carboxylation reactions. 

Enzyme (E) uses biotin as an activated carrier of CO2, the reaction 
occurring in two stages: 

E-biotin + ATP + HCO3
- → E-biotin-CO2 + ADP + Pi

E-biotin-CO2 + substrate → E-biotin + product
A carboxylate ion is attached to the N1 of the biotin (Fig.8), generating 

an activated intermediate, carboxybiotin-enzyme. This step requires 
HCO3

- ATP, Mg2+, and acetylCoA (as an allosteric effector). The activated 
carboxyl group is then transferred to the substrate of the reaction.

Biotin is involved in various carboxylation reactions as a prosthetic 
group of the following enzymes:

1. Pyruvate carboxylase catalyses conversion of pyruvate to 
oxaloacetate, the first reaction in pathway that converts non-carbohydrate
precursors to glucose (gluconeogenesis). Oxaloacetate so formed is also 
required for the continuous operation of citric acid cycle.

2. AcetylCoA carboxylase commits acetate units in the form of 
acetylCoA to fatty acid synthesis by forming malonylCoA.

3. PropionylCoA carboxylase catalyses conversion of propionylCoA, 
produced in the metabolism of certain amino acids (Val, Ile, Thr, etc.) and 
degradation of fatty acids with odd numbers of carbon atoms, to 
D-methylmalonylCoA. SuccinylCoA formed can then enter citric acid 
cycle.
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PropionylCoA carboxylase

L-MethylmalonylCoA SuccinylCoA

4. β-MethylcrotonylCoA carboxylase (catabolism of Leu and certain 
isoprenoid compounds).

β-MethylcrotonylCoA → β-MethylglutaconylCoA

5. Methylmalonyl-oxaloacetate transcarboxylase (reaction of 
transcarboxylation).

MethylmalonylCoA + Pyruvate → PropionylCoA + oxaloacetate

Dietary sources and daily requirement

Biotin is supplied by intestinal bacteria. Biotin is widely distributed in 
both animal and plant foods. The rich sources are liver, kidney, heart, egg 
yolk, milk, yeast, tomatoes, cauliflower, brans, soya beans, brown rice, 
nuts, grains, fruits, etc.

The daily requirement of biotin is 120-200 μg.

Hypovitaminosis

The symptoms of biotin deficiency include seborrhea, alopecia,
paralysis, anemia, loss of appetite, nausea, dermatitis, glossitis, depression, 
hallucinations, muscle pain, scaly desquamation of skin, lethargy.

Children develop dermatitis, alopecia, and loss of muscular control, and 
have retarded growth. In some cases children with this deficiency have 
immune deficiency diseases.



Water soluble vitamins.

39

The deficiency may be associated with two causes:
1. Destruction of intestinal flora due to prolonged use of drugs such as 

antibiotics, sulfonamides.
2. High consumption of raw eggs containing avidin, which tightly 

combines with biotin and hampers its absorption from the intestine.  
Absence of the enzyme holocarboxylase synthase, which attaches biotin 

to the lysine residue of the carboxylase apoenzymes, also causes biotin 
deficiency symptoms, including accumulation of substrates of the biotin-
dependent enzymes, which can be detected in urine. These metabolites 
include lactate, β-methylcrotonate, β-hydroxyisovalerate, and 
β-hydroxypropionate. 

9. Folic acid (folacin, vitamin B9, pteroyl-glutamic acid, 
growth factor, vitamin Вс, antianemic vitamin)

Folacin (Latin: ″folium″ – leaf) is the generic name covering folic acid 
and related substances having the biochemical activity of folic acid.

Folic acid consists of three components pteridine ring attached to one 
molecule each of p-aminobenzoic acid (PABA) and glutamic acid (1 to 7 
residues) (Fig.9).
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Pteridine ring           Para-aminobenzoic acid,         L- Glutamate 
PAB(A)

Pteroic acid

Fig. 9. The structure and numbering of atoms of folic acid.

Folic acid mostly has one glutamic acid residue and is known as 
pteroyl-glutamic acid. Animals are not capable of synthesizing PABA or of
attaching glutamate to pteroic acid and, therefore, require folate in their 
diet; in plants, folic acid exists as a polyglutamate conjugate consisting of a 
γ-linked polypeptide chain of 3-7 glutamate residues (held by peptide 
bonds). In the liver, the major folate is a pentaglutamyl conjugate.

Most of the dietary folic acid found as polyglutamate is not absorbed in 
the intestine. The enzyme folate conjugase present in duodenum and 
jejunum splits the glutamate residues.
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Only the monoglutamate of folic acid is absorbed from the intestine.
Most of this is reduced to tetrahydrofolate (THFA) in the intestinal cell by 
the enzyme dihydrofolate reductase, which uses NADPH as donor of 
reducing equivalents (Fig.10). 

Inside the cells tetrahydrofolates are found as polyglutamates (with 5-6 
glutamate residues) derivatives, which appear to be biologically most 
potent. 

The body can store 10-12 mg of folic acid that will usually last for 2-3 
months. In the circulation N5-methyl-tetrahydrofolate is abundantly
present.

Thus, the active form of folic acid is tetrahydrofolic acid (THFA). The 
hydrogen atoms are present at positions 5,6,7 and 8 of THFA (Fig.10).

Fig. 10. Conversion of folic acid to tetrahydrofolic acid.

Biochemical functions

Tetrahydrofolic acid (THFA), the coenzyme of folic acid, is actively 
involved in the one carbon metabolism. THFA serves as an acceptor or 
donor of one carbon units (formyl, methyl, etc.) in a variety of reactions
involving amino acid and nucleotide metabolism. The one carbon units 
bind with THFA at position N5 or N10 or on both N5 and N10 of pteroyl 
structure (Fig.9). 

The THFA acts as the one-carbon acceptor of one carbon units such as: 
1. N5(N10)-Formyl (-CHO),
2. N5-Hydroxy methyl (-CH2OH),
3. N5-Formate (HCOO-),
4. N5-Formimino (-CH = NH),
5. N5,N10-Methylene (-CH2-),
6. N5,N10-Methenyl (-CH=),
7. N5-Methyl (-CH3).
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Many important compounds are synthesized in one carbon metabolism.
1. Folic acid plays biochemical role in the metabolism of glycine, 

serine, glutamic acid, histidine, ethanolamine, betaine and choline. 
2. N5,N10-methenyl-THFA and N10-formyl-THFA are involved in the 

incorporation of formyl carbon into the purine skeleton (carbon 2, 8) which 
is incorporated into DNA and RNA.

3. N5,N10-methylene-THFA is involved for the synthesis of pyrimidine
nucleotide – deoxythymidine (dTMP), a necessary precursor of DNA 
synthesis and erythrocyte formation.

4. N5-methyl-THFA (the major form of folate derivative) is required 
for the formation of methionine. 

Serine is the source of a one-carbon unit in the form of a methylene 
group, which it transfers to THFA to form glycine and N5,N10-methylene-
THFA, which plays a central role in one-carbon unit metabolism: it can be 
reduced to N5-methyl-THFA or, alternatively, can be oxidized to N5,N10-
methenyl-THFA, which can then be hydrated to either N10-formyl-THFA 
or to N5-formyl-THFA. The latter is also known as folinic acid or
citrovorum factor, a stable form that can be used for administration of 
reduced folate. 

Formiminoglutamate (Figlu), a catabolite of histidine, transfers its 
formimino group to THFA to form N5-formimino-THFA. In folate 
deficiency, Figlu will accumulate after oral challenge with histidine. The 
explanation for this is similar to that advanced above to account for the 
effects of deficiency of vitamin B12. N

5,N10-methylene-THFA provides the 
methyl group in the formation of thymidylate. Concomitant with the 
reduction of the methylene to the methyl group, there is oxidation of THFA 
to dihydrofolate, which must be reconverted to THFA for further use. 
Therefore, cells that synthesize thymidylate (for DNA) are particularly 
vulnerable to inhibitors of folate reductase such as methotrexate.

Dietary sources and daily requirement

Folic acid is synthesized by intestinal microflora and it is widely 
distributed in nature. The rich sources are green leafy vegetables,
cauliflower, cabbage, salad, carrots, avocados, tomatoes, onion, fruit, 
whole grains, beans, cereals, liver, kidney, yeast and eggs. Milk is rather a 
poor source of folic acid.

The daily requirement of folic acid is 50-200 μg.

Hypovitaminosis
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Folic acid deficiency is probably the most common vitamin deficiency, 
observed primarily in the pregnant women. The pregnant women, lactating
women, women on oral contraceptives, and alcoholics are susceptible to 
folate deficiency.

The folic acid deficiency may be due to (one or more causes) inadequate 
dietary intake, defective absorption, use of anticonvulsant drugs 
(phenobarbitone, dilantin, phenyltoin), and increased demand.

Folic acid deficiency in pregnant women may cause neural defects in 
the fetus. Hence high doses of folic acid are recommended in pregnancy to 
prevent birth defects.

The deficiency of vitamin results in a macrocytic anemia that may be 
attributed to the decreased formation of new red blood cells due to 
interference with purine and dTMP production which in turn impairs DNA 
synthesis. Due to synthesis, the maturation block in DNA erythrocytes is 
slowed down leading to macrocytic red blood cells. The rapidly dividing 
cells of bone marrow are seriously affected. The macrocytic anemia 
(abnormally large erythrocytes) associated with megaloblastic changes in 
bone marrow is a characteristic feature of folate deficiency.

Manifestations of macrocytic anemia:
1. Low hemoglobin levels.
2. Decreased number of erythrocytes. 
3. Presence of megaloblasts.
4. Leukopenia. 

10. Cobalamin (vitamin B12, antianemic vitamin, 
antipernicious anemia vitamin)

Vitamin B12 has a complex ring structure (corrin ring), to which is 
added a cobalt ion at its center (Fig.11). 

The corrin ring has four pyrrole rings. Two of the pyrrole units (I and 
IV) are directly bound to each other whereas the other two (II and III) are 
held by methene bridges. The groups namely methyl, acetamide and 
propionamide are the substituents on the pyrrole rings. 

Vitamin B12 has cobalt atom in a coordination state of six. Cobalt 
present at the centre of the corrin ring is bonded to the four pyrrole 
nitrogens. Cobalt also holds (below the corrin plane) 
dimethylbenzimidazole containing ribose-5-phosphate and 
aminoisopropanol. A nitrogen atom of dimethylbenzimidazole is linked to 
cobalt. The amide group of aminoisopropanol binds with IV ring of corrin 
(Fig.11). 

The cobalt atom also possesses a sixth substituent group located above 
the plane of corrin ring. The substituent group may be one of the following:
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1. Cyanide (predominant) in cyanocobalamin; 
2. Hydroxyl in hydroxycobalamin. 

Fig. 11. Cobalamin.

There are two coenzyme forms of vitamin B12:
1. Deoxyadenosylcobalamin  cyanide is replaced by 

5'-deoxyadenosine forming an unusual carbon cobalt bond.
2. Methylcobalamin  cyanide is replaced by methyl group.

Metabolism of vitamin В12

The vitamin B12 is present in the diet in a bound form to proteins. In the 
stomach B12 is liberated by the enzymes (acid hydrolases). Cobalamin 
binding proteins, known as 'R-proteins' secreted by the salivary glands 
and the stomach bind the B12. 'R-proteins' then under the action of HCl are 
released from B12. 

The parietal cells of the gastric mucosa of the Cardia and the fundus of 
the stomach secrete a special protein called intrinsic factor (IF) of Castle. 
It is resistant to proteolytic digestive enzymes. Cobalamins bind to the 
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intrinsic factor. This binding protects B12 against its uptake and use by 
bacteria. The cobalamin-IF complex travels through the gut. The complex 
binds to specific receptors on the surface of the mucosal cells of the ileum. 
The binding of the complex and entry of B12 into the mucosal cells is 
mediated by Ca2+ ions. 

In the mucosal cells, intrinsic factor is released and B12 is converted to 
methylcobalamin. Methylcobalamin is then transported in the circulation 
in a bound form to a plasma transport protein, transcobalamin II. 

Methylcobalamin is taken up by the liver and is converted to 
deoxyadenosylcobalamin. In this form it is stored in the liver in a bound 
form to a protein, transcobalamin I. It is believed that liver can store about 
4-5 mg, an amount sufficient to meet the body requirements of B12 for 4-6 
years.

After transport in the blood, free cobalamin is released into the cytosol 
of cells as hydroxycobalamin. It is either converted in the cytosol to 
methylcobalamin or enters mitochondria for conversion to 
5'-deoxyadenosylcobalamin.

Biochemical functions

There are only two reactions that are dependent on vitamin B12.
1. In the mitochondria conversion of methylmalonylCoA to 

succinylCoA. The oxidation of odd chain fatty acids, certain amino acids 
(Val, Ile, etc.) and pyrimidines (thymine and uracil) produce directly or 
through the mediation of propionylCoA, an important compound
methylmalonylCoA (see biochemical functions of biotin above). This is 
converted by the enzyme L-methyl-malonylCoA-mutase to succinylCoA in 
the presence of vitamin B12 coenzyme, deoxyadenosylcobalamin. 

2. In the cytosol synthesis of methionine from homocysteine. 
Methylcobalamin is used in this reaction. This is an important reaction 
involving N5-methyl-THFA from which THFA is liberated (enzyme 
homocysteine methyltransferase (or methionine synthase). This reaction 
signifies the interrelation between vitamin B12 and folic acid.

N5-methyl-THFA          THFA

Homocysteine Methionine
Homocysteine methyltransferase

In this reaction the methyl group bound to cobalamin is transferred to 
homocysteine to form methionine and the cobalamin then removes the 
methyl group from N5-methyl-THFA to form THFA. 

Methylcobalamin
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The metabolic benefits of this reaction are that stores of methionine are 
maintained and tetrahydrofolate is made available to participate in purine,
pyrimidine, and nucleic acid syntheses.

Dietary sources and daily requirement

Vitamin B12 synthesized by only microorganisms and not by animals 
and plants. Animals obtain B12 either by eating foods, derived from other 
animals or from the intestinal bacterial synthesis. The rich sources of 
animal origin are liver, kidney, meat, eggs, curd, milk, fish, pork, chicken
and yeast.

The daily requirement of vitamin В12 is 2-5 μg.

Hypovitaminosis

The deficiency of vitamin B12 may be associated with following causes:
1. Autoimmune destruction of gastric parietal cells, partial or total 

gastrectomy – intrinsic factor of Castle deficient.
2. Hereditary malabsorption of vitamin B12.
The disease associated with vitamin B12 deficiency is pernicious 

(malignant) anemia. It is characterized by low hemoglobin levels, 
decreased number of erythrocytes and neurological manifestations.

Manifestations of pernicious anemia are:
1). Macrocytic megaloblastic anemia (see hypovitaminosis folic acid 

above): folate is trapped as N5-methyl-THFA (′Folate-trap′) results in 
tetrahydrofolate deficiency that lead to impaired purine and pyrimidine 
synthesis and DNA synthesis affecting formation of the nucleus of new 
erythrocytes.

2). Neurological manifestations (neuronal degeneration of the cord and 
demyelination of nervous system) are due to the accumulation of 
methylmalonylCoA and deficiency of methionine which interfere in myelin 
sheath formation in two possible ways:

1. The biosynthesis of fatty acids, required for myelin formation, is 
impaired. This is because methylmalonylCoA acts as a competitive 
inhibitor of malonylCoA in fatty acid synthesis.

2. MethylmalonylCoA can substitute malonylCoA in fatty acid 
synthesis resulting in a new type of branched chain fatty acids. These fatty 
acids will disrupt the normal membrane structure.

3). The symptoms include paresthesia (numbness and tingling) of 
fingers and toes. In advanced stages, confusion, loss of memory and even 
psychosis may be observed.

4). Loss of appetite and failure of growth are observed.
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Interrelation between folic acid and vitamin B12 –
folate trap or methyl trap hypothesis

The deficiency of either folate or vitamin B12 results in a similar type of 
anemia. This suggests a probable biochemical interrelation between these
two vitamins.

There is only one metabolic reaction known, common to folate and 
vitamin B12. In vitamin B12 deficiency, increased folate levels are observed
in plasma. The activity of the enzyme homocysteine methyltransferase
(methionine synthase) is low in B12 deficiency. As a result, the only major 
pathway for the conversion of N5-methyl-THFA to THFA is blocked and 
body THFA pool is reduced. Essentially almost the entire body folate
becomes trapped as N5-methyl-THFA. This is known as folate trap or 
methyl frap. 

In this manner, B12 deficiency results in decreased folate coenzymes 
that lead to reduced nucleotide and DNA synthesis. Although the tissue
folate levels are adequate or high, there is a functional folate deficiency due 
to the lack of THFA pool. The outcome is the development of 
megaloblastic anemia. Administration of the amino acid methionine has 
been shown to partially correct the symptoms of B12 deficiency. This is due 
to the fact that the formation of N5-methyl-THFA is inhibited by
S-adenosylmethionine. A combined therapy of vitamin B12 and folic acid is 
generally employed to treat the patients with megaloblastic anemia.
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3
Lecture 3

VITAMIN LIKE COMPOUNDS

Besides the vitamins, there are many other compounds present in foods 
as accessory factors. Earlier workers have described these factors sometime 
or the other, as essential to higher animals. However, their essential nature 
and requirement in humans has not been established. Although not essential 
in the diet, they perform many important functions in the body. Selected 
examples of such substances which may be regarded as vitamin like
compounds are described here.

1. Choline (vitamin В4)

Choline is trimethylhydroxyethanolamine.

Choline

Biochemical functions of choline
1. Choline, as a component of phospholipids (lecithin) and 

sphingomyelin is involved in membrane structure and lipid transport.
2. Choline prevents the accumulation of fat in liver (as lipotropic 

factor). It promotes the synthesis of phospholipids and lipoproteins and the 
disposal of triacylglycerols from liver.

3. Due to the presence of three methyl groups (one carbon fragments), 
choline is actively involved in one carbon metabolism.

4. Choline is a precursor for the synthesis of acetylcholine which is 
required for transmission of nerve impulse.

As such, choline can be synthesized in the body (from serine) and
reutilized in humans. This may however, be in sufficient to meet the body 
needs. Choline activity is decreased by cooking and food processing, 
alcohol consumption, administration of sulfonamides.

Sources of choline are egg yolks, brain, heart, liver, brewer's yeast, 
wheat ovary, leafy vegetables, milk, eggs, liver, cereals, etc.

Daily requirement of choline is 500-1000 mg.
Deficiency of choline ˗ fatty degeneration and cirrhosis of the liver, 

atherosclerosis and diseases of the central nervous system are observed.
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2. Inositol (vitamin В8)

Inositol is hexahydroxycyclohexane. It is also, known as myo-inositol or 
meso-inositol.
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Biochemical functions of inositol
1. Inositol is required for the synthesis of phosphatidylinositol 

(lipositol) which is a constituent of cell membrane.
2. It acts as a lipotropic factor (along with choline) and prevents the 

accumulation of fat in liver.
3. For some hormones inositol acts as a second messenger at the 

membrane level for the release of Ca2+ ions.
4. Phytin is hexaphosphate of inositol found is plants. It prevents the 

absorption of iron and calcium from the intestine.
Inositol activity is reduced by the consumption of coffee, alcohol, 

administration of sulfonamides and cooking and food processing. Its
concentration in the heart muscle is high, the significance of which 
however, is not known.

Sources of inositol are liver, beef brain, heart, liver, brewer's yeast, 
melon, raisins, peanuts, wheat ovary, and cabbage. 

Daily requirement of inositol is 250-500 mg.

3. Lipoic acid (vitamin N)

Lipoic acid (thioctic acid) is a sulfur-containing fatty acid (6,8-
dithiooctanoic acid). It exists in an oxidized and reduced form, 
dihydrolipoic acid, which is mostly how the sulfurs exist intracellularly. 

H2C
S S

CH

H2
C

(CH2)4 COOH

Lipoic acid



Vitamin like compounds.

49

Lipoic acid is fat as well as water soluble. This yellow solid is a 
carboxylic acid and features a cyclic disulfide, or ditholane ring, functional 
group. 

Biochemical functions of lipoic acid
Lipoic acid is a compound, one enantiomer of which is an essential 

cofactor for many enzyme complexes. "Lipoate" is the conjugate base of 
lipoic acid, and this is the form carboxylic acids take at physiological 
conditions. So free lipoic acid inside the cell could correctly be called 
dihydrolipoate. Most intracellular lipoic acid is not free, because it is made 
and attached to the enzyme complexes that use it. As a cofactor it is 
covalently bound via an amide bond to a specific lysine residue of lipoyl 
domains. 

One of the most visible roles of lipoic acid is as a cofactor in aerobic 
metabolism. It is involved in the decarboxylation reactions along with other
vitamins (thiamine, niacin, riboflavin and pantothenic acid). The
conversion of pyruvate to acetylCoA (by pyruvate dehydrogenase) and 
α-ketoglutarate to succinylCoA (by α-ketoglutarate dehydrogenase)
requires lipoic acid.

Lipoic acid stimulates production of glutathione, besides helping in 
there cycle of vitamins E and C, reduces insulin resistance, and brings 
down plasma low density lipoproteins. May be useful in the prevention of 
stroke and myocardial infarction.

In recent years, administration of high doses (100-600 mg/day) of lipoic 
acid (or dihydrolipoic acid) is gaining importance. Being fat and water 
soluble, it can comfortably reach various tissues. The therapeutic 
applications of lipoic acid are related to its antioxidant property (regarded 
as universal antioxidant), some of them are listed. Reduces the free radicals 
in brain that otherwise contribute to Alzheimer's disease and multiple 
sclerosis. Alpha-lipoic acid is used for diabetes and nerve-related 
symptoms of diabetes including burning, pain, and numbness in the legs 
and arms. It is also used to treat eye-related disorders, such as damage to 
the retina, cataracts, glaucoma, and an eye disease.

Sources of lipoic acid are yeast, liver, kidney, meat, milk, spinach, 
broccoli, and potatoes. 

Daily requirement of lipoic acid is 1-2 mg.
Deficiency. Lipoic acid deficiency in humans is not described.

4. Para-aminobenzoic acid

4-Aminobenzoic acid (also known as para-aminobenzoic acid or PABA) 
is an organic compound. 

PABA is a structural constituent of folic acid. Thus, PABA may be 
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regarded as a vitamin in another vitamin (folic acid). The deficiency of 
PABA was first found to be associated with failure of lactation and greying 
of black hair in rats.  

It consists of a benzene ring substituted with an amino group and a 
carboxyl group. 

H2N C
O

OH

Para-aminobenzoic acid

PABA is a white crystalline substance that is only slightly soluble in 
water. 

Biochemical functions of para-aminobenzoic acid
The specific functions of PABA in humans, except that it is a 

component of folic acid, have not been identified.
PABA is synthesized by the bacteria and is essential for their growth. 

The sulfa drug, sulfanilamide (p-amino benzene sulfanilamide), is a 
structural analogue of PABA. Sulfanilamide competes with PABA and acts 
as a bacteriostatic agent. Ingestion of large doses of PABA will compete 
with the action of drugs and therefore should be avoided during
sulfanilamide therapy (trade name  sulfonamides).

The ability of PABA in combination with pantothenic acid is to restore 
the natural color of gray hair by activating the synthesis of melanin 
(increases the activity of tyrosinase). PABA is used to protect the skin from 
sunburn, reduce pain with burns, and inhibit the formation of wrinkles. 

Sources of PABA. It is widely distributed in nature. The rich sources
are liver, kidneys, brewer's yeast, eggs, wheat ovaries, rice, and bran.

Daily requirement of PABA is 30-100 mg.

5. Carnitine (vitamin B11, Bt)

Carnitine, derived from an amino acid, is found in nearly all cells of the 
body. Its name is derived from the Latin "carnus" or flesh, as the 
compound was isolated from meat.

(CH3)3
+N CH2 CH(OH) CH2 COOH

Carnitine
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Biochemical functions of carnitine
Carnitine transports long-chain fatty acids into the mitochondria so they 

can be oxidized to produce energy. It also transports the toxic compounds 
generated out of this cellular organelle to prevent their accumulation. 

Given these key functions, carnitine is concentrated in tissues like 
skeletal and cardiac muscle that utilize fatty acids as a dietary fuel.

The carnitine exerts a substantial antioxidant action, thereby providing a 
protective effect against lipid peroxidation of phospholipid membranes and 
against oxidative stress induced at the myocardial and endothelial cell 
level.

In animals, the biosynthesis of carnitine occurs primarily in the liver and 
kidneys from the amino acids lysine and methionine. Vitamin C (ascorbic 
acid) is essential to the synthesis of carnitine. Some of the lysine residues 
in proteins are found in methylated form. The methyl groups are obtained 
from active methionine (S-AM). Such proteins on degradation (by 
proteolysis) will release the methyllysines. The trimethyllysine serves as a 
precursor for the synthesis of carnitine.

Human requirements of carnitine are usually met with the endogenous
biosynthesis and the dietary supply. During growth or pregnancy, the 
requirement of carnitine might exceed its natural production.

Some research findings suggest that carnitine supplementation has some 
beneficial effects in the treatment of myocardial dysfunctions, AIDS, etc.

Sources of carnitine include meat, fish, poultry and dairy products. 
Daily requirement of carnitine is 500 mg.

6. Essential fatty acids (vitamin F)

The unsaturated fatty acids which the body cannot synthesize and, 
therefore, must be consumed in the diet are referred to as essential fatty 
acids (EFA). The fatty acids linoleic and linolenic acids cannot be 
synthesized by humans. In a strict sense, only these two are essential fatty 
acids. Arachidonic acid can be synthesized from linoleic acid in some 
animal species, including man. 
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Biochemical functions of essential fatty acids
1. EFA are the structural components of biological membranes.
2. Participate in the transport and utilization of cholesterol.
3. Prevent fat accumulation in the liver.
4. Required for the synthesis of prostaglandins.
5. Maintain proper growth and reproduction of the organisms.
Sources of EFA ˗ in vegetable oils and fish oils. The rich vegetable 

sources include sunflower oil, cotton seed oil, corn oil, soya bean oil, etc.
The fat of animal origin (exception ˗ fish), contain less EFA e.g., butter, fat 
of meat, pork and chicken.

Daily requirement of EFA ˗ at least 30% of the dietary fat should 
contain EFA (5-10 g). Very high intake of EFA (i.e., totally replacing
saturated fatty acids) may not be advisable. This is due to the fact that 
excess EFA, unless accompanied by antioxidants (vitamin E, carotenes), is
believed to be injurious to the cells due to the overproduction of free 
radicals.

Deficiency of EFA is associated with several complications. These 
include impairment in growth and reproduction, and high turnover of 
phospholipids. The EFA deficiency in humans is characterized by a scaly 
dermatitis on the posterior and lateral parts of limbs and buttocks. This 
condition is referred to as phrynoderma or toad skin. Poor wound healing 
and hair loss is also observed in EFA deficiency. 

7. Orotic acid (vitamin B13)

N

NH
COOH

O

O

H

Orotic acid

Vitamin B13 is not really recognized as a vitamin, since it is 
manufactured by the body by intestinal flora. It is primarily used for 
metabolization of folic acid and vitamin B12. It assists the absorption of 
essential nutrients especially calcium and magnesium and helps the 
production of genetic material. It may be beneficial after a heart attack and 
has been used in conditions such as multiple sclerosis and chronic hepatitis. 
It is also reported to prevent liver-related complications and premature 
aging.
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8. Pangamic acid (vitamin B15)

While often referred to as vitamin B15, pangamic acid is not generally 
recognized as a vitamin, since there is neither an established essential need 
nor a well defined deficiency model for this natural water soluble 
compound. 
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Pangamic acid

Biochemical functions of pangamic acid
What research does exist suggests that pangamic acid acts as an 

antioxidant that acts synergistically when taken with vitamins A and E. 
This purported antioxidant property may help explain why pangamic acid 
is so highly touted for its ability to confer protection against urban air 
pollutants, extend cell life, stimulate increased immune system response, 
lower blood cholesterol levels, protect the liver from the ravages of alcohol, 
cure fatigue, ward off hangovers, and assist in the regulation of hormones.

There are no known toxic effects from pangamic acid, though some 
users report experiencing nausea initially. This can be avoided by taking 
with food, preferably the largest meal of the day.

Consequently, pangamic acid has come under scrutiny due to the 
controversial claims made for its effectiveness in the treatment for a wide 
range of diseases such as cancer, alcoholism, heart disease, drug addiction, 
diabetes, glandular and central nervous system disorders.

Sources for pangamic acid include brewers yeast, whole brown rice, 
sesame seeds and pumpkin seeds. 

Daily requirement of pangamic acid is 50-150 mg. 

9. Vitamin U (S-methylmethionine)

S-Methylmethionine is sometimes referred to as vitamin U, but it is not 
considered a true vitamin. The term was coined in 1950 by Garnett Cheney
for uncharacterized anti-ulcerogenic factors in raw cabbage juice that may 
help speed healing of peptic ulcers.
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S-methylmethionine

S-Methylmethionine is a derivative of methionine which is first 
converted to S-adenosylmethionine. The subsequent conversion, involving 
replacement of the adenosyl group by a methyl group is catalyzed by the 
enzyme methionine S-methyltransferase. 

S-Methylmethionine arises via the methylation of methionine by
S-adenosylmethionine (S-AM). 

The biological roles of S-methylmethionine are not well understood. 
Speculated roles include methionine storage, use as a methyl donor, 
regulation of S-AM. S-Methylmethionine is claimed to have protective 
effects in the gastrointestinal mucosa and in the liver.

S-methylmethionine is particularly abundant in plants, being more 
abundant than methionine. S-Methylmethionine is found in barley and 
during the malting process, particularly the curing stage in kilning, heat 
causes it to break down to form dimethyl sulfide.
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4 Lecture 4

INTRODUCTION TO HORMONES

1. Cell signaling

In multicellular organisms there is a need for the cells to communicate 
with one another in order to coordinate their growth and metabolism. The 
principal way by which cells communicate with each other is by means of 
extracellular signaling molecules or hormones. 

These molecules are synthesized and secreted by signaling cells and 
produce a specific response in target cells that have specific receptors for 
the signaling molecule. Different cells can respond differently to the same 
signaling molecule depending on the type of receptor and the intracellular 
reactions initiated. 

Cell signaling can be classified into three distinct types based on the 
distance over which the signaling molecule acts. In endocrine signaling, 
the signaling molecule (e.g., insulin) acts on target cells distant from its site 
of synthesis in cells of an endocrine organ (e.g., the pancreas; Fig.1a). The 
endocrine cells secrete the signaling molecule into the bloodstream (if an 
animal) or the sap (if a plant) which carries it to the target cells elsewhere 
in the organism. In paracrine signaling, the signaling molecule affects 
only target cells close to the cell from which it was secreted (Fig.1b). The 
communication from one nerve cell to another by chemical 
neurotransmitters is an example of paracrine signaling. The third type of 
cell signaling is autocrine signaling, where a cell responds to a molecule 
that it has produced itself (Fig.1c).

Fig. 1. Cellular signaling. (a) Endocrine, (b) Paracrine, (c) Autocrine.
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2. Hormone hierarchy

Nerve cells in the hypothalamus react to stimulatory or inhibitory 
signals from the CNS by releasing liberins ("releasing hormones") or 
statins ("inhibiting hormones"). These neurohormones reach the pituitary
and stimulate (liberins) or inhibit (statins) the biosynthesis and release of 
tropines. Tropines (glandotropic hormones) stimulate peripheral glands to 
synthesize glandular hormones. The glandular hormone acts on its target 
cells in the organism (Fig.2). 

(Koolman J. Color atlas of biochemistry, 3d ed., Thieme, 2012)

Fig. 2. Hormone hierarchy.
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3. Characteristics of hormones

Hormones (Greek: ″hormao″ – to excite) are chemical signaling 
substances synthesized and secreted by endocrine glands in small amounts. 
Hormones released into the blood and transported to their target organs that 
have specific receptors for the hormones. In the organs, the hormones carry 
out physiological and biochemical regulatory functions, altering 
metabolism in the cell.

Metabolism is regulated by rapid mechanisms affecting the activity of 
enzymes initiated by the action of hormones. Hormones also regulate by 
longer term mechanisms, by promotion or inhibition of the synthesis of 
protein-enzyme through changes in gene expression.

Mechanisms of metabolic regulation by hormones

1. Regulation of enzyme activity (group II hormones). 
2. Regulation of enzyme level in the cell (group I hormones). 
3. Regulation of cell membrane permeability (e.g., insulin, aldosterone, 
ADH). 

4. Classification of hormones

Hormones may be classified in many ways based on their 
characteristics and function. 

4.1. Classification of hormones according to the chemical structure

1. Peptides or proteins (e.g., insulin, calcitonin, ACTH, ADH, glucagon).
2. Amino acid derivatives (e.g., adrenalin, noradrenalin, thyroxine (T4), 

triiodothyronine (T3)).
3. Steroids (e.g., sex hormones, glucocorticoids, mineralocorticoids). 

4.2. Classification of hormones according to the mechanism of action

Hormones are classified into two broad groups (I and II) based on their 
solubility and location of the receptors to which they bind and the signals 
used to mediate their action.

4.2.1. Group I hormones (lipophilic hormones with intracellular 
receptors). These hormones bind to intracellular receptors to form 
receptor-hormone complexes (the intracellular messengers) through which 
their biochemical functions are mediated. Group I hormones are small 
lipophilic in nature and include the steroid hormones which are synthesized 
from cholesterol (e.g., the sex hormones, gluco- and mineralocorticoids), 
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and thyroid hormones (T4 and T3).
The synthesis of steroid hormones is initiated by the removal of a six-

carbon unit from carbon 20 of the cholesterol side chain to form 
pregnenolone, the common precursor of all steroid hormones (Fig.3). A 
series of reactions catalyzed by cytochrome P-450 modify pregnenolone to 
give rise to the individual hormones (Fig.3).

Cholesterol (C27)
↓

Pregnenolone (C21)

Glucocorticoids Androgens 
(C21) Mineralocorticoids (C19)

(C21) ↓
Estrogens 

(C18)
Fig. 3. Biosynthetic pathway for the synthesis of the steroid hormones.

Group I hormones act by steroid-thyroid mechanism (Fig.4). Small 
lipophilic hormones can diffuse across the plasma membrane (because they 
are lipid-soluble) and then interact with intracellular receptors in the 
cytosol or nucleus. These receptors contain domains that bind the hormone 
and domains that bind to DNA. When the resulting hormone-receptor 
complex is activated, it binds to a regulatory element on DNA and affects 
the transcription of certain genes that stimulates or inhibits the synthesis of 
mRNA. Translation of this mRNA produces proteins that are responsible 
for certain physiologic or biologic effects.

Fig. 4. Steroid-thyroid mechanism.(https://www.cram.com)

https://www.cram.com
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4.2.2. Group II hormones (hydrophilic hormones with cell-surface 
receptors).

Based on their chemical nature there are two subclasses of group II 
hormones: 

1. Peptide hormones, such as insulin and glucagon; 
2. Amino acid derivatives, such as adrenalin.
These hormones are hydrophilic (water-soluble) molecules which 

cannot diffuse across the hydrophobic interior of the lipid bilayer of the 
plasma membrane. Therefore they bind to receptors in the plasma 
membrane stimulating the release of certain intracellular signaling 
molecules, namely the second messengers. The elevation in the level of 
second messengers then leads to a rapid alteration in cellular function.
Thus, hormones themselves are the first messengers.

Cell-surface receptors are integral membrane proteins situated in the 
plasma membrane that bind the hormones with high affinity. The hormone 
binds to a specific site on the receptor. Binding of the hormone to the 
receptor causes a conformational change in the receptor that initiates a 
sequence of reactions in the target cell (often referred to as signal 
transduction) leading to a change in cellular function. 

The distribution of the cell-surface receptors varies on different cells, 
and there is often more than one type of receptor for a particular hormone, 
allowing different target cells to respond differently to the same signaling 
molecule. Cell-surface receptors can be classified into two classes 
depending on how they transfer the information from the hormone to the 
interior of the cell: G protein-coupled receptors and enzyme-linked
receptors.

4.2.2.1. G protein-coupled receptors

G protein-coupled receptors (GPCRs) form a very large group of 
cell-surface receptors that are coupled to signal-transducing trimeric 
G proteins. All GPCRs contain seven membrane-spanning α-helical 
regions with their N-terminus on the extracellular face of the plasma 
membrane and their C-terminus on the cytoplasmic face (Fig.5).

On binding its hormone, a GPCR activates the signal-transducing 
trimeric G proteins [guanyl nucleotide (GTP)-binding proteins] which 
in turn activate or inhibit an effector protein (or enzyme).

The trimeric G proteins consist of three subunits: α, β and γ. The Gα
subunit is a GTPase switch protein that alternates between an active (on) 
state and an inactive (off) state. In the human genome there are multiple
copies of each of the α, β and γ subunits, providing diversity in the 
signaling through GPCRs. The Gα and Gγ subunits are linked to the 
cytosolic surface of the plasma membrane by covalently attached lipids. 
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(a) (b)

(Murray R. K. Biochemistry., 28 ed., McGraw-Hill, 2009)

Fig. 5. Signal transduction through a G protein-coupled receptor: (a) No hormone:
inactive effector; (b) Bound hormone (H): active effector.

In the resting state, when no hormone is bound to the GPCR, the Gα
subunit is bound to GDP and complexed with Gβγ (Fig.5a). G protein is in 
the 'off' state. Binding of the hormone to the GPCR changes its 
conformation, causing it to bind to the Gα subunit in such a way that the 
GDP is displaced and GTP becomes bound. G protein is in the 'on' state. 
The Gα subunit then dissociates from Gβγ, but both remain anchored to the 
membrane.

Gα subunit with GTP bound (activated G protein) then interacts with 
and activates an associated effector protein-enzyme (E) (Fig.5b), such as 
adenylate cyclase (see below). However, this activation is short-lived, as 
the GTP is rapidly, within seconds, hydrolyzed to GDP by the intrinsic 
GTPase activity in the Gα subunit, causing it to revert back to the 'off' state. 
The Gα subunit, now with GDP bound, dissociates from the effector 
protein, deactivating it, and reassociates with Gβγ, ready for another round 
of activation and nucleotide exchange.

Cholera toxin acts by inhibiting the intrinsic GTPase activity of the G 
protein, with the result that once activated to the GTP-bound state the G 
protein cannot be turned off again.

Group II hormones with G protein-coupled receptors act by the 
following mechanisms: 

1. Adenylate cyclase mechanism. The second messenger is cAMP (e.g.,
α2- and β-adrenergic catecholamines, ACTH, FSH, LH, PTH, 
glucagon, calcitonin, ADH, TSH);

2. Guanylate cyclase mechanism. The second messenger is cGMP (e.g.,
atrionatriuretic factor);

3. Ca2+/phosphatidylinositol mechanism. The second messenger is 
phosphatidylinositol/calcium (e.g., α1-adrenergic catecholamines, 
oxytocin, ADH, TRH, GnRH).
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Adenylate cyclase mechanism

Hormones such adrenalin, glucagon, etc. act by adenylate cyclase 
mechanism (Fig.6).

Fig. 6. Adenylate cyclase mechanism.

Hormones bind to G protein-coupled receptor on the external surface of 
the cell membrane. The hormone-receptor complex formed interacts with 
G proteins localized on the cytosolic face of the plasma membrane (Fig.6).

The activated G protein binds to and activates membrane-bound
enzyme adenylate cyclase, which converts ATP to cyclic AMP (second 
messenger) (Fig. 6 and 7). Cyclic AMP (cAMP; cyclic adenosine 3',5'-
monophosphate) is a ubiquitous nucleotide. 

cAMP activates protein kinase A (ꞌAꞌ stands for cAMP). This enzyme is 
a heterotetramer consisting of 2 regulatory subunits (R) and 2 catalytic 
subunits (C). Binding of the cAMP to inactive protein kinase (R2C2) 
(Fig.7) causes the dissociation of R and C subunits. The active protein 
kinase (C2) catalyses phosphorylation (transfer of phosphate group to serine
and threonine residues) of certain intracellular proteins-enzymes forming
phosphoproteins (Fig.7), affecting their activity (Fig.6). This ultimately 
causes the biochemical response.

Dephosphorylation of proteins. A group of enzymes called protein
phosphatases hydrolyze and remove the phosphate group added to proteins.
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Degradation of cAMP. cAMP undergoes rapid hydrolysis, catalyzed
by the enzyme phosphodiesterase to 5'-AMP which is inactive. Hence, the 
effect of cAMP will be short-lived if the hormone stimulating adenylate 
cyclase is removed. Caffeine and theophylline (methylxanthine 
derivatives) can inhibit phosphodiesterase and increase the intracellular
levels of cAMP.

Fig. 7. Hormonal regulation of cellular processes through protein kinase (PKA).

Guanylate cyclase mechanism

Cyclic GMP (second messenger) is made from GTP by the enzyme 
guanylate cyclase, which exists in soluble and membrane-bound forms. 
Each of these isozymes has unique physiologic properties. 

The atriopeptins, a family of peptides produced in cardiac atrial
tissues, cause natriuresis, diuresis, vasodilation, and inhibition of 
aldosterone secretion. These peptides (e.g., atrial natriuretic factor) bind 
to and activate the membrane-bound form of guanylate cyclase. This 
results in an increase of cGMP by as much as 50-fold in some cases and 
this is thought to mediate the effects mentioned above. 

Other evidence links cGMP to vasodilation. A series of compounds, 
including nitroprusside, nitroglycerin, nitric oxide, sodium nitrite, and
sodium azide, all cause smooth muscle relaxation and are potent 
vasodilators. These agents increase cGMP by activating the soluble form of
guanylate cyclase, and inhibitors of cGMP phosphodiesterase (e.g., drug 
sildenafil [Viagra]) enhance and prolong these responses. The increased 
cGMP activates cGMP dependent protein kinase, which in turn 
phosphorylates a number of smooth muscle proteins. Presumably, this is
involved in relaxation of smooth muscle and vasodilation.

(Murray R. K. Biochemistry., 28 ed., McGraw-Hill, 2009)
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Ca2+/phosphatidylinositol mechanism

Hormones such as oxytocin, ADH, etc. act by Ca2+/phosphatidylinositol 
mechanism (Fig.8).

(https://www.sciencedirect.com)

Fig. 8. Ca2+/phosphatidylinositol mechanism.

Hormones bind to receptors on the external surface of the cell 
membrane and form hormone-receptor complex which interacts with 
G proteins. The activated G protein in turn activates enzyme phospholipase 
C located in the plasma membrane (Fig.8).

Phospholipase C cleaves the membrane lipid phosphatidylinositol-4,5-
bisphosphate (PIP2) to produce two second messengers: 1,4,5-
trisphosphate inositol (IP3) and 1,2-diacylglycerol (DAG) (Fig.8).
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One of the main actions of the polar IP3 is to diffuse through the cytosol 
and interact with Ca2+ channels in the membrane of the endoplasmic 
reticulum, causing the release of stored Ca2+ ions. Ca2+, either directly or 
complexed with protein calmodulin can activate specific protein kinases. 
These actions result in phosphorylation of proteins, and this leads to altered 
physiologic responses (Fig.9).

The DAG produced along with Ca2+ ions released from the 
endoplasmic reticulum, activates protein kinase C, a membrane-bound 
enzyme that phosphorylates various target proteins, which then alter
physiologic processes (Fig.9).

(Murray R. K. Biochemistry., 28 ed., McGraw-Hill, 2009)

Fig. 9. Certain hormone-receptor interactions result in the activation of 
phospholipase C.

4.2.2.2. Enzyme-linked receptors

Numerous receptors have intrinsic or tightly associated enzyme 
activity. On binding of the hormone to their extracellular face, such cell-
surface receptors undergo a conformational change and activate an intrinsic 
enzyme activity.

In the case of the insulin receptor that consists of two α- and two 
β-subunits, β-subunit has tyrosine kinase activity. When the polypeptide 
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hormone insulin binds to the extracellular face of the α-subunits the 
receptor undergoes a conformational change leading to the 
autophosphorylation (self-phosphorylation) of the hydroxyl groups in the 
side chains of certain tyrosine residues of cytosolic domain of the 
β-subunit. The phosphorylated receptor is then recognized by other proteins 
in the cytosol that in turn modulate various intracellular events, allowing 
the cell to respond to the hormone appropriately. In addition, the β-subunit 
can directly phosphorylate other target proteins within the cell.

The insulin receptor is an example of a receptor tyrosine kinase, while 
the transforming growth factor-β family of receptors has serine/threonine 
kinase activity in their cytosolic domain. Other receptors with tightly 
associated enzyme activity include various cytokine receptors that bind 
interferons, growth hormone, some interleukins and other cytokines. 

For many enzyme-linked receptors, hormone binding induces the 
oligomerization (formation of dimers or higher oligomers) and it is this 
rearrangement of the cytosolic domains that enables the neighboring kinase 
domains of the receptor chains to cross-phosphorylate each other in the 
process of autophosphorylation. 

Some cell-surface receptors require tyrosine phosphorylation for their 
activity and yet lack a tyrosine kinase domain. These receptors act through 
cytoplasmic tyrosine kinases (or nonreceptor tyrosine kinases) which 
associate with the receptor and phosphorylate various target proteins. 

2) Group II hormones with enzyme-linked receptors act by kinase 
mechanism (e.g., insulin, prolactin, and growth hormone).

Kinase mechanism

Hormone insulin acts by kinase mechanism. Insulin receptor is a 
tetramer consisting of 4 subunits of two types and is designated as α2β2. 
They are held together by disulfide linkages. The α-subunit is extracellular 
and it contains insulin binding site. The β-subunit is a transmembrane 
protein which is activated by insulin. The cytoplasmic domain of β-subunit 
has tyrosine kinase activity (Fig.10).

As the insulin binds to the extracellular face of the receptor, a 
conformational change is induced in the α-subunit of insulin receptor. This 
results in the generation of signals which are transduced to intracellular 
β-subunits. The net effect is that insulin binding leads to increasing the 
tyrosine kinase activity of β-subunits. This causes in turn the 
autophosphorylation of the hydroxyl groups in the side chains of tyrosine 
residues of the cytosolic domain of the β-subunit, with ATP being the 
phosphate donor. The phosphorylated receptor is then recognized by other 
proteins in the cytosol that in turn modulate various intracellular events, 
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allowing the cell to respond to the hormone appropriately.
Receptor tyrosine kinase also phosphorylates tyrosine residues of the 

insulin receptor substrates (IRSs). The phosphorylated IRS, in turn, 
promotes activation of other protein kinases and phosphatases finally 
leading to biological action.

Thus, the diverse effects of insulin are mediated by protein kinases that 
activate each other in the form of enzyme cascades. 

At the end of this chain there are kinases that influence gene 
transcription in the nucleus by phosphorylating target proteins.

(Hames B. D. Biochemistry, 3 ed., Taylor and Francis Group, 2005)

Fig. 10. Signal transduction through the insulin receptor.
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5 Lecture 5

PITUITARY AND HYPOTHALAMIC 
HORMONES

Hypothalamus is a specialized center in the brain that functions as a 
master coordinator of hormonal action. In response to the stimuli of central 
nervous system, hypothalamus liberates certain releasing factors or 
hormones. These factors stimulate or inhibit the release of corresponding 
tropic hormones from the pituitary. 

The pituitary gland or hypophysis (weighing about 1 g) is located 
below the hypothalamus of the brain. It consists of two distinct parts ‒ the 
anterior pituitary (adenohypophysis) and the posterior pituitary 
(neurohypophysis).

The anterior pituitary, under control of hypothalamic hormones, secretes 
a number of hormones (tropic hormones) that regulate the growth and 
function of the target endocrine glands to secrete the hormones they 
synthesize or influence metabolic reactions in other tissues. The posterior 
pituitary produces hormones that regulate water balance and milk ejection 
from the lactating mammary gland.

The loss of anterior pituitary function (panhypopituitarism) results in 
atrophy of the thyroid, adrenal cortex, and gonads. Secondary effects due to 
the absence of the hormones secreted by these target glands affect most 
body organs and tissues and many general processes such as protein, fat, 
carbohydrate, and fluid and electrolyte metabolism. The loss of posterior 
pituitary function results in diabetes insipidus, the inability to concentrate 
the urine.

1. Hypothalamic hormones regulate the anterior pituitary

The release (and in some cases production) of each of the pituitary 
hormones listed in Table 1 is under tonic control by at least one 
hypothalamic hormone. The hypothalamic hormones are released from the 
hypothalamic nerve fiber endings around the capillaries of the 
hypothalamic-hypophyseal system in the pituitary stalk and reach the 
anterior lobe through the special portal system that connects the 
hypothalamus and the anterior lobe. 

The hypothalamic hormones are released in a pulsatile manner, and 
isolated anterior pituitary target cells respond better to pulsatile 
administration of these hormones than to continuous exposure. 
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Table 1. Hypothalamic-hypophyseal target gland hormones form integrated feedback 
loops.

Hypothalamic hormone Anterior pituitary 
hormone affected

Target gland hormone 
affected

Corticotropin-releasing 
hormone (CRH) or
corticoliberin

Adrenocorticotropic
hormone (ACTH) or
corticotropin

Adrenal cortisol, 
aldosterone

Thyrotropin-releasing 
hormone (TRH) or
thyroliberin

Thyroid-stimulating 
hormone (TSH) or 
thyrotropin

Triiodothyronine (T3),
thyroxine (T4)

Gonadotropin-releasing 
hormone (GnRH) or
gonadoliberin

1. Luteinizing hormone 
(LH) or lutropin; 
2. Follicle-stimulating 
hormone (FSH) or
follitropin

Androgens, estrogens, 
progestins

Growth hormone-releasing 
hormone (GHRH),
somatotropin-releasing 
hormone (SRH) or 
somatoliberin

Growth hormone (GH) or 
somatotropin

Insulin-like growth factor I 
(IGF-I or somatomedin C) 
and insulin-like growth 
factor II (IGF-II or 
somatomedin A)

Growth hormone-release-
inhibiting hormone 
(GHRIH), somatotropin-
release-inhibiting hormone
(SRIH) or somatostatin

–– ––

Prolactin-releasing hormone 
(PRH) or prolactoliberin

Prolactin (PRL), 
mammatropin or 
lactotropin, luteotropin

––

Prolactin-release-inhibiting 
hormone (PRIH) or
prolactostatin

–– ––

Melanotropin-releasing 
hormone (MRH) or
melanoliberin

Melanocyte-stimulating 
hormone (MSH) or 
melanotropin

––

Melanotropin-release-
inhibiting hormone (MRIH) 
or melanostatin

–– ––

The release of ACTH is primarily controlled by CRH, but a number of 
other hormones, including antidiuretic hormone, catecholamines, and 
angiotensin II, may be involved. CRH release is influenced by cortisol, a 
glucocorticoid hormone secreted by the adrenal. 
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TSH release is primarily affected by TRH, which in turn is regulated by 
the thyroid hormones, T3 and T4; but TSH release is also inhibited by 
somatostatin. 

The release of LH and FSH is controlled by the concentration of one 
releasing hormone, GnRH; this in turn is primarily a function of circulating 
levels of gonadal hormones that reach the hypothalamus. 

GH release and production are under tonic control by both stimulating 
and inhibiting hypothalamic hormones. In addition a peripheral feedback 
loop is involved in GH regulation. IGF-I (somatomedin C), which mediates 
some of the effects of GH, stimulates the release of somatostatin while 
inhibiting the release of GHRH. 

The regulation of PRL synthesis and secretion is primarily under tonic 
inhibition by hypothalamic agents. It is unique because of the combined 
neural (nipple stimulation) and neurotransmitter/neurohormone link. 
Dopamine inhibits PRL synthesis (by inhibiting transcription of the PRL 
gene) and release, but does not account for overall PRL inhibition. 
Recently, a 56-amino-acid neuropeptide was discovered that has both 
GnRH and PRIH activities ‒ thus the name GnRH-associated peptide 
(GAP). GAP is a potent inhibitor of PRL release and may be the elusive 
PRIH peptide. GAP may explain the curious link between GnRH and PRL 
secretion that is particularly obvious in some species. Many of the 
hypothalamic hormones, in particular TRH, CRH, and somatostatin, are 
found in other portions of the nervous system and in a variety of peripheral 
tissues.

Although cAMP was originally thought to mediate the action of 
releasing hormones on the adenohypophysis, recent studies with GnRH and 
TRH suggest that a Ca2+/phosphatidylinositol mechanism is involved. 
Whether the releasing hormones also affect the synthesis of the 
corresponding pituitary hormone has been argued, but recently GHRH has 
been shown to stimulate the rate of transcription of the GH gene, and TRH 
has a similar effect on the prolactin gene.

2. The anterior pituitary produces a large number of hormones 
that stimulate a variety or physiologic and biochemical 

processes in target tissues

The anterior pituitary hormones have traditionally been discussed 
individually, but recent studies dealing with the mechanism of synthesis 
and with the intracellular mediators of action (Table 1) allow one to 
classify these hormones into 3 categories: 

1). Growth hormone-prolactin group, 
2). Glycoprotein hormone group, 
3). Pro-opiomelanocortin peptide family.
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2.1. Growth hormone-prolactin group

Growth hormone (GH), prolactin (PRL) and chorionic 
somatomammotropin (placental lactogen) are protein hormones with 
many striking similarities in their structure.

2.1.1. Growth hormone

Synthesis and structure. Growth hormone (GH) or somatotropin is 
synthesized in somatotropes, a subclass of the pituitary acidophilic cells; 
somatotropes are the most abundant cells in the gland. The concentration of 
GH in the pituitary is 5-15 mg/g, which is much higher than the μg/g 
quantities of other pituitary hormones.

GH is a single polypeptide, with a molecular weight (MW) of about 
22.000 in all mammalian species. The general structure of the 191-amino 
acid human GH molecule is shown in Fig. 1. Although there is a high 
degree of sequence homology between various mammalian growth 
hormones, only human GH or that of other higher primates is active in 
humans. Human GH made by recombinant DNA techniques is now 
available for therapeutic use.

Fig. 1. The structures of human growth hormone (left) and ovine prolactin (right) are 
compared. Growth hormone has disulfide bonds between residues 53-165 and 182-189. 
Prolactin has disulfide bonds between residues 4-11, 58-73, and 190-198.

Regulation of growth hormone release. Two hypothalamic hormones
play a prominent role in the release of GH. These are the GHRH that 
stimulates and the GHRIH (or somatostatin) that inhibits. This, in turn, is 
regulated by a feedback mechanism.

GH production is influenced by many factors such as sleep, stress 
(pain, cold, and surgery), exercise, food intake, etc. It is observed that the 
largest increase in the production of GH occurs after the onset of sleep. 
This supports the adage "If you don't sleep, you won't grow".
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Physiological and biochemical actions. Muscle, liver, adipose tissue, 
bone, and mammary glands ate target tissues for GH. GH is essential for 
postnatal growth and for normal protein, carbohydrate, lipid, and mineral 
metabolism. 

The growth-related effects are primarily mediated by IGF-I, a member 
of the insulin-like gene family produced in the liver. This was originally 
known as ′sulfation factor′ because of its ability to enhance the 
incorporation of sulfate into cartilage. It next was known as 
somatomedin C. Structurally, it is similar to proinsulin. Another closely 
related peptide found in human plasma, IGF-II also known as
somatomedin A, has activity similar or identical to what is often referred 
to in the rat as multiplication-stimulating activity (MSA). IGF-I and IGF-II 
both bind to membrane receptors; however, they can be differentiated on 
the basis of specific radioimmunoassays. IGF-I has 70 amino acids, and 
IGF-II has 67. Plasma levels of IGF-II are twice those of IGF-I, but it is 
IGF-I that correlates most directly with GH effects. Individuals who lack 
sufficient IGF-I but have IGF-II (GH-deficient dwarfs and pygmies) fail to 
grow normally.

Growth hormone has several actions:
1. Protein metabolism. GH has an anabolic effect on protein 

metabolism. GH increases the transport of amino acids into muscle cells 
and also increases protein synthesis by a mechanism separate from the 
transport effect. Animals treated with GH show positive nitrogen balance, 
reflecting a generalized increase in protein synthesis and a decrease in 
plasma and urinary levels of amino acids and urea. This is accompanied by 
increased synthesis of RNA and DNA in some tissues. In these respects GH 
actions resemble some of the actions of insulin.

2. Carbohydrate metabolism. GH generally antagonizes the effects of 
insulin. Hyperglycemia after GH administration is the combined result of 
decreased the tissue uptake and peripheral utilization of glucose and 
increased hepatic production via gluconeogenesis. In liver GH increases 
glycogen, probably from activation of gluconeogenesis from amino acids. 
Impairment of glycolysis may occur at several steps, and the mobilization 
of fatty acids from triacylglycerol stores may also contribute to the 
inhibition of glycolysis in muscle. Prolonged administration of GH may 
result in diabetes mellitus.

3. Lipid metabolism. GH promotes lipolysis in the adipose tissue, 
increases circulating free fatty acids, and causes increased oxidation of free 
fatty acids in the liver. Under conditions of insulin deficiency (e.g.,
diabetes), increased ketogenesis may occur. These effects and those on 
carbohydrate metabolism probably are not mediated by IGF-I.

4. Mineral metabolism. GH, or more likely IGF-I, promotes a positive 
Ca, Mg, and phosphate balance and causes the retention of Na, K, and Cl.
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The first effect probably relates to the action of GH in bone, where it 
promotes growth of long bones at the epiphyseal plates in growing children 
and appositional or acral growth in adults. In children, GH also increases 
formation of cartilage.

5. Prolactin-like effects. GH binds to lactogenic receptors and thus has 
many of the properties of prolactin, such as stimulation of the mammary 
glands, lactogenesis, and stimulation of the pigeon crop sac.

Growth hormone pathophysiology.
Deficiency of growth hormone. Impairment in the secretion of GH in 

the growing age causes dwarfism. The other deficiency metabolic effects 
are not that serious in nature.

Overproduction of growth hormone. Excessive production of GH 
causes gigantism in children and acromegaly in adults. This usually occurs 
in the acidophil tumor of pituitary gland. Gigantism is characterized by 
increased growth of long bones and this is observed before the epiphyseal 
plates close. Acromegaly occurs after epiphyseal closure and is 
characterized by increase in the size of hands, feet, and skull, facial 
changes (enlarged nose, protruding jaw). Other findings include enlarged 
viscera, excessive hair, thickening of the skin, and a variety of metabolic 
problems, including diabetes mellitus.

Knowledge of GH regulation allows one to understand the clinical tests 
used to confirm these diagnoses. GH-deficient patients fail to increase GH 
levels in response to induced hypoglycemia or administration of arginine or 
levodopa. Patients with increased GH from a tumor (gigantism or 
acromegaly) fail to suppress GH levels in response to glucose 
administration.

2.1.2. Prolactin 

Synthesis and structure. Prolactin (PRL) is secreted by lactotropes, 
which are acidophilic cells in the anterior pituitary. The number of these 
cells and their size increase dramatically during pregnancy. PRL is a 
protein hormone with a MW of about 23.000; its general structure is 
compared to that of GH in Fig. 1. 

Physiological and biochemical actions. PRL is primarily concerned 
with the initiation and maintenance of lactation in mammals. Physiologic 
levels act only upon breast tissue primed by female sex hormones, but 
excessive levels can trigger breast development in ovariectomized females 
or in males. In rodents, PRL is capable of maintaining the corpus luteum ‒ 
hence the name luteotropic hormone and stimulates the production of 
progesterone.

PRL increases the levels of several enzymes involved in carbohydrate 
and lipid metabolism. PRL promotes pentose phosphate pathway, increases 
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lipid biosynthesis and stimulates lactose production and synthesis of milk 
proteins (casein, lactalbumin) during lactation in mammary glands (target
tissue).

Prolactin pathophysiology. Tumors of prolactin-secreting cells cause 
amenorrhea (cessation of menses) and galactorrhea (breast discharge) in 
women. Excessive PRL has been associated with gynecomastia (breast 
enlargement) and impotence in men.

2.2. Glycoprotein hormone group

The most complex protein hormones yet discovered are the pituitary and 
placental glycoproteins: thyroid-stimulating hormone (TSH), luteinizing 
hormone (LH), follicle-stimulating hormone (FSH), and chorionic 
gonadotropin (hCG). These hormones affect diverse biologic processes 
and yet have remarkable structural similarities. This class of hormones is 
found in all mammals. These molecules, like other peptide and protein 
hormones, interact with cell surface receptors and activate adenylate 
cyclase; thus, they employ cAMP as their intracellular messenger.

FSH, LH, and hCG are collectively referred to as gonadotropins due to 
their involvement in the function of gonads. Each is a glycoprotein with a 
molecular weight of about 25.000.

2.2.1. Follicle-stimulating hormone (FSH). FSH binds to specific 
receptors on the plasma membranes of its target cells, the follicular cells in 
the ovary and the Sertoli cells in the testis. This results in activation of 
adenylate cyclase and increased cAMP production. 

In females FSH stimulates ovulation, maturation of the ovum, follicular 
growth, increases the weight of the ovaries and enhances the production of 
estrogens. In males FSH stimulates testosterone production, required for 
spermatogenesis and also promotes growth of seminiferous tubule.

2.2.2. Luteinizing hormone (LH). LH binds to specific plasma 
membrane receptors and stimulates the production of progesterone by 
corpus luteum cells in females and of testosterone by the Leydig cells in 
males. It stimulates the ripe follicle to ovulate, leaving the residual follicle, 
which forms the corpus luteum, and causes ovulation. LH and FSH are 
collectively responsible for the development and maintenance of secondary 
sexual characters in males.

The intracellular signal of LH action is cAMP. This nucleotide mimics 
the actions of LH, which include enhanced conversion of acetate to 
squalene (the precursor for cholesterol synthesis) and enhanced conversion 
of cholesterol to 2α-hydroxycholesterol, a necessary step in the formation 
of progesterone and testosterone. There is tight coupling between the 
binding of LH and the production of cAMP, but steroidogenesis occurs 
when very small increases of cAMP have occurred. There thus are spare 
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receptors in this response. Prolonged exposure to LH results in 
desensitization, perhaps owing to down-regulation of LH receptors. This 
phenomenon may be exploited as an effective means of birth control.

2.2.3. Human chorionic gonadotropin (hCG). hCG is a glycoprotein 
with a MW of about 100.000 synthesized in the syncytiotrophoblast cells of 
the placenta. It has the αβ-dimer structure characteristic of this class of 
hormones and most closely resembles LH. It increases in blood and urine 
shortly after implantation of fertilized ovum; hence, its detection is the 
basis of many pregnancy tests (within a week after missing the menstrual 
cycle).

2.2.4. Thyroid-stimulating hormone (TSH). TSH is a glycoprotein of 
αβ-dimer structure with a MW of about 30.000. Like other hormones of 
this class, TSH binds to plasma membrane receptors and activates 
adenylate cyclase. The consequent increase of cAMP is responsible for the 
action of TSH in thyroid hormone biosynthesis. Its relationship to the 
trophic effects of TSH on the thyroid is less certain. The release of TSH 
from anterior pituitary is controlled by a feedback mechanism. This 
involves the thyroid hormones (T3 and T4) and TRH of hypothalamus.

TSH has several acute effects on thyroid function. These occur in 
minutes and involve increases of all phases of T3 and T4 biosynthesis, 
including promoting the uptake of iodide (iodide pump) from the 
circulation by thyroid gland, enhancing the conversion of iodide (I-) to 
active iodide (I+) (organification), increasing the proteolysis of 
thyroglobulin to secrete T3 and T4 into the circulation. TSH also has several
chronic effects on the thyroid. These require several days and include 
increases in the synthesis of proteins, phospholipids, and nucleic acids and 
in the size and number of thyroid cells. Long-term metabolic effects of 
TSH are due to the production and action of the thyroid hormones.

2.3. Proopiomelanocortin peptide family

Proopiomelanocortin (POMC) peptide family consists of the hormones 
adrenocorticotropic hormone (ACTH), lipotropin (LPH) and
melanocyte-stimulating hormone (MSH) and several (about 24)
neuromodulators such as endorphins and enkephalins.

All the members of POMC are produced from a single gene of the 
anterior and intermediate lobes of pituitary. It is fascinating that a single 
polypeptide, proopiomelanocortin, is the precursor (approximately 285 
amino acids) that contains multiple hormones. The name 
proopiomelanocortin is derived since it is a prohormone to opioids, 
melanocyte-stimulating hormone and corticotropin. The pituitary 
multihormone precursor is synthesized as preproopiomelanocortin from 
which POMC is formed. 
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The POMC consists of 3 peptide groups:
1. ACTH that can give rise to α-MSH and corticotrophin-like 

intermediate lobe peptide (CLIP). 
2. β-Lipotropin (β-LPH) that can produce γ-LPH, β-MSH and 

β-endorphin. The latter yields γ- and α-endorphins. 
3. An N-terminal peptide that forms γ-MSH. 
These products undergo many modifications such as glycosylation, 

acetylation, etc.
2.3.1. Adrenocorticotropic hormone (ACTH). ACTH is derived from 

POMC (Fig.2). It is a single-chain polypeptide consisting of 39 amino 
acids with a MW of about 4.500. It, like other peptide hormones, binds to a 
plasma membrane receptor. Within a few seconds of this interaction, 
intracellular cAMP levels increase markedly. cAMP analogs mimic the 
action of ACTH, but calcium also is involved. The release of ACTH from 
the anterior pituitary is under the regulation of hypothalamic hormone 
CRH.

ACTH regulates the growth and function of the adrenal cortex. It
promotes the conversion of cholesterol to pregnenolone and enhances RNA 
and protein synthesis thus promoting adrenocortical growth. ACTH
increases lipolysis by activating lipase of adipose tissue.

Excessive production of ACTH by the pituitary or by ectopic production 
from a tumor results in Cushing's syndrome. The weak MSH-like activity 
of ACTH or associated release of β- or α-MSH results in 
hyperpigmentation. The metabolic manifestations are due to excessive 
production of adrenal steroids and include (1) negative nitrogen, potassium, 
and phosphorus balance; (2) sodium retention, which can result in 
hypertension, edema, or both; (3) glucose intolerance or overt diabetes 
mellitus; (4) increased plasma fatty acids; and (5) decreased circulating 
eosinophils and lymphocytes, with increased polymorphonuclear 
leukocytes. Patients with Cushing's syndrome may have muscle atrophy,
hypertension, edema and a peculiar redistribution of fat i.e., truncal obesity.

Loss of ACTH owing to tumor, infection, or infarction of the pituitary 
results in an opposite constellation of findings.

2.3.2. β-Lipotropin (β-LPH). β-LPH is derived from POMC (Fig.2)
and contains 93 carboxyterminal amino acids. This polypeptide consists of 
γ-LPH and β-endorphin from which β-MSH and γ-endorphin are, 
respectively, formed. γ-Endorphin can be converted to α-endorphin and 
then to enkephalins. β-LPH is found only in the pituitary and not in other 
tissues since it is rapidly degraded. 

The biochemical functions of β-LPH, as such, are limited. It promotes 
lipolysis and increases the mobilization of fatty acids. The most important 
function of β-LPH is its precursor role for the formation of β-endorphin and 
enkephalins. 
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Fig. 2. Products of proopiomelanocortin (POMC) cleavage.

2.3.3. Endorphins and enkephalins. These are the natural analgesics 
that control pain and emotions. They were discovered after an unexpected 
finding of opiate receptors in the human brain. 

Endorphins and enkephalins are produced from β-endorphin which, in 
turn, is derived from POMC (Fig.2). β-Endorphin consists of the 
carboxyterminal 31 amino acids of β-LPH. The α- and γ-endorphins are 
modifications of β-endorphin from which 15 and 14 amino acids, 
respectively, are removed from the C-terminal end. These peptides are 
found in the pituitary, but they are acetylated there and probably are 
inactive. In other sites (e.g., central nervous system neurons), they are not 
modified and hence probably serve as neurotransmitters or 
neuromodulators. The sequence for enkephalin is present in POMC, but it 
is not preceded by dibasic amino acids and presumably is not cleaved or 
expressed.

Endorphins and enkephalins are neurotransmitters that produce opiate-
like effects on the central nervous system, hence they are also known as 
opioid-peptides. They bind to the same receptors as the morphine opiates 
and are believed to control the endogenous pain perception. Endorphins 
and enkephalins are more potent (20-30 times) than morphine in their 
function as analgesics. It is believed that the pain relief through 
acupuncture and placebos is mediated through opioid peptides. 

2.3.4. Melanocyte-stimulating hormone (MSH). Three types of MSH 
(α, β and γ) are present in the precursor POMC molecule (Fig.2). In 
humans, γ-MSH is important while in some animals α and β are functional. 
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The activity of γ-MSH is contained in the molecule γ-LPH or its precursor 
β-LPH. 

MSH stimulates the synthesis of skin pigment melanin (melanogenesis)
in some species by causing the dispersion of intracellular melanin granules, 
resulting in darkening of the skin. In humans, MSH does not appear to play 
any role in melanin synthesis. Patients with insufficient production of 
glucocorticoids (Addison's disease) have hyperpigmentation associated 
with increased plasma MSH activity. This could be due to ACTH but is 
more likely the result of concomitant secretion of β- and γ-LPH, with their 
associated MSH activity.

3. The posterior pituitary (neurohypophysis) contains 2 active 
hormones, vasopressin and oxytocin.

Vasopressin, originally named because of its ability to increase blood 
pressure when administered in pharmacologic amounts, is more 
appropriately called antidiuretic hormone (ADH) because its most 
important physiologic action is to promote reabsorption of water from the 
distal renal tubules. Oxytocin is also named for an effect of questionable 
physiologic significance, the acceleration of birth by stimulation of uterine 
smooth muscle contraction. Its probable physiologic role is to promote milk 
ejection from the mammary gland.

Both of them are nonapeptides (9 amino acids). They are produced in 
the hypothalamus and transported by axoplasmic flow to nerve endings in 
the posterior pituitary where, upon appropriate stimulation, the hormones 
are released into the circulation. The probable reason for this arrangement 
is to escape the blood-brain barrier.

ADH is primarily synthesized in the supraoptic nucleus and oxytocin in 
the paraventricular nucleus. Each is transported through axons in 
association with specific carrier proteins called neurophysins. 
Neurophysins I and II are synthesized with oxytocin and ADH, 
respectively, each as a part of a single protein (sometimes referred to as 
propressophysin) from a single gene. Neurophysins I and II are unique 
proteins with molecular weights of 19.000 and 21.000, respectively. ADH 
and oxytocin are secreted separately into the bloodstream along with their 
appropriate neurophysins. They circulate unbound to proteins and have 
very short plasma halflives, on the order of 2-4 minutes.

3.1. Antidiuretic hormone (ADH, vasopressin)

Regulation of secretion. The neural impulses that trigger ADH release 
are activated by a number of different stimuli. Increased osmolality of 
plasma is the primary physiologic stimulus. This is mediated by 
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osmoreceptors located in the hypothalamus and by baroreceptors located in 
the heart and other regions of the vascular system. Hemodilution 
(decreased osmolality) has the opposite effect. Other stimuli include 
hypovolemia, hypotension, pain, emotional and physical stress and 
pharmacologic agents including acetylcholine, nicotine, and morphine. 
Most of these effects involve increased synthesis of ADH and 
neurophysin II, since the depletion of stored hormone is not associated with 
this action. Epinephrine and agents that expand plasma volume inhibit 
ADH secretion, as does ethanol.

Mechanism of action. ADH receptors exist on the mucosal (urinary) 
membrane of epithelial cells of the distal convoluted tubules and collecting 
structures. This receptor is linked to adenylate cyclase, and cAMP is 
thought to mediate the effects of ADH in the renal tubule. Water 
reabsorption is promoted by cAMP. This physiologic action is the basis of 
the name "antidiuretic hormone". cAMP and inhibitors of 
phosphodiesterase activity (e.g., caffeine) mimic the actions of ADH. 

In vivo, an elevated level of calcium in the medium bathing the mucosal 
surface of the tubular cells inhibits the action of ADH on water movement, 
apparently by inhibiting the action of adenylate cyclase, since it does not 
diminish the action of cAMP per se. This may account, in part, for the 
excessive volumes of urine that are characteristic of patients with 
hypercalcemia.

Biochemical functions. The most important physiologic target cells of 
ADH in mammals are those of the distal convoluted tubules and collecting 
structures of the kidney. These ducts pass through the renal medulla, in 
which the extracellular solute pool has an osmolality gradient up to 4 times 
that of plasma. 

ADH is primarily concerned with the regulation of water balance in the 
body. It acts on renal collecting ducts and distal convoluted tubules via
V2-receptors-aquaporins, increases the permeability of the cells to water
and causes water reabsorption, which leads to decreased urine formation. It 
permits osmotic equilibration of the collecting tubule urine with the 
hypertonic interstitium, resulting in urine volumes in the range of 
0.5-1 L/d. This increases blood volume, cardiac output and arterial 
pressure. These cells are relatively impermeable to water, so that in the 
absence of ADH, the urine is not concentrated and may be excreted in
amounts exceeding 2 L/d. Binding to V1 receptors on vascular smooth 
muscle cause vasoconstriction, which increases arterial pressure.

Pathophysiology. Abnormalities of ADH secretion or action lead to 
diabetes insipidus, which is characterized by the excretion of large 
volumes of dilute urine (polyuria). 

Primary diabetes insipidus, an insufficient amount of the hormone, is 
usually due to destruction of the hypothalamic-hypophyseal tract from a 
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basal skull fracture, tumor, or infection, but it can be hereditary. In 
hereditary nephrogenic diabetes insipidus, ADH is secreted normally but 
the target cell is incapable of responding, presumably because of a receptor 
defect. This hereditary lesion is distinguished from acquired nephrogenic 
diabetes insipidus, which most often is due to the pharmacologic 
administration of lithium for manic-depressive illness. 

The inappropriate secretion of ADH occurs in association with ectopic 
production by a variety of tumors (usually tumors of the lung) but can also 
occur in conjunction with diseases of the brain, pulmonary infections, or 
hypothyroidism. It is called inappropriate secretion because ADH is 
produced at a normal or increased rate in the presence of hypoosmolality, 
thus causing a persistent and progressive dilutional hyponatremia with 
excretion of hypertonic urine.

3.2. Oxytocin

Regulation of secretion. The neural impulses that result from 
stimulation of the nipples are the primary stimulus for oxytocin release. 
Vaginal and uterine distentions are secondary stimuli. PRL is released by 
many of the stimuli that release oxytocin, and a fragment of oxytocin has 
been proposed as prolactin-releasing factor. Estrogen stimulates the 
production of oxytocin and of neurophysin I, and progesterone inhibits the 
production of these compounds.

Mechanism of action. The mechanism of action of oxytocin is 
Ca2+/phosphatidylinositol mechanism. Membrane receptors for oxytocin 
are found in both uterine and mammary tissues. These receptors are 
increased in number by estrogens and decreased by progesterone. The 
concomitant rise in estrogens and fall in progesterone occurring 
immediately before parturition probably explains the onset of lactation 
prior to delivery. Progesterone derivatives are commonly used to inhibit 
postpartum lactation in humans. 

Biochemical functions.
1. Effect on uterus. Oxytocin causes the contraction of pregnant uterus

(uterine smooth muscles) and thus is used in pharmacologic amounts to 
induce labor in humans. Interestingly, pregnant animals in which the 
hypothalamic-hypophyseal tract has been destroyed do not necessarily have 
trouble delivering their young.

2. Effect on milk ejection. Oxytocin causes contraction of 
myoepithelial cells surrounding the mammary alveoli (look like smooth 
muscle cells) of the breast. This promotes the movement of milk into the 
alveolar duct system and allows for milk ejection from the breast. 

3. Oxytocin and neurophysin I appear to be produced in the ovary, 
wherein oxytocin may inhibit steroidogenesis.
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6 Lecture 6

HORMONES OF THE GONADS

The gonads (testes in males, ovaries in females) are bifunctional organs 
that produce germ cells and the sex hormones. These 2 functions are 
closely approximated, for high local concentrations of the sex hormones are 
required for germ cell development. The ovaries produce ova and the 
steroid hormones estrogen and progesterone; the testes produce 
spermatozoa and testosterone. As in the adrenal, a number of steroids are 
produced, but only a few are active as hormones. 

The production of these hormones is tightly regulated through a 
feedback loop that involves the pituitary and the hypothalamus. The 
gonadal hormones act by a nuclear mechanism similar to that employed by 
the adrenal steroid hormones (steroid-thyroid mechanism).

The sex hormones are responsible for growth, development, 
maintenance and regulation of reproductive system. The sex hormones are 
categorized into three groups:

1). Androgens or male sex hormones which are C-19 steroids.
2). Estrogens or female sex hormones which are C-18 steroids. 
3). Progesterone is a C-21 steroid produced during the luteal phase of 

menstrual cycle and also during pregnancy.

I. Male sex hormones (androgens)

Androgens (Greek: ″andros″ – male) belong to a class of sex hormones
that circulate at high levels in males. The predominant and most active 
androgen is testosterone, which is produced by the testes. The other 
androgens, which support the functions of testosterone, are produced 
mainly by the adrenal cortex in both the sexes and only in relatively small 
quantities. Ovaries also produce small amounts of androgens. Besides 
testosterone, other androgens include: dihydrotestosterone, 
androstanedione, androstanediol and dehydroepiandrosterone.

A number of steroids are present in testicular venous blood, but 
testosterone is the major steroid secreted by the adult testes. The secretion 
rate of testosterone is about 5 mg/d in normal adult men. Like other steroid 
hormones, testosterone seems to be released as it is produced.
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Besides testosterone, the testes produce spermatozoa (the male germ 
cells). These 2 functions are carried out by 3 specialized cell types: (1) the
spermatogonia and more differentiated germ cells, which are located in 
the seminiferous tubules; (2) the Leydig cells (also called interstitial cells), 
which are scattered in the connective tissue between the coiled 
seminiferous tubules and which produce testosterone; and (3) the Sertoli 
cells, which form the basement membrane of the seminiferous tubules and 
provide the environment necessary for germ cell differentiation and 
maturation. Spermatogenesis requires an environment conducive to germ 
cell differentiation and a concentration of testosterone in excess of that 
found in the systemic circulation ‒ a requirement that can be met because 
the Leydig cells and seminiferous tubules are in close approximation.

1. Biosynthesis of androgens

The immediate precursor of the gonadal steroids, as with the adrenal 
steroids, is cholesterol. The synthesis of all steroids starts with the 
conversion of cholesterol to pregnenolone, the common precursor of all 
steroid hormones. The conversion of pregnenolone to testosterone requires 
the action of 5 enzymes. These enzymes are: (1) 3β-hydroxysteroid
dehydrogenase; (2) Δ5,4isomerase; (3) 17α-hydroxylase; (4) CI7-20lyase; and 
(5) 17β-hydroxysteroid dehydrogenase. This sequence, referred to as the
progesterone (or Δ4) pathway, is shown on the right side of Fig. 1. 

Pregnenolone can also be converted to testosterone by the 
dehydroepiandrosterone (or Δ5) pathway, which is illustrated on the left 
side of Fig. 1. The Δ4 route appears to be preferred in human testes; 
however, since these are seldom available for study, most information 
about these pathways comes from studies in other animals. There may be 
significant species differences.

The 5 enzymes are localized in the microsomal fraction in rat testes, and 
there is a close functional association between the activities of 3β-
hydroxysteroid dehydrogenase and Δ5,4isomerase and between those of 
17α-hydroxylase and C17-20lyase. These enzyme pairs are shown in the 
general reaction sequence in Fig. 1.
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Fig. 1. Pathways of testosterone biosynthesis. The pathway on the left side of the figure 
is called the Δ5 or dehydroepiandrosterone pathway; the pathway on the right side is 
called the Δ4 or progesterone pathway.

2. Metabolism of testosterone

Testosterone is metabolized by 2 pathways. One involves oxidation at 
the 17-position, and the other involves reduction of the A ring double bond 
and the 3-ketone. 
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Metabolism via the first pathway occurs in many tissues, including 
liver, and produces 17-ketosteroids that are generally inactive or less active 
than the parent compound. The major 17-ketosteroid metabolites, 
androsterone and etiocholanolone, are conjugated with glucuronide and 
sulfate in the liver to make water-soluble, excretable compounds.

Metabolism via the second pathway, which is less efficient, occurs 
primarily in target tissues, including seminal vesicles, prostate, external 
genitalia, and some areas of the skin, and produces the most significant 
metabolic product of testosterone is dihydrotestosterone (DHT) (Fig.2); 
this is the active form of the hormone.

DHT is formed from testosterone by the reduction of the ring through 
the action of the enzyme 5α-reductase, an NADPH-dependent enzyme.

Testosterone                                                 Dihydrotestosterone

Testosterone can thus be considered a prohormone, since it is converted 
into a much more potent compound and since most of this conversion 
occurs outside the testes. The plasma content of DHT in the adult male is 
about one-tenth that of testosterone, and approximately 400 μg of DHT is 
produced daily, as compared to about 5 mg of testosterone. Human testes 
secrete about 50-100 μg of DHT per day, but most DHT is derived from 
peripheral conversion.

A small percentage of testosterone is also converted into 17β-estradiol 
(E2) (Fig.2), the female sex hormone, by peripheral aromatization, a 
reaction that is especially important in the brain, where these hormones 
help determine the sexual behavior of the animal. 

The Leydig cells, the Sertoli cells, and the seminiferous tubules are 
thought to be involved in E2 production. The role of E2 in the male has not 
been determined, but it may contribute to FSH regulation. Abnormally high 
plasma levels of E2 and changes in the free E2/testosterone ratio have been 
associated with pubertal or postpubertal gynecomastia (male breast 
enlargement), particularly in older individuals and in patients with chronic 
liver disease or hyperthyroidism. The testes also make small but significant 
amounts of E2.

Androstanediol, another potent androgen, is also produced from 
testosterone (Fig.2).

5α-Reductase
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Testosterone

Estradiol Androstanediol Dihydrotestosterone

Fig. 2. Active metabolites of testosterone.

3. Testosterone transport 

Most mammals, humans included, have a plasma β-globulin that binds 
testosterone with specificity, relatively high affinity, and limited capacity. 
This protein, usually called sex hormone-binding globulin (SHBG), or 
testosterone-estrogen-binding globulin (TEBG), is produced in the liver. 
Its production is increased by estrogens (women have twice the serum 
concentration of SHBG as men), certain types of liver disease, and 
hyperthyroidism; it is decreased by androgens, advancing age, and 
hypothyroidism. 

The primary function of SHBG may be to restrict the free concentration 
of testosterone in the serum. Testosterone binds to SHBG with higher 
affinity than does estradiol. Therefore, a change in the level of SHBG 
causes a greater change in the free testosterone level than in the free 
estradiol level. An increase of SHBG may contribute to the increased free 
E2/testosterone ratio noted in aging, cirrhosis, and hyperthyroidism and 
hence contribute to the attendant signs and symptoms of "estrogenization" 
alluded to above.

Since SHBG and albumin bind 97-99% of circulating testosterone, only 
a small fraction of the hormone in circulation is in the free (biologically 
active) form. 

4. Regulation of testicular function 

4.1. Regulation of testicular steroidogenesis 

LH stimulates steroidogenesis and testosterone production by binding to 
receptors on the plasma membrane of the Leydig cells (an analogous LH 
receptor is found in the ovary on cells of the corpus luteum) and activating 
adenylate cyclase, thus increasing intracellular cAMP. This action 
enhances the rate of cholesterol side-chain cleavage. The similarity 
between this action of LH and that of ACTH on the adrenal is apparent.

Testosterone provides for feedback control at the hypothalamus through 
inhibition of GnRH release, GnRH production, or both.

1-5% ~2% 4%



Hormones of the gonads.

85

4.2. Regulation of spermatogenesis 

FSH binds to the Sertoli cells and promotes the synthesis of androgen-
binding protein (ABP). ABP is glycoprotein that binds testosterone. It is 
distinct from the intracellular androgen receptor but is homologous with 
SHBG. ABP is secreted into the lumen of the seminiferous tubule, and in 
this process testosterone produced by the Leydig cells is transported in very 
high concentration to the site of spermatogenesis. This appears to be a 
critical step, since normal systemic levels of testosterone, such as might be 
achieved by replacement therapy, do not support spermatogenesis.

5. Mechanism of action of androgens

The current concept of androgen action is shown in Fig. 3. Free 
testosterone enters cells through the plasma membrane by either passive or 
facilitated diffusion. Target cells retain testosterone, presumably because 
the hormone associates with a specific intracellular receptor. Although 
there is considerable tissue-to-tissue variability, most of the retained 
hormone is found in the cell nucleus. 

Fig. 3. Mechanism of androgen action. LH  luteinizing hormone; T  testosterone; 
DHT  dihydrotestosterone; R  androgen receptor. 

The cytoplasm of many (but not all) target cells contains the enzyme 
5α-reductase, which converts testosterone to DHT. Whether there are
distinct receptors for testosterone and DHT has been a point of controversy, 
but the consensus is that while there is but a single class of receptors, the 
affinity of the receptor for DHT exceeds that for testosterone. Single gene 
mutations in mice result in loss of binding of both testosterone and DHT to 
the receptor in various tissues, suggesting that a single protein is involved.
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The affinity difference, coupled with the ability of a target tissue to 
form DHT from testosterone, may determine whether the testosterone-
receptor complex or the DHT-receptor complex is active.

Nuclear localization of the testosterone/DHT-receptor complex is a 
prerequisite for androgen action. Binding of the receptor-steroid complex 
to chromatin may involve a prior activation step, and specificity is afforded 
by the androgen response element.

In keeping with other steroid (and some peptide) hormones, the 
testosterone/DHT receptor activates specific genes. The protein products of 
these genes mediate many (if not all) of the effects of the hormone. 
Testosterone stimulates protein synthesis in male accessory organs, an 
effect that is usually associated with increased accumulation of total 
cellular RNA, including mRNA, tRNA, and rRNA. A more specific 
example involves the effect of testosterone on the synthesis of ABP. The 
hormone increases the rate of transcription of the ABP gene, which results 
in an increased amount of the mRNA that codes for this protein. Another 
well-studied example is α2u globulin, the major protein excreted in the urine 
of male rats. The rate of synthesis of α2u globulin is directly related to the 
amount of the cognate mRNA, which in turn is related to the rate of 
transcription of the α2u globulin gene. All are stimulated by androgens.

The kidney is a major target tissue for androgens. These hormones 
cause a general enlargement of the kidney and induce the synthesis of a 
number of enzymes in various species.

Androgens also stimulate the replication of cells in some target tissues, 
an effect that is poorly understood. Testosterone or DHT, in combination 
with E2, appears to be implicated in the extensive and uncontrolled division 
of prostate cells that results in benign prostatic hypertrophy, a condition 
that afflicts as many as 75% of men over the age of 60 years.

6. Physiological and biochemical functions of androgens

1). Sex-related physiological functions. Androgens, principally 
testosterone and DHT, affect several complex physiologic processes. 

1. Growth, development and maintenance of male reproductive organs.
2. Sexual differentiation.
3. Spermatogenesis.
4. Male-pattern of aggressive behavior.
5. Development of secondary sexual organs and ornamental structures 

(muscles, hair, etc.). 
2). Biochemical functions. Many specific biochemical effects of 

androgens that ultimately influence the physiological functions stated 
above are identified. Androgens are anabolic in nature.
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1. Effects on protein metabolism. Androgens promote RNA synthesis 
(transcription) and protein synthesis. Androgens cause positive nitrogen 
balance and increase the muscle mass.

2. Effects on carbohydrate and lipid metabolisms. Androgens 
increase glycolysis, fatty acid synthesis and citric acid cycle.

3. Effects on mineral metabolism. Androgens promote mineral 
deposition and bone growth before the closure of epiphyseal cartilage.

The numerous target tissues involved in these complex processes are 
defined according to whether they are affected by testosterone or DHT. The 
classic target cells for DHT (and those which coincidentally have the 
highest 5α-reductase activity) are the prostate, seminal vesicles, external 
genitalia, and genital skin. Targets for testosterone include the embryonic 
wolffian structures, spermatogonia, muscles, bone, kidney, and brain. 

7. The pathophysiology of the male reproductive system

The pathophysiology of the male reproductive system relates to 
hormonal defects. The lack of testosterone synthesis is called 
hypogonadism. If this occurs before puberty, secondary sex characteristics 
fail to develop, and if it occurs in adults, many of these features regress.

Primary hypogonadism is due to processes that affect the testes 
directly and cause testicular failure, whereas secondary hypogonadism is 
due to defective secretion of the gonadotropins. 

Isolated genetic deficiencies help to establish the importance of specific 
steps in the biosynthesis and action of androgens. Fig. 4 represents the 
pathway involved in androgen action from testosterone biosynthesis 
through postreceptor actions of testosterone and DHT. At least 5 distinct 
genetic defects in testosterone biosynthesis have been described.

In addition a 5α-reductase deficiency is known; there are a number of 
instances in which either no testosterone/DHT receptor is detected or the 
receptor is abnormal in some manner; and there are a number of cases in 
which all measurable entities, including the receptor, are normal, but the 
patients (always genetic males) have variable degrees of feminization. The 
extent of the abnormality of differentiation is related to the severity of the 
deficit. 

Persons who completely lack a biosynthetic enzyme appear to be 
phenotypic females but have an XY (male) genotype, while the mildest 
cases may have only an abnormally located penile urethra. Genetic males 
who completely lack functioning receptors have testes and produce 
testosterone but have complete feminization of the external genitalia (the 
so-called testicular feminization syndrome). It is interesting that no 
comparable deficiencies in estrogen synthesis or action have been 
identified.
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Fig. 4. Steps involved in androgen resistance. Four stages at which mutations have 
been identified are shown. T  testosterone; DHT  dihydrotestosterone; R  androgen 
receptor. 

II. Female sex hormones (estrogens and progestins)

Estrogens (Greek: ″oistros″ – oestrus) are a family of hormones 
synthesized in a variety of tissues. 17β-Estradiol (E2) is the primary 
estrogen of ovarian origin synthesized by the follicles and corpus luteum of 
ovary. In some species, estrone (E1), synthesized in numerous tissues, is 
more abundant. In pregnancy, relatively more estriol (E3) is produced and 
this comes from the placenta. 

Progestins are any one of a group of steroid hormones that have the 
effect of progesterone. Progesterone is produced and secreted by the 
corpus luteum and placenta.

OH

OH O

O

17β-estradiol (E2)                                Progesterone
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1. Biosynthesis of estrogens

The general pathway and the subcellular localization of the enzymes 
involved in the early steps of estradiol synthesis are the same as those 
involved in androgen biosynthesis. Features unique to the ovary are 
illustrated in Fig. 5.

Estrogens are formed by the aromatization of androgens in a complex 
process that involves 3 hydroxylation steps, each of which requires O2 and 
NADPH. The aromatase enzyme complex is thought to include a P-450 
mixed-function oxidase. Estradiol is formed if the substrate of this enzyme 
complex is testosterone, whereas estrone results from the aromatization of 
androstenedione.

The cellular source of the various ovarian steroids has been difficult to 
unravel, but it now appears that 2 cell types are involved. These cells are 
the major sources of androstenedione (the principal androgen produced by 
the ovary), and of 17α-hydroxyprogesterone. Granulosa cells produce 
estradiol from the latter. 

Estriol

Fig. 5. Biosynthesis of estrogens.
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Significant amounts of estrogens are produced by the peripheral 
aromatization of androgens. In human males the peripheral aromatization 
of testosterone to estradiol (E2) accounts for 80% of the production rate of 
the latter. In females adrenal androgens are important substrates, since as 
much as 50% of the E2 produced during pregnancy comes from the 
aromatization of androgens. Finally, the conversion of androstenedione to 
estrone is the major source of estrogens in postmenopausal women.

Aromatase activity is present in adipose cells and also in liver, skin, and 
other tissues. Increased activity of this enzyme may contribute to the 
"estrogenization" that characterizes such diseases as cirrhosis of the liver, 
hyperthyroidism, aging, and obesity.

2. Metabolism of female sex hormones

Estrogens: The liver converts estradiol and estrone to estriol by the 
pathways shown in Fig. 5. Estradiol, estrone, and estriol are substrates for 
hepatic enzymes that add glucuronide or sulfate moieties. Activity of these 
conjugating enzymes varies among species. Rodents have such active 
metabolizing enzyme systems that estrogens are almost completely 
metabolized by the liver and thus are essentially without activity when 
given orally. These enzyme systems are less active in primates, so that oral 
estrogens are more effective. The conjugated steroids are water soluble and 
do not bind to transport proteins; thus, they are excreted readily in the bile, 
feces, and urine.

Progestins: Because the liver actively metabolizes progesterone to 
several compounds, progesterone is ineffective when given orally. Sodium 
pregnanediol-20-glucuronide is the major progestin metabolite found in 
human urine (Fig.6). Certain synthetic steroids e.g., derivatives of 17α-
hydroxyprogesterone and 17α-alkyl-substituted 19-nortestosterone 
compounds, have progestational activity and avoid hepatic metabolism. 
Thus, they are widely used in oral contraceptives.

3. Transport of female sex hormones

Estrogens are bound to the sex hormone-binding globulin (SHBG)
and progestins to corticosteroid-binding globulin (CBG). SHBG binds 
estradiol about 5 times less avidly than it binds testosterone or 
dihydrotestosterone (DHT), while progesterone and cortisol have little
affinity for this protein. 

In contrast, progesterone and cortisol bind with nearly equal affinity to 
CBG, which in turn has little avidity for estradiol and even less for 
testosterone, DHT, or estrone.
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Sodium pregnanediol-20-glucuronide

Fig. 6. Biosynthesis of progesterone and major pathway for its metabolism. Other 
metabolites are also found. 

These plasma transport proteins play no apparent role in the mechanism 
of action of these hormones at the cellular level, and (as with other 
steroids) probably only the free (unbound) hormone has biologic activity.

The binding proteins do provide a circulating reservoir of hormone, and 
because of the relatively large binding capacity, they probably buffer 
against sudden changes in the plasma level. The metabolic clearance rates 
of these steroids are inversely related to the affinity of their binding to 
SHBG; hence, estrone is cleared more rapidly than estradiol, which in turn 
is cleared more rapidly than testosterone or DHT. In this regard, the 
conjugated derivatives of these hormones are not bound by either SHBG or 
CBG. The factors that regulate the production of SHBG are discussed 
above.

The rate of secretion of ovarian steroids varies considerably during the 
menstrual (or estrous) cycle and is directly related to rate of production in 
the ovary. There is no storage of these compounds; they are secreted when 
they are produced.
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4. Regulation of ovarian function 

The number of oogonia in the human female ovary reaches a maximum 
of 6-7 million at about the fifth month of gestation. This decreases to about 
2 million by birth and is further diminished to 100.000-200.000 by the 
onset of menarche. Some 400-500 of these develop into mature oocytes; 
the rest are gradually lost through a process that is not understood, although 
ovarian androgens have been implicated. Follicular maturation begins in 
infancy, and the ovaries gradually enlarge in prepubertal years owing to 
increased volume of the follicles because of the growth of granulosa cells, 
to the accumulation of tissue from atretic follicles, and to the increased 
mass of medullary stromal tissue with the interstitial and theca cells that 
will produce the steroids.

4.1. Regulation of ovarian steroidogenesis 

The concentration of female sex hormones is low in childhood, although 
exogenous gonadotropins increase production; hence, the immature ovary 
has the capacity to synthesize estrogen. It is thought that these low levels of 
sex steroids inhibit gonadotropin production in prepubertal girls and that at 
puberty the hypothalamic-pituitary system becomes less sensitive to 
suppression. At puberty, the pulsatile release of GnRH begins stimulating 
LH and this causes a dramatic increase of ovarian hormone production. 
FSH, the main stimulus for estrogen secretion, stimulates a follicle to ripen, 
and ovulation ensues.

5. Mechanism of action of female sex hormones

Estrogens and progestins act by regulating gene expression. These 
hormones act through their ability to combine with intracellular receptors 
that then bind to specific regions of chromatin or DNA (or both) to effect 
changes in the rate of transcription of specific genes. 

6. Functions of female sex hormones

6.1. Physiological and biochemical functions of estrogens

The estrogens are primarily concerned with
1). Sex-related physiological functions.
1. Growth, development and maintenance of female reproductive 

organs. In general, these hormones stimulate the size and number of cells 
by increasing the rate of synthesis of protein, rRNA, tRNA, mRNA, and 
DNA. Under estrogen stimulation, the vaginal epithelium proliferates and 
differentiates; the uterine endometrium proliferates and the glands 
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hypertrophy and elongate; the myometrium develops an intrinsic, rhythmic 
motility; and breast ducts proliferate. By affecting peripheral blood vessels, 
estrogens typically cause vasodilation and heat dissipation.

2. Maintenance of menstrual cycle.
3. Development of female sexual characteristics.
2). Biochemical functions.
1. Effects on lipid metabolism.

• Lipogenic effect. Estrogens increase lipogenesis in adipose tissue. 
• Hypocholesterolemic effect. Estrogens lower the plasma total 

cholesterol. The LDL fraction of lipoproteins is decreased while the HDL 
fraction is increased. 

2. Effects on protein metabolism (anabolic effect). Estrogens in 
general promote transcription and translation. Estrogens promote the 
synthesis of many proteins in liver (transferrin, ceruloplasmin, etc.).  

3. Effect on bone and cartilage growth (anabolic effect). Estrogens 
promote calcification.

6.2. Physiological functions of progestins

1). Progestins are essentially required for the implantation of fertilized 
ovum and maintenance of pregnancy.

Progestins reduce the proliferative activity of the estrogens on the 
vaginal epithelium and convert the uterine epithelium from proliferative to 
secretory (increased size and function of secretory glands and increased 
glycogen content), thus preparing the uterine epithelium for implantation of 
the fertilized ovum. 

2). Progestins promote the growth of glandular tissue in uterus and 
mammary gland.

Progestins enhance development of the acinar portions of breast glands 
after estrogens have stimulated ductal development. 

3). Progestins maintain the menstrual cycle.
Progestins decrease peripheral blood flow, thereby decreasing heat loss, 

so that body temperature tends to increase during the luteal phase of the 
menstrual cycle, when these steroids are produced. This temperature 
increase, usually 0.5°C, is used as an indicator of ovulation.

Progestins generally require the previous or concurrent presence of 
estrogens, perhaps because estrogens stimulate production of the 
progesterone receptor. The two classes of hormones often act 
synergistically, although they can be antagonists.

In general female sex hormones prepare the structural determinants of 
the female reproductive system for reproduction by:

1). maturing the primordial germ cells; 
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2). developing the tissues that will allow for implantation of the 
blastocyst; 

3). providing the "hormonal timing" for ovulation;
4). establishing the milieu required for the maintenance of pregnancy;
5). providing the hormonal influences for parturition and lactation.

7. Menstrual cycle

In humans, the menstrual cycle is under the control of FSH, LH, 
estrogens and progesterone. Hormones determine the frequency of 
ovulation and receptivity to mating. Monestrous species ovulate and mate 
once a year, whereas polyestrous species repeat this cycle several times a 
year. Primates have menstrual cycles, with shedding of the endometrium at 
the end of each cycle, and mating behavior is not tightly coupled to 
ovulation. 

The human menstrual cycle results from a complex interaction between 
the hypothalamus, pituitary, and ovary. The cycle normally varies between 
25 and 35 days in length (average, 28 days). It can be divided into a 
follicular phase, a luteal phase, and menstruation (Fig.7).

(Satyanarayana U. Biochemistry, 3 ed., Books and Allied (P) Ltd., 2007)

Fig. 7. Hormonal pattern during menstrual cycle.

Follicular phase: FSH causes the development and maturation of 
ovarian follicles. Estradiol levels are low during the first week of the 
follicular phase, but they begin to rise progressively as the follicle enlarges. 
Estradiol reaches its maximal level 24 hours before the LH and FSH attain 
their respective maximum levels and sensitizes the pituitary to GnRH. LH
is released either in response to this high level of estradiol in a "positive 
feedback" manner or in response to a sudden decline of estradiol from this 
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high level. Continual administration of high doses of estrogen (as in oral 
contraceptives) suppresses LH and FSH release and inhibits the action of 
GnRH on the pituitary. Progesterone levels are very low during the 
follicular phase. The LH peak heralds the end of the follicular phase and 
initiates ovulation ‒ release of ovum from the ruptured follicles by 16-18 
hours (Fig.7).

Luteal phase: After ovulation occurs, the granulosa cells of the 
ruptured follicle luteinize and form the corpus luteum, a structure that soon 
begins to produce progesterone and some estradiol. Estradiol peaks about 
midway through the luteal phase and then declines to a very low level. The 
predominant hormone of the luteal phase of the cycle is progesterone, 
which is required for preparation and maintenance of the secretory 
endometrium of uterus for implantation of the fertilized ovum. LH is 
required for the early maintenance of the corpus luteum, and the pituitary 
supplies it for about 10 days. 

If implantation of the fertilized ovum occurs (day 22-24 of the average 
cycle), this LH function is assumed by human chorionic gonadotropin 
(hCG), a placental hormone that is very similar to LH and is made by the 
cytotrophoblastic cells of the implanted early embryo. hCG stimulates 
progesterone synthesis by the corpus luteum. This continues still the 
plancenta starts making high quantities of progesterone.

In the absence of implantation (and hCG), the corpus luteum regresses 
and sheds endometrium causing menstruation (Fig.7). And another new 
cycle begins. The luteal phase is always fixed. It is always 14±2 days in 
length. Variations in cycle length are almost always due to an altered 
follicular phase.

8. Pregnancy 

The implanted blastocyst forms the trophoblast, which is subsequently 
organized into the placenta. The placenta provides the nutritional 
connection between the embryo and the maternal circulation and produces 
a number of hormones.

Human chorionic gonadotropin (hCG). The primary function of the 
glycoprotein hormone hCG is to support the corpus luteum until the 
placenta produces amounts of progesterone sufficient to support the 
pregnancy. hCG can be detected within a few days of implantation, and this 
provides the basis of early diagnostic tests for pregnancy. Peak hCG levels 
are reached in the middle of the first trimester, after which there is a 
gradual decline throughout the remainder of pregnancy.

Progestins. The corpus luteum is the major source of progesterone for 
the first 6-8 weeks of the pregnancy, and then the placenta assumes this 
function. The corpus luteum continues to function, but late in pregnancy 
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the placenta makes 30-40 times more progesterone than does the corpus 
luteum. The placenta does not synthesize cholesterol and so depends upon 
a maternal supply.

Estrogens. Plasma concentrations of estradiol, estrone, and estriol 
gradually increase throughout pregnancy. Estriol is produced in the largest 
amount, and its formation reflects a number of fetoplacental functions. The 
fetal adrenal produces dehydroepiandrosterone (DHEA) and DHEA sulfate, 
which are converted to 16α-hydroxyderivatives by the fetal liver. These are 
converted to estriol by the placenta; travel via the placental circulation to 
the maternal liver, where they are conjugated to glucuronides; and then are 
excreted in the urine (Fig.8). The measurement of urinary estriol levels is 
used to document the function of a number of maternal-fetal processes.

Another interesting exchange of substrates is required for fetal cortisol 
production. The fetal adrenal lacks the familiar 3β-hydroxysteroid 
dehydrogenase Δ5,4isomerase complex and hence depends upon the 
placenta for the progesterone required for cortisol synthesis (Fig.8).

Fig. 8. Steroid metabolism by the fetal-maternal unit; DHEA 
dehydroepiandrosterone.

Placental lactogens. The placenta makes a hormone called placental 
lactogen (PL). PL is also called chorionic somatomammotropin or 
placental growth hormone because it has biologic properties of prolactin 
and growth hormone. The physiologic function of PL is uncertain, since 
women who lack this hormone appear to have normal pregnancies and 
deliver normal babies.
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9. Mammary gland development and lactation 

The differentiation and function of the mammary gland are regulated by 
the concerted action of several hormones. The female sex hormones
initiate this process, since estrogens are responsible for ductal growth and 
progestins stimulate alveolar proliferation. Some growth of glandular tissue 
occurs during puberty, along with deposition of adipose tissue, but 
extensive development occurs during pregnancy when glandular tissue is 
exposed to high concentrations of estradiol and progesterone. 

Complete differentiation, studied mostly in rat mammary gland 
explants, requires the additional action of prolactin, glucocorticoids, 
insulin or growth peptide, and an unidentified serum factor. Of these 
hormones, only the concentration of prolactin changes dramatically in 
pregnancy; it increases from < 2 ng/dl to > 200 ng/dl in late pregnancy. The 
effects of these hormones on the synthesis of various milk proteins, 
including lactalbumin, lactoglobulin, and casein, have been studied in 
detail. These hormones increase the rate of synthesis of these proteins by 
increasing amounts of the specific mRNAs, and in the case of casein at 
least, this is due to an increase in gene transcription and to stabilization of 
the mRNA. 

Progesterone, required for alveolar differentiation, inhibits milk 
production and secretion in late pregnancy. Lactation commences when 
levels of this hormone decrease abruptly after delivery. Prolactin levels also 
fall rapidly postpartum but are stimulated with each episode of suckling, 
thereby ensuring continual lactation. Lactation gradually decreases if 
suckling is not allowed and can be rapidly terminated by administration of 
a large parenteral dose of an androgen before suckling is allowed.

Suckling also results in the release of oxytocin from the posterior 
pituitary. Oxytocin stimulates contraction of the myoepithelial cells that 
surround the alveolar ducts, thus expelling milk from the gland. 

10. Menopause 

Women in the western hemisphere cease having regular menstrual 
cycles at about age 53, coincident with loss of all follicles and ovarian 
estrogen production. There is no alternative source of progesterone, but 
substantial amounts of a weak estrogen, estrone, are produced by the 
aromatization of androstenedione (Fig.5). The levels of estrone are not 
sufficient to suppress pituitary gonadotropin levels; thus, marked increases 
of LH and FSH are characteristic of the postmenopausal years. 
Postmenopausal women are particularly prone to 2 problems associated 
with tissue catabolism. Estrone is not always able to prevent the atrophy of 
secondary sex tissues, particularly the epithelium of the lower urinary tract 
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and vagina. Osteoporosis is a major health problem in older individuals, 
and women with the most severe decrease in bone mass have lower than 
normal estrone levels.

11. Synthetic agonists and antagonists

Several synthetic compounds have estrogenic activity and one or more 
favorable pharmacologic features. Most modifications are designed to 
retard hepatic metabolism, so that the compounds can be given orally. One 
of the first developed was diethylstilbestrol. Other examples of modified 
steroids include 17α-ethinyl-estradiol and mestranol, which are used in 
oral contraceptives.

Diethylstilbestrol

17α-ethinyl-estradiol                                    Mestranol

Numerous compounds with antiestrogenic activity have been 
synthesized, and several of these have clinical applications. Most of these 
antagonists act by competing with estradiol for its intracellular receptor.
Clomiphene citrate (Clomid) has a particular affinity for the estrogen 
receptor in the hypothalamus. Clomiphene was originally designed as an 
antifertility drug but, interestingly, it is now used for the opposite effect. 
Clomiphene competes with estradiol for hypothalamic receptor sites; thus, 
GnRH release is not restrained and excessive amounts of LH and FSH are 
released. Multiple follicles often mature simultaneously in response to 
clomiphene, and multiple pregnancies can ensue. Nafoxidine, a 
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nonsteroidal compound, and tamoxifen combine with the estrogen receptor 
to form very stable complexes with chromatin; hence, the receptor cannot 
recycle and these agents inhibit the action of estradiol for prolonged 
periods. These antagonists are used in the treatment of estrogen-dependent 
breast cancer.

It has been difficult to synthesize compounds that have progestin 
activity but no estrogenic or androgenic action. The 17α-alkyl-substituted 
19-nortestosterone derivatives (e.g., norethindrone) have minimal 
androgenic activity in most women and are used in oral contraceptives. 
Another potent progestin is medroxyprogesterone acetate (Provera). It
inhibits ovulation for several months when given as an intramuscular depot 
injection. However, since progestins inhibit cell growth, this compound is 
more frequently used for treating well-differentiated endometrial 
carcinoma.

Norethindrone Medroxyprogesterone acetate



Lecture 7

100

7
Lecture 7

HORMONES OF THE ADRENAL CORTEX

The adult cortex has 3 distinct layers or zones. The subcapsular area is 
called the zona glomerulosa and is associated with the production of 
mineralocorticoids. Next is the zona fasciculata, which, with the zona 
reticularis, produces glucocorticoids and androgens. 

The adrenal cortex synthesizes dozens of different steroid molecules, 
but only a few of these have biologic activity. Adrenocorticosteroids are 
classified into three general classes of steroid hormones, which are grouped 
according to their dominant action: glucocorticoids (e.g., cortisol, 
corticosterone), mineralocorticoids (e.g., aldosterone), and androgens
(e.g., dehydroepiandrosterone, androstenedione). 

These hormones initiate their actions by combining with specific 
intracellular receptors, and this complex binds to specific regions of DNA 
to regulate gene expression (steroid-thyroid mechanism). This results in 
altered rates of synthesis of a small number of proteins, which, in turn, 
affect a variety of metabolic processes. The hormones of the adrenal cortex, 
particularly the glucocorticoids, are an essential component of adaptation 
to severe stress. The mineralocorticoids are required for normal Na+ and 
K+ balance. Synthetic analogs of both classes are used therapeutically. In 
particular, many glucocorticoid analogs are potent anti-inflammatory 
agents. 

Excessive or deficient plasma levels of any of these 3 classes of 
hormones, whether due to disease or therapeutic use, result in serious, 
sometimes life-threatening, complications. A series of inherited enzyme 
deficiencies helps define the steps involved in steroidogenesis and 
illustrates the capacity of the adrenal cortex to alter the relative rates of 
production of these different hormones.

A schematic representation of the pathways involved in the synthesis of 
the major classes of adrenal steroids is presented in Fig. 1. Cholesterol 
undergoes cleavage with an elimination of a 6-carbon fragment to form 
pregnenolone. Pregnenolone is the common precursor for the synthesis of 
all steroid hormones. Conversion of cholesterol to pregnenolone is 
catalyzed by cytochrome P450 side chain cleavage enzyme. This reaction is 
promoted by ACTH. The enzymes hydroxylases, dehydrogenases,
isomerases and lyases associated with mitochondria or endoplasmic 
reticulum are responsible for the synthesis of steroid hormones.
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Fig. 1. Pathways involved in the synthesis of the 3 major classis of adrenal steroids. 
Enzymes are shown in the rectangular boxes, and the modifications at each step are 
shaded.

I. Glucocorticoids

The glucocorticoids are 21-carbon steroids with many actions, the most 
important of which is to promote gluconeogenesis. 

Cortisol (also known as hydrocortisone) is the predominant 
glucocorticoid in humans, and it is made in the zona fasciculata. 
Corticosterone, made in the zona fasciculata and glomerulosa, is less 
abundant in humans, but it is the dominant glucocorticoid in rodents. 
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Cortisol                           Corticosterone

1. Regulation of secretion of glucocorticoids

There is little, if any, storage of steroid hormones within the adrenal
cell, since these hormones are released into the plasma when they are 
made. Cortisol release occurs with a periodicity that is regulated by the 
diurnal rhythm of ACTH release, which in turn is regulated by 
corticotropin-releasing hormone (CRH). These hormones are linked by a 
classic negative feedback loop (Fig.2).

Fig. 2. Regulation of secretion of glucocorticoids.
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2. Transport of glucocorticoids

Cortisol circulates in plasma in protein-bound and free forms. 
The main plasma binding protein is α-globulin called transcortin or

corticosteroid-binding globulin (CBG). CBG is produced in the liver, and 
its synthesis is increased by estrogens. CBG binds most of the hormone 
when plasma cortisol levels are within the normal range. Much smaller 
amounts of cortisol are bound to albumin. 

The avidity of binding helps determine the biologic half-lives of various 
glucocorticoids. Cortisol binds tightly to CBG and has a t1/2 of 1.5-2 hours, 
while corticosterone, which binds less tightly, has a t1/2 of less than 1 hour. 
Binding to CBG is not restricted to glucocorticoids. Deoxycorticosterone 
and progesterone interact with CBG with sufficient affinity to compete for 
cortisol binding. 

The unbound, or free, fraction constitutes about 8% of the total plasma 
cortisol and represents the biologically active fraction of cortisol.

3. Metabolism of glucocorticoids

Cortisol and its metabolites constitute about 80% of the 
17-hydroxycorticoids in plasma; the other 20% consist of cortisone and 
11-deoxycortisol. About half of the cortisol (as well as cortisone and 
11-deoxycortisol) circulates in the form of the reduced dihydro- and 
tetrahydro- metabolites that are produced from reduction of the A ring 
double bond by NADPH-requiring hydrogenases and from reduction of the 
3-ketone group by a reversible dehydrogenase reaction. 

Substantial amounts of all of these compounds are also modified by 
conjugation at the C3 position with glucuronide or, to a lesser extent, with 
sulfate. These modifications occur primarily in the liver and make the 
lipophilic steroid molecule water-soluble and excretable. In humans, most 
of the conjugated steroids that enter the intestine by biliary excretion are 
reabsorbed by the enterohepatic circulation. About 70% of the conjugated 
steroids are excreted in the urine, 20% leave in feces, and the rest exit 
through the skin.

4. Mechanism of action of glucocorticoids

Glucocorticoids bind to specific receptors on the target cells and bring 
about the action. These hormones mostly act at the transcription level and 
control the protein synthesis.

Binding to receptors is necessary for entry into the nucleus and DNA 
binding. There is generally a high correlation between the association of a 
steroid with receptor and the elicitation of a given biologic response. This 
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correlation holds true for a wide range of activities, so that a steroid with 
one-tenth the binding affinity evokes a correspondingly decreased biologic 
effect at a given steroid concentration. There are generally no "spare 
receptors" involved in steroid hormone action.

The biologic effect of a steroid depends upon both its ability to bind to 
the receptor and the concentration of free hormone in the plasma. Cortisol, 
and corticosterone, all bind with high affinity to the glucocorticoid 
receptor, but in physiologic circumstances cortisol is the dominant 
glucocorticoid because of its much greater plasma concentration. 
Corticosterone is an important glucocorticoid in certain pathologic 
conditions (17α-hydroxylase deficiency).

5. Biochemical functions of glucocorticoids

The important glucocorticoids cortisol, cortisone and corticosterone. 
They bring about several biochemical functions in the body.

5.1. Effects on intermediary metabolism

1). Effects on carbohydrate metabolism. The overall influence of 
glucocorticoids on carbohydrate metabolism is to increase blood glucose 
level (Fig.3). Glucocorticoids increase glucose production in liver by: 

1. Increasing the delivery of amino acids (the gluconeogenic substrate) 
from peripheral tissues (amino acids are released from proteins of muscle, 
lymphoid and connective tissue).

2. Increasing the rate of gluconeogenesis by inducing synthesis and 
activity of the key enzyme phosphoenolpyruvate carboxykinase. Glucose
produced is stored as glycogen in the liver by promoting the activation of 
glycogen synthase. 

2). Effects on lipid metabolism. Glucocorticoids increase the 
circulating free fatty acids (Fig.3). This is caused by two mechanisms:

1. Increased breakdown of storage triacylglycerol (lipolysis) in adipose 
tissue (in extremities) but can cause lipogenesis in other sites (face and 
trunk) especially at higher than physiologic levels.

2. Reduced utilization of plasma free fatty acids for the synthesis of 
triacylglycerols. 

3). Effects on protein and nucleic acid metabolism. Glucocorticoids 
exhibit both catabolic and anabolic effects on protein and nucleic acid 
metabolism (Fig.3):

1. Anabolic effects in liver (at physiologic levels) – glucocorticoids 
promote transcription (RNA synthesis) and biosynthesis of proteins by the 
stimulation of specific genes.
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2. Catabolic effects (in certain conditions and particularly at high 
physiologic levels) in extrahepatic tissues (e.g., muscle, adipose tissue, 
bone, lymphoid and connective tissue)  glucocorticoids promote 
degradation of proteins.

Fig. 3. Role of glucocorticoids in the regulation of carbohydrate, lipid and protein 
metabolisms.

5.2. Effects on host defense mechanisms

1). Glucocorticoids (particularly cortisol) in high doses suppress the 
host immune response by: 

1. Causing species- and cell-type-specific lysis of lymphocytes.
2. Impairment of antibody synthesis.

2). Glucocorticoids suppress the inflammatory response by:
1. Decreasing the number of circulating leukocytes and the migration 

of tissue leukocytes.
2. Inhibiting fibroblast proliferation.
3. Inducing the synthesis of lipocortins, which, by inhibiting 

phospholipase A2, blunt the production of the inflammatory prostaglandins
and leukotrienes.

5.3. Other physiological effects of glucocorticoids

Glucocorticoids are involved in several physiological functions.
1. Glucocorticoids necessary, in allowing the organism to respond to 

stress. Stimulate the fight and flight response (to face sudden emergencies) 
of catecholamines.
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2. Glucocorticoids increase the production of gastric HCI and 
pepsinogen.

3. Glucocorticoids inhibit the bone formation; hence, the subjects are at 
a risk for osteoporosis.

4. Glucocorticoids necessary for maintenance of normal blood pressure 
and cardiac output.

5. Glucocorticoids required for maintenance of normal water and 
electrolyte balance, perhaps by restraining ADH release and by increasing 
angiotensinogen. These effects contribute to the effect on blood pressure.

6. Pathophysiology of the adrenal cortex

6.1. Disorders of glucocorticoid hormone insufficiency 

Primary adrenal insufficiency (Addison's disease) (Fig.4) results in 
decreased blood glucose level (hypoglycemia), extreme sensitivity to 
insulin, increased susceptibility to stress, loss of appetite (anorexia), weight 
loss, nausea, muscle weakness, and impaired cardiac function. Patients with 
Addison's disease have low blood pressure, decreased glomerular filtration 
rate, and decreased ability to excrete a water load. They often have a 
history of salt craving. Plasma Na+ levels are low, K+ levels are high, and 
blood lymphocyte and eosinophil counts are increased. Such patients often 
show increased pigmentation of skin and mucous membranes because of 
the exaggerated compensatory secretion of ACTH. 

Fig. 4. Symptoms of Addison's disease. (https://www.organsofthebody.com)

https://www.organsofthebody.com
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Secondary adrenal insufficiency is due to a deficiency of ACTH 
resulting from tumor, infarction, or infection. This results in a similar 
metabolic syndrome without hyperpigmentation.

Loss of adrenal cortical function results in death unless replacement 
therapy is instituted. In humans, treatment of adrenal insufficiency with 
mineralocorticoids is generally not sufficient; glucocorticoids seem to be 
more critical in this regard. Rats, in contrast, do quite well with 
mineralocorticoid replacement. Excessive or deficient plasma levels of 
either of these classes of hormones, whether due to disease or therapeutic 
use, cause a number of serious complications directly related to their 
metabolic actions.

Adrenogenital syndrome

Insufficient amounts of steroidogenic enzymes result in the deficiency 
of end products, the accumulation of intermediates, and the exaggerated 
production of steroids from alternative pathways. A common feature of 
most of these syndromes, which develop in utero, is deficient cortisol 
production with ACTH overproduction and adrenal hyperplasia; hence, the 
term congenital adrenal hyperplasia. 

The overproduction of adrenal androgens is another common feature. 
This hormone excess results in increased body growth, virilization, and 
ambiguous external genitalia; hence, the alternative designation 
adrenogenital syndrome.

Two types of 21-hydroxylase deficiency (partial, or simple virilizing, 
and complete, or salt wasting) account for more than 90% of cases of 
congenital adrenal hyperplasia, and most of the rest are due to 
11β-hydroxylase deficiency. Only a few cases of other deficiencies 
(3β-hydroxysteroid dehydrogenase, 17α-hydroxylase, cholesterol 
desmolase, 18-hydroxylase, and 18-dehydrogenase) have been described. 
The 18-hydroxylase and -dehydrogenase deficiencies affect only 
aldosterone biosynthesis and so do not cause adrenal hyperplasia. The 
cholesterol desmolase deficiency prevents any steroid biosynthesis and so 
is usually incompatible with extrauterine life.

6.2. Disorders of glucocorticoid hormone excess

Hyperfunction of adrenal cortex results in Cushing's syndrome (Fig.5). 
Glucocorticoid excess is usually due to long-term pharmacological use of 
steroids, but it may result from an ACTH-secreting pituitary adenoma, 
from adrenal adenomas or carcinomas, or from the ectopic production of 
ACTH by a neoplasm. Patients with Cushing's syndrome typically lose the 
diurnal pattern of ACTH/cortisol secretion.
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They have hyperglycemia or glucose intolerance (or both) because of 
accelerated gluconeogenesis. Related to this are severe protein catabolic 
effects, which result in thinning of the skin, muscle wasting, osteoporosis, 
fatigue, moon-face, extensive lymphoid tissue involution, and generally a 
negative nitrogen balance. There is a peculiar redistribution of fat, with 
truncal obesity and the typical "buffalo hump". Resistance to infections and 
inflammatory responses is impaired, as is wound healing. Several findings, 
including hypernatremia, hypokalemia, alkalosis, edema, and hypertension, 
are due to the mineralocorticoid actions of cortisol.

(Rubin E. Pathology, 3 ed., Lippincott-Raven Publishers, 1999)

Fig. 5. Symptoms of Cushing's syndrome.

II. Mineralocorticoids

Mineralocorticoids are 21-carbon steroids. The primary action of these 
hormones is to promote retention of Na+ and excretion of K+ and H+, 
particularly in the kidney. 
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Aldosterone is the most potent hormone in this class, and it is made 
exclusively in the zona glomerulosa. 

O

HO
O

OHO H2C

Aldosterone 

1. Regulation of secretion of mineralocorticoids

The production of aldosterone by the glomerulosa cells of adrenal 
cortex is regulated in a completely different manner. The primary 
regulators are the renin-angiotensin system and potassium. Sodium, 
ACTH, and neural mechanisms are also involved.

1.1. Renin-angiotensin system

This system is involved in the regulation of blood pressure and 
electrolyte metabolism. 

Any combination of factors that decreases fluid volume (dehydration, 
decreased blood pressure, fluid or blood loss) or decreases sodium 
concentration in the renal tubular fluid are sensed by juxtaglomerular 
apparatus of the kidney nephron which secrete enzyme renin (Fig.6).

The position of the juxtaglomerular cells makes them particularly 
sensitive to blood pressure changes, and many of the physiologic regulators 
of renin release act through renal baroreceptors.

Fig. 6. The renin-angiotensin system.

Angiotensin-converting 
enzyme
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In the blood plasma, renin acts on substrate angiotensinogen to produce 
the angiotensin I (Fig. 6 and 7). Angiotensinogen is 2-globulin made in 
liver. The synthesis of angiotensinogen is enhanced by glucocorticoids and 
estrogens. This protein circulates at about the Km for its interaction with 
renin, small changes could markedly affect the generation of angiotensin II.

Angiotensin I is then converted to angiotensin II, primary hormone in 
these processes, by peptidyl dipeptidase A (angiotensin-converting 
enzyme, ACE) (Fig.6). ACE, a glycoprotein found in lung, endothelial 
cells, and plasma. It removes 2 carboxy-terminal amino acids from the 
decapeptide angiotensin I to form octapeptide angiotensin II in a step that is 
not thought to be rate-limiting (Fig.7). 

Degradation products

Fig. 7. Formation and metabolism of angiotensins. Small arrows indicate cleavage 
sites.

Various nonapeptide analogs of angiotensin I and other compounds act 
as competitive inhibitors of converting enzyme and are used to treat renin-
dependent hypertension. Converting enzyme also degrades bradykinin, a 
potent vasodilator; thus, this enzyme increases blood pressure in 2 distinct 
ways.

Angiotensin II increases blood pressure (Fig.6) by causing 
vasoconstriction of blood vessels and is a very potent vasoactive substance. 
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Angiotensin II also stimulates biosynthesis and secretion of
aldosterone from the adrenal cortex, which promotes sodium and water 
retention in the kidneys (Fig.6). 

Although angiotensin II stimulates the adrenal directly, it has no effect 
on cortisol production. Angiotensin II binds to specific glomerulosa cell 
receptors. The hormone-receptor interaction does not activate adenylate 
cyclase, and cAMP does not appear to mediate the action of this hormone.
The actions of angiotensin II, which are to stimulate the conversion of 
cholesterol to pregnenolone and of corticosterone to 
18-hydroxycorticosterone and aldosterone, may involve changes in the 
concentration of intracellular calcium and of phospholipid metabolites.

In some species, angiotensin II is converted to the heptapeptide 
angiotensin III (Fig.7), an equally potent stimulator of aldosterone 
production. In humans, the plasma level of angiotensin II is 4 times greater 
than that of angiotensin III, so most effects are exerted by the octapeptide. 
Angiotensins II and III are rapidly inactivated by angiotensinases.

Aldosterone produced acts on the kidney to stimulate reabsorption of 
Na+. Increased plasma osmolality causes ADH production by 
hypothalamus. ADH promotes water reabsorption. This will increase the 
blood volume (Fig.6).

1.2. Potassium

Aldosterone secretion is sensitive to changes in plasma potassium level; 
an increase as small as 0.1 meq/L stimulates production, whereas a similar 
decrease reduces aldosterone production and secretion. K+ affects the same 
enzymatic steps as does angiotensin II, although the mechanism involved is 
obscure. Like angiotensin II, K+ does not affect the biosynthesis of cortisol.

1.3. Other effectors

In special circumstances ACTH and sodium may be involved in 
aldosterone production in humans.

2. Transport of mineralocorticoids

Aldosterone, the most potent natural mineralocorticoid, does not have a 
specific plasma transport protein, but it forms a very weak association with 
albumin. Corticosterone and 11-deoxycorticosterone, other steroids with 
mineralocorticoid effects, bind to CBG. These observations are important 
in understanding the mechanism of action of aldosterone.
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3. Metabolism of mineralocorticoids

Aldosterone is very rapidly cleared from the plasma by the liver, no 
doubt because it lacks a plasma carrier protein. The liver forms 
tetrahydroaldosterone 3-glucuronide, which is excreted in the urine.

4. Mechanism of action of mineralocorticoids

Aldosterone acts like other steroid hormones. It binds with specific 
receptors on the target tissue and promotes transcription and translation.

Receptors that bind aldosterone with high affinity (Kd ~1 nmol/L) are 
found in the cytoplasm and nuclei of target cells. These cells include those 
of the kidney, the parotid, and the colon and of other cells not thought to be 
targets of aldosterone action (hippocampus and heart). These receptors 
have equal affinity for aldosterone, cortisol, and corticosterone and are 
called type I receptors to distinguish them from the classical 
glucocorticoid receptor (type II).

Given the fact that the plasma level of aldosterone is much lower than 
that of either of the other 2 steroids, one might suppose that these would 
preferentially occupy the type I sites and that aldosterone would exert little 
effect. 

Recall that deoxycorticosterone and corticosterone are avidly bound to 
CBG, the plasma glucocorticoid transport protein, while aldosterone has no 
specific carrier protein. Consequently, the effective "free" concentration of 
aldosterone in plasma is greater than that of either corticosterone or 
deoxycorticosterone. Aldosterone therefore is readily able to enter cells, 
and this ensures a competitive advantage for aldosterone with respect to 
occupying the type I receptor in vivo. 

The important action of aldosterone is assured by an additional 
"failsafe" mechanism. The receptor in mineralocorticoid target tissues has 
absolute selectivity for aldosterone because of the presence of the enzyme 
11-hydroxysteroid dehydrogenase. This enzyme converts cortisol and 
corticosterone to their 11-metabolites but it is not active on aldosterone. 
These metabolites cannot bind to the type I receptor, so aldosterone has 
unimpeded access.

5. Biochemical functions of mineralocorticoids

1). Aldosterone acts on the kidney to stimulate active Na+ transport by 
the distal convoluted and collecting tubules, the net result being Na+

reabsorption. 
Na+ from the luminal fluid bathing the apical surface of the renal cell 

enters passively through Na+ channels. Na+ is then transported into the 
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interstitial fluid through the serosal side of the cell by the Na+/K+-
dependent ATPase pump. ATP provides the energy required for this active 
process (Fig.8).

Fig. 8. Na+ and K+ transport by aldosterone.

1. Aldosterone causes the production of proteins in cells of the kidney. 
Permease produced allows Na+ to enter cells from the lumen. Aldosterone 
increases the number of apical membrane Na+ channels, and this 
presumably increases intracellular Na+. 

2. Aldosterone also increases the activity of several mitochondrial 
enzymes and this could result in the generation of the ATP required to 
drive the serosal membrane Na+/K+ATPase. The NADH/NAD ratio 
increases as a result of aldosterone action, as do the activities of several 
mitochondrial enzymes including citrate synthase, which stimulates citric 
acid cycle activity. The increased activity of citrate synthase involves a 
true induction, and the temporal increase of this protein correlates highly 
with the effect of aldosterone on Na+ transport. Aldosterone has not been 
shown to have an effect on the Na+ pump itself; therefore, it appears that 
the hormone increases the intracellular concentration of Na+ and creates the 
energy source required for removal of this ion through the serosal pump.

2). Aldosterone promotes the excretion of K+, H+, and NH4
+ in the 

kidney (Fig.8).
3). Aldosterone affects ion transport in other epithelial tissues including 

sweat glands, intestinal mucosa, and salivary glands. 
Aldosterone is 30-50 times more potent than 11-deoxycorticosterone 

(DOC) and 1000 times more potent than cortisol or corticosterone. As the 
most potent naturally occurring mineralocorticoid, aldosterone accounts for 
most of this action in humans. Cortisol, although far less potent, has a 
much higher production rate and thus has a significant effect on Na+

retention and K+ excretion. 
Since the amount of DOC produced is very small, it is much less 

important in this regard. RNA and protein synthesis are required for the 
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action of aldosterone, which appears to involve the production of specific 
gene products.

6. Pathophysiology of the adrenal cortex

6.1. Disorders of mineralocorticoid hormone insufficiency

A deficiency of aldosterone secretion is accompanied by a reduction in 
the secretion of other adrenal steroid hormones as well. The loss of 
adrenocortical steroids is known as Addison's disease (see "Disorders of 
glucocorticoid hormone insufficiency").

6.2. Disorders of mineralocorticoid hormone excess

Small adenomas of the glomerulosa cells result in primary 
aldosteronism (Conn's syndrome) (Fig.9), the classic manifestations of 
which include hypertension, hypokalemia, hypernatremia, and alkalosis. 
Patients with primary aldosteronism do not have evidence of glucocorticoid 
hormone excess, and plasma renin and angiotensin II levels are suppressed.

Fig. 9. Symptoms of Conn's syndrome.

(http://connmed.com.ar)

http://connmed.com.ar
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Renal artery stenosis, with the attendant decrease in perfusion pressure, 
can lead to hyperplasia and hyperfunction of the juxtaglomerular cells and 
cause elevated levels of renin and angiotensin II. This action results in 
secondary aldosteronism, which resembles the primary form, except for 
the elevated renin and angiotensin II levels.

III. Androgens

The zona fasciculata and reticularis of the adrenal cortex also produce 
significant amounts of the androgen precursor dehydroepiandrosterone
(DHEA) and of the weak androgen androstenedione. 

These steroids are converted into more potent androgens in extraadrenal 
tissues and become pathologic sources of androgens when specific 
steroidogenic enzymes are deficient. 

Estrogens are not made in the normal adrenal in significant amounts, but 
in certain cancers of the adrenal they may be produced, and androgens of 
adrenal origin are important precursors of estrogen (converted by 
peripheral aromatization) in postmenopausal women.

Androgens are excreted as 17-keto compounds including DHEA 
(sulfate) as well as androstenedione and its metabolites. Testosterone, 
secreted in small amounts by the adrenal, is not a 17-keto compound, but 
the liver converts about 50% of testosterone to androsterone and 
etiocholanolone, which are 17-keto compounds.
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8
Lecture 8

HORMONES OF THE ADRENAL MEDULLA

The sympathoadrenal system consists of the parasympathetic nervous 
system with its cholinergic pre- and postganglionic nerves, the 
sympathetic nervous system with cholinergic preganglionic and adrenergic 
postganglionic nerves, and the adrenal medulla. The latter is actually an 
extension of the sympathetic nervous system, since preganglionic fibers 
from the splanchnic nerve terminate in the adrenal medulla, where they 
innervate the chromaffin cells that produce the catecholamine hormones
dopamine, norepinephrine (formerly noradrenaline), and epinephrine
(formerly adrenaline). These hormones are catecholamines since they are 
amine derivatives of catechol nucleus (dihydroxylated phenyl ring).

The adrenal medulla is thus a specialized ganglion without axonal 
extensions. Its chromaffin cells synthesize, store, and release products that 
act on distant sites, so that it also functions as an endocrine organ.

The hormones of the sympathoadrenal system, while not necessary to 
life, are required for adaptation to acute and chronic stress. Epinephrine, 
norepinephrine, and dopamine are the major elements in the response to 
severe stress. This response involves an acute, integrated adjustment of 
many complex processes in the organs vital to the response (brain, muscles, 
cardiopulmonary system, and liver) at the expense of other organs that are 
less immediately involved (skin, gastrointestinal system, and lymphoid 
tissue). Catecholamines do not facilitate the stress response alone but are 
aided by the glucocorticoids, growth hormone, vasopressin, angiotensin II, 
and glucagon. Norepinephrine and dopamine are important 
neurotransmitters in the brain and autonomic nervous system. 
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1. Biosynthesis of catecholamines

Dopamine, norepinephrine, and epinephrine, are synthesized in the 
chromaffin cells of the adrenal medulla, so named because they contain 
granules that develop a red-brown color when exposed to potassium 
dichromate. Collections of these cells are also found in the heart, liver, 
kidney, gonads, adrenergic neurons of the postganglionic sympathetic 
system, and central nervous system.

The major product of the adrenal medulla is epinephrine. This 
compound constitutes about 80% of the catecholamines in the medulla, and 
it is not made in extramedullary tissue. In contrast, most of the 
norepinephrine present in organs innervated by sympathetic nerves is 
made in situ (~80% of the total), and most of the rest is made in other nerve 
endings and reaches the target sites via the circulation. 
The amino acid tyrosine is the precursor for the synthesis of 
catecholamines. The conversion of tyrosine to epinephrine requires 4 
sequential steps: 1) ring hydroxylation; 2) decarboxylation; 3) side chain 
hydroxylation; and 4) N-methylation. The biosynthetic pathway and the 
enzymes involved are illustrated in Fig. 1.

Fig. 1. Biosynthesis of catecholamines.
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2. Regulation of secretion and transport of catecholamines 

Catecholamines are produced in response to stress (fight, fright and
flight). These include the emergencies like shock, cold, fatigue, emotional 
conditions like anger, etc. 

The adrenal medulla contains the chromaffin granules – organelles 
capable of the biosynthesis, uptake, storage, and secretion of 
catecholamines. These granules contain a number of substances in addition 
to the catecholamines, including ATP-Mg2+, Ca2+, dopamine β-hydroxylase 
(DBH), and the protein chromagranin A. Catecholamines enter the granule 
via an ATP-dependent transport mechanism and bind this nucleotide in a 
4/1 ratio (hormone/ATP). Norepinephrine is stored in these granules but 
can exit to be N-methylated; the epinephrine formed then enters a new 
population of granules.

Neural stimulation of the adrenal medulla results in the fusion of the 
membranes of the storage granules with the plasma membrane, and this 
leads to the exocytotic release of norepinephrine and epinephrine. This is a 
calcium-dependent process and, like most exocytotic events, is stimulated 
by cholinergic and -adrenergic agents and inhibited by -adrenergic 
agents. Catecholamines and ATP are released in proportion to their 
intragranular ratio, as are the other contents including DBH, calcium, and 
chromagranin A.

Neuronal reuptake of catecholamines is an important mechanism for 
conserving these hormones and for quickly terminating hormonal or 
neurotransmitter activity. The adrenal medulla, unlike the sympathetic 
nerves, does not have a mechanism for the reuptake and storage of 
discharged catecholamines. The epinephrine discharged from the adrenal 
goes to the liver and skeletal muscle but then is rapidly metabolized. Very 
little adrenal norepinephrine reaches distal tissues. 

Catecholamines circulate in plasma in a loose association with albumin. 
They have an extremely short biologic half-life (10-30 seconds).

3. Metabolism of catecholamines

Very little epinephrine (<5%) is excreted in the urine. Catecholamines
are rapidly metabolized by catechol-O-methyltransferase and monoamine 
oxidase to form the inactive O-methylated and deaminated metabolites. 
Most catecholamines are substrates for both of these enzymes and these 
reactions can occur in any sequence.

Catechol-O-methyltransferase (COMT) is a cytosol enzyme found in 
many tissues. It catalyzes the addition of a methyl group, usually at the 3 
position (meta) on the benzene ring, to a variety of catecholamines. The 
reaction requires a divalent cation, and S-adenosylmethionine is the methyl 
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donor. The result of this reaction, depending on the substrate, is the 
production of homovanillic acid, normetanephrine, and metanephrine.
O-Methoxylated derivatives are further modified by conjugation with 
glucuronic or sulfuric acid.

Monoamine oxidase (MAO) is an oxidoreductase that deaminates 
monoamines. It is located in many tissues, but it occurs in highest 
concentrations in the liver, stomach, kidney, and intestine. At least 2 
isozymes of MAO have been described. MAO-A is found in neural tissue 
and deaminates serotonin, epinephrine, and norepinephrine, while MAO-B
is found in extraneural tissues and is most active against 2-
phenylethylamine and benzylamine. Dopamine and tyramine are 
metabolized by both forms. Much research effort is directed at correlating 
affective disorders with increases or decreases of the activity of these 
isozymes. MAO inhibitors have been used to treat hypertension and 
depression, but serious reactions with foods or drugs that contain 
sympathomimetic amines limit their usefulness.

A bewildering number of metabolites of catecholamines are formed. 
Two classes of these have diagnostic significance, since they are found in 
readily measurable amounts in urine. Metanephrines represent the 
methoxy derivatives of epinephrine and norepinephrine, while the 
O-methylated deaminated product of epinephrine and norepinephrine is 
3-methoxy-4-hydroxymandelic acid (also called vanillylmandelic acid, 
VMA). The concentration of metanephrines or VMA in urine is elevated in 
more than 95% of patients with pheochromocytoma. These tests have 
excellent diagnostic precision, particularly when coupled with a 
measurement of plasma or urine catecholamines.

4. Mechanism of action of catecholamines

The catecholamines act through 2 major classes of receptors. These are 
designated α-adrenergic and β-adrenergic, and each consists of 
2 subclasses i.e., α1, α2, β1, and β2 (Table 1). This classification is based on 
the relative order of binding of various agonists and antagonists. 

Epinephrine binds to and activates both α- and β-receptors, so that its 
action in a tissue which has both depends on the relative affinity of these 
receptors for the hormone. Norepinephrine at physiologic concentrations 
primarily binds to α receptors.

Hormones that bind to the β1- and β2-receptors activate adenylate 
cyclase, whereas hormones that bind to α2-receptors inhibit this enzyme. 
Catecholamine binding induces the coupling of the receptor to a G protein 
that then binds GTP. This either stimulates (Gs) or inhibits (Gi) adenylate 
cyclase, thus stimulating or inhibiting the synthesis of cAMP. The response 
terminates when the α-subunit-associated GTPase hydrolyzes the GTP. 
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α1-Receptors are coupled to processes that alter intracellular calcium 
concentrations or modify phosphatidylinositol metabolism (or both). A 
separate G protein complex is involved in this response.

Table 1. Actions mediated through various adrenergic receptors.

Alpha1 Alpha2 Beta1 Beta2

Increased 
glycogenolysis

Smooth muscle 
relaxation  

Stimulation of 
lipolysis 

Increased hepatic
gluconeogenesis

Smooth muscle 
contraction

Gastrointestinal
tract

Myocardial 
contraction

Increased hepatic 
glycogenolysis

Blood  vessels Smooth muscle 
contraction 

Increased rate Increased muscle 
glycogenolysis

Genitourinary 
tract

Some vascular beds 
Inhibition of: 
lipolysis
platelet aggregation
insulin secretion

Increased force Increased release of:
insulin, glucagon, smooth 
muscle relaxation 
bronchi, blood vessels, 
genitourinary tract,
gastrointestinal tract

5. Biochemical functions of catecholamines

Catecholamines cause diversified biochemical effects on the body
(Fig.2). The ultimate goal of their action is to mobilize energy resources 
and prepare the individuals to meet emergencies (e.g., shock, cold, low 
blood glucose, etc.).

1). Effects on carbohydrate metabolism. The overall effect of 
catecholamines is to elevate blood glucose levels and make it available for 
the brain and other tissues to meet the emergencies:

1. Catecholamines increase the degradation of glycogen and decrease
glycogen formation in the liver and muscles. 

2. Catecholamines increase the hepatic gluconeogenesis.
3. Catecholamines inhibit insulin secretion. 
2). Effects on lipid metabolism. Catecholamines enhance the 

breakdown of triacylglycerols (lipolysis) in adipose tissue. This causes 
increase in the free fatty acids in the circulation which are effectively 
utilized by the heart and muscle as fuel source. The metabolic effects of 
catecholamines are mostly related to the increase in adenylate cyclase
activity causing elevation in cAMP levels.

3). Effects on physiological functions.
1. Catecholamines increase cardiac function (myocardial contraction, 

heart rate, impulse conduction, ejection fraction) and oxygen consumption,
constrict the blood vessels and thereby increase blood pressure. 
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2. Catecholamines stimulate smooth muscle contraction of blood 
vessels supplying skin, kidney, gastrointestinal tract, brain. On the other 
hand, catecholamines cause smooth muscle relaxation in bronchi, 
gastrointestinal tract, genitourinary tract and the blood vessels supplying 
skeletal muscle, lungs, heart, dilate pupils. 

3. Catecholamines inhibit platelet aggregation.

Fig. 2. Role of catecholamines in the regulation of carbohydrate and lipid metabolisms.

6. Pheochromocynomas 

Pheochromocynomas are tumors of the adrenal medulla. These tumors 
are usually not detected unless they produce and secrete enough 
epinephrine or norepinephrine to cause a severe hypertension syndrome. 
The ratio of norepinephrine to epinephrine is often increased in 
pheochromocytoma. This may account for differences in clinical 
presentation, since norepinephrine is thought to be primarily responsible 
for hypertension and epinephrine for hypermetabolism.
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9
Lecture 9

HORMONES OF THE PANCREAS

The pancreas is 2 very different organs contained within one structure.
The acinar portion of the pancreas has an exocrine function, secreting 

into the duodenal lumen the enzymes and ions used for the digestive 
process. 

The endocrine portion consists of the islets of Langerhans. The 1-2 
million islets of the human pancreas make up 1-2% of its weight and are 
collections of the several different cell types listed in Table 1.

Table 1. Cell types in the islets of Langerhans.

Cell type Relative abundance Hormone produced
A (or α) 25% Glucagon
B (or β) 70% Insulin
D (or σ) < 5% Somatostatin

F Trace Pancreatic polypeptide

The pancreatic islets secrete at least 4 hormones: insulin, glucagon, 
somatostatin, and pancreatic polypeptide (Table 1). The hormones are 
released into the pancreatic vein, which empties into the portal vein  a 
convenient arrangement, since the liver is a primary site of action of 
insulin and glucagon. These 2 hormones are chiefly involved in regulating 
carbohydrate metabolism but affect many other processes. 

Somatostatin, first identified in the hypothalamus as the hormone that 
inhibits growth hormone secretion, is present in higher concentration in the 
pancreatic islets than in the hypothalamus and is involved in the local 
regulation of insulin and glucagon secretion. 

Pancreatic polypeptide affects gastrointestinal secretion. The 
gastrointestinal tract secretes many hormones, perhaps more than any other 
single organ. The purpose of the gastrointestinal tract is to propel 
foodstuffs to sites of digestion, to provide the proper milieu (enzymes, pH, 
salt, etc.) for the digestive process, to move the digested products across the 
intestinal mucosa through the mucosal cells and into the extracellular 
space, to move those products to distant cells via the circulation, and to 
expel waste products. The gastrointestinal hormones assist in all of these 
functions.
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I. Insulin

Insulin is a polypeptide hormone produced by the β-cells of pancreatic
islets of Langerhans. It has profound influence on the metabolism of 
carbohydrate, fat and protein. Insulin is considered as anabolic hormone, 
as it promotes the synthesis of glycogen, triacylglycerols and proteins. 

Insulin has been the model peptide hormone in many ways, being the 
first purified, crystallized, and synthesized by chemical and molecular 
biologic techniques. Studies of its biosynthesis led to the important concept 
of the propeptide. 

Insulin has important medical implications. It occupies a special place in 
the history of biochemistry as well as medicine. This hormone has been 
implicated in the development of diabetes mellitus. Five percent of the 
population in developed countries has diabetes mellitus, and an equal 
number are liable to develop this disease. Diabetes mellitus is due to 
insufficient action of insulin, owing either to its absence or to resistance to 
its action. Glucagon, acting unopposed, aggravates this condition.

1. Historical resume

Langerhans identified the islets in the 1860s but did not understand their 
function  nor did von Mering and Minkowski, who demonstrated in 1889 
that pancreatectomy produced diabetes. The link between the islets and 
diabetes was suggested by de Mayer in 1909 and by Sharpey-Schaifer in 
1917, but it was Banting and Best who proved this association in 1921. 
These investigators used acid-ethanol to extract from the tissue an islet cell 
factor that had potent hypoglycemic activity. The factor was named 
insulin, and it was quickly learned that bovine and porcine islets contained 
insulin that was active in humans. Within a year, insulin was in widespread 
use for the treatment of diabetes and proved to be lifesaving.

Having large quantities of bovine or porcine insulin to study had an 
equally dramatic effect on biomedical research. Insulin was the first protein 
proved to have hormonal action, the first protein crystallized (Abel, 1926), 
the first protein sequenced (Sanger, 1955), the first protein synthesized by 
chemical techniques (Du, Zahn, Katsoyanis, 1964), the first protein shown 
to be synthesized as a larger precursor molecule (Steiner, 1967), and the 
first protein prepared for commercial use by recombinant DNA technology. 
In spite of this impressive list of «firsts», less is known about how insulin 
works at the molecular level than about how most other hormones work at 
that level.
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2. Structure of insulin 

Insulin is a heterodimeric polypeptide containing 51 amino acids, 
(MW=5.73). It consists of 2 chains, A and B, linked by 2 interchain 
disulfide bridges that connect A7 to B7 and A20 to B19. A third intrachain 
disulfide bridge connects residues 6 and 11 of the A chain. The location of 
these 3 disulfide bridges is invariant, and the A and B chains have 21 and 
30 amino acids, respectively, in most species. 

Insulin

Insulin forms complex structures. Zinc is present in high concentration
in the β cell and forms complexes with insulin and proinsulin. Insulin from 
all vertebrate species form isologous dimers through hydrogen bonding 
between the peptide groups of the B24 and B26 residues of 2 monomers, 
and at high concentrations these are organized as hexamers, each with 2 
atoms of zinc. This higher-order structure made studies of the crystalline 
structure of insulin feasible. Insulin is probably in the monomeric form at 
physiologic concentrations.

3. Biosynthesis of insulin

The synthesis of insulin involves two precursors namely preproinsulin
with 108 amino acids (MW = 11.500) which undergoes proteolytic 
processing to give proinsulin with 86 amino acids (MW = 9.000).

Preproinsulin is the prototype for peptides that are processed from 
larger precursor molecules. The hydrophobic 23-amino acid pre-, or leader, 
sequence directs the molecule into the cisternae of the endoplasmic 
reticulum and then is removed. 

This results in the proinsulin molecule that provides the conformation 
necessary for forming the proper disulfide bridges. The arrangement of 
proinsulin, starting from the amino terminus, is arrangement of proinsulin 
is B chain  connecting (C) peptide  A chain. 

(https://theory.labster.com)

https://theory.labster.com
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Proinsulin

Proinsulin is synthesized by ribosomes on the rough endoplasmic 
reticulum, and the enzymatic removal of the leader peptide (pre-segment), 
disulfide bond formation, and folding, occur in the cisternae of this 
organelle. The proinsulin molecule is transported to the Golgi apparatus
wherein proteolysis and packaging into the secretory granules begin. 
Granules continue to mature as they traverse the cytoplasm toward the 
plasma membrane. 

The proinsulin molecule undergoes a series of site-specific peptide 
cleavages that result in the formation of equimolar amounts of active 
insulin and a C-peptide.

The C-peptide has no known biologic activity. It is a distinct molecule 
from an antigenic standpoint. Thus, C-peptide immunoassays can 
distinguish insulin secreted endogenously from insulin administered 
exogenously and can quantitate the former when antiinsulin antibodies 
preclude the direct measurement of insulin. The C-peptides of different 
species have a high rate of amino acid substitution, an observation which 
underscores the statement that this fragment probably has no biologic 
activity. C-peptide`s estimation in the plasma serves as a useful index for 
the endogenous production of insulin.

Proinsulins vary in length from 78 to 86 amino acids, with the variation 
occurring in the length of the C-peptide region. Proinsulin has the same 
solubility and isoelectric point as insulin; it also forms hexamers with zinc 
crystals, and it reacts strongly with insulin antisera. Proinsulin has less 
than 5% of the bioactivity of insulin, indicating that most of the active 
site of the latter is occluded in the precursor molecule. Some proinsulin is 
released with insulin and in certain conditions (islet cell tumors) in larger 
than usual amounts. Since the plasma half-life of proinsulin is significantly
longer than that of insulin and since proinsulin is strongly cross-reactive 
with insulin antisera, a radioimmunoassay for ″insulin″ may occasionally 
overestimate the bioactivity of ″insulin″ in plasma. 
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In the β-cells proinsulin and insulin both combine with zinc to form 
complexes, but since about 95% of the proinsulin is converted to insulin, it 
is the crystals of the latter that confer morphologic distinctness to the 
granules. Equimolar amounts of C-peptide are present within these 
granules, but these molecules do not form a crystalline structure. 

Upon appropriate stimulation, the mature granules fuse with the plasma 
membrane and discharge their contents into the extracellular fluid by 
exocytosis.

4. Regulation of insulin secretion

The human pancreas secrets 40-50 units of insulin daily, which 
represents about 15-20% of the hormone stored in the gland. The normal 
insulin concentration in plasma is 20-30 µU/ml. Insulin secretion is an 
energy-requiring process that involves the microtubule-microfilament 
system in the β-cells of the islets. A number of mediators have been 
implicated in insulin release.

1. Factors stimulating insulin secretion from the β-cells of pancreas: 
these include glucose, amino acids and gastrointestinal hormones.

Glucose. Glucose is the most important stimulus for insulin release. The 
effect is more predominant when glucose is administered orally (either
director through a carbohydrate-rich meal). A rise in blood glucose level is 
a signal for insulin secretion. The threshold concentration for secretion is 
the fasting plasma glucose level (80-100 mg/dL), and the maximal response 
is obtained at glucose levels between 300 and 500 mg/dL. 

Mechanism has been proposed to explain how glucose regulates insulin 
secretion. The secretion of insulin from pancreatic β-cells is a complex 
process involving the integration and interaction of multiple external and 
internal stimuli. Normally, glucose induces a biphasic pattern of insulin 
release. First-phase insulin release occurs within the first few minutes after 
exposure to an elevated glucose level; this is followed by a more enduring 
second phase of insulin release. Of particular importance is that first-phase 
insulin secretion is lost in patients with type II diabetes. 

The generally accepted sequence of events involved in glucose-induced 
insulin secretion is as follows: 1) Glucose is transported into β-cells 
through facilitated diffusion on GLUT-2 glucose transporters; 
2) Intracellular glucose is metabolized to ATP; 3) Elevation in the 
ATP/ADP ratio induces closure of cell-surface ATP-sensitive K+ channels, 
leading to cell-membrane depolarization; 4) Cell-surface voltage-dependent 
Ca2+ channels are opened, facilitating extracellular Ca2+ influx into the 
β-cell; 5) A rise in free cytosolic Ca2+ triggers the exocytosis of insulin.

Amino acids. Amino acids induce the secretion of insulin. This is 
particularly observed after the ingestion of protein-rich meal that causes 
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transient rise in plasma amino acid concentration. Among the amino acids, 
arginine and leucine are potent stimulators of insulin release. 

Gastrointestinal hormones. Gastrointestinal hormones (secretin, 
gastrin, pancreozymin) enhance the secretion of insulin. The 
gastrointestinal hormones are released after the ingestion of food.

Numerous hormones and some pharmacologic agents affect insulin 
release. β-Adrenergic agonists stimulate insulin release, probably by 
increasing intracellular cAMP. Chronic exposure to excessive levels of 
growth hormone, cortisol, placental lactogen, estrogens, and progestins
also increases insulin secretion. It is therefore not surprising that insulin 
secretion increases markedly during the later stages of pregnancy.

Many drugs stimulate insulin secretion, but the sulfonylurea 
compounds are used most frequently for therapy in humans. Drugs such as 
tolbutamide stimulate insulin release by a mechanism different from that 
employed by glucose and have achieved widespread use in the treatment of 
type II (non-insulin-dependent) diabetes mellitus.

2. Factors inhibiting insulin secretion.
α-Adrenergic agonists, principally α-epinephrine is the most potent 

inhibitor of insulin release even when this process has been stimulated by 
glucose. In emergency situations like stress, extreme exercise and trauma, 
the nervous system stimulates adrenal medulla to release epinephrine. 
Epinephrine suppresses insulin release and promotes energy metabolism by 
mobilizing energy-yielding compounds – glucose from liver and fatty acids 
from adipose tissue.

5. Metabolism of insulin 

Unlike the insulin-like growth factors, insulin has no plasma carrier 
protein; thus, its plasma half-life is less than 3-5 minutes under normal 
conditions. This short half-life permits rapid metabolic changes in 
accordance to the alterations in the circulating levels of insulin. This is 
advantageous for the therapeutic purposes. The major organs involved in 
insulin metabolism are the liver, kidneys, and placenta; about 50% of 
insulin is removed in a single pass through the liver. 

Mechanisms involving 2 enzyme systems are responsible for the 
metabolism of insulin. The first involves an insulin-specific protease
(insulinase) found in many tissues but in highest concentration in the liver, 
kidneys, and placenta. This protease has been purified from skeletal muscle 
and is known to be sulfhydryl-dependent and active at physiologic pH. The 
second mechanism involves hepatic glutathione-insulin transhydrogenase. 
This enzyme reduces the disulfide bonds, and then the individual A and B 
chains are rapidly degraded. It is not clear which of these mechanisms is 
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most active under physiologic conditions, nor is it clear whether either 
process is regulated.

6. Mechanism of action of insulin

Insulin action begins when the hormone binds to a specific glycoprotein
receptor on the surface of the most mammalian cells, in concentrations of 
up to 20.000 per cell, and often on cells not typically thought of as being 
insulin targets. The insulin receptor has a half-life of 6-12 hours. 

The insulin receptor has been studied in great detail using biochemical 
and recombinant DNA techniques. It is a heterodimer consisting of 2 
subunits, designated α and β, in the configuration α2-β2, linked by disulfide 
bonds. Both subunits are extensively glycosylated, and removal of sialic 
acid and galactose decreases insulin binding and insulin action. Each of 
these glycoprotein subunits has a unique structure and function. The 
α-subunit (MW = 135.000) is entirely extracellular, and it binds insulin, 
probably via a cysteine-rich domain. The β-subunit (MW = 95.000) is a 
transmembrane protein, the cytoplasmic portion of which has tyrosine 
kinase activity and an autophosphorylation site. Both of these are thought 
to be involved in signal transduction and insulin action. 

The structure of the insulin receptor and the ability of different insulins 
to bind to receptors and elicit biologic responses are virtually identical in 
all cells and all species. Thus, porcine insulin is always 10-20 times more 
effective than porcine proinsulin, which in turn is 10-20 times more 
effective than guinea pig insulin, even in the guinea pig. The insulin 
receptor has apparently been highly conserved, more so than even insulin 
itself.

When insulin binds to the receptor, several events occur: 1) there is a 
conformational change of the receptor; 2) the receptors crosslink and form 
microaggregates; 3) the receptor is internalized; and 4) one or more signals 
are generated. The significance of the conformational change is unknown, 
and internalization probably represents a means of controlling receptor 
concentration and turnover. In conditions in which plasma insulin levels are 
high, e.g., obesity or acromegaly, the number of insulin receptors is 
decreased and target tissues become less sensitive to insulin. This ″down-
regulation″ results from the loss of receptors by internalization, the process 
whereby insulin-receptor complexes enter the cell through endocytosis in 
clathrin-coated vesicles. Down-regulation explains part of the insulin 
resistance in obesity and type II diabetes mellitus.

Three distinct mechanisms of insulin action are known. One 
concerned with the induction of transmembrane signals (signal 
transduction), second with the glucose transport across the membrane and 
the third with induction of enzyme synthesis. 
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1. Insulin receptor-mediated signal transduction. As the hormone 
insulin binds to the receptor, a conformational change is induced in the 
α-subunits. This results in the generation of signals which are transduced to 
β-subunits. The net effect is that insulin binding activates tyrosine kinase 
activity of intracellular β-subunit of insulin receptor. This causes the 
autophosphorylation of tyrosine residues on β-subunit. It is believed that 
receptor tyrosine kinase also phosphorylates insulin receptor substrates
(IRSs). The phosphorylated IRSs, in turn, promote activation of other 
protein kinases and phosphatases, finally leading to biological action.

2. Insulin-mediated glucose transport. The binding of insulin to 
insulin receptors signals the translocation of vesicles containing glucose 
transporters (GLUT-4) from intracellular pool to the plasma membrane. 
The vesicles fuse with the membrane recruiting the glucose transporters. 
The glucose transporters are responsible for the uptake of glucose by the 
cells. As the insulin level falls, the glucose transporters move away from 
the membrane to the intracellular pool for storage and recycle. 

3. Insulin-mediated enzyme synthesis. Insulin promotes the synthesis 
of enzymes such as glucokinase, phosphofructokinase and pyruvate kinase. 
This is brought about by increased transcription (mRNA synthesis), 
followed by translation (protein synthesis).

Many of the metabolic effects of insulin are mediated by influencing 
protein phosphorylation and dephosphorylation reactions that in turn alter 
the enzymatic activity of the protein. A list of enzymes affected in this way 
is presented in Table 2. In some instances, insulin decreases intracellular 
cAMP levels (by activating a cAMP-phosphodiesterase), thereby 
decreasing the activity state of cAMP-dependent protein kinase; examples 
of this action include glycogen synthase and phosphorylase. In other 
instances, this action is independent of cAMP and is exerted by activating 
other protein kinases (as is the case with the insulin receptor, tyrosine 
kinase); by inhibiting other protein kinases; or, more commonly, by 
stimulating the activity of phosphoprotein phosphatases. 
Dephosphorylation increases the activity of a number of key enzymes. 
These covalent modifications allow for almost immediate changes in the 
activity of enzymes.

The diverse actions of the hormone can occur within seconds or minutes 
(transport, protein phosphorylation, enzyme activation and inhibition, RNA 
synthesis) or after a few hours (protein-enzyme and DNA synthesis and cell 
growth).

Although the mechanism of insulin action has been under investigation 
for 60 years, certain critical points, such as the nature of the intracellular 
signal, remain obscure. Insulin is not unique in this respect – the 
intracellular messenger has not been identified for a large number of 
hormones. A variety of different molecules have been proposed as the 
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intracellular second messenger for insulin. These include insulin itself, 
calcium, cyclic nucleotides (cAMP, cGMP), H2O2, membrane-derived 
peptides, membrane phosphoinositol glycans, monovalent cations, and 
tyrosine kinase (the insulin receptor). None has withstood rigorous testing.

Table 2. Enzymes whose degree of phosphorylation and activity are altered by insulin.

Enzyme Change in activity Possible mechanism
cAMP metabolism 
Phosphodiesterase
Protein kinase (cAMP-dependent)

Increase
Decrease

Phosphorylation
Association of R and C 

subunits
Glycogen metabolism
Glycogen synthase
Phosphorylase kinase
Glycogen phosphorylase 

Increase
Decrease
Decrease

Dephosphorylation
Dephosphorylation
Dephosphorylation

Glycolysis and gluconeogenesis
Pyruvate dehydrogenase
Pyruvate kinase
6-Phosphofructo-2-kinase
Fructose-2,6-bisphosphatase

Increase
Increase
Increase
Decrease

Dephosphorylation
Dephosphorylation
Dephosphorylation
Dephosphorylation

Lipid metabolism
AcetylCoA reductase
HMGCoA reductase
Triacylglycerol lipase

Increase
Increase
Decrease

Phosphorylation
Dephosphorylation
Dephosphorylation

Other
Tyrosine kinase Phosphorylation

7. Biochemical functions of insulin

Insulin plays a key role in the regulation of carbohydrate, lipid and 
protein metabolisms (Fig.1). Insulin exerts anabolic and anticatabolic 
influences on the body metabolism.

7.1. Effects on carbohydrate metabolism.

In a normal individual, about half of the ingested glucose is utilized to 
meet the energy demands of the body (mainly through glycolysis). The 
other half is converted to fat (-40%) and glycogen (-10%). This relation is 
severely impaired in insulin deficiency. Insulin affects glucose metabolism 
in many ways. The net effect is that insulin decreases the blood glucose 
level (hypoglycemic effect) by promoting its utilization and storage and by 
inhibiting its production. In this action, insulin stands alone against an 
array of hormones that attempt to counteract this effect. This no doubt 
represents one of the organism's most important defense mechanisms, since 
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prolonged hypoglycemia poses a potentially lethal threat to the brain and 
must be avoided.

Fig. 1. Role of insulin in the regulation of carbohydrate, lipid and protein metabolisms.

1). Effects on glucose utilization. Insulin stimulates the intracellular 
utilization of glucose in a number of ways. 

1. Insulin increases the glycolysis in muscle and liver by increasing the 
activity and the quantities of certain key enzymes including glucokinase
(not hexokinase), phosphofructokinase, and pyruvate kinase. Enhanced 
glycolysis increases glucose utilization and, thus, indirectly decreases 
glucose release into plasma.

2. Insulin enhances the pentose phosphate pathway (PPP) by increasing 
the activity of key enzyme glucose-6-phosphate dehydrogenase to provide 
NADPH required for fatty acid synthesis.

3. Insulin enhances the glycogen synthesis by activation of glycogen 
synthase whereas glycogen degradation is decreased by inhibition of 
glycogen phosphorylase.

In liver and muscle, insulin stimulates the conversion of glucose to 
glucose-6-phosphate, which then undergoes isomerization to glucose-1-
phosphate and is incorporated into glycogen by the enzyme glycogen 
synthase, the activity of which is stimulated by insulin. This action is 
indirect and dual in nature. Insulin decreases intracellular cAMP levels by 
activating a phosphodiesterase. Since cAMP-dependent phosphorylation 
inactivates glycogen synthase, low levels of this nucleotide allow the 
enzyme to stay in the active form. Insulin also activates a phosphatase that 
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dephosphorylates glycogen synthase, thereby resulting in the activation of 
this enzyme. Finally, insulin inhibits glycogen phosphorylase by a 
mechanism involving cAMP and phosphatase, and this decreases glucose 
liberation from glycogen. The net effect of insulin on glycogen metabolism 
is anabolic.

2). Effects on glucose production (gluconeogenesis). 
Insulin inhibits the gluconeogenesis by suppressing the key enzymes 

pyruvate carboxylase, phosphoenolpyruvate carboxykinase and glucose-6-
phosphatase in the liver.

The actions of insulin on glucose transport, glycolysis, and glycogenesis 
occur within seconds or minutes, since they primarily involve the activation 
or inactivation of enzymes by phosphorylation or dephosphorylation. A 
more long-term effect on plasma glucose involves the inhibition of 
gluconeogenesis by insulin. 

The formation of glucose from noncarbohydrate precursors involves a 
series of enzymatic steps, many of which are stimulated by glucagon 
(acting through cAMP), by glucocorticoid hormones, and to a lesser extent 
by - and -adrenergic agents, angiotensin II, and vasopressin. Insulin 
inhibits these same steps. Insulin decreases the amount of the key 
gluconeogenic enzyme phosphoenolpyruvate carboxykinase (PEPCK), by 
selectively inhibiting transcription of the gene that codes for the mRNA for 
PEPCK.

Insulin also decreases the activity of glucose-6-phosphatase, an enzyme 
found in liver but not in muscle. Since glucose-6-phosphate cannot exit 
from the plasma membrane, this action of insulin results in the retention of 
glucose within the liver cell. 

3). Effects on glucose uptake by tissues.
Insulin enhances the uptake of glucose by muscle (skeletal, cardiac 

and smooth) and adipose tissue, leukocytes and mammary glands (insulin-
dependent tissues) by increasing the quantities of GLUT-4.

Surprisingly, about 80% of glucose uptake in the body is not dependent 
on insulin. Tissues into which glucose can freely enter include brain, 
kidney, erythrocytes, retina, nerve, blood vessels and intestinal mucosa
(insulin-independent tissues). 

As regards liver, insulin does not promote the facilitated diffusion of 
glucose into hepatocytes. However, insulin stimulates glucose utilization in 
liver by converting intracellular glucose to glucose-6-phosphate through 
the action of glucokinase, an enzyme induced by insulin, and, thus, 
indirectly promotes its uptake. This rapid phosphorylation keeps the free 
glucose concentration very low in the hepatocyte, thus favoring entry by 
simple diffusion down a concentration gradient.
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7.2. Effects on lipid metabolism.

The net effect of insulin on lipid metabolism is anabolic in that it
reduces the release of fatty acids from the stored fat. Among the tissues, 
adipose tissue is the most sensitive to the action of insulin.

1). Effects on lipid synthesis. Insulin stimulates the synthesis of 
triacylglycerols (lipogenesis) and fatty acid synthesis in adipose tissue in a 
number of ways.

1. Insulin increases the uptake of glucose by adipose tissue and 
stimulates the synthesis of triacylglycerols from glucose by providing more 
glycerol-3-phosphate (from glycolysis).

2. Insulin increases the activity of key enzymes of PPP to provide 
NADPH required for fatty acid synthesis.

3. Insulin increases the activity of a key enzyme of fatty acid synthesis,
acetylCoA carboxylase.

2). Effects on lipid degradation. Insulin inhibits lipolysis in liver and 
adipose tissue by decreasing the activity of hormone-sensitive lipase.
Insulin is a potent inhibitor of lipolysis and thus has an indirect anabolic 
effect. This is partly due to the ability of insulin to decrease tissue cAMP 
levels (which are increased in these tissues by the lipolytic hormones 
glucagon and epinephrine) but also to the fact that insulin inhibits 
hormone-sensitive lipase activity. This inhibition is presumably due to the 
activation of a phosphatase that dephosphorylates and thereby inactivates 
the lipase or cAMP-dependent protein kinase. 

Insulin therefore decreases circulating free fatty acids in adipose tissue
and mobilization of fatty acids from liver. In this way, insulin keeps the 
circulating free fatty acids under a constant check. This contributes to the 
action of insulin on carbohydrate metabolism, since fatty acids inhibit 
glycolysis at several steps and stimulate gluconeogenesis.

3). Effects on ketogenesis. Insulin inhibits ketogenesis by decreasing 
the activity of HMGCoA reductase. Further, insulin promotes the 
utilization of acetylCoA for oxidation (citric acid cycle) and lipogenesis. 
Therefore, the availability of acetylCoA for ketogenesis, in the normal 
circumstances, is very low.

4). Insulin affects the formation or clearance of VLDL and LDL. 

7.3. Effects on protein metabolism.

1). Insulin generally has an anabolic effect on protein metabolism in 
that it stimulates protein synthesis and reduces protein degradation. 

2). Insulin stimulates the entry of amino acids into the cells, including 
muscle, liver, bone and lymphocytes.
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The effects of insulin on general protein synthesis in skeletal and 
cardiac muscle and in liver are thought to be exerted at the level of mRNA 
translation. In recent years, insulin has been shown to influence the 
synthesis of specific proteins by effecting changes in the corresponding 
mRNAs. 

7.4. Effects on cell replication.

Insulin has a well-known set of effects on metabolic processes but also 
is involved in growth and replication of cells as well as in fetal 
organogenesis and differentiation and in tissue repair and regeneration. 

Insulin promotes cell growth and replication. Insulin stimulates the 
proliferation of a number of cells in culture (Fig.1), and it may also be 
involved in the regulation of growth in vivo. Cultured fibroblasts are the 
most frequently used cells in studies of growth control. In such cells, 
insulin potentiates the ability of fibroblast growth factor (FGF), platelet-
derived growth factor (PDGF), epidermal growth factor (EGF), tumor-
promoting phorbol esters, prostaglandin F2α (PGF2α), vasopressin, and 
cAMP analogs to stimulate cell cycle progression of cells arrested in the G
phase of the cycle by serum deprivation.

8. Diabetes mellitus

Diabetes mellitus refers to the group of diseases that lead to high blood 
glucose levels (hyperglycemia), due to defects in either insulin secretion 
(type I) or a resistance to its effects (type II), including gestational diabetes. 

Gestational diabetes mellitus resembles type II diabetes, but is transient, 
occurring in about 2-5% of pregnancies. While it is fully treatable, about 
20-50% of affected women develop type II diabetes later in life.

8.1. Metabolic alterations in diabetes mellitus

Diabetes mellitus is associated with several metabolic alterations. Most 
important among them are hyperglycemia, ketoacidosis and
hypertriglyceridemia (Fig.2).

1. Hyperglycemia. Elevation of blood glucose concentration is the 
hallmark of uncontrolled diabetes. 

Hyperglycemia is primarily due to reduced glucose uptake by tissues,
decreased glucose utilization and its increased production via
gluconeogenesis and glycogenolysis in the liver (Fig.2). 

Recurrent or persistent hyperglycemia is diagnosed by demonstrating 
any one of the following:

• fasting plasma glucose level at or above 126 mg/dl (7.0 mmol/l).
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(Satyanarayana U. Biochemistry, 3 ed., Books and Allied (P) Ltd., 2007)

Fig. 2. Major metabolic alterations in diabetes mellitus.

• plasma glucose at or above 200 mg/dl (11.1 mmol/l), 2 hours after a 
75g oral glucose load in a glucose tolerance test.

Hyperglycemia is largely responsible for the acute signs of diabetes, 
namely: excessive urine production (polyuria), thirst and increased fluid 
intake (polydipsia), blurred vision, weight loss in spite of adequate caloric 
intake (in type I), lethargy, and changes in energy metabolism.

Hyperglycemia is directly or indirectly associated with several 
complications. These include atherosclerosis, retinopathy, nephropathy and 
neuropathy. The biochemical basis of these complications is not clearly 
understood. It is believed that at least some of them are related to 
microvascular changes caused by glycation of proteins.

After a certain plasma glucose level is attained (generally > 180 mg/dL 
in humans, beyond the renal threshold), the maximum level of renal tubular 
reabsorption of glucose is exceeded, and sugar is excreted in the urine 
(glycosuria). The urine volume is increased (polyuria) owing to osmotic 
diuresis.

2. Ketoacidosis. Glycolysis decreases in the absence of insulin, and the 
anabolic processes of glycogenesis and lipogenesis are impeded. Indeed, 
only 5% of an ingested glucose load is converted to fat.

In patients with insulin deficiency, lipase activity increases, resulting in 
enhanced lipolysis and increased concentration of free fatty acids in plasma 
and liver (Fig.2). Glucagon levels also increase in these patients, and this 
enhances the release of free fatty acids. (Glucagon opposes most of the 
actions of insulin, and the metabolic state in the diabetic is a reflection of 
the relative levels of glucagon and insulin.). 
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A portion of the free fatty acids is metabolized to acetylCoA (the 
reverse of lipogenesis) and then to CO2 and H2O via the citric acid cycle. In 
patients with insulin deficiency, the capacity of this process is rapidly 
exceeded and the acetylCoA is converted to acetoacetylCoA and then to 
acetoacetic and -hydroxybutyric acids. Overproduction of ketone bodies 
leads to ketoacidosis (Fig.2). 

3. Hypertriglyceridemia. Conversion of fatty acids to triacylglycerols 
and the secretion of VLDL and chylomicrons are comparatively higher in 
diabetics (Fig.2). Further the activity of the enzyme lipoprotein lipase is 
low in diabetic patients. Consequently, the plasma levels of VLDL, 
chylomicrons and triacylglycerols are increased. Hypercholesterolemia is 
also frequently seen in diabetics. Accelerated atherosclerosis, a serious 
problem in many diabetics, is attributed to this metabolic defect. 

The metabolic derangements discussed most typically apply to the type 
I diabetic.

8.2. Classification of diabetes mellitus

Diabetes mellitus is broadly divided into 2 groups, namely insulin-
dependent diabetes mellitus and non-insulin dependent diabetes mellitus 
(Table 3). This classification is mainly based on the requirement of insulin 
for treatment.

Type I diabetes

Insulin-dependent diabetes mellitus (IDDM), also known as type I 
diabetes, mainly occurs in childhood (particularly between 12-15 years
age). IDDM accounts for about 10 to 20% of the known diabetics. This 
disease is characterized by almost total deficiency of insulin due to 
destruction of β-cells of pancreas. Usually, the symptoms of diabetes 
appear when 80-90% of the β-cells have been destroyed. The pancreas 
ultimately fails to secrete insulin in response to glucose ingestion. The 
patients of IDDM require insulin therapy. The β-cell destruction may be 
caused by drugs, viruses or autoimmunity. Due to certain genetic variation, 
the β-cells are recognized as non-self and they are destroyed by immune 
mediated injury. 

Type II diabetes

Type II diabetes (non-insulin-dependent diabetes mellitus (NIDDM) 
or adult-onset diabetes) is the most common, accounting for 80 to 90% of 
the diabetic population. NIDDM occurs in adults (usually above 35 years) 
and is less severe than IDDM. The causative factors of NIDDM include 
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genetic and environmental. Over-eating coupled with underactivity leading 
to obesity is associated with the development of NIDDM. Obesity acts as a 
diabetogenic factor in genetically predisposed individuals by increasing the 
resistance to the action of insulin. This is due to a decrease in insulin 
receptors on the insulin responsive (target) cells. The patients of NIDDM 
may have either normal or even increased insulin levels. It is suggested that 
over-eating causes increased insulin production but decreased synthesis of 
insulin receptors. This is based on the fact that weight reduction by diet 
control alone is often sufficient to correct NIDDM.

Table 3. Comparison of two types of diabetes mellitus.

Character Insulin-dependent 
diabetes mellitus
Type 1 diabetes

Non-insulin dependent 
diabetes mellitus
Type 2 diabetes

Prevalence 10-20% of diabetic population 80-90% of diabetic population
Body weight Normal or low Obese
Genetic 
predisposition

Mild or moderate Very strong

Defect Insulin deficiency due to 
destruction of β-cells

Impairment in the production 
of insulin by β-cells and/or 
resistance of target cells to 
insulin

Plasma insulin Decreased or absent Normal or increased
Acute 
complications

Ketoacidosis Hyperosmolar coma

Administration 
of insulin

Always required Usually not necessary

Tiredness Inefficient utilization of fuels Inefficient utilization of fuels
Thirst/polyuria High glucose (osmotic diuresis) –
Very low
insulin

Damage to insulin-producing 
β-cells

–

Raised insulin – Suggests insulin resistance-
linked with obesity

Weight loss Protein catabolism to provide 
amino acids for gluconeogenesis, 
and utilization of fats for energy

–

Raised HbA1c High – blood glucose constantly 
high

Moderate – blood glucose
often higher than normal

Ketonuria I Increased metabolism of fats, 
raised acetyl CoA and increased 
ketogenesis

–

Severe long-term complications can result from unnoticed type II 
diabetes, including:

• renal failure due to diabetic nephropathy
• vascular disease (including coronary artery disease)
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• vision damage due to diabetic retinopathy
• loss of sensation or pain due to diabetic neuropathy
• liver damage from non-alcoholic steatohepatitis
• heart failure from diabetic cardiomyopathy.
Type II diabetes may be first treated by increasing physical activity, 

decreasing carbohydrate intake and weight loss; insulin sensitivity can be 
restored with only moderate weight loss. The use of oral antidiabetic drugs 
may be necessary. Insulin production is initially only moderately impaired 
in type II diabetes, so oral medication can often be used to improve insulin 
production (e.g., sulphonylureas), to regulate inappropriate release of 
glucose by the liver and attenuate insulin resistance to some extent (e.g.,
metformin), and to substantially attenuate insulin resistance (e.g.,
thiazolidinediones). A final resort is insulin therapy to maintain normal or 
near-normal glucose levels.

Certain rare conditions illustrate essential features about insulin action. 
A few individuals produce antibodies directed against their insulin 
receptors. These antibodies prevent insulin from binding to the receptor so 
that such persons develop a syndrome of severe insulin resistance. 
Tumors of β-cell origin cause hyperinsulinism and a syndrome 
characterized by severe hypoglycemia. The role of insulin (or perhaps of 
IGF-I or IGF-II) in organogenesis and development is illustrated by the rare 
cases of leprechaunism. This syndrome is characterized by low birth 
weight, decreased muscle mass, decreased subcutaneous fat, elfin facies, 
insulin resistance with markedly elevated plasma levels of biologically 
active insulin, and early death. Several individuals with leprechaunism 
have been shown to lack insulin receptors or to have defective receptors.

II. Glucagon 

The early commercial preparations of insulin increased the plasma 
glucose level before lowering it, owing to the presence of a contaminating 
peptide, glucagon, which was the second pancreatic islet cell hormone 
discovered.

1. Structure and synthesis of glucagon

Glucagon, synthesized mainly in the α-cells of the pancreatic islets, is a 
single-chain polypeptide (MW = 3.485) consisting of 29 amino acids. 
Glucagon is synthesized as a much larger (MW = 9.000) proglucagon 
precursor. Molecules larger than this have been detected, but whether they 
represent glucagon precursors or closely related peptides is unclear. Only 
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30-40% of the immunoreactive "glucagon" in plasma is pancreatic 
glucagon; the rest consists of biologically inactive larger molecules.

Glucagon shares some immunologic and physiologic properties with 
enteroglucagon, a peptide extracted from the duodenal mucosa, and 14 of 
the 29 amino acid residues of secretin are identical to those of glucagon.

2. Regulation of glucagon secretion

The secretion of glucagon is stimulated by low blood glucose
concentration, amino acids derived from dietary protein and low levels of 
epinephrine. 

Increased blood glucose level markedly inhibits glucagon secretion. It is 
not clear whether glucose directly inhibits glucagon secretion or whether 
this is mediated through the actions of insulin or IGF-I, since both of these 
islet cell hormones directly inhibit glucagon release. 

Many other substances, including fatty acids and ketones, 
gastrointestinal tract hormones, and neurotransmitters, affect glucagon 
secretion.

3. Metabolism of glucagon

Glucagon circulates in plasma in the free form. Since it does not 
associate with a transport protein, its plasma half-life is short (5-10 
minutes). 

Glucagon is inactivated by the liver, which has an enzyme that removes 
the first 2 amino acids from the N-terminal end by cleaving between Ser 2 
and Gln 3. Since the liver is the first stop for glucagon after it is secreted 
and since the liver rapidly inactivates the hormone, the level of glucagon in 
the portal vein is much higher than that in the peripheral circulation.

4. Mechanism of action of glucagon

The liver is the primary target of glucagon action. Glucagon binds to 
specific receptors in the hepatic cell plasma membrane, and this activates 
adenylate cyclase to produce cyclic AMP, the second messenger.

5. Biochemical functions of glucagon

Glucagon influences carbohydrate, lipid and protein 
metabolisms (Fig.3).
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Fig. 3. Role of glucagon in the regulation of carbohydrate, lipid and protein 
metabolisms. (https://collab.its.virginia.edu)

1). Effects on carbohydrate metabolism. 
Glucagon is the most potent hormone that enhances the blood glucose 

level (hyperglycemia).
1. Glucagon acts on liver to cause increased gluconeogenesis by 

activation of gene transcription of phosphoenolpyruvate carboxykinase and 
activation of fructose-1,6-bisphosphatase.

2. Glucagon enhances glycogen degradation and inhibits glycogen 
formation in liver. There is hormone and tissue specificity in this effect, 
since glucagon has no effect on glycogenolysis in muscle, whereas 
epinephrine is active in both muscle and liver.

2). Effects on lipid metabolism.
Glucagon is a potent lipolytic agent.
1. Glucagon stimulates lipolysis in adipose tissue by increasing the 

activity of hormone-sensitive lipase.

https://collab.its.virginia.edu
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2. Glucagon promotes fatty acid oxidation resulting in energy 
production for muscle and myocardium. 

3. Glucagon enhances ketone body synthesis. The increased fatty acids 
can be also converted to the ketone bodies, acetoacetate and 
-hydroxybutyrate. This is an important aspect of metabolism in the 
diabetic, since glucagon levels are always increased in insulin deficiency.

3). Effects on protein metabolism.
1. Glucagon enhances protein degradation and reduces protein 

synthesis.
2. Glucagon increases the amino acid uptake by liver which, in turn, 

promotes gluconeogenesis. Thus, glucagon lowers plasma amino acids.
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10
Lecture 10

THYROID HORMONES

The thyroid gland produces 2 iodoamino acid hormones, 3,5,3'-
triiodothyronine (T3) and 3,5,3',5'-tetraiodothyronine (T4, thyroxine), 
which have long been recognized for their importance in regulating general 
metabolism, development, and tissue differentiation. These hormones
regulate gene expression using mechanisms similar to those employed by 
steroid hormones.

Diseases of the thyroid are among the most common afflictions 
involving the endocrine system. Diagnosis and therapy are firmly based on 
the principles of thyroid hormone physiology and biochemistry. The 
availability of radioisotopes of iodine has greatly aided in the elucidation of 
these principles. Radioactive iodine, because it localizes in the gland, is 
widely used in the diagnosis and treatment of thyroid disorders. 
Radioiodine has a dangerous aspect as well, since excessive exposure, such 
as from nuclear fallout, is a major risk factor for thyroid cancer. This is 
especially true in infants and adolescents, whose thyroid cells are still 
actively dividing.

1. Biosynthesis of thyroid hormones

Thyroid hormones are synthesized from the tyrosine residues of the 
glycoprotein thyroglobulin and activated iodine (Fig.1).

Thyroglobulin is a protein produced by the follicular cells of the 
thyroid gland and secreted into the extracellular colloid. This is a large
(MW = 660.000), iodinated glycoprotein and precursor for the synthesis of 
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T3 and T4. Carbohydrate accounts for 8-10% of the weight of thyroglobulin 
and iodide for about 0.2-1%, depending upon the iodine content in the diet. 
Thyroglobulin is composed of 2 subunits. 

Fig. 1. Model of iodide metabolism in the thyroid follicle. Iodide enters the thyroid by a 
pump and by passive diffusion. Thyroid hormone synthesis occurs in the follicular space 
through a series of reactions, many of which are peroxidase-mediated. Thyroid 
hormones are released from thyroglobulin by hydrolysis. 

Thyroid hormones are unique in that they require the trace element 
iodine for biologic activity. In most parts of the world, iodine is a scarce 
component of soil, and hence there is little in food. 

A complex mechanism has evolved to acquire and retain this crucial 
element and to convert it into a form suitable for incorporation into organic 
compounds. At the same time, the thyroid must synthesize thyronine, and 
this synthesis takes place in thyroglobulin. These processes will be 
discussed separately, although they occur concurrently.

1. The uptake of iodide by the thyroid gland occurs against a 
concentration gradient (about 20:1). It is an energy requiring process and is 
linked to the ATPase-dependent Na+/K+ pump. Iodide uptake is primarily 
controlled by TSH. Antithyroid agents such as thiocyanate and 
perchlorate inhibit iodide transport.

The ratio of iodide in thyroid to iodide in serum (T/S ratio) is a 
reflection of the activity of this pump or concentrating mechanism. This 
activity ranges from 500 in animals chronically stimulated with TSH to 5 
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or less in hypophysectomized animals. The T/S ratio in humans on a 
normal iodine diet is about 25.

A very small amount of iodide also enters the thyroid by diffusion. Any 
intracellular iodide that is not incorporated into MIT or DIT (generally 
< 10%) is free to leave by this mechanism.

2. The conversion of iodide (I-) to active iodine (I+), concentrated in the 
follicular cells, is an essential step for its incorporation into thyroid 
hormones. Thyroid is the only tissue that can oxidize iodide to higher
valence state iodine. This reaction is catalyzed by the enzyme heme-
containing thyroperoxidase and occurs at the luminal surface of the 
follicular cell.

Thyroperoxidase, a tetrameric protein with a MW of 60.000, requires 
hydrogen peroxide (H2O2) as an oxidizing agent. The H2O2 is produced by 
an NADPH-dependent enzyme resembling cytochrome c reductase. TSH 
promotes the oxidation of iodide to active iodine. Antithyroid drugs (e.g.,
thiourea, thiouracil, methinazole) inhibit iodide oxidation and therefore its 
subsequent incorporation into MIT and DIT. 

3. Oxidized iodide (iodine) reacts with the tyrosyl residues in 
thyroglobulin in a reaction that probably also involves thyroperoxidase. 
Tyrosine of thyroglobulin is first iodinated at position 3 to form 
monoiodotyrosine (MIT) and then at position 5 to form diiodotyrosine 
(DIT). 

This reaction, sometimes called organification, occurs within seconds 
in luminal thyroglobulin. Once iodination occurs, the iodine does not 
readily leave the thyroid. Free tyrosine can be iodinated, but it is not 
incorporated into proteins, since no tRNA recognizes iodinated tyrosine.

4. Two molecules of DIT couple to form T4. One molecule of MIT, 
when coupled with one molecule of DIT, T3 is produced.

A separate coupling enzyme has not been found, and since this is an 
oxidative process, it is assumed that the same thyroperoxidase catalyzes 
this reaction by stimulating free radical formation of iodotyrosine. This 
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hypothesis is supported by the observation that the same drugs which 
inhibit iodide oxidation also inhibit coupling. 

Thyroglobulin contains about 140 tyrosine residues which can serve as 
substrates for iodine for the formation of thyroid hormones. About 70% of 
the iodide in thyroglobulin exists in the inactive precursors, DIT and MIT, 
while 30% is in the iodothyronyl residues, T4 and T3. When iodine supplies 
are sufficient, each molecule of thyroglobulin contains about 6-8 molecules 
of T4. The ratio of T3 to T4 in thyroglobulin is usually around 1:10. In 
iodine deficiency, this ratio decreases, as does the DIT/MIT ratio. 

Thyroglobulin containing T4 and T3 can be stored for several months in 
the thyroid gland. It is estimated that the stored thyroid hormones can meet 
the body requirement for 1-3 months. 

5. The formed thyroid hormones remain as integral parts of 
thyroglobulin until the latter is degraded. Thyroglobulin hydrolysis is 
stimulated by TSH but is inhibited by iodide; this latter effect is 
occasionally exploited by using K1 to treat hyperthyroidism. Thyroglobulin 
is digested by lysosomal proteolytic enzymes in the thyroid gland. 

The free hormones thyroxine (90%) and triiodothyronine (10%) are 
released into the blood, a process stimulated by TSH. The T4/T3 ratio in this 
blood is lower than that in thyroglobulin, so that some selective 
deiodination of T4 must occur in the thyroid.

Most of the iodide in thyroglobulin is not in iodothyronine; about 70% 
is in the inactive compounds MIT and DIT. MIT and DIT produced in the 
thyroid gland are released when thyroglobulin is hydrolyzed and undergo 
deiodination by the enzyme deiodinase and the iodine, thus liberated, can 
be reutilized. This NADPH-dependent enzyme is also present in kidney and 
liver. The iodide removed from MIT and DIT constitutes an important pool 
within the thyroid, as distinguished from that iodide which enters from 
blood. Under steady-state conditions, the amount of iodide that enters the 
thyroid matches the amount that leaves. If one-third of the iodide in 
thyroglobulin leaves (as T4 and T3), it follows that two-thirds of the iodide 
available for biosynthesis comes from the deiodination of MIT and DIT 
within the thyroid.

About 50 μg of thyroid hormone iodide is secreted each day. With an 
average uptake of iodide (25-30% of the iodide ingested), the daily iodide 
requirement is between 150 and 200 μg.

2. Regulation of thyroid hormone secretion

The synthesis of thyroid hormones is controlled by feedback regulation 
appears to be more actively involved than T4 in the regulation process. The 
production of thyroid stimulating hormone (TSH) by pituitary and 
thyrotropin releasing hormone (TRH) by hypothalamus are inhibited by 
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T3 and to a lesser degree, by T4 (Fig.2). The increased synthesis of TSH 
and TRH occurs in response to decreased circulatory levels of T3 and T4. 

Fig. 2. Regulation of thyroid hormone secretion.

3. Transport of thyroid hormones 

One-half to two-thirds of T4 and T3 in the body is extrathyroidal, and 
most of this circulates in bound form, i.e., bound to 2 specific binding 
proteins, thyroxine-binding globulin (TBG) and thyroxine-binding 
prealbumin (TBPA). TBG, a glycoprotein of 50.000 MW, is 
quantitatively the more important. It binds T4 and T3 with 100 times the 
affinity of TBPA and has the capacity to bind 20 μg/dL of plasma. Under 
normal circumstances, TBG binds, noncovalently, nearly all of the T4 and 
T3 in plasma. 

The small, unbound (free) fraction is responsible for the biologic 
activity. In spite of the great difference in total amount, the free fraction of 
T3 approximates that of T4, but the plasma half-life of T4 is 4-5 times that 
of T3. T4 has a half-life of 4-7 days while T3 has about one day.
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TBG is also subject to regulation, an important consideration in 
diagnostic testing of thyroid function, since most assays of T4 or T3

measure the total amount in plasma rather than the free hormone. TBG is 
produced in liver, and its synthesis is increased by estrogens (pregnancy 
and birth control pills). Decreased production of TBG occurs following 
androgen or glucocorticoid therapy and in certain liver diseases. Inherited 
increases or decreases of TBG also occur. All of these conditions result in 
changes of total T4 and T3 without a change of the free level. Phenytoin and 
salicylates compete with T3 and T4 for binding to TBG. This decreases the 
total level of hormone without changing the free fraction and must be 
considered when interpreting diagnostic tests.

4. Metabolism of thyroid hormones

Thyroid hormones undergo deiodination in the peripheral tissues. 
Extrathyroidal deiodination converts T4 to T3. The iodine liberated may be 
reutilized by the thyroid. 

Since T3 binds to the thyroid receptor in target cells with 10 times the 
affinity of T4, T3 is thought to be the preponderant metabolically active 
form of the molecule. 

About 80% of circulating T4 is converted to T3 or reverse T3 (rT3) in the 
periphery, and this conversion accounts for most of the production of T3. 
Reverse T3 is a very weak agonist that is made in relatively larger amounts 
in chronic disease, in carbohydrate starvation, and in the fetus.

Reverse T3 (rT3)

Propylthiouracil and propranolol decrease the conversion of T4 to T3.
Other forms of thyroid hormone metabolism include total deiodination 

and inactivation by deamination or decarboxylation. Thyroid hormones are 
subjected to deamination to produce tetraiodothyroacetic acid (from T4) 
and triiodothyroacetic acid (from T3) which may then undergo conjugation 
and excretion.

T3 and T4 may get conjugated with glucuronic acid or sulfate in the 
liver. Hepatic glucuronidation and sulfation result in a more hydrophilic 
molecule that is excreted into bile, reabsorbed in the gut, deiodinated in the 
kidney, and excreted as the glucuronide conjugate in the urine.
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5. Mechanism of action of thyroid hormones

Thyroid hormones bind to specific high-affinity receptors in the target 
cell nucleus; T3 binds with approximately 10 times the affinity of T4. The 
question as to whether all biologic activity of the thyroid hormones is 
mediated by T3 is thus moot; both T3 and T4 are active. Thyroid hormones 
bind to low-affinity sites in cytoplasm, but this is apparently not the same 
protein as the nuclear receptor. The cytoplasmic binding may serve to keep 
thyroid hormones "in the neighborhood".

6. Biochemical functions of thyroid hormones

T3 is about four times more active in its biological functions than T4.
1). Effects on basal metabolism. Thyroid hormones influence the basal 

metabolic rate by regulating mitochondrial ATP synthesis.
1. Thyroid hormones stimulate the metabolic activities and increase the 

oxygen consumption via oxidative phosphorylation in most of the tissues of 
the body (exception – brain, lungs, testes and retina).

2. Thyroid hormones enhance the activity of the Na+/K+ATPase pump.
This is an energy dependent process which consumes a major share of 
cellular ATP. Na+/K+ATPase activity is directly correlated to thyroid 
hormones and this, in turn, with ATP utilization. Thyroid hormones 
enhance the function of this pump by increasing the number of pump units. 

Obesity in some individuals is attributed to a decreased energy 
utilization and heat production due to diminished Na+/K+ATPase activity.

2). Effects on protein synthesis. Thyroid hormones promote protein 
synthesis by acting at the transcriptional level (activate DNA to produce 
RNA). Thyroid hormones, thus, function as anabolic hormones and cause
positive nitrogen balance. Very high concentrations of T3 inhibit protein 
synthesis and cause negative nitrogen balance.

3). Effects on growth. There is a curious association between the 2 
classes of hormones related to growth, the thyroid hormones and growth 
hormone (GH) itself. T3 and glucocorticoids enhance transcription of the 
GH gene, so that more GH is produced. 

This explains a classic observation in which the pituitaries of 
T3-deficient animals were found to lack GH, and it may account for some 
of the general anabolic effects of T3.

4). Effects on embryonic development and tissue differentiation.
Thyroid hormones are known to be important modulators of 

developmental processes such as conversion from fetal to adult 
hemoglobin, stimulation of urea cycle enzymes (carbamoyl phosphate 
synthase) so that urea is excreted rather than ammonia, epidermal changes 
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and maintenance of almost all tissues of the body. These effects probably 
result from the regulation of specific gene expression.

5). Effects on carbohydrate metabolism. Thyroid hormones enhance 
blood glucose level (hyperglycemia):

1. Thyroid hormones promote intestinal absorption of glucose and its 
utilization.  

2. Thyroid hormones increase gluconeogenesis and glycogen 
degradation.

6). Effects on lipid metabolism.
1. Thyroid hormones stimulate lipid turnover and utilization.
2. Thyroid hormones stimulate lipolysis in adipose tissue by increasing 

the activity of hormone-sensitive lipase.

7. Pathophysiology of thyroid diseases

7.1. A goiter is an enlarged thyroid

Any enlargement of the thyroid is referred to as a goiter. Simple goiter 
represents an attempt to compensate for decreased thyroid hormone 
production; thus, in all of these situations, elevated TSH is the common 
denominator. Causes include iodide deficiency; iodide excess, when an 
autoregulatory mechanism fails; and a variety of rare inherited metabolic 
defects that illustrate the importance of various steps in thyroid hormone 
biosynthesis. These defects include: 1) iodide transport defect; 
2) iodination defect; 3) coupling defect; 4) deiodinase deficiency; and 
5) production of abnormal iodinated proteins. Any of these causes of 
simple goiter can, when severe, cause hypothyroidism. Simple goiter is 
treated with exogenous thyroid hormone. Supplementation or restriction of 
iodide intake is appropriate for specific types of goiter.

Endemic goiter is due to iodine deficiency in the diet. It is mostly 
found in the geographical regions away from sea coast where the water and 
soil are low in iodine content. Consumption of iodized salt is advocated to 
overcome the problem of endemic goiter. 

7.2. Hypothyroidism

Hypothyroidism is due to impairment in the function of thyroid gland 
that causes decreased levels of T3 and T4. Disorders of pituitary or 
hypothalamus also contribute to hypothyroidism. Women are more 
susceptible than men. 

In hypothyroidism, the basal metabolic rate is decreased, as are other 
processes dependent upon thyroid hormones. Prominent features include 
slow heart rate, diastolic hypertension, sluggish behavior, sleepiness, 
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constipation, sensitivity to cold, dry skin and hair, and a sallow 
complexion. Other features depend upon the age at onset. Hypothyroidism 
later in childhood results in short stature but no mental retardation. The 
various kinds of hypothyroidism are treated with exogenous thyroid 
hormone replacement.

Hypothyroidism in adult causes myxedema (Fig.3), characterized by 
bagginess under the eyes, puffiness of face, slowness in physical and 
mental activities.

Fig. 3. Symptoms of myxedema.

Intrauterine or neonatal hypothyroidism in children is associated with 
physical multiple congenital defects and severe, irreversible mental 
retardation, collectively known as cretinism.

(http://www.health-articles.info)

http://www.health-articles.info
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7.3. Hyperthyroidism, or thyrotoxicosis

Hyperthyroidism is caused by Grave's disease (particularly in the 
developed countries) or due to increased intake of thyroid hormones. 
Grave's disease is due to elevated thyroid stimulating immunoglobulin G 
also known as long acting thyroid stimulator which activates TSH and, 
thereby, increases thyroid hormonal production. This causes a diffuse 
enlargement of the thyroid and excessive, uncontrolled production of T3

and T4, since the production of TSH is not under feedback control.
Hyperthyroidism is characterized by increased basal metabolic rate, 

nervousness, irritability, anxiety, rapid heart rate, widened pulse pressure, 
loss of weight despite increased appetite, weakness, inability to sleep, 
diarrhea, excessive sweating, sensitivity to heat, often protrusion of 
eyeballs (exophthalmos) and red, moist skin (Fig.4).

The hyperthyroidism of Graves' disease is treated by blocking hormone 
production with an antithyroid drug, by ablating the gland with a 
radioactive isotope of iodide (such as 131I), or by a combination of these 2 
methods. Occasionally, the gland is removed surgically.

(https://ghr.nlm.nih.gov)

Fig. 4. Symptoms of Grave's disease.

https://ghr.nlm.nih.gov


Lecture 11

152

11
Lecture 11

HORMONES THAT REGULATE CALCIUM 
METABOLISM

Calcium (Ca) is almost exclusively present in blood plasma (or serum) 
(see lecture "Mineral metabolism"). The hormones calcitriol (derivative 
form of vitamin D3), parathyroid hormone and calcitonin are the major 
factors that regulate the plasma Ca within a narrow range (9-11 mg/dl). 

The parathyroid hormone and the calcitriol promote direct or indirect 
processes that raise the Ca level in blood. Calcitonin inhibits these 
processes and consequently decreases Ca level in blood.

I. Parathyroid hormone

Parathyroid hormone (PTH) is a single chain polypeptide (MW = 
95.000), containing 84 amino acids. This hormone contains no 
carbohydrate or other covalently bound molecules. 

PTH is secreted by two pairs of parathyroid glands that are closely 
associated with thyroid glands. It is originally synthesized as preproPTH 
(115 amino acids) which is degraded to proPTH (90 amino acids) and, 
finally, to active PTH. 

1. Regulation of the synthesis, metabolism, and secretion 
of parathyroid hormone

1.1. Regulation of synthesis

The rate of synthesis and degradation of proPTH is unaffected by the 
ambient ionized Ca (Ca2+) concentration, even though the rate of formation 
and secretion of PTH is always markedly enhanced at low Ca 
concentrations. Indeed, 80-90% of the proPTH synthesized cannot be 
accounted for as intact PTH in cells or in the incubation medium of 
experimental systems. This led to the conclusion that most of the proPTH 
synthesized is quickly degraded. It was later discovered that this rate of 
degradation decreases when Ca concentrations are low and increases when 
Ca concentrations are high. This indicates that Ca affects PTH production 
through control of degradation and not synthesis. The constitutive synthesis 
of proPTH is reflected in PTH mRNA levels, which also do not change in 
spite of wide fluctuations of extracellular Ca. It appears that the only way 
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that the organism can enhance PTH synthesis is to increase the size and 
number of PTH-producing chief cells in the parathyroid glands.

1.2. Regulation of metabolism

The degradation of PTH begins about 20 minutes after proPTH is 
synthesized, is initially unaffected by Ca concentration, and occurs after the 
hormone is in secretory vesicles. Newly formed PTH can either be secreted 
immediately or be placed in storage vesicles for subsequent secretion. 
Degradation occurs as soon as the secretory vesicle begins to enter the 
storage compartment.

1.3. Regulation of secretion

PTH secretion is inversely related to the ambient concentration of Ca
and Mg, as is the circulating level of immunoreactive PTH. Serum PTH 
declines in a rectilinear fashion in relation to serum Ca levels between 
4 mg/dl and 10.5 mg/dl. The presence of biologically active PTH when the 
serum Ca level is 10.5 mg/dl or greater is an indication of 
hyperparathyroidism.

There is a linear relationship between PTH release and the parathyroid 
intracellular level of cAMP. The intracellular Ca level may be involved in 
this process, since there is an inverse relationship between the intracellular 
concentrations of Ca and cAMP. Ca may exert this effect through its 
known action on phosphodiesterase (via Ca2+/calmodulin-dependent 
protein kinase) or through a similar mechanism by inhibiting adenylate 
cyclase. Phosphate has no effect on PTH secretion.

Parathyroid glands have relatively few storage granules and contain 
enough hormones to maintain maximal secretion for only 1.5 hours. This is 
in contrast to the pancreatic islets, which contain insulin stores sufficient 
for several days, and to the thyroid, which contains hormone stores 
adequate for several weeks. PTH must therefore be continually synthesized 
and secreted.

Thus, the rate of formation (by degradation of proPTH) and the 
secretion of PTH are promoted by low Ca concentration. The release of 
PTH from parathyroid glands is under the negative feedback regulation of 
serum Ca. 

2. Mechanism of action of parathyroid hormone

PTH binds to a membrane receptor protein on the target cell and 
activates adenylate cyclase to liberate cAMP. This, in turn, increases 
intracellular Ca that promotes the phosphorylation of proteins (by kinases) 
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which, finally brings about the biological actions. PTH binds to a single 
membrane receptor protein of approximately 70.000 MW. This receptor 
appears to be identical in bone and kidney, and it is not found in nontarget 
cells. 

The hormone-receptor interaction initiates a typical cascade: activation 
of adenylate cyclase → increased intracellular cAMP → increased 
intracellular Ca → phosphorylation of specific intracellular proteins by 
kinases → activation of the intracellular enzymes or proteins that finally 
mediate the biologic actions of the hormone. 

The PTH response system, like that for many other peptide and protein 
hormones, is subject to down-regulation of receptor number and to 
"desensitization", which may involve a post-cAMP mechanism.

3. Biochemical functions of parathyroid hormone

The central role of PTH in Ca metabolism is underscored by the 
observation that the first evolutionary appearance of this hormone was in 
animals attempting to adapt to a terrestrial existence. 

The physiologic maintenance of Ca balance depends on the long-term 
effects of PTH acting on intestinal absorption through the formation of 
calcitriol. If in the face of prolonged dietary Ca deficiency, intestinal Ca 
absorption is inadequate, a complex regulatory system involving PTH is 
brought into play. PTH restores normal ECF Ca concentration by acting 
directly on bone and kidney and by acting indirectly on the intestinal 
mucosa (through stimulation of synthesis of calcitriol). 

Thus, the prime function of PTH is to elevate serum calcium level. PTH 
has 3 target tissues  bone, kidneys and intestine  to exert its action. 

1). Action on the bone.
PTH acts directly on bones to increase the rate of dissolution (bone 

resorption), including both organic and inorganic phases, which moves Ca 
into ECF. PTH causes decalcification or demineralization of bone, a 
process carried out by osteoclasts. Demineralization ultimately leads to an 
increase in the blood Ca level. 

PTH binds to osteoblasts, the cells responsible for creating bone. It
directly promotes Ca release from bone by promoting the release of 
cytokines by osteoblasts. In turn, the cytokines stimulate the development 
of mature osteoclasts. This is brought out by PTH stimulated increased 
activity of the enzymes pyrophosphatase and collagenase and promoting 
lysosomal enzyme production and carbonic anhydrase. These enzymes 
result in bone resorption. On longer time scale, PTH stimulates osteoclasts 
and osteoblasts with the effect osteoclasts predominating so that more Ca is 
mobilized from bone.
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The action of PTH on bone is quantitatively very significant to 
maintain Ca homeostasis. It must, however, be noted that this is being done 
at the expense of loss of Ca from bone, particularly in dietary Ca 
deficiency.

The usual counter ion for Ca is phosphate, and the hydroxyapatite 
crystal in bone consists of calcium phosphate. Phosphate is released with 
Ca from bone whenever PTH increases dissolution of the mineral matrix. 

Thus, PTH also promotes phosphate mobilization from bone.
2). Action on the kidney.
PTH directly increases the Ca active reabsorption or reduces the renal 

clearance or excretion of Ca from kidney distal tubules and the thick 
ascending limb by promoting the production of calcitriol (1,25-
dihydroxycholecalciferol). PTH activates 1α-hydroxylase, the enzyme 
responsible for hydroxylation of calcidiol (25-hydroxycholecalciferol) to 
calcitriol.

This is the most rapid action of PTH to elevate blood Ca levels. 
However, quantitatively, this is less important compared to the action of 
PTH on bone. Therefore, although PTH prevents hypocalcemia in the face 
of dietary Ca deficiency, it does so at the expense of bone substance.

PTH also reduces the reabsorption of phosphate from the proximal 
tubule of the kidney which means phosphate is excreted through the urine.

Thus, the net effect of PTH on bone and kidney is to increase the ECF 
calcium concentration and decrease the ECF phosphate concentration. 
Importantly, this prevents the development of a supersaturated 
concentration of calcium and phosphate in plasma.

3). Action on the intestine.
The action of PTH on the intestine is indirect. It increases the efficiency 

of intestinal absorption of Ca by stimulating the biosynthesis of calcitriol in 
the kidney. 

4. Pathophysiology

4.1. Hypoparathyroidism

A low level of PTH in the blood is known as hypoparathyroidism
(Fig.1). The usual cause of hypoparathyroidism is accidental removal or 
damage of the glands during neck surgery (secondary 
hypoparathyroidism), but the disorder occasionally results from 
autoimmune destruction of the glands and inborn errors of metabolism
(primary hypoparathyroidism).

The biochemical hallmarks of this condition are decreased serum 
ionized calcium (hypocalcemia) and elevated serum phosphate levels. 
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Symptoms include neuromuscular irritability, spasms and convulsions 
which, when mild, cause muscle cramps and tetany. Severe, acute 
hypocalcemia results in tetanic paralysis of the respiratory muscles, 
laryngospasm, severe convulsions, and death. Long standing hypocalcemia 
results in cutaneous changes, cataracts, and calcification of the basal 
ganglia of the brain. 

(https://www.nature.com) 

Fig. 1. Symptoms of hypoparathyroidism.

4.2. Hyperparathyroidism

A high level of PTH in the blood is known as hyperparathyroidism
(Fig.2). If the cause is in the parathyroid gland it is called primary 
hyperparathyroidism due to the parathyroid adenoma, parathyroid 

https://www.nature.com
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hyperplasia or to ectopic production of PTH in a malignant tumor. If the 
cause is outside the gland, it is known as secondary hyperparathyroidism. 

The biochemical hallmarks of hyperparathyroidism are elevated serum 
ionized calcium and PTH and depressed serum phosphate levels (due to 
increased renal losses) and increase in alkaline phosphatase activity. 
Elevation in the urinary excretion of calcium and phosphate, often resulting 
in the formation of urinary calculi.

The symptoms of hyperparathyroidism include lethargy, loss of 
appetite, constipation, nausea, increased myocardial contractility and 
susceptibility to fractures. In long-standing hyperparathyroidism, findings 
include extensive resorption of bone and a variety of renal effects, 
including kidney stones, nephrocalcinosis, frequent urinary tract infections, 
and (in severe cases) decreased renal function. 

Secondary hyperparathyroidism, characterized by hyperplasia of the 
glands and hypersecretion of PTH, may be seen in patients with chronic 
renal failure. Hyperparathyroidism in these patients is presumably due to 
the decreased conversion of calcidiol to calcitriol in the diseased renal 
parenchyma, which results in inefficient calcium absorption in the gut and 
the secondary release of PTH in a compensatory attempt to maintain 
normal ECF calcium levels.

(https://www.natural-health-news.com)

Fig. 2. Symptoms of hyperparathyroidism.

https://www.natural-health-news.com
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II. Calcitriol

Calcitriol or 1,25-dihydroxycholecalciferol, a steroid hormone
(Fig.3), is the physiologically active form of vitamin D3.

Calcitriol is the only hormone that can promote this translocation of Ca 
against the concentration gradient, which exists across the intestinal cell 
membrane. Since the production of calcitriol is tightly regulated, a fine 
mechanism exists for controlling ECF Ca in spite of marked fluctuations of 
the Ca content of food. This ensures a proper concentration of Ca and 
phosphate for deposition, as hydroxyapatite crystals, onto the collagen 
fibrils in bone. 

In vitamin D deficiency (calcitriol deficiency), new bone formation 
slows and bone remodeling is also impaired. These processes are primarily 
regulated by PTH acting on bone cells, but small concentrations of 
calcitriol are also required. Calcitriol may also augment the actions of PTH 
on renal Ca reabsorption.

1. Biosynthesis of calcitriol

Calcitriol is a hormone in every respect. It is produced by a complex 
series of enzymatic reactions (Fig.3) that involve the plasma transport of 
precursor molecules to a number of different tissues. The active molecule, 
calcitriol, is transported to other organs where it activates biologic 
processes in a manner similar to that employed by the steroid hormones.

Fig. 3. Biosynthesis of calcitriol from vitamin D3.
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Skin  Small amounts of cholecalciferol (vitamin D3) occur in food, 
but most of the vitamin D3 available for calcitriol synthesis is produced in 
the malpighian layer of the epidermis from 7-dehydrocholesterol (Fig.4) in 
an ultraviolet light-mediated, nonenzymatic photolysis reaction. The extent 
of this conversion is directly related to the intensity of the exposure and 
inversely related to the extent of pigmentation in the skin. There is an age-
related loss of 7-dehydrocholesterol in the epidermis that may be related to 
the negative calcium balance associated with old age.

Liver  A specific transport protein (a specific globulin) called the 
D-binding protein (DBP) binds vitamin D3 and its metabolites and moves 
D3 from the skin or intestine to the liver (Fig.4) where it undergoes 
25-hydroxylation by 25-hydroxylase to form 25-hydroxycholecalciferol
(calcidiol) (Fig.3), the first obligatory reaction in the production of
calcitriol. 

25-Hydroxylation occurs in the endoplasmic reticulum in a reaction 
that requires Mg, NADPH, molecular oxygen, and an uncharacterized 
cytoplasmic factor. Two enzymes, an NADPH-dependent cytochrome 
P-450 reductase and a cytochrome P-450, are involved. This reaction is not 
regulated, and it also occurs with low efficiency in kidney and intestine.

The calcidiol enters the circulation, where it is the major transport form 
of vitamin D found in plasma and the major storage form in the liver, and is 
transported to the kidney by the DBP.

A significant fraction of calcidiol undergoes enterohepatic circulation 
and disturbances of this process can lead to deficiency of vitamin D.

Kidney  Calcidiol is further hydroxylated in position 1 by
1α-hydroxylase, a mitochondrial enzyme, for full biologic activity. The 
product is 1α,25-dihydroxycholecalciferol (calcitriol), the most potent 
vitamin D metabolite (Fig. 3 and 4). Its production is regulated by its own 
concentration, PTH, and serum phosphate. 

This is accomplished in mitochondria of the renal proximal convoluted 
tubule in a complex, 3-component monooxygenase reaction that requires 
NADPH, Mg2+, molecular oxygen, and at least 3 enzymes: (1) a 
flavoprotein, renal ferredoxin reductase; (2) an iron sulfur protein, renal 
ferredoxin; and (3) cytochrome P-450. 

Other tissues  placenta has 1α-hydroxylase that appears to be an 
important extrarenal source of calcitriol. Enzyme activity is found in a 
variety of other tissues, including bone (Fig.3); however, the physiologic 
significance of this appears to be minimal, since very little calcitriol is 
found in nonpregnant, nephrectomized animals.

25-Hydroxycholecalciferol can also be hydroxylated at the 24 position 
by a mitochondrial enzyme present in renal tubules, bone, cartilage, 
intestine, and placenta. The level of the product 24,25-
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dihydroxycholecalciferol (Fig.3) is reciprocally related to the level of 
1,25-dihydroxycholecalciferol in serum.

Fig. 4. Metabolism of vitamin D.

2. Regulation of metabolism and synthesis of calcitriol

Like other steroid hormones, calcitriol is subject to tight feedback 
regulation. Low-calcium diets and hypocalcemia result in marked increases 
of 1α-hydroxylase activity in intact animals. This effect requires PTH, 
which is also released in response to hypocalcemia. The action of PTH is as 
yet unexplained, but it stimulates 1α-hydroxylase activity in both vitamin 
D-deficient and vitamin D-treated animals. Low-phosphorus diets and 
hypophosphatemia also induce 1α-hydroxylase activity, but this appears to 
be a weaker stimulus than that provided by hypocalcemia.

Calcitriol is an important regulator of its own production. High levels 
of calcitriol inhibit renal 1α-hydroxylase and stimulate the formation of a 
24-hydroxylase that leads to the formation of 24,25-
dihydroxycholecalciferol, an apparently inactive by product. 

Estrogens, progestins, and androgens cause marked increases of 
1α-hydroxylase in ovulating birds. The role that these hormones, along with 
insulin, growth hormone, and prolactin, play in mammals is uncertain.

3. Biochemical functions, hypo- and hypervitaminoses of calcitriol
are described under vitamins (see lecture "Introduction to vitaminology.
Lipid-soluble vitamins"). 
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4. Mechanism of action of calcitriol

Calcitriol acts at the cellular level in a manner similar to other steroid 
hormones. Studies using radioactive calcitriol revealed localization in the 
nuclei of intestinal villus and crypt cells, osteoblasts, and distal renal 
tubular cells. There also is nuclear accumulation of this hormone in cells 
not previously suspected of being targets, including cells in the malpighian 
layer of the skin; pancreatic islet cells; some brain cells; some cells in the 
pituitary, ovary, testis, placenta, uterus, mammary gland, and thymus; and 
myeloid precursors. Calcitriol binding has also been noted in parathyroid 
cells, which leads to the intriguing possibility that it might be involved in 
PTH metabolism.

III. Calcitonin

Calcitonin is a peptide containing 32 amino acids (MW = 3.500). It is 
secreted by the parafollicular C cells of the human thyroid gland (less 
commonly, the parathyroid or thymus) or by similar cells located in the 
ultimobranchial gland of other species. These cells originate in the neural 
crest and are biochemically related to cells in a variety of other endocrine 
glands. Calcitonin is cleaved from a larger prohormone. Mechanism of 
action for this hormone is adenylate cyclase mechanism.

Calcitonin is not secreted until the plasma Ca level reaches 
approximately 9.5 mg/dl and that above this Ca level. Elevated blood Ca 
levels strongly stimulate secretion, and secretion is suppressed when Ca 
concentration falls below normal. β-Adrenergic agonists, dopamine and 
estrogen, also stimulate calcitonin secretion. Gastrin, cholecystokinin, 
glucagon and secretin have all been reported to stimulate calcitonin 
secretion.

Biochemical functions of calcitonin
The action of calcitonin on calcium metabolism is antagonist to that of 

PTH. Receptors for calcitonin are found in bones and the kidneys. 
Action on bone. Calcitonin promotes calcification of bone by 

increasing the activity and development of osteoblasts. At the same time, 
calcitonin prevents Ca release from bone by inhibiting the release of 
cytokines by osteoblasts. Further, calcitonin decreases bone resorption by 
inhibiting the activity of osteoclasts therefore directly reduces the amount 
of Ca and phosphate released into the blood. However, this inhibition has 
been shown to be short-lived. 

Action on kidney. Calcitonin inhibits tubular reabsorption of Ca and 
phosphate, leading to increased rates of their excretion into urine.

Thus, the net effect of calcitonin on bone and kidney is to decrease the 
calcium and the phosphate levels in the blood. 
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Lecture 12

MINERAL METABOLISM

The mineral (inorganic) elements constitute only a small proportion of 
the body weight. There is a wide variation in their body content. For 
example, calcium constitutes about 2% of body weight while cobalt about 
0.00004%.

Minerals perform several vital functions which are absolutely essential 
for the very existence of the organism. These include calcification of bone, 
blood coagulation, neuromuscular irritability, acid-base equilibrium, fluid 
balance and osmotic regulation. Certain minerals are integral components 
of biologically important compounds such as hemoglobin (Fe), thyroxine 
(I), insulin (Zn) and vitamin B12 (Co). Sulfur is present in thiamine, biotin, 
lipoic acid and coenzyme A. Several minerals participate as cofactors for 
enzymes in metabolism (e.g., Mg, Mn, Cu, Zn, K). Some elements are 
essential constituents of certain enzymes (e.g., Co, Mo, Se).

The minerals are classified as principal elements and trace elements.
The seven principal elements (macrominerals) constitute 60-80% of the 

body`s inorganic material. These are calcium, phosphorus, magnesium, 
sodium, potassium, chloride and sulfur. The principal elements are required 
in amounts greater than 100 mg/day.

The trace elements (microminerals) are required in amounts less than 
100 mg/day. They are subdivided into three categories:

1. Essential trace elements: iron, copper, iodine, manganese, zinc, 
molybdenum, cobalt, fluorine, selenium and chromium.

2. Possibly essential trace elements: nickel, vanadium, cadmium and 
barium.

3. Non-essential trace elements: aluminium, lead, mercury, boron, 
silver, bismuth, etc.

1. Calcium

Calcium (Ca) is the most abundant among the minerals in the body. The 
total content of Ca in an adult man is about 1-1.5 kg. 

As much as 99% of it is present in the bones and teeth. In bone with 
phosphate, Ca forms the hydroxyapatite crystals that provide the inorganic 
and structural component of the skeleton. Bone is a dynamic tissue, and it 
undergoes constant remodeling as stresses change; in the steady-state 
condition, there is a balance between new bone formation and bone 
resorption. Most of the Ca in bone is not freely exchangeable with ECF Ca.



Mineral metabolism.

163

Thus, in addition to its mechanical role, bone serves as a large reservoir 
of Ca.

A small fraction (1%) of the Ca, found outside the skeletal tissue, 
performs a wide variety of physiologic and biochemical functions. To 
ensure that these processes operate normally, the plasma Ca concentration 
is maintained within very narrow limits. Skeletal Ca is in a freely 
exchangeable pool and this, with another 1% of the total found in the 
periosteal space, constitutes the miscible pool of Ca. 

Most of the blood Ca is present in the plasma since the blood cells 
contain very little of it. The normal concentration of plasma or serum Ca is 
9-11 mg/dL (4.5-5.5 mEq/l). Plasma Ca exists in 3 forms: 1) complexed 
with organic acids, 2) protein-bound, and 3) ionized. 

About 6% (at least 1 mg/dL) of total plasma Ca is complexed with 
citrate, phosphate, and other anions. The remainder is divided nearly 
equally between a protein-bound form (bound primarily to albumin) and an 
ionized (unbound) form. About 40% of serum Ca (4-5 mg/dL) is bound to 
proteins. About 5 mg/dL (1.1-1.3 mmol/l) is in the ionized form (Ca2+), 
which is functionally the most biologically active fraction. 

Ionized and citrate (or phosphate) bound Ca is diffusible from blood to 
the tissues while protein bound Ca is non-diffusible. In the usual laboratory 
determination of serum Ca, all the three fractions are measured together. 

The organism has very little tolerance for significant deviation from this 
normal range. Deviations of the ionized Ca2+ cause many disorders and can 
be life-threatening. If the ionized Ca2+ level falls, the animal becomes 
increasingly hyperexcitable and may develop tetanic convulsions. A 
marked elevation of plasma Ca may result in death owing to muscle 
paralysis and coma. As many as 3% of hospitalized patients may have 
disorders of Ca homeostasis.

Calcium ion and the counter-ion, phosphate, exist at or near their 
solubility product in plasma; hence, protein binding may protect against 
precipitation and ectopic calcification. An alteration of the plasma protein 
concentration (primarily albumin, but globulins also bind Ca) results in 
parallel changes in total plasma Ca. For example, hypoalbuminemia results 
in a decrease of total plasma Ca of approximately 0.8 mg/dL for each g/dL
of albumin decrease. The converse is noted when the plasma albumin is 
increased. The association of Ca with plasma proteins is pH-dependent; 
acidosis favors the ionized form, whereas alkalosis enhances binding and 
rinses a concomitant decrease in Ca. The latter probably accounts for the 
numbness and tingling associated with the hyperventilation syndrome, 
which causes acute respiratory alkalosis.

The absorption of Ca mostly occurs in the duodenum by an energy 
dependent active process. It is influenced by several factors. 
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Factors promoting calcium absorption
1. Vitamin D (through its active form calcitriol) induces the synthesis of 

calcium binding protein in the intestinal epithelial cells and promotes Ca 
absorption. 

2. Parathyroid hormone (PTH) enhances Ca absorption through the 
increased synthesis of calcitriol.

3. Acidity (low pH) is more favorable for Ca absorption.
4. Lactose promotes Ca uptake by intestinal cells.
5. The amino acids lysine and arginine facilitate Ca absorption.
Factors inhibiting calcium absorption
1. Phytates and oxalates form insoluble salts and interfere with Ca 

absorption.
2. High content of dietary phosphate results in the formation of 

insoluble calcium phosphate and prevents Ca uptake. The dietary ratio of 
Ca and P – between 1:2 and 2:1 – is ideal for optimum Ca absorption by 
intestinal cells. 

3. The free fatty acids react with Ca to form insoluble calcium soaps. 
This is particularly observed when the fat absorption is impaired.

4. Alkaline condition (high pH) is unfavorable for Ca absorption.
5. High content of dietary fiber interferes with Ca absorption.
Biochemical functions of calcium
1. Development of bones and teeth. Ca, along with phosphate, is 

required for the formation of hydroxyapatite and physical strength of 
skeletal tissue. Bone is regarded as a mineralized connective tissue. Bones 
which are in a dynamic state serve as reservoir of Ca. Osteoblasts are 
responsible for bone formation while osteoclasts result in demineralization.

2. Muscle contraction. Ca interacts with troponin C to trigger muscle 
contraction. Ca also activates ATPase, increases the interaction between 
actin and myosin.

3. Blood coagulation. Several reactions in the cascade of blood clotting 
process are dependent on Ca (factor IV).

4. Nerve transmission. Ca is necessary for the transmission of nerve 
impulse.

5. Membrane integrity and permeability. Ca influences the membrane 
structure and transport of water and several ions across it.

6. Activation of enzymes. Ca2+ is needed for the direct activation of 
enzymes such as lipase (pancreatic), ATPase and succinate dehydrogenase.

7. Calmodulin mediated action of calcium. Calmodulin (MW =
17.000) is a calcium binding regulatory protein. Calcium-calmodulin
complex activates certain enzymes e.g., adenylate cyclase, Ca2+dependent 
protein kinases.

8. Calcium as intracellular messenger. Certain hormones exert their 
action through the mediation of Ca (instead of cAMP). Ca is regarded as a 
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second messenger for such hormonal action e.g., epinephrine in liver
glycogenolysis. Ca serves as a third messenger for some hormones e.g.,
ADH acts through cAMP, and then Ca2+.

9. Release of hormones. The release of certain hormones (insulin, PTH, 
calcitonin) from the endocrine glands is facilitated by Ca.

10. Secretory processes. Ca regulates microfilament and microtubule 
mediated processes such as endocytosis, exocytosis and cell motility.

11. Contact inhibition. Ca is involved in cell to cell contact and
adhesion of cells in a tissue. The cell to cell communication may also 
require Ca.

12. Action on heart. Ca acts on myocardium and prolongs systole.
The hormones calcitriol, PTH and calcitonin are the major factors that 

regulate the plasma Ca (see lecture "Hormones that regulate Ca 
metabolism"). The hormones regulate the amount of Ca in the ECF by 
influencing the transport of Ca across the membrane that separates the ECF 
space from the periosteal fluid space. This transport is primarily stimulated 
by PTH but calcitriol is also involved.

Ca is excreted partly through the kidneys and mostly through the 
intestine. The renal threshold for serum Ca is 10 mg/dL. Ca gets excreted 
into urine beyond this concentration. Ingestion of excess protein causes
increased Сa excretion in urine. This is mainly due to an increase in the 
acidity of urine as a result of high protein diet. Excretion of Ca into the 
feces is a continuous process and this is increased in vitamin D deficiency.

Dietary requirements – adult men and women – 800 mg/day.
Sources – milk and milk products, beans, leafy vegetables, fish, 

cabbage, egg yolk.
Disease states
The blood Ca level is maintained within a narrow range by the 

homeostatic control, most predominantly by PTH. Hence abnormalities in
Ca metabolism are mainly associated with alterations in PTH.

Elevation in serum Ca level (normal 9-11 mg/dL) is hypercalcemia. 
The symptoms of hypercalcemia include lethargy, muscle weakness, loss of 
appetite, constipation, nausea, increased myocardial contractility and 
susceptibility to fractures. 

Hypercalcemia is associated with hyperparathyroidism caused by
increased activity of parathyroid glands. The determination of ionized 
serum Ca2+ (elevated to 6-9 mg/dL) is more useful for the diagnosis of 
hyperparathyroidism. It has been observed that some of the patients may 
have normal levels of total Ca in the serum but differ with regard to ionized 
Ca2+. Decrease in serum phosphate (due to increased renal losses) and 
increase in alkaline phosphatase activity are also found in
hyperparathyroidism. Elevation in the urinary excretion of Ca and P, often 
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resulting in the formation of urinary calculi, is also observed in these 
patients.

Hypocalcemia is a more serious and life threatening condition. It is 
characterized by a fall in the serum Ca to below 7 mg/dL, causing tetany. 
The symptoms of tetany include neuromuscular irritability, spasms and
convulsions. Hypocalcemia is mostly due to hypoparathyroidism. This 
may happen after an accidental surgical removal of parathyroid glands or 
due to an autoimmune disease.

Rickets is a disorder of defective calcification of bones. This may be 
due to low levels of vitamin D in the body or due to a dietary deficiency of 
Ca and P or both. The concentration of serum Ca and P may be low or 
normal. An increase in the activity of alkaline phosphatase is a 
characteristic feature of rickets.

Renal rickets is associated with damage to renal tissue, causing 
impairment in the synthesis of calcitriol. It does not respond to vitamin D 
in ordinary doses, therefore, some workers regard this as vitamin D 
resistant rickets. Renal rickets can be treated by administration of calcitriol.

Osteoporosis is characterized by demineralization of bone resulting in 
the progressive loss of bone mass. The elderly people (>60) of both sexes 
are at risk for osteoporosis. However, it more predominantly occurs in the
post-menopausal women. Osteoporosis results in frequent bone fractures 
which are a major cause of disability among the elderly. Osteoporosis may 
be regarded as a silent thief.

The etiology of osteoporosis is largely unknown, but it is believed that 
several causative factors may contribute to it. The ability to produce 
calcitriol from vitamin D is decreased with age particularly in the
postmenopausal women. Immobilized or sedentary individuals tend to 
decrease bone mass while those on regular exercise tend to increase bone 
mass. Deficiency of sex hormones (in women) has been implicated in the
development of osteoporosis.

Estrogen administration along with Ca supplementation (in combination
with vitamin D) to postmenopausal women reduces the risk of fractures. 
Higher dietary intake of Ca (about 1.5 g/day) is recommended for elderly 
people.

Osteopetrosis (marble bone disease) is characterized by increased
bone density. This is primarily due to inability to resorb bone. This disorder 
is mostly observed in association with renal tubular acidosis (due to a
defect in the enzyme carbonic anhydrase) and cerebral calcification.

2. Phosphorus

An adult body contains about 1 kg phosphate and it is found in every 
cell of the body. Most of it (about 80%) occurs in combination with 
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calcium in the bones and teeth. About 1% of body phosphorus (P) is found 
in muscles and blood in association with proteins, carbohydrates and lipids. 
The remaining 10% is widely distributed in various chemical compounds.

The phosphate level of the whole blood is around 40 mg/dL while 
serum contains about 3-4 mg/dL. This is because the RBC and WBC have 
very high content of phosphate. 

The serum phosphate may exist as free ions (40%) or in a complex form 
(50%) with cations such as Ca2+, Mg2+, Na+, and K+. About 10% of serum 
phosphate is bound to proteins. It is interesting to note that the fasting 
serum phosphate levels are higher than the postprandial. This is attributed 
to the fact that following the ingestion of carbohydrate (glucose), the 
phosphate from the serum is drawn by the cells for metabolism 
(phosphorylation reactions). 

Phosphate absorption occurs from jejunum.
1. Calcitriol promotes phosphate uptake along with calcium. 
2. Absorption of phosphorus and calcium is optimum when the dietary 

Ca:P is between 1:2 and 2:1. 
3. Acidity favors while phytate decreases phosphate uptake by intestinal 

cells. 
Biochemical functions of phosphorus
l. P is essential for the development of bones and teeth.
2. P plays a central role for the formation and utilization of high-energy 

phosphate compounds, e.g., ATP, GTP, creatine phosphate, etc.
3. P is required for the formation of phospholipids, phosphoproteins and 

nucleic acids (DNA and RNA).
4. P is an essential component of several nucleotide coenzymes, e.g.,

NAD+, NADP+, pyridoxal phosphate, ADP, AMP.
5. Several proteins and enzymes are activated by phosphorylation.
6. Phosphate buffer system is important for the maintenance of pH in 

the blood (around 7.4) as well as in the cells.
About 500 mg phosphate is excreted in urine per day. The renal 

threshold is 2 mg/dL. The reabsorption of phosphate by renal tubules is 
inhibited by PTH. 

Dietary requirements. The recommended dietary allowance of 
phosphate is based on the intake of calcium. The ratio of Ca:P of 1:1 is 
recommended (i.e., 800 mg/day) for an adult. For infants, however, the 
ratio is around 2:1, which is based on the ratio found in human milk. 
Calcium and phosphate are distributed in the majority of natural foods in 
1:1 ratio. Therefore, adequate intake of calcium generally takes care of the 
phosphate requirement also.

Sources – milk, cereals, leafy vegetables, meat, eggs.
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Disease states
1. Serum phosphate level is increased in hypoparathyroidism and 

decreased in hyperparathyroidism.
2. In severe renal diseases serum phosphate content is elevated causing 

acidosis.
3. Vitamin D deficient rickets is characterized by decreased serum 

phosphate (1-2 mg/dL).
4. Renal rickets is associated with low serum phosphate levels and 

increased alkaline phosphatase activity.
5. In diabetes mellitus, serum content of organic phosphate is lower 

while that of inorganic phosphate is higher.

3. Magnesium

The adult body contains about 20 g magnesium (Mg), 70% of which is 
found in bones in combination with calcium and phosphorus. The
remaining 30% occurs in the soft tissues and body fluids.

Normal serum concentration of Mg is 2-3 mg/dL. It is present in the 
ionized form Mg2+ (60%), in combination with other ions (10%) and bound 
to proteins (30%). 

Mg is absorbed by the intestinal cells through a specific carrier system. 
About 50% of the dietary Mg is normally absorbed. Consumption of large 
amounts of calcium, phosphate and alcohol diminishes Mg absorption. 
PTH increases Mg absorption. 

Biochemical functions of magnesium
1. Mg is required for the formation of bones and teeth.
2. Mg2+ serves as a cofactor for several enzymes requiring ATP, e.g.,

hexokinase, glucokinase, phosphofructokinase, adenylate cyclase.
3. Mg is necessary for proper neuromuscular function. Low Mg levels 

lead to neuromuscular irritability.
Dietary requirements – adult man – 350 mg/day; adult woman – 300 

mg/day.
Sources – cereals, nuts, beans, vegetables (cabbage, cauliflower), meat, 

milk, fruits.
Disease states
1. Mg deficiency causes neuromuscular irritation, weakness and 

convulsions. These symptoms are similar to that observed in tetany (Ca 
deficiency) which is relieved only by Mg. Malnutrition, alcoholism and 
cirrhosis of liver may lead to Mg deficiency.

2. Low levels of Mg may be observed in uremia, rickets and abnormal 
pregnancy.
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4. Sodium

Sodium (Na+) is the chief cation of the ECF. About 50% of body Na is 
present in the bones, 40% in the ECF and the remaining (10%) in the soft 
tissues.

In the plasma (serum), the normal concentration of Na is 135-
145 mEq/l. Na+ is an extracellular cation, therefore, the blood cells contain 
much less (35 mEq/l). 

Na is readily absorbed in the gastrointestinal tract and, therefore, very 
little of it (<2%) is normally found in feces. However, in diarrhea, large 
quantities of Na are lost in feces. 

Biochemical functions of sodium
1. In association with chloride and bicarbonate, Na regulates the body's 

acid-base balance.
2. Na is required for the maintenance of osmotic pressure and fluid 

balance.
3. Na is necessary for the normal muscle irritability and cell 

permeability.
4. Na is involved in the intestinal absorption of glucose, galactose and 

amino acids.
5. Na is necessary for initiating and maintaining heart beat.
The mineralocorticoids, secreted by adrenal cortex, influence Na

metabolism (see lecture "Hormones of the adrenal cortex"). 
Kidney is the major route of Na excretion from the body. As much as 

800 g Na/day is filtered by the glomeruli, 99% of this is reabsorbed by the 
renal tubules by an active process. This is controlled by aldosterone.
Extreme sweating also causes considerable amount of Na loss from the 
body. There is, however, individual variation in Na loss through sweat.

A decrease in plasma Na and an increase in its urinary excretion are 
observed in adrenocortical insufficiency. 

Dietary requirements – for normal individuals, the requirement of Na 
is about 5-10 g/day which is mainly consumed as NaCl. For persons with a 
family history of hypertension, the daily NaCl intake should be less than 
5 g. For patients of hypertension, around 1 g/day is recommended. It may 
be noted that 10 g of NaCl contains 4 g of Na. The daily consumption of 
Na is generally higher than required due to its flavor.

Sources – the common salt (NaCl) used in the cooking medium is the 
major source of Na. The ingested foods also contribute to Na. The good 
sources of Na include bread, whole grains, leafy vegetables, nuts, eggs and 
milk. 

Disease states
Hyponatremia. This is a condition in which the serum Na level falls 

below the normal. Hyponatremia may occur due to diarrhea, vomiting, 
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chronic renal diseases, adrenocortical insufficiency (Addison's disease).
Administration of salt free fluids to patients may also cause hyponatremia. 
This is due to overhydration. Decreased serum Na concentration is also 
observed in edema which occurs in cirrhosis or congestive heart failure.
The manifestations of hyponatremia include reduced blood pressure and 
circulatory failure.

Hypernatremia. This condition is characterized by an elevation in the 
serum Na level. The symptoms include increase in blood volume and blood
pressure. It may occur due to hyperactivity of adrenal cortex (Cushing's
syndrome), prolonged administration of cortisone, ACTH and/or sex 
hormones. Loss of water from the body causing dehydration, as it occurs in 
diabetes insipidus, results in hypernatremia. Rapid administration of
sodium salts also increases serum Na concentration. It may be noted that in
pregnancy, steroid and placental hormones cause Na and water retention in 
the body, leading to edema. In edema, along with water, Na concentration 
in the body is also elevated. Administration of diuretic drugs increases the 
urinary output of water along with Na. In the patients of hypertension and
congestive cardiac failure sodium salt restriction is advocated.

5. Potassium

Potassium (K+) is the principal intracellular cation. It is equally 
important in the ECF for specific functions.

The plasma concentration of K is 3.4-5.0 mEq/l. The whole blood 
contains much higher level of K (50 mEq/l), since it is predominantly an 
intracellular cation. Care should, therefore, be taken to avoid hemolysis of 
RBC for the estimation of serum K. 

The absorption of K from the gastrointestinal tract is very efficient 
(90%) and very little is lost through feces. However, in subjects with 
diarrhea, a good proportion of K is lost in the feces. 

Biochemical functions of potassium
1. K maintains intracellular osmotic pressure.
2. K+ is required for the regulation of acid-base balance and water 

balance in the cells.
3. The enzyme pyruvate kinase (of glycolysis) is dependent on K+ for 

optimal activity.
4. K is required for the transmission of nerve impulse.
5. Adequate intracellular concentration K is necessary for proper 

biosynthesis of proteins by ribosomes.
6. Extracellular K influences cardiac muscle activity.
K is mainly excreted through urine. The maintenance of body acid-base 

balance influences K excretion. Aldosterone increases excretion of K.
Dietary requirements – about 3-4 g/day. 
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Sources – banana, orange, pineapple, potato, beans, chicken, and liver. 
Tender coconut water is a rich source of K. 

Disease states
Serum K concentration is maintained within a narrow range. Either high 

or low concentrations are dangerous since K affects the contractility of 
heart muscle.

Hypokalemia. Decrease in the concentration of serum K is observed 
due to overactivity of adrenal cortex (Cushing's syndrome), prolonged 
cortisone therapy, intravenous administration of K free fluids, treatment of 
diabetic coma with insulin, prolonged diarrhea and vomiting. The 
symptoms of hypokalemia include irritability, muscular weakness, 
tachycardia, cardiomegaly and cardiac arrest. 

Hyperkalemia. Increase in the concentration of serum K is observed in 
renal failure, adrenocortical insufficiency (Addison's disease), diabetic 
coma, severe dehydration, intravenous administration of fluids with 
excessive potassium salts. The manifestations of hyperkalemia include
depression of central nervous system, mental confusion, numbness, 
bradycardia with reduced heart sounds and, finally, cardiac arrest. 

6. Chlorine

Chlorine (Cl) is a constituent of sodium chloride. Hence, the 
metabolism of chlorine and sodium are intimately related.

The normal plasma concentration of chloride (Cl-) is 95-105 mEq/l. 
Cerebrospinal fluid (CSF) contains higher level of Cl- (125 mEq/l). This is 
due to the fact that protein content is low in CSF and, therefore, Cl- is 
higher in order to maintain Donnan membrane equilibrium. 

Biochemical functions of chlorine
1. Cl- is involved in the regulation of acid-base equilibrium, fluid 

balance and osmotic pressure. These functions are carried out by the
interaction of chloride with Na+ and K+.

2. Cl is necessary for the formation of HCl in the gastric juice.
3. Cl shift involves the active participation of Cl-.
4. The enzyme salivary amylase is activated by Cl-.
In normal circumstances, Cl is almost totally absorbed in the 

gastrointestinal tract. There exists a parallel relationship between excretion 
of chloride and sodium. The renal threshold for Cl is about 110 mEq/l. 

Dietary requirements. The daily requirement of chloride as NaCl is 5-
10 g. Adequate intake of sodium will satisfy the chloride requirement of the 
body.

Sources – common salt as cooking medium, whole grains, leafy 
vegetables, eggs and milk.
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Disease states
Hypochloremia. A reduction in the serum Cl level may occur due to 

vomiting, diarrhea, respiratory alkalosis, Addison's disease and excessive 
sweating.

Hyperchloremia. An increase in serum Cl concentration may be due to 
dehydration, respiratory acidosis and Cushing's syndrome.

7. Sulfur

Sulfur (S) of the body is mostly present in the organic form. 
Methionine, cysteine and cystine are the three sulfur-containing amino 
acids present in the proteins. Generally, proteins contain about 1% S by 
weight.

Biochemical functions of sulfur
1. Sulfur-containing amino acids are very essential for the structural 

conformation and biological functions of proteins (enzymes, hormones, 
structural proteins, etc.). The disulfide linkages (-S-S-) and sulfhydryl 
groups (-SH) are largely responsible for this.

2. The vitamins thiamine, biotin, lipoic acid, and coenzyme A of 
pantothenic acid contain S.

3. Heparin, chondroitin sulfate, glutathione, taurocholic acid are 
important sulfur-containing compounds.

4. Phosphoadenosine phosphosulfate (PAPS) is the active sulfate 
utilized for several reactions e.g., synthesis of glycosaminoglycans, 
detoxification mechanism.

5. The sulfur-containing amino acid methionine (as 
S-adenosylmethionine) is actively involved in transmethylation reactions.

The sulfur from different compounds is oxidized in the liver to sulfate 
and excreted in urine. The urine contains inorganic sulfate (80%), organic 
or conjugated or ethereal sulfate (10%) and unoxidized sulfur (10%). The
unoxidized sulfur is in the form of sulfur-containing amino acids, 
thiocyanates, etc.

Dietary requirements. There is no specific dietary requirement for 
sulfur. Adequate intake of sulfur-containing essential amino acid 
methionine will meet the body needs. 

Sources – food proteins rich in methionine and cysteine. 

8. Iron

The total content of iron (Fe) in an adult body is 3-5 g. About 65-70% 
of this occurs in the erythrocytes of blood as a constituent of hemoglobin
(2500 mg Fe). At least 3-5% of body Fe is present in myoglobin of muscle
(300 mg Fe). 
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Heme is the most predominant iron-containing substance. It is a
constituent of several proteins/enzymes (hemoproteins) – hemoglobin, 
myoglobin, cytochromes, xanthine oxidase, catalase, tryptophan pyrrolase, 
peroxidase. Certain other proteins contain non-heme iron e.g., transferrin
(3-4 mg Fe), ferritin and hemosiderin (1000 mg Fe).

Fe is mainly absorbed in the stomach and duodenum. In normal people, 
about 10% of dietary Fe (1-2 mg) is usually absorbed. However, in Fe
deficient (anemic) individuals and growing children, a much higher 
proportion of dietary Fe is absorbed to meet the increased body demands.

Fe is mostly found in the foods in ferric form (Fe3+), bound to proteins 
or organic acids. In the acid medium provided by gastric HCl, the Fe3+ is 
released from foods. Reducing substances such as ascorbic acid (vitamin C) 
and cysteine convert ferric iron (Fe3+) to ferrous form (Fe2+). Fe in the 
ferrous form is soluble and readily absorbed.

Factors affecting iron absorption
1. Acidity, ascorbic acid and cysteine promote Fe absorption.
2. In iron deficiency anemia, Fe absorption is increased to 2-10 times 

that of normal.
3. Small peptides and amino acids favor Fe uptake.
4. Phytate (found in cereals) and oxalate (found in leafy vegetables) 

interfere with Fe absorption.
5. A diet with high phosphate content decreases Fe absorption while low 

phosphate promotes.
6. Impaired absorption of Fe is observed in malabsorption syndromes 

such as steatorrhea.
7. In patients with partial or total surgical removal of stomach and/or 

intestine, Fe absorption is severely impaired.
The iron (Fe2+), entering the mucosal cells by absorption, is oxidized to 

ferric form (Fe3+) by the enzyme ferroxidase. Fe3+ then combines with 
apoferritin to form ferritin which is the temporary storage form of Fe.

Fe is stored in liver, spleen and bone marrow in the form of ferritin. In 
normal conditions, it stores Fe so that it can be called upon for use as 
conditions require. In conditions of excess Fe (e.g., hemochromatosis), 
body stores of Fe are greatly increased and much more ferritin is present in 
the tissues, such as liver and spleen. Ferritin contains approximately 23% 
Fe and apoferritin (the protein moiety free of iron) has a MW of 
approximately 440.000. Ferritin is comprised of 24 subunits of 18.500 
MW, which surround in a micellar form some 3.000-4.500 ferric atoms. 
Normally, there is a little ferritin in human plasma. However, in patients 
with excess Fe, the amount of ferritin in plasma is markedly elevated. The 
amount of ferritin in plasma can be conveniently measured by a sensitive 
and specific radioimmunoassay and serves as a good index of body Fe
stores.
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From the mucosal cells, Fe may enter the blood stream (which mainly 
depends on the body needs) or lost when the cells are desquamated.

The Fe liberated from the ferritin of mucosal cells enters the plasma in 
ferrous state (Fe2+). Here, it is oxidized to ferric form (Fe3+) by a copper-
containing protein, ceruloplasmin, which possesses ferroxidase activity. 
Another cuproprotein ferroxidase II also helps for the conversion of Fe2+ to 
Fe3+.

Ferric iron then binds with a specific iron-binding protein, namely 
transferrin (see lecture "Biochemistry of blood"). Each transferrin 
molecule can bind with two atoms of ferric iron (Fe3+). The plasma
transferrin (concentration 250 mg/dL) can bind with 400 mg of iron/dL
plasma. This is known as total iron binding capacity of plasma.

Hemosiderin is another Fe storage protein which can hold about 35%
of Fe by weight. Hemosiderin is a somewhat ill-defined molecule; it 
appears to be a partly degraded form of ferritin, but still containing Fe. It 
can be detected by histologic stains (e.g., Prussian blue) for Fe and its 
presence is checked for histologically when excessive storage of Fe occurs.
When the supply of Fe is in excess of body demands hemosiderin 
accumulates in the body (spleen, liver).

Fe metabolism is unique as it operates in a closed system. It is very 
efficiently utilized and reutilized by the body (24 mg). 

Fe losses from the body are minimal (1-2 mg/day) which may occur 
through bile, sweat, hair loss, etc. Fe is not excreted into urine. Fe entry 
into the body is controlled at the absorption level, depending on the body 
needs. Thus, the periodical blood loss in menstruating women increases its 
requirements. Increased Fe demands are also observed in pregnancy,
lactation, and in growing children.

Fe diet (10-20 mg/daily) as Fe3+


Fe absorption (1-2 mg/daily) as Fe2+


Transferrin (3-4 mg) Ferritin + Hemosiderin 


Bone marrow

 Fe reutilization (24 mg)
Erythrocytes                      (liver, spleen, bone marrow)


Degradation of erythrocytes


Fe losses (1-2 mg/daily)
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Overview of iron metabolism

A general overview of Fe metabolism is depicted in Fig. 1. It shows the 
distribution of Fe in the body and its efficient reutilization. It may be noted 
that about 1-2 mg of Fe is absorbed per day to replace the loss.

(Gaw A. Clinical biochemistry: an illustrated colour text, 2 ed., Churchill Livingstone, 1999)

Fig. 1. Iron balance.

Biochemical functions of iron
1. Fe mainly exerts its functions through the compounds in which it is 

present. Hemoglobin and myoglobin are required for the transport of O2

and CO2. 
2. Cytochromes and certain non-heme proteins are necessary for 

electron transport chain and oxidative phosphorylation. 
3. Peroxidase, the lysosomal enzyme, is required for phagocytosis and 

killing of bacteria by neutrophils. 
4. Fe is associated with effective immunocompetence of the body.
Dietary requirements – adult man – 10 mg/day; menstruating woman 

– 18 mg/day; pregnant and lactating woman – 40 mg/day. 
Sources – organ meats (liver, heart, and kidney), leafy vegetables, 

pulses, cereals, fish, apples, dried fruits, molasses, milk, wheat, polished 
rice. 
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Disease states
Attention to Fe metabolism is particularly important in women, for the 

reason mentioned above. Also, in pregnancy allowances must be made for 
the growing fetus. Older people with poor dietary habits ("tea and 
toasters") may also develop Fe deficiency. 

Iron deficiency anemia. This is the most prevalent nutritional disorder 
world over. Several factors may contribute to iron deficiency anemia. 
These include inadequate intake or defective absorption of Fe and 
inadequate utilization, excessive chronic blood loss, repeated pregnancies 
and hookworm infections. Iron deficiency anemia mostly occurs in 
growing children, adolescent girls, pregnant and lactating women. It is 
characterized by microcytic hypochromic anemia with reduced blood 
hemoglobin levels (<12 g/dL). The erythrocytes are smaller. As their 
membrane is altered, they are eliminated in the spleen. The other 
manifestations include apathy (dull and inactive), sluggish metabolic 
activities, retarded growth and loss of appetite.

Hemosiderosis. This is a less common disorder and is due to excessive 
Fe in the body. It is commonly observed in subjects receiving repeated 
blood transfusions over the years, e.g., patients of hemolytic anemia, 
hemophilia. Excessive Fe is deposited as ferritin and hemosiderin. 
Hemosiderin deposits in cells can be observed under the microscope with 
suitable staining while ferritin cannot be identified. Hemosiderosis is 
attributed to a high intake of Fe from their staple diet corn and their habit of 
cooking foods in Fe pots.

Hemochromatosis. This is a genetic disorder in which Fe is directly 
deposited in the tissues (liver, spleen, pancreas and skin), leading to tissue 
damage. The cause appears to be excessive absorption of Fe from the 
intestinal mucosa, although little is known about the molecular nature of 
the abnormality. The organs most affected are liver, skin, and pancreas; 
patients with this disorder usually develop cirrhosis of the liver. In addition, 
they may acquire bronzed-pigmentation of the skin, pancreatic fibrosis and 
diabetes mellitus (diabetes). The disorder can be kept under control by 
periodic withdrawals of blood (phlebotomies) (Table 1). Hemosiderosis is 
sometimes accompanied by hemochromatosis. Hemochromatosis causes a 
condition known as bronze diabetes.

Table 1. Laboratory tests of value in assessing patients with disorders of iron 
metabolism.

1. Red blood cell count and estimation of hemoglobin.
2. Determinations of plasma iron total iron binding capacity (TIBC), and % 
transferrin saturation.
3. Determination of ferritin in plasma by radioimmunoassay.
4. Prussian blue stain of tissue sections.
5. Determination of amount of iron (μg/g) in a tissue biopsy.
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9. Copper

The body contains about 100-150 mg copper (Cu) distributed in 
different organs (bone, liver, and muscle). 

The Cu concentration of plasma is about 100-200 mg/dL. Most of this 
(90%) is tightly bound to ceruloplasmin while a small fraction (10%) is 
loosely held to albumin. Normal concentration of serum ceruloplasmin is 
25-50 mg/dL. It contains about 0.34% Cu (6 atoms of Cu per molecule, 
half in Cu2+ state and the other half in Cu+ state) (see lecture "Biochemistry 
of blood"). 

The daily intake of Cu is 2-4 mg. About 10% of dietary Cu is absorbed, 
mainly in the duodenum. Metallothionein is a transport protein that 
facilitates Cu absorption. Phytate, zinc and molybdenum decrease Cu
uptake. Cu is carried to the liver bound to albumin, taken up by liver cells, 
and partly excreted in the bile. Cu also leaves the liver attached to 
ceruloplasmin, which is synthesized in that organ.

Biochemical functions of copper
1. Cu is an essential constituent of several enzymes. These include 

cytochrome oxidase, catalase, tyrosinase, superoxide dismutase, 
monoamine oxidase, ascorbic acid oxidase, ALA synthase, phenol oxidase 
and uricase. Due to its presence in a wide variety of enzymes, Cu is 
involved in many metabolic reactions.

2. Cu is necessary for the synthesis of hemoglobin (Cu is a constituent 
of ALA synthase, needed for heme synthesis).

3. Lysyl oxidase (a copper-containing enzyme) is required for the 
conversion of certain lysine residues of collagen and elastin to allysine 
which are necessary for cross-linking these structural proteins.

4. Ceruloplasmin serves as ferroxidase and is involved in the conversion 
of iron from Fe2+ to Fe3+ in which form iron (transferrin) is transported in 
plasma.

5. Cu is necessary for the synthesis of melanin and phospholipids.
6. Development of bone and nervous system (myelin) requires Cu.
7. Certain copper-containing non-enzymatic proteins have been 

identified, although their functions are not clearly known. These include
hepatocuprein (storage form in liver), cerebrocuprein (in brain) and 
hemocuprein (in RBC).

8. Hemocyanin, a copper protein complex in invertebrates, functions 
like hemoglobin for O2 transport.

Dietary requirements – adults 2-3 mg/day. 
Sources – liver, kidney, meat, egg yolk, cereals, nuts and green leafy 

vegetables. Milk is a poor source. 
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Disease states
1. Severe deficiency of copper causes demineralization of bones,

demyelination of neural tissue, anemia, fragility of arteries, myocardial 
fibrosis, hypopigmentation of skin, greying of hair.

2. Menke's disease ("kinky" or "steely" hair disease) is due to a defect 
in the intestinal absorption of Cu. It is possible that Cu may be trapped by 
metallothionein in the intestinal cells. It is X-linked, affects male infants, 
and is generally fatal. The symptoms of Menke's disease include decreased 
Cu and ceruloplasmin in plasma and urine, anemia and depigmentation of 
hair. Affected infants exhibit brittle, kinky hair, impairment of growth, 
mental retardation, and widespread arterial aneurysms. 

3. Wilson's disease (hepatolenticular degeneration) is a rare disorder 
of abnormal Cu metabolism and is characterized by the following 
manifestations: 1) Cu is deposited in abnormal amounts in liver and 
lenticular nucleus of brain. This may lead to hepatic cirrhosis and brain 
necrosis; 2) Low levels of Cu and ceruloplasmin in plasma with increased 
excretion of Cu in urine; 3) Cu deposition in kidney causes renal damage. 
This leads to increased excretion of amino acids, glucose, peptides and
hemoglobin in urine; 4) Intestinal absorption of Cu is very high, about 4-6 
times higher than normal.

Wilson's disease is an inherited condition in which Cu fails to be 
excreted in the bile, possibly because the lysosomes are unable to excrete 
Cu derived from the breakdown of ceruloplasmin into the bile. Cu thus 
accumulates progressively in the body, particularly in liver, brain, kidney, 
and red blood cells, and the disease may be regarded as an inability to 
maintain a near-zero Cu balance resulting in copper toxicosis. The increase 
of Cu in liver cells inhibits the coupling of Cu to apoceruloplasmin and 
leads to low levels of the protein in plasma (<20 mg/dL).

As the amount of Cu accumulates, patients may develop a hemolytic 
anemia, chronic liver disease, and a neurologic syndrome due to 
accumulation of Cu in the basal ganglia and other brain centers. A frequent 
clinical finding is the Kayser-Fleischer ring. This is a green or golden 
pigment ring around the cornea due to deposition of Cu in Descemet's 
membrane. 

If Wilson's disease is suspected, a liver biopsy should be performed; a 
value for liver Cu of over 250 μg/g dry weight along with a plasma level of 
ceruloplasmin of under 20 mg/dL is diagnostic. 

Probable causes of Wilson's disease.
The following explanations are offered to understand the etiology of this 

disease.
1. A failure to synthesize ceruloplasmin or impairment in the binding 

capacity of Cu to this protein or both. As a result of this, Cu is free in the 
plasma which easily enters the tissues (liver, brain, kidney), binds with the 
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proteins and gets deposited. The albumin bound Cu is either normal or 
increased.

2. Reduced intestinal excretion of Cu may be responsible for the 
occurrence of Wilson's disease.

Treatment consists of a diet low in Cu and judicious administration of 
D-penicillamine, which chelates Cu and is excreted in the urine, thus 
depleting the body of the excess of this mineral.

10. Iodine

The total body contains about 20 mg iodine (I), most of it (80%) being 
present in the thyroid gland. Muscle, salivary glands and ovaries also
contain some amount of I.

The normal concentration of plasma I is 4-10 μg/dL. Most of this is 
present as protein bound iodine (PBI) and represents the I contained in 
the circulating thyroid hormones. PBI level decreases in hypothyroidism 
and increases in hyperthyroidism. RBC do not contain I. 

Iodine as iodide is mainly absorbed from the small intestine. Normally, 
about 30% of dietary I is taken up by the intestinal cells. I absorption also 
occurs through skin and lungs. About 80% of body's I is stored in the
organic form as iodothyroglobulin (a glycoprotein) in the thyroid gland. 
This protein contains thyroxine, diiodotyrosine and triiodothyronine in 
different proportions. Excretion of I mostly occurs through kidney. It is 
also excreted through saliva, bile, skin, and milk (in lactating women).

Biochemical functions of iodine
The only known function of I is its requirement for the synthesis of 

thyroid hormones namely, thyroxine (T4) and triiodothyronine (T3). These 
hormones are involved in several biochemical functions. Functionally, T3 is 
more active than T4. 

Dietary requirements – adults – 100-150 μg/day, pregnant women –
200 μg/day. 

Sources – seafoods, drinking water, vegetables, fruits (grown on 
seaboard). 

Disease states 
The disorders of I metabolism – simple goiter and toxic goiter (see 

lecture "Thyroid hormones").

11. Manganese

The total body content of manganese (Mn) is about 15 mg. The liver 
and kidney are rich in Mn. Within the cells Mn is mainly found in the
nuclei in association with nucleic acids.
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Mn in the serum is bound to a specific carrier protein – transmagnanin
(β-globulin). The normal blood contains about 5-20 μg/dL. 

About 3-4% of dietary Mn is normally absorbed in the small intestine. 
Iron inhibits Mn absorption. 

Biochemical functions of manganese
1. Mn serves as a cofactor for several enzymes. These include arginase, 

pyruvate carboxylase, isocitrate dehydrogenase, superoxide dismutase 
(mitochondrial) and peptidase.

2. Mn is required for the formation of bone, proper reproduction and 
normal functioning of nervous system.

3. Mn is necessary for the synthesis of mucopolysaccharides and 
glycoproteins.

4. Hemoglobin synthesis involves Mn.
5. Mn inhibits lipid peroxidation.
6. Mn is necessary for cholesterol biosynthesis.
Dietary requirements – the exact requirement of Mn is not known.

About 2-9 mg/day is recommended for an adult.
Sources – cereals, nuts, leafy vegetables and fruits. Tea is a rich source 

of Mn.
Disease states
Mn deficiency in animals causes:
1. Retarded growth, bone deformities and, in severe deficiency, sterility.
2. Accumulation of fat in liver.
3. Increased activity of serum alkaline phosphatase.
4. Diminished activity of β-cells of pancreas (low insulin).

12. Zinc

The total content of zinc (Zn) in an adult body is about 2 g. Prostate 
gland is very rich in Zn (100 mg/g). Zn is mainly an intracellular element.

The concentration of Zn in serum is about 100 mg/dL. Erythrocytes 
contain higher content of Zn (1.5 mg/dL) which is found in association 
with the enzyme carbonic anhydrase. 

Zn is absorbed mainly in the duodenum. Zn from the animal sources is 
better absorbed than the vegetable sources. Zn absorption appears to be 
dependent on a transport protein – metallothionein. Phytate, calcium, 
copper and iron interfere while small peptides and amino acids promote Zn 
absorption. 

Biochemical functions of zinc
1. Zn is an essential component of several enzymes, e.g., carbonic 

anhydrase, alcohol dehydrogenase, alkaline phosphatase, 
carboxypeptidase, superoxide dismutase (cytosolic).
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2. Zn may be regarded as an antioxidant since the enzyme superoxide 
dismutase (Zn containing) protects the body against free radical damage.

3. The storage and secretion of insulin from the β-cells of pancreas 
require Zn.

4. Zn is necessary to maintain the normal levels of vitamin A in serum. 
Zn promotes the synthesis of retinol-binding protein.

5. Zn is required for wound healing. Zn enhances cell growth and 
division, besides stabilizing biomembranes.

6. Gusten, a zinc-containing protein of the saliva, is important for taste 
sensation.

7. Zn is essential for proper reproduction.
Dietary requirements – adult is 10-15 mg/day. It is increased (by about 

50%) in pregnancy and lactation.
Sources – meat, fish, eggs, milk, beans, nuts.
Disease states
1. Zn deficiency is associated with growth retardation, poor wound 

healing, anemia, loss of appetite, loss of taste sensation, impaired
spermatogenesis, etc. It is reported that Zn deficiency in pregnant animals 
causes congenital malformations of the fetus. Deficiency of Zn may result 
in depression, dementia and other psychiatric disorders. The 
neuropsychiatric manifestations of chronic alcoholism may be partly due to 
Zn deficiency. Acrodermatitis enteropathica is a rare inherited metabolic 
disease of Zn deficiency caused by a defect in the absorption of Zn from
the intestine.

2. Zn toxicity is often observed in welders due to inhalation of zinc 
oxide fumes. The manifestations of Zn toxicity include nausea, gastric 
ulcer, pancreatitis, anemia and excessive salivation.

13. Molybdenum

Molybdenum (Mo) is a constituent of the enzymes xanthine oxidase, 
aldehyde oxidase and sulfite oxidase. Nitrite reductase, containing Mo, is a
plant enzyme, required for nitrogen fixation. Dietary Mo is effectively
(60%-70%) absorbed by the small intestine. Some workers have reported 
that Mo decreases the mobilization and utilization of copper in the body.
The requirements of Mo are not clearly known. However, it is widely 
distributed in the natural foods.

Molybdenosis is a rare disorder caused by excessive consumption of 
Mo. Its manifestations include impairment in growth, diarrhea and anemia. 
Intestinal absorption of copper is diminished.
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14. Cobalt

Cobalt (Co) is only important as a constituent of vitamin B12 (see lecture 
"Water soluble vitamins"). Co content of vitamin B12 is about 4% by 
weight. The functions of Co are the same as that of vitamin B12.
Administration of Co stimulates the production of the hormone 
erythropoietin, which promotes erythropoiesis. Prolonged administration of 
Co is toxic as it results in polycythemia (increased RBC in blood).

15. Fluorine

Fluoride (F-) is mostly found in bones and teeth. The beneficial effects 
of F- in trace amounts are overshadowed by its harmful effects caused by 
excess consumption.

Biochemical functions of fluorine
1. F- prevents the development of dental caries. It forms a protective 

layer of acid resistant fluoroapatite with hydroxyapatite of the enamel and 
prevents the tooth decay by bacterial acids. Further, F- inhibits the bacterial
enzymes and reduces the production of acids.

2. F- is necessary for the proper development of bones.
3. F- inhibits the activities of certain enzymes. Sodium fluoride inhibits 

enolase (of glycolysis) while fluoroacetate inhibits aconitase (of citric acid 
cycle).

Dietary requirements – an intake of less than 2 ppm of F- will meet the 
daily requirements. 

Sources – drinking water is the main source.
Disease states
1. Dental caries. It is clearly established that drinking water containing 

less than 0.5 ppm of F- is associated with the development of dental caries 
in children.

2. Fluorosis. Excessive intake of F- is harmful to the body. An intake 
above 2 ppm (particularly > 5 ppm) in children causes mottling of enamel 
and discoloration of teeth. The teeth are weak and become rough with
characteristic brown or yellow patches on their surface. These 
manifestations are collectively referred to as dental fluorosis.

An intake of F- above 20 ppm is toxic and causes pathological changes 
in the bones. Hypercalcification, increasing the density of the bones of 
limbs, pelvis and spine, is a characteristic feature. Even the ligaments of 
spine and collagen of bones get calcified. Neurological disturbances also 
commonly observed. The manifestations described here constitute skeletal 
fluorosis advanced stages, the individuals are crippled cannot perform their 
daily routine work due joints. This condition of advanced fluorosis referred 
to as genu valgum.
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16. Selenium

Selenium (Se) was originally identified as an element that causes
toxicity to animals (alkali disease). Se in smaller amounts is biologically 
important.

Biochemical functions of selenium
1. Se, along with vitamin E, prevents the development of hepatic 

necrosis and muscular dystrophy.
2. Se is involved in maintaining structural integrity of biological 

membranes.
3. Se as selenocysteine is an essential component of the enzyme 

glutathione peroxidase. This enzyme protects the cells against the damage 
caused by H2O2. It appears from recent studies that selenocysteine is 
directly incorporated during protein biosynthesis. Therefore, selenocysteine 
is considered as a separate 21st amino acid.

4. Se prevents lipid peroxidation and protects the cells against the free 
radicals, including superoxide (O2

-).
5. Se protects animals from carcinogenic chemicals. However, the 

precise role of Se in humans with regard to cancer prevention is not clearly 
identified.

6. Se binds with certain heavy metals (Hg, Cd) and protects the body 
from their toxic effects.

7. A selenium containing enzyme 5'-deiodinase converts thyroxine to 
triiodothyronine in the thyroid gland.

8. Thioredoxin reductase, involved in purine nucleotide metabolism, is 
also a selenoprotein.

Dietary requirements – a daily intake of 50-200 mg of Se has been
recommended for adults. 

Sources – organ meats (liver, kidney) and seafoods.
Disease states 
Se deficiency in animals leads to muscular dystrophy, pancreatic 

fibrosis and reproductive disorders. In humans, Keshan disease, an endemic 
cardiomyopathy (in China) is attributed to the deficiency of Se. 
Epidemiological studies reveal that low serum Se levels are associated with 
increased risk of cardiovascular disease, and various cancers.

Selenosis is the toxicity due to very excessive intake of Se. The 
manifestations of selenosis include weight loss, emotional disturbances,
diarrhea, hair loss and garlic odor in breath. The compound dimethyl 
selenide is responsible for the garlic odor.
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17. Chromium

The total human body contains about 6 mg chromium (Cr). The Cr 
content of blood is about 20 μg/dL. 

Biochemical functions of chromium
1. In association with insulin, Cr promotes the utilization of glucose. Cr 

is a component of a protein namely chromodulin which facilitates the 
binding of insulin to cell receptor sites.

2. Cr lowers the total serum cholesterol level.
3. Cr is involved in lipoprotein metabolism. Cr decreases serum low 

density lipoproteins (LDL) and increases high density lipoproteins (HDL) 
and, thus, promotes health.

4. Cr is believed that Cr participates in the transport of amino acids into 
the cells (heart and liver).

Dietary requirements. The dietary requirement of Cr is not known. It
is estimated that an adult man consumes about 10 to 100 mg/day. 

Sources – brewer's yeast, grains, cereals, cheese and meat.
Disease states. Cr deficiency causes disturbances in carbohydrate, lipid 

and protein metabolisms. Excessive intake of Cr results in toxicity, leading
to liver and kidney damage.
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Lecture 13

BIOCHEMISTRY OF BLOOD

Blood consists of solid elements, the red (erythrocytes) and white 
(leukocytes) blood cells and the platelets (thrombocytes).

The plasma is the liquid medium of blood (55-60%), in which these 
cell components are suspended. Plasma consists of water, electrolytes, 
metabolites, nutrients, proteins, and hormones. The water and electrolyte 
composition of plasma is practically the same as that of all extracellular 
fluids. Laboratory determinations of serum levels of Na+, K+, Ca2+, Cl-, and 
CO2 and of blood pH are very important in assisting in the management of 
many patients. If blood containing anticoagulants (e.g., heparin, potassium 
oxalate) is centrifuged, the plasma separates out as a supernatant while the 
cells remain at the bottom. The packed cell volume or hematocrit is about 
45%. 

The term ′serum′ is applied to the liquid medium which separates out 
after the blood clots (coagulates). Serum lacks the clotting factors 
(including fibrinogen) that are normally present in plasma but have been 
consumed during the process of coagulation. Thus, the main difference 
between plasma and serum is the presence or absence of fibrinogen. 

Hemoglobin, albumin, immunoglobulins, and the various clotting 
factors are among the most studied of all proteins. Changes in the amounts 
of various plasma proteins occur in many diseases and can be monitored 
by electrophoresis. Alterations of the activities of certain enzymes found in 
plasma are of diagnostic use in a number of pathologic conditions. 
Hemorrhagic and thrombotic states can pose serious medical 
emergencies and thromboses in the coronary and cerebral arteries are 
major causes of death in many parts of the world. Rational management of 
these conditions requires a clear understanding of the bases of blood 
clotting and fibrinolysis.

The fundamental role that the blood plays in the maintenance of 
homeostasis and the ease with which blood can be obtained have meant 
that the study of its constituents has been of central importance in the 
development of biochemistry and clinical biochemistry. 

1. Functions of the blood

Blood and plasma in particular performs many several diversified 
functions that are absolutely critical for the maintenance of health. 

13
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The major functions of the blood

1. Respiration  transport of oxygen from the lungs to the tissues and 
of CO2 from the tissues to the lungs.

2. Nutrition  transport of absorbed food materials.
3. Excretion  transport of metabolic waste to the kidneys, lungs, skin, 

and intestines for removal.
4. Maintenance of normal acid-base balance in the body.
5. Regulation of water balance through the effects of blood on the 

exchange of water between the circulating fluid and the tissue fluid.
6. Regulation of body temperature by the distribution of body heat.
7. Defense against infection by the white blood cells and circulating 

antibodies. 
8. Transport of hormones and regulation of metabolism. 
9. Transport of metabolites. 

10. Coagulation.

2. Proteins of the blood

The concentration of total protein in human plasma is approximately 
65-85 g/l and comprises the major part of the solids of the plasma. The 
proteins of the plasma are actually a very complex mixture that includes
not only simple proteins, but also conjugated proteins such as 
glycoproteins and various types of lipoproteins. There are thousands of 
antibodies present in human plasma, although the amount of any one 
antibody is usually quite low under normal circumstances. 

The separation of individual proteins from a complex mixture is 
frequently accomplished by the use of various solvents or electrolytes (or 
both) to remove different protein fractions in accordance with their 
solubility characteristics. This is the basis of the so-called salting-out 
methods, which find some usage in the determination of protein fractions 
in the clinical laboratory. Thus, one can separate the proteins of the plasma 
into 3 major groups, fibrinogen, albumin, and globulins, by the use of 
varying concentrations of sodium or ammonium sulfate.

The most common method of analyzing plasma proteins is by 
electrophoresis. There are many types of electrophoresis, each using a 
different supporting medium. In clinical laboratories, cellulose acetate is 
widely used as a supporting medium. Its use permits resolution, after 
staining, of plasma proteins into 5 bands, designated albumin, α1-, α2-, β-, 
and γ-globulins, respectively. The stained strip of cellulose acetate (or
other supporting medium) is referred to as an electrophoretogram. The 
amounts of these 5 bands can be conveniently quantified by use of 
densitometric scanning machines.
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Blood plasma is by definition an intravascular fluid. On the arterial side 
of the circulation, the intravascular hydrostatic pressure generated by the 
heart and large vessels is 20-25 mm Hg greater than the hydrostatic 
pressure in the tissue spaces. In order to prevent too much intravascular 
fluid from being forced into the extravascular tissue spaces, the hydrostatic 
pressure is opposed by an intravascular colloid osmotic pressure generated 
by the plasma proteins. If the concentration of plasma proteins is markedly 
diminished (e.g., due to severe protein malnutrition), fluid is not attracted 
back into the intravascular compartment and accumulates in the 
extravascular tissue spaces, a condition known as edema. Edema has many 
causes; protein deficiency is one of them.

2.1. Albumin 

This is the major protein of human plasma (approximately 35-52 g/l), 
has a MW of approximately 69.000 and consists of a single polypeptide 
chain of 585 amino acids with 17 disulfide bonds. Albumin comprises 
some 60% of the total plasma protein. Some 40% of albumin is present in 
the plasma, and the other 60% is present in the extracellular space.

Albumin is exclusively synthesized by the liver. For this reason, 
measurement of serum albumin concentration is conveniently used to 
assess liver function (synthesis decreased in liver diseases). The liver 
produces about 12 g of albumin per day, representing about 25% of total 
hepatic protein synthesis and half of all of its secreted protein. 

Albumin is initially synthesized as a preproprotein. Its signal peptide 
is removed as its passes into the cistern of the rough ER, and a hexapeptide 
at the resulting N-terminus is subsequently cleaved off further along the 
secretory pathway. 

The synthesis of albumin is depressed in a variety of diseases, 
particularly those of the liver. The plasma of patients with liver disease 
often shows a decrease in the ratio of albumin to globulins (decreased A/G 
ratio). The synthesis of albumin decreases relatively early in conditions of 
protein malnutrition, such as kwashiorkor.

Electrophoretic studies have shown that the plasma of certain humans 
lacks albumin. These subjects are said to exhibit analbuminemia. One 
cause of this condition is a mutation that affects splicing. Subjects with 
analbuminemia show only moderate edema, despite the belief that albumin 
is the major determinant of plasma osmotic pressure. It is thought that the 
amounts of the other plasma proteins increase and compensate for the lack 
of albumin.
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Functions of albumin

Plasma albumin performs osmotic, transport and nutritive functions.
1. Osmotic function – albumin is responsible for 75-80% of the 

osmotic pressure of human plasma (25 mm Hg) because of its relatively 
low MW and high concentration. Thus, albumin plays a predominant role 
in maintaining blood volume and body fluid distribution. Decrease in 
plasma albumin level results in a fall in osmotic pressure, leading to 
enhanced fluid retention in tissue spaces, causing edema. The edema 
observed in kwashiorkor, is attributed to a drastic reduction in plasma 
albumin level.

2. Transport function – plasma albumin binds various biochemically 
important compounds and transports them in the circulation. These include
free fatty acids, Ca, Zn, I, certain steroid hormones, vitamin D, bilirubin, 
and some of the plasma tryptophan. In addition, albumin binds 
approximately 10% of the plasma Cu, the rest being attached to 
ceruloplasmin. A variety of drugs, including sulfonamides, penicillin G, 
dicoumarol, and aspirin, are bound to albumin; this has important 
pharmacologic implications. Albumin, binding to certain compounds in the 
plasma, prevents them from crossing the blood-brain barrier e.g., albumin-
bilirubin complex, albumin-free fatty acid complex.

3. Nutritive function – albumin serves as a source of amino acids for 
tissue protein synthesis to a limited extent, particularly in nutritional 
deprivation of amino acids.

4. Buffering function – among the plasma proteins, albumin has the 
maximum buffering capacity. However, the buffering action of albumin in 
plasma is not significant compared to bicarbonate buffer system.

Clinical significance of albumin

1. Hypoalbuminemia (lowered plasma albumin) is observed in 
malnutrition, nephrotic syndrome and cirrhosis of liver.

2. Albumin is excreted into urine (albuminuria) in nephrotic syndrome 
and in certain inflammatory conditions of urinary tract. Microalbuminuria 
(30-300 mg/day) is clinically important for predicting the future risk of 
renal diseases. 

3. Albumin is therapeutically useful for the treatment of burns and 
hemorrhagic shock.

2.2. Globulins

Globulins constitute several proteins that are separated into 4 distinct 
bands (α1, α2, β and γ) on electrophoresis. 
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Concentration of globulins in blood is approximately 20-30 g/l. 
Globulins dissolve in the presence of salts. They have a MW of 
approximately 75.000. Almost all globulins are synthesized by the liver, 
-globulins are synthesized by reticuloendothelial cells.

Functions of globulins

1. Osmotic function – globulins are bigger in size molecules when 
compared with albumin. Hence the contribution of globulins to osmotic 
pressure is less than that of albumin.

2. Transport function (globulins act as specific transporters):
• Lipoproteins transfer lipids; 
• Cortisol-binding globulin (α1-globulin) transfers steroid hormones;
• Testosterone-estradiol-binding globulin transfers sex hormones;
• Transcobalamin II transfers vitamin B12; 
• Thyroxine-binding globulin (α1-globulin) transfer thyroid 

hormones; 
• Transferrin (β-globulin) transfers Fe; 
• Ceruloplasmin (α2-globulin) transfers Cu.

3. Maintenance of PH.
4. Protective function (e.g., immunoglobulins). 
5. Coagulation (e.g., fibrinogen).

Clinical significance of globulins

The α1-globulin is increased in acute infections like pneumonia, 
cholera, acute meningitis; α2-globulin is increased in nephrotic syndrome, 
diabetes mellitus, pulmonary tuberculosis; β-globulins are increased in 
diabetes mellitus; γ-globulins are proteins functioning as antibodies 
(immunoglobulins). They are increased in infective hepatitis, cirrhosis of 
liver, and chronic infections like malaria. 

The important globulins are discussed hereunder.

2.2.1. Transferrin

Transferrin (Tf) is a β1-globulin of approximately 80.000 MW. It is a 
glycoprotein and is synthesized in the liver. More than 20 polymorphic 
forms of Tf have been found. Tf plays a central role in the body's 
metabolism of iron because it transports iron (2 moles of Fe3+ per mole of 
Tf) in the circulation to sites where iron is required, e.g., from the gut to the 
bone marrow and other organs. Iron is very important in the human body, 
because of its occurrence in many hemoproteins, such as hemoglobin, 
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myoglobin, and the cytochromes (see lecture "Mineral metabolism"). 
Approximately 20 ml of red blood cells are catabolized per day, releasing 
some 25 mg of iron into the body. Free iron is toxic, but association with 
Tf diminishes its potential toxicity and also directs iron to where it is 
required in the body. 

The concentration of Tf in plasma is approximately 300 mg/dl. This 
amount of Tf can bind some 300 μg of iron per deciliter, so that this 
represents the total iron-binding capacity of plasma. However, the protein 
is normally only one-third saturated with iron (30-35%). In iron-deficiency 
anemia, the protein is even less saturated with iron, whereas in conditions 
of storage of excess iron in the body (e.g., hemochromatosis) the saturation 
with iron is much greater than one-third.

There are receptors on the surfaces of many cells for Tf. The protein 
binds to these receptors and is internalized by receptor-mediated 
endocytosis. The acid pH inside the lysosome causes the iron to dissociate 
from the protein. However, unlike the protein component of LDL, apoTf is 
not degraded within the lysosome. Instead, it remains associated with its 
receptor, returns to the plasma membrane, dissociates from its receptor, 
reenters the plasma, picks up more iron, and again delivers the iron to 
needy cells.

2.2.2. Ceruloplasmin

Ceruloplasmin is a copper-containing α2-globulin of approximately 
160.000 MW, with a concentration in plasma of approximately 30 mg/dl. 
Ceruloplasmin is synthesized in the liver. 

It has a blue color because of its copper content and carries 90% of the 
copper present in plasma. Each molecule of ceruloplasmin binds six atoms 
of copper very tightly, so that the copper is not readily exchangeable. This 
binding is rather tight and, as a result, copper from ceruloplasmin is not 
readily released to the tissues. Albumin carries the other 10% of the plasma 
copper. However, the tightness of binding of copper to albumin is less than 
that of the copper bound to ceruloplasmin. Consequently, albumin donates 
its copper to tissues more readily than ceruloplasmin and appears to be 
more important than ceruloplasmin in copper transport in the human body. 

Ceruloplasmin exhibits an oxidase activity, but its significance is not 
clear. The amount of ceruloplasmin in plasma is decreased in liver disease. 
Ceruloplasmin bears a special relationship to Wilson's disease
(hepatolenticular degeneration), although it appears unlikely that the 
primary cause of this disease is an abnormality of ceruloplasmin. Wilson's 
disease is discussed under copper metabolism (see lecture "Mineral 
metabolism").
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2.2.3. Acute phase proteins

Acute phase response refers to a non-specific response to the stimulus 
of infection, injury, various inflammatory conditions (affecting 
tissue/organs), cancer, etc. This phase is associated with a characteristic 
pattern of changes in certain plasma proteins, collectively referred to as 
acute phase proteins e.g., α1-antitrypsin, haptoglobin, C-reactive protein. 
During the acute phase, synthesis of certain plasma proteins decreases, and 
they are regarded as negative acute phase reactants e.g., albumin, 
transferrin.

C-reactive protein (CRP) is a major component of acute phase proteins. 
It is produced in the liver and is present in the circulation in minute 
concentration (<1 mg/dl). C-reactive protein (C strands for ′carbohydrate′
to which it binds on the capsule of pneumococi) is involved in the 
promotion of immune system through the activation of complement 
cascade. Estimation of CRP in serum is important for the evaluation of 
acute phase response and to make a diagnosis of inflammatory and
oncological diseases. In a normal surgery, serum CRP increases and 
returns to normal level within 7-10 days. If the recovery is complicated by 
any infection, it will be reflected by the continuous elevation of CRP which 
requires further treatment.

α1-Antitrypsin (α1-AT) more recently called as α1-antiproteinase, and 
this name is retained here. It is a glycoprotein with 394 amino acids and a 
MW of approximately 45.000. It is the major component of the α1-globulin 
fraction of human plasma with a normal concentration of about 200 mg/dl. 
α1-AT is a serine protease inhibitor. It inhibits trypsin, elastase, and certain 
other proteases by forming complexes with them. It is synthesized in the 
liver. A deficiency of this protein has a role in certain cases (approximately 
5%) of emphysema and in one type of cirrhosis.

Haptoglobin (Hp) is a plasma glycoprotein with an approximate MW of 
90.000. Hp is an acute phase protein since its plasma concentration is 
increased in several inflammatory conditions. 

The amount of Hp in human plasma ranges from 40 to 180 mg of 
hemoglobin-binding capacity per deciliter. Approximately 10% of the 
hemoglobin (Hb) that is degraded each day due to hemolysis is released 
into the circulation, and is thus extra-corpuscular (free). The other 90% is 
present in old, damaged red blood cells, which are degraded by cells of the 
histiocytic system. 

Hp binds with the extra-corpuscular Hb in a tight noncovalent complex 
(Hb-Hp). The Hp-Hb complex (MW = 155.000) cannot pass through 
glomeruli of kidney, while free Hb (MW = 65.000) can. Hp, therefore, 
prevents the loss of free Hb into urine. This conserves the valuable iron 
present in Hb, which would otherwise be lost to the body.
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The levels of Hp in human plasma vary and are of some diagnostic use. 
Low levels of Hp are found in patients with hemolytic anemia. This is 
explained by the fact that whereas the half-life of Hp is approximately 5 
days, the half-life of the Hb-Hp complex is some 90 min, the complex 
being rapidly removed from plasma by hepatocytes. Thus, when Hp is 
bound to Hb, it is cleared from the plasma some 80 times faster than 
normally. Accordingly, the level of Hp falls rapidly in situations where Hb 
is constantly being released from red blood cells, such as occur in 
hemolytic anemia. 

2.2.4. α2-Macroglobulin

α2-Macroglobulin is a high molecular weight (800.000) protein and is 
a major constituent of α2-fraction. α2-Macroglobulin inhibits protease
activity and serves as an anticoagulant. Its concentration in plasma is 
elevated in nephrotic syndrome. This is due to the fact that majority of the 
low molecular weight proteins are lost in urine (proteinuria) in this 
disorder.

2.2.5. Immunoglobulins

The higher vertebrates, including man, have evolved a defense system 
to protect themselves against the invasion of foreign substances ‒ a virus, a 
bacterium or a protein. The defense strategies of the body are collectively
referred to as immunity, and are briefly described under immunology. 
Immunoglobulins (or antibodies) are described here. Immunoglobulins a 
specialized group of proteins are mostly associated with γ-globulin fraction 
(on electrophoresis) of plasma proteins. Some immunoglobulins however,
separate along with β and α-globulins. Therefore, it should be noted that 
γ-globulin and immunoglobulin are not synonymous. ′Immunoglobulin′ is a
functional term while ′γ-globulin′ is a physical term.

All the immunoglobulin (Ig) molecules basically consist of two 
identical heavy (H) chains (MW = 53.000 to 75.000 each) and two identical 
light (L) chains (MW = 23.000 each) held together by disulfide linkages 
and noncovalent interactions. Thus, immunoglobulin is tetramer (H2L2). 
Each heavy chain contains approximately 450 amino acids while each light 
chain has 212 amino acids. The heavy chains of Ig are linked to
carbohydrates, hence immunoglobulins are glycoproteins.

Humans have five classes of immunoglobufins, namely IgG, IgA, IgM, 
IgD and IgE, containing the heavy chains γ, α, μ, δ and ε, respectively. 
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2.2.6. Albumin/globulin (A/G) ratio

The albumin concentration of plasma is 35 to 52 g/l while that of total 
globulins is 20 to 30 g/l. The normal A/G ratio is 1.2 to 1.5/1. The A/G 
ratio is lowered either due to decrease in albumin or increase in globulins, 
as found in the following conditions:

1. Decreased synthesis of albumin by liver usually found in liver 
diseases and severe protein malnutrition.

2. Excretion of albumin into urine in kidney damage.
3. Increased production of globulins associated with chronic infections, 

multiple myelomas, etc. 

2.3. Hemoglobin

Hemoglobin (Hb) is the red blood pigment, exclusively found in 
erythrocytes (Greek: ″erythrose″ – red; ″kytos″ – a hollow vessel). The
normal concentration of Hb in blood in males is 130-170 g/l, and in 
females 120-150 g/l.

Hb (MW = 65.000) is a conjugated protein, containing globin
(apoprotein part) and heme (non-protein part; prosthetic group).

Globin consists of four polypeptide chains of two different primary
structures. The common form of adult hemoglobin (HbA1) (Fig.1) is 
made up of two α-chains and two β-chains (α2β2). α-Chain contains 141
amino acids while β-chain contains 146 amino acids. Thus, HbA1 has a 
total of 574 amino acid residues. The four subunits of Hb are held together 
by non-covalent interactions primarily hydrophobic, ionic and hydrogen 
bonds. Each subunit contains a heme group.

(http://pediaa.com)

Fig. 1. Hemoglobin A. 

http://pediaa.com
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The characteristic red colour of Hb (ultimately blood) is due to heme. 
Heme contains a porphyrin molecule namely protoporphyrin IX, with iron 
(Fe2+) at its center. Protoporphyrin IX consists of four pyrrole rings to 
which four methyl, two propionyl and two vinyl groups are attached
(Fig.2). 

Fig. 2. Structure of the heme. 

Four of the six coordination sites of the iron in Hb are occupied by the 
nitrogen atoms of the pyrrol rings, and another is occupied by a histidine 
residue of the globin (the proximal histidine). The iron's sixth site is 
coordinated with oxygen in oxyhemoglobin and with H2O in 
deoxyhemoglobin. 

2.3.1. Types of hemoglobin

Besides the adult hemoglobin HbA1 (90% of total Hb), composed of 
two α and two β chains (α2β2), other minor Hb are also found in humans. In 
adults a small fraction (<5%) of Hb, known as HbA2 with a higher O2

affinity is present. HbA2 is composed of two α and two δ (delta) chains
(α2δ2). 

Fetal hemoglobin (HbF) is synthesized during the fetal development
and a little of it may be present even in adults (<2%). HbF is gradually 
replaced by HbA during the first few months of life. It is composed of two 
α and two γ chains (α2γ2). Embryonic hemoglobin (HbE) is composed of 
two α and two ε (epsilon) chains (α2ε2). Embryonic and fetal hemoglobins 
have higher O2 affinities than HbA, as they have to take up oxygen from 
the maternal circulation.

Glycosylated hemoglobin (HbA1C), formed by covalent binding of 
glucose (α2β2-glucose) is also found in low concentration (<5%). It is 
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increased in diabetes mellitus which is successfully utilized for the 
prognosis of these patients.

2.3.2. Functions of hemoglobin

Hb is largely responsible for the transport of O2 from lungs to tissues. It 
also helps to transport CO2 from the tissues to the lungs.

Binding of O2 to hemoglobin
One molecule of Hb (with four hemes) can bind with four molecules of 

O2. This is in contrast to myoglobin (with one heme) which can bind with 
only one molecule of oxygen. In other words, each heme moiety can bind 
with one O2.

Myoglobin (Mb) is monomeric oxygen binding hemoprotein found in 
heart and skeletal muscle. It has a single polypeptide chain with heme 
moiety. Mb structurally resembles the individual subunits of Hb molecule. 
For this reason, the more complex properties of Hb have been conveniently 
elucidated through the study of Mb. Mb functions as a reservoir for 
oxygen. It further serves as oxygen carrier that promotes the transport of 
oxygen to the rapidly respiring muscle cells. 

The binding ability of Hb with O2 at different partial pressures of 
oxygen (pO2) can be measured by a graphic representation known as O2 

dissociation curve. The curves obtained for Hb and Mb are depicted in 
Fig. 3.

(Satyanarayana U. Biochemistry, 3 ed., Books and Allied (P) Ltd., 2007)

Fig. 3. Oxygen dissociation curves of hemoglobin and myoglobin. 
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It is evident from the graph that Mb has much higher affinity for O2

than Hb. Hence O2 is bound more tightly with Mb in than with Hb. Further, 
pO2 needed for half saturation (50% binding) of Mb is about l mm Hg 
compared to about 26 mm Hg for Hb. 

The oxygen dissociation curve for Hb is sigmoidal in shape (Fig.3).
This indicates that the binding of oxygen to one heme increases the binding 
of oxygen to other hemes. Thus, the affinity of Hb for the last O2 is about 
100 times greater than the binding of the first O2 to Hb. This phenomenon 
is referred to as cooperative binding of O2 to Hb or simply heme-heme 
interaction. On the other hand, release of O2 from one heme facilitates the 
release of O2 from others. In short, there is a communication among heme 
groups in the Hb function.

Transport of O2 to the tissues
In the lungs, where the concentration of O2 is high (hence high pO2), 

the Hb gets fully saturated (loaded) with O2 (oxyhemoglobin). Conversely, 
at the tissue level, where the O2 concentration is low (hence low pO2), the 
oxyhemoglobin releases (unloads) its O2 for cellular respiration. This is
often mediated by binding O2 to myoglobin which serves as the immediate 
reservoir and supplier of O2 to the tissues.

Transport of CO2 by hemoglobin
Transport of CO2 by Hb in aerobic metabolism, for every molecule of

O2 utilized, one molecule of CO2 is liberated. 
Hb actively participates in the transport of CO2 from the tissues to the 

lungs. About 15% of CO2 carried in blood directly binds with Hb. The rest 
of the tissue CO2 is transported as bicarbonate (HCO3

-). Carbon dioxide 
molecules are bound to the uncharged α-amino acids of Hb to form 
carbamylhemoglobin:

Hb-NH2 + CO2  Hb-NH-COO- + H+

Hb also helps in the transport of CO2 as bicarbonate. As the CO2 enters
the blood from tissues, the enzyme carbonic anhydrase present in
erythrocytes catalyses the formation of carbonic acid (H2CO3).

Bicarbonate (HCO3
-) and proton (H+) are released on dissociation of 

carbonic acid. Hb acts as a buffer and immediately binds with protons. It is 
estimated that for every 2 protons bound to Hb, 4 oxygen molecules are 
released to the tissues. 

In the lungs, binding O2 to Hb results in the release of protons. The 
bicarbonate and protons combine to form carbonic acid. The latter is acted 
upon by carbonic anhydrase to release CO2, which is exhaled.
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2.3.3. Bohr effect

The binding of oxygen to Hb decreases with increasing H+

concentration (lower pH) or when the Hb is exposed to increased partial
pressure of CO2 (pCO2). This phenomenon is known as Bohr effect. It is 
due to a change in the binding affinity of oxygen to Hb.

Bohr effect is primarily responsible for the release of O2 from the 
oxyhemoglobin to the tissue. This is because of increased pCO2 and
decreased pH in the actively metabolizing cells.

The Bohr effect may be simplified as follows
HbO2 + H+  HbH+ + O2

Any increase in protons and/or lower pO2 shifts the equilibrium to the 
right to produce deoxyhemoglobin as happens in the tissues. On the other 
hand, any increase in pO2 and/or a decrease in H+ shifts the equilibrium to 
the left, which occurs in lungs. When CO2 binds to Hb, 
carbamylhemoglobin is produced. This causes the removal of protons from 
the terminal NH2 group. Therefore, the binding of CO2 promotes the 
release of oxygen (in tissues). On the other hand, when Hb is oxygenated in 
lungs, CO2 is released.

2.3.4. Hemoglobin derivatives

Hemoglobin (specifically heme) combines with different ligands and 
forms hemoglobin derivatives. The hemoglobin derivatives have 
characteristic colour and they can be detected by absorption spectra.

The normal blood contains oxyhemoglobin (oxyHb) and 
deoxyhemoglobin (deoxyHb). When O2 binds to the heme iron (oxyHb) 
and when O2 is released (deoxyHb), the oxidation stage of the iron does not 
change. 

Besides these, methemoglobin and carboxyhemoglobin are the other
important hemoglobin derivatives.

Methemoglobin. For the biological function of Hb  to carry oxygen 
the iron should remain in the ferrous (Fe2+) state. In normal circumstances 
molecular oxygen does not oxidize Hb, it only loosely binds to form 
oxyhemoglobin. Oxidation of Fe2+ to Fe3+ only occurs occasionally and Hb
(Fe2+) is oxidized to methemoglobin (metHb) (Fe3+). The proportion of 
metHb is 1-2%. The metHb (with Fe3+) is unable to bind to O2. Instead, a 
water molecule occupies the oxygen site in the heme of metHb. 

The oxidation of Hb to metHb may be caused in the living system by 
H2O2, free radicals and drugs. 
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In normal circumstances the occasional oxidation of Hb is corrected by 
the enzyme methemoglobin reductase present in erythrocytes.

MetHb (Fe3+) + NAD(P)H  Hb (Fe2+) + NAD(P)+

The reduction of metHb to Hb also is carried out by glutathione (G-SH) 
or ascorbate (AH) by a non-enzymatic pathway.

MetHb (Fe3+) + 2 G-SH (or AH)  Hb (Fe2+) + GSSG (or A-)

Carboxyhemoglobin. Carbon monoxide (CO) is a toxic compound (an 
industrial pollutant) that can bind with Hb in the same manner as O2 binds. 
Carboxyhemoglobin is formed. CO has about 200 times more affinity than 
O2 for binding with Hb.

Clinical manifestations of CO toxicity are observed when the 
carboxyhemoglobin concentration exceeds 20%. The symptoms include 
headache, nausea breathlessness, vomiting and irritability. Administration
of O2 through oxygen masks will help to reverse the manifestations of CO 
toxicity. 

2.3.5. Hemoglobinopathies

Hemoglobinopathies is a term used to describe the disorders caused by 
the synthesis of abnormal hemoglobin molecule or the production of 
insufficient quantities of normal hemoglobin or rarely both. Thalassemias,
on the other hand, are caused by decreased synthesis of normal 
hemoglobin.

Sickle-cell anemia is the classical example of abnormal hemoglobins. 
Sickle-cell anemia is so named because the erythrocytes of these patients
adopt a sickle shape (crescent-like) at low oxygen concentration.

In case of sickle-cell anemia, the hemoglobin has two normal α-globin 
chains and two abnormal (mutant) β-globin chains (HbS). This is due to a 
difference in a single amino acid. In HbS glutamate at sixth position of 
β-chain is replaced by valine (Glu β6 → Val). Glutamate is a polar amino 
acid and it`s replacing by a non-polar valine causes a marked decrease in
the solubility of HbS in deoxygenated form. However, solubility of 
oxygenated HbS is unaffected.

Sickle-cell anemia provides resistance to malaria. The malarial parasite 
spends a part of its life cycle in erythrocytes. Increased lysis of sickled cells
(shorter life span of erythrocytes) interrupts the parasite cycle. Sickle-cell
anemia appears to be an adaptation for the survival of the individuals in 
malaria infested regions.

Thalassemias are a group of hereditary hemolytic disorders 
characterized by impairment/imbalance in the synthesis of globin chains of 
hemoglobin. Thalassemias (Greek: ″thalassa″ – sea) mostly occur in the 
regions surrounding the Mediterranean sea, hence the name.
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Thalassemias are characterized by a defect in the production of α- or β-
globin chains. There is however, no abnormality in the amino acids of the 
individual chains. α-Thalassemias are caused by a decreased synthesis or
total absence of α-globin chain of hemoglobin. Decreased synthesis or total 
lack of the formation of β-globin chain causes β-thalassemias.

3. Heme synthesis 

Heme is the most important porphyrin containing compound. It is 
primarily synthesized in the liver and the erythrocyte-producing cells of 
bone marrow (erythroid cells). Heme production in the liver is required for 
the formation of hemoproteins (e.g., cytochrome P-450 involved in 
detoxification) while in the erythroid cells, it is necessary for the synthesis 
of hemoglobin. Heme synthesis also occurs to some extent in other tissues.
However, mature erythrocytes lacking mitochondria are a notable 
exception.

3.1. Biosynthesis of heme occurs in the following stages

1. Formation of δ-aminolevulinate. Glycine, a non-essential amino 
acid and succinylCoA, an intermediate in the citric acid cycle, are the
starting materials for porphyrin synthesis. Glycine combines with 
succinylCoA to form δ-aminolevulinate. This reaction catalyzed by a 
pyridoxal phosphate dependent δ-aminolevulinate synthase occurs in the
mitochondria (Fig.4). It is a rate-controlling step in porphyrin synthesis.

2. Synthesis of porphobilinogen. Two molecules of δ-aminolevulinate 
condense to form porphobilinogen in the cytosol. This reaction is catalyzed 
by a Zn-containing enzyme δ-aminolevulinate dehydratase (Fig.4). It is 
sensitive to inhibition by heavy metals such as lead.

3. Formation of porphyrin ring and synthesis of
protoporphyrin IX. Porphyrin synthesis occurs by condensation of four 
molecules of porphobilinogen. The four pyrrole rings in porphyrin are 
interconnected by methylene (-CH2) bridges derived from α-carbon of 
glycine. By condensation of porphobilinogen followed by ring closure and
isomerization, uroporphyrinogen is produced which in turn undergo a 
series of reactions to form protoporphyrin IX (Fig.4).

4. Synthesis of heme from protoporphyrin IX. The incorporation of 
ferrous iron (Fe2+) into protoporphyrin IX is catalyzed by the enzyme
ferrochelatase or heme synthetase (Fig.4). This enzyme can be inhibited by 
lead. It is found that the induction of Fe2+ into protoporphyrin IX can occur 
spontaneously but at a slow rate.
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Fig. 4. Biosynthesis of heme.

3.2. Regulation of heme synthesis

Two different mechanisms exist for the regulation of heme biosynthesis 
in the liver and the erythroid cells.

The first committed step in heme biosynthesis catalyzed by 
δ-aminolevulinate (ALA) synthase, is regulatory. Heme or its oxidized 
product hemin (Fe3+) controls this enzyme activity.

The activity of ALA synthase is markedly increased by the 
administration of a large number of drugs e.g., phenobarbital, insecticides, 
carcinogens, etc. This is expected since these compounds are mostly 
metabolized by a heme-containing protein, cytochrome P-450. On 
administration of drugs, cellular levels of heme are depleted due to its 
increased incorporation into cytochrome P-450. The reduced heme 
concentration increases the synthesis (derepression) of ALA synthase to 
meet the cellular demands.

The enzyme ALA synthase does not appear to control the heme 
synthesis in the erythroid cells. Uroporphyrinogen synthase and 
ferrochelatase mostly regulate heme formation in these cells. Further, the 
cellular uptake of iron also influences heme synthesis. It is observed that
heme stimulates globin synthesis. This ensures that heme and globin 
synthesis occur in the right proportion to finally form hemoglobin.
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3.3. Disorders of heme synthesis

Porphyrias are the metabolic disorders of heme synthesis,
characterized by the increased excretion of porphyrins or porphyrin
precursors. Porphyrias are either inherited or acquired.

4. Metabolism of red blood cells

Red blood cells (RBCs) contain about 35% solids. Hemoglobin is the 
chief protein of the red cells. Other proteins are present in combination 
with lipids and oligosaccharide chains, forming the stroma and cell 
membrane. Potassium, magnesium, and zinc concentrations in red cells are 
much higher than in the plasma. RBCs contain no cell organelles (as Golgi, 
endoplasmic reticulum or lysosomes) and thus possess no synthetic 
activities (no protein biosynthesis, no lipid synthesis and no carbohydrate 
synthesis). RBCs contain no mitochondria, so there is no respiratory chain, 
no citric acid cycle, and no oxidation of fatty acids or ketone bodies. 

The RBC is highly dependent upon glucose as its energy source. 
Glucose is metabolized in RBCs through anaerobic glycolysis (that 
requires no mitochondria and no oxygen). Energy in the form of 
2 molecules of ATP is obtained by one anaerobic glycolytic pathway. In 
addition, 2 molecules of lactate are produced. Lactate is transported to 
blood, and in the liver it is converted to glucose. ATP produced being used 
for keeping the biconcave shape of RBCs and in the regulation of transport 
of ions and water in and out of RBCs.

Glucose is transported through RBC membrane by facilitated diffusion 
through glucose transporters (GLUT-1). GLUT-1 are independent on 
insulin i.e., insulin does not promote glucose transport to RBCs. Insulin
functions by generating a gated pore in the membrane to permit passage of 
glucose.

Importance of anaerobic glycolysis in red cells: 
1. Glycolysis is the only pathway that supplies the red cells with ATP. 

The ATP formed during anaerobic glycolysis serves mainly to supply 
Na+/K+ATPase, which maintains the erythrocyte membrane potential. 

2. Glycolysis provides NADH for reduction of methemoglobin by 
NADH-cytochrome b5-reductase.

3. In RBCs, some of glycolysis pathways are modified so that 2,3-
bisphosphoglycerate (2,3-BPG) is formed (by bisphosphoglycerate 
mutase). 2,3-BPG binds to hemoglobin, decreasing its affinity for O2. So, it 
helps oxyhemoglobin to unload oxygen in tissues. Storing blood results in 
decrease of 2,3-BPG leading to high oxygen affinity hemoglobin. 

Genetic defects of one of the enzymes of glycolysis in RBCs results in a 
reduce rate of glycolysis in RBCs and by this way deprive RBCs of the 
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only means for producing energy. As a result, hemolytic anemia will be a 
consequence as RBCs will not be able to keep the biconcave flexible shape 
which allows it to squeeze through narrow capillaries with an end result of 
hemolysis (destruction of RBCs).

RBCs contain an active pentose phosphate pathway (PPP) for glucose 
that supplies NADPH (PPP is the only source for NADPH in RBCs).
NADPH is important in keeping glutathione in the reduced glutathione. 
Reduced glutathione plays a very important role in the survival of the RBC
(prevents oxidation of membrane).

Glucose-6-phosphate dehydrogenase is the first enzyme of PPP and its 
deficiency leads to reduced production of NADPH ending in acute 
hemolytic anemia.

The erythrocytes contain carbonic anhydrase. Carbon dioxide 
combines with water only after it enters the red cells where hemoglobin, 
the most important buffer for carbonic acid, is present. 

CO2 + H2O  HCO3
- + H+

The red cell also contains rhodanese enzyme responsible for the 
detoxification of cyanides.

Protection of red blood cells from oxidative stress and damage 

The erythrocytes are exposed to high concentrations of O2 and are 
therefore particularly at risk from reactive oxygen species (ROS):

1. Superoxide radical (O2
-),

2. Peroxide anion (HO2
2-), 

3. Hydrogen peroxide (H2O2),
4. Hydroxy radical (OH•). 
These substances are powerful oxidation agents or extremely reactive 

free, which damage cellular structures and functional molecules. OH• is a 
particularly reactive molecule and can react with proteins, nucleic acids, 



Biochemistry of blood.

203

lipids, and other molecules to alter their structure and produce tissue 
damage.

The synthesis of ROS can be catalyzed by iron ions:
Нb(Fе2+) + О2  МеtНb(Fе3+) + О2

–

Erythrocytes have systems that can inactivate ROS (Fig.5): 
1. Superoxide dismutase
2. Catalase
3. Glutathione peroxidase. 
The enzyme glutathione peroxidase detoxifies H2O2, which arise during 

the reaction of ROS with unsaturated fatty acids in the erythrocyte 
membrane.

Fig. 5. Systems inactivating reactive oxygen species.
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Lecture 14

BIOCHEMISTRY OF LIVER

The liver is of vital importance in intermediary metabolism and in the 
detoxification and elimination of toxic substances.

The liver weighs about 1.5 kg, and is thus one of the largest organs in 
the human body. Despite the fact that it constitutes only 2-3% of the body 
mass, it accounts for 20-30% of the total oxygen consumption.

1. Functions of the liver 

Liver performs several diversified functions. It is the central organ of 
body's metabolism.

1. The uptake of nutrients delivered from the gastrointestinal tract, 
pancreas, spleen via the portal vein.

2. Biosynthesis of endogenous compounds (plasma proteins) and 
storage (glycogen, lipid soluble vitamins, B6, B12, Cu and Fe).

3. Synthesis, storage, interconversion, and degradation of 
metabolites (metabolism).

4. Transformation (biotransformation) and degradation of 
endogenous substances to excretable molecules (detoxification of 
xenobiotics).

5. Regulated supply of energy-rich intermediates and building blocks 
for biosynthetic reactions.

6. Excretion of bile pigments, bile salts and cholesterol in the bile into 
intestine.

7. Protective functions (Kupffer cells perform phagocytosis to 
eliminate foreign compounds).

8. Maintenance of sufficient plasma levels of the metabolites 
(homeostasis).

2. Liver metabolism

The liver is involved in the metabolism of practically all groups of 
metabolites (Fig.1). Its functions primarily serve to cushion fluctuations in 
the concentration of these substances in the blood, in order to ensure a 
constant supply to the peripheral tissues (homeostasis). Liver cannot 
efficiently use glucose or ketone bodies as fuel. Liver prefers fatty acids 
and α-keto acids as a source of energy for its activities.

14



Biochemistry of liver.

205

The primary function of liver is the maintenance of homeostasis by:
1. Metabolism of carbohydrates;
2. Metabolism of lipids;
3. Metabolism of amino acids and proteins;
4. Biotransformations.

(https://www.chegg.com)

Fig. 1. Role of liver in metabolism.

2.1. Metabolism of carbohydrates

Besides fatty acids and ketone bodies, glucose is the body′s most 
important energy supplier. The concentration of glucose in the blood (the 
"blood glucose level") is maintained at 3.6-6.11 mM/l by precise regulation 
of glucose-supplying and glucose-utilizing processes. Glucose suppliers 
include the intestines (glucose from food), liver, and kidneys. The liver 
plays the role of a "glucostat".

The liver takes up 2/3 of glucose and other monosaccharides (fructose 
and galactose) from the plasma. These sugars are then converted to 
glucose-6-phosphate and other intermediates of glycolysis (then they are 
either stored in the form of the polysaccharide glycogen or degraded). 
Excess of glucose-6-phosphate is converted to acetylCoA for the synthesis 
of fatty acids, cholesterol and bile salts. Only the small fraction of glucose-
6-phosphate is used for liver itself for ATP formation. The liver has an 

https://www.chegg.com
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active pentose phosphate pathway that supplies NADPH for reductive 
biosynthesis. When there is a drop in the blood glucose level, the liver 
releases glucose again by breaking down glycogen (glycogenolysis). If the 
glycogen store is exhausted, glucose can also be synthesized by 
gluconeogenesis from lactate produced in erythrocytes and in muscles by 
anaerobic glycolysis, glycerol produced in adipose tissue by degradation of 
lipids, or the carbon skeleton of amino acids from muscles and glucogenic 
amino acids from a diet.

The conversion of lactate to glucose in the Cori cycle and the 
conversion of alanine to glucose with the help of the alanine cycle are 
particularly important for the supply of erythrocytes and muscle cells.

Transporters in the plasma membrane of hepatocytes allow insulin-
independent transport of glucose and other sugars in both directions. In 
contrast to muscle, the liver possesses the enzyme glucose-6-phosphatase, 
which can release glucose from glucose-6-phosphate.  

The liver is also capable of forming glucose by converting other sugars 
e.g., fructose and galactose or by synthesizing from other metabolites. 

2.2. Metabolism of lipids

The liver synthesizes fatty acids from acetate units. The fatty acids 
formed are then used to synthesize lipids and phospholipids, which are 
released into the blood in the form of lipoproteins. The liver's special 
ability to convert fatty acids into ketone bodies and to release these again is 
also important. Like other organs, the liver also synthesizes cholesterol, 
which is transported to other tissues as a component of lipoproteins. Excess 
cholesterol is converted into bile acids in the liver or directly excreted with 
the bile. When fatty acids are in excess, they are exported to the adipose 
tissue for storage as triacylglycerols. Triacylglycerols are transported from 
the liver as a component of VLDL. 

2.3. Metabolism of amino acids and proteins

The liver controls the plasma levels of the amino acids. The liver 
absorbs most of the dietary amino acids from the blood.

Excess amino acids are broken down. With the help of the urea cycle, 
the nitrogen from the amino acids is converted into urea and excreted via
the kidneys. The carbon skeleton of the amino acids enters the intermediary 
metabolism and serves for glucose synthesis (gluconeogenesis) or energy 
production. In addition, most of the plasma proteins are synthesized or 
broken down in the liver. Amino acids are diverted to protein synthesis 
rather than catabolism. Amino acids catabolism takes place when the 
anabolic pathways are saturated.
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2.4. Biotransformations

Steroid hormones and bilirubin, as well as drugs, ethanol, and other 
xenobiotics are taken up by the liver and inactivated and converted into 
highly polar metabolites by conversion reactions (see lecture "Metabolism 
of xenobiotics"). 

3. Degradation of heme to bile pigments

Erythrocytes have a life span of 120 days. At the end of this period, they 
are removed from the circulation. Erythrocytes are taken up and degraded 
by the macrophages of the reticuloendothelial system in the spleen and
liver. 

Under physiologic conditions in the human adult, 1-2×108 erythrocytes 
are destroyed per hour. The hemoglobin is cleaved to the protein part,
globin and non-protein, heme. About 6 g of hemoglobin per day is broken
down, and resynthesized in an adult man (70 kg).

The globin may be reutilized as such for the formation of hemoglobin or
degraded to the individual amino acids. The latter undergo their own 
metabolism, including participation in fresh globin synthesis. The iron of 
heme enters the iron pool, also for reuse.

It is estimated that about 80% of the heme that is subjected for
degradation comes from the erythrocytes and the rest (20%) comes from 
immature RBC, myoglobin and cytochromes.

The iron-free porphyrin portion of heme is degraded, mainly in the 
reticuloendothelial cells (REC) of the liver, spleen, and bone marrow. 

3.1. Formation of bilirubin from heme

The catabolism of heme from all of the heme-proteins appears to be 
carried out in the microsomal fractions of the REC by a complex enzyme 
system called heme oxygenase. 

By the time the heme of heme-proteins reaches the heme oxygenase
system, the ferrous iron (Fe2+) has usually been oxidized to the ferric form 
(Fe3+), constituting hemin, and may be loosely bound to albumin as 
methemalbumin.

The heme oxygenase system is substrate-inducible. It is located in close 
proximity to the microsomal electron transport system. The hemin is 
reduced to the ferrous iron (Fe2+) with NADPH, and, with the aid of more 
NADPH, oxygen is added to the α-methenyl bridge between two pyrrole 
rings (A and B) of the porphyrin to form verdoglobin (green pigment).

The ferrous iron (Fe2+) is again oxidized to the ferric form (Fe3+). Heme 
promotes the activity of heme oxygenase enzyme.
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With the further addition of oxygen, ferric ion (Fe3+) and globin are
released, carbon monoxide is produced, and porphyrin is unwound to chain 
to form biliverdin (green-yellow pigment). 

Biliverdin's methenyl bridges (between the pyrrole rings C and D) are 
reduced to methylene group to form bilirubin (yellow pigment). This 
reaction is catalyzed by an NADPH-dependent soluble enzyme, biliverdin 
reductase. 

It is estimated that 1 g of hemoglobin yields 35 mg of bilirubin. The 
daily bilirubin formation in human adults is approximately 250-350 mg. 
The term ′bile pigments′ is used to collectively represent bilirubin and its 
derivatives.

3.2. Transport of bilirubin to liver

Bilirubin is lipophilic and therefore insoluble in aqueous solution. This 
bilirubin is unconjugated. It is transported in the plasma in a bound (non-
covalently) form to albumin. Each molecule of albumin has two binding 
sites for bilirubin – a high affinity site and a low affinity site.
Approximately 25 mg of bilirubin can bind tightly to albumin (at high 
affinity sites) per 100 ml of plasma. The rest of the bilirubin binds loosely 
(at the low affinity sites) which can be easily detached from albumin to 
enter the tissues.

Certain drugs and antibiotics (e.g., sulfonamides, salicylates) can 
compete with bilirubin for the high-affinity binding site on albumin. Thus,
these compounds can displace bilirubin from albumin and have significant 
clinical effects. Due to this, bilirubin can enter the central nervous system 
and cause damage to neurons.

3.3. Uptake of bilirubin by the liver

As the albumin-bilirubin complex enters the liver, bilirubin dissociates 
and is taken up by sinusoidal surface of the hepatocytes by a carrier-
mediated active transport. This facilitated transport system has a very high 
capacity and therefore is not a limitation for further metabolism of 
bilirubin. Since this facilitated transport system allows the equilibrium of 
bilirubin across the sinusoidal membrane of the hepatocyte, the net uptake 
of bilirubin will be dependent upon the removal of bilirubin by subsequent 
metabolic pathways.

Inside the hepatocytes, bilirubin binds to a specific intracellular protein 
namely ligandin.
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3.4. Conjugation of bilirubin in the liver

In the liver bilirubin is conjugated with two molecules of glucuronate 
supplied by UDP-glucuronate to form conjugated bilirubin. This reaction
catalyzed by bilirubin glucuronyltransferase of smooth endoplasmic 
reticulum results in the formation of a water soluble bilirubin 
diglucuronide. Most of the bilirubin excreted in the bile of mammals is in 
this form.

When bilirubin is in excess, bilirubin monoglucuronides also 
accumulate in the body. The formation of the intermediate 
monoglucuronide of bilirubin is catalyzed by uridine diphosphate 
glucuronate glucuronyltransferase (UDP-glucuronyltransferase), an 
enzyme that exists in the smooth endoplasmic reticulum and is probably 
composed of more than a single entity. It occurs chiefly in the liver but also 
in the kidney and the intestinal mucosa. 

The formation of the diglucuronide of bilirubin may occur in the bile 
canalicular region of the hepatocyte membrane by a similar UDP-
glucuronyltransferase or by an enzyme-catalyzed dismutation of 2 mol of 
bilirubin monoglucuronide to 1 mol of bilirubin diglucuronide and 1 mol of 
unconjugated bilirubin. 

UDP-glucuronyltransferase activity can be induced by a number of 
clinically useful drugs, including phenobarbital.

3.5. Conjugated bilirubin is secreted into bile

Conjugated bilirubin is excreted into the bile canaliculi against a 
concentration gradient which then enters the bile. The transport of bilirubin
diglucuronide is an active, energy-dependent and rate limiting process. 

This step is easily susceptible to any impairment in liver function.
Normally, there is a good coordination between the bilirubin conjugation 
and its excretion into bile. Thus, almost all the bilirubin (> 98%) that enters 
bile is in the conjugated form.

The hepatic transport of conjugated bilirubin into the bile is inducible by 
those same drugs that are capable of inducing the conjugation of bilirubin. 
Thus, the conjugation and excretion systems for bilirubin behave as a 
coordinated functional unit.

Only after phototherapy can significant quantities of unconjugated 
bilirubin are found in bile. In the liver there are multiple systems for 
secreting naturally occurring and pharmaceutical compounds into the bile 
after their metabolism. Some of these secreting systems are shared by the 
bilirubin diglucuronides, but others operate independently.
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3.6. Fate of bilirubin

Bilirubin glucuronides (conjugated bilirubins) are hydrolyzed in the 
small intestine by specific bacterial enzymes namely β-glucuronidases to 
liberate bilirubin. The latter is then converted to mezobilinogen (Fig.2), a 
small part of which may be reabsorbed into the circulation. Mezobilinogen 
can be converted to urobilinogen in the kidney (Fig.2) and excreted. 
Urobilinogen is oxidized to urobilin upon standing in air. The characteristic 
colour of urine is due to urobilin (yellow colour compound). 

A major part of mezobilinogen is converted by bacteria to 
stercobilinogen in the colon (Fig.2) which is excreted along with feces. 
Stercobilinogen is oxidized to stercobilin upon standing in air. The 
characteristic brown colour of feces is due to stercobilin.

Hemoglobin

Unconjugated bilirubin (reticuloendothelial cells)

Conjugated bilirubin (liver)

Mezobilinogen (intestine)
absorption

Portal system             Blood stream Stercobilinogen (colon)
(stercobilin)

feces
Dipyrroles (liver) Urobilinogen (kidney)

bile (urobilin) 
urine

Fig. 2. Bilirubin metabolism and excretion.

3.7. Distribution of bile pigments 

Blood

Total bilirubin 3.2-20.52 μmol/l
Indirect (free, unconjugated) bilirubin 1.7-17.1 μmol/l

Direct (conjugated) bilirubin 2.2-5.1 μmol/l
Bile Direct bilirubin

Feces Stercobilinogen (stercobilin)
Urine Urobilinogen (urobilin) Traces

blood stream

bile
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4. Hyperbilirubinemia

When bilirubin in the blood exceeds 1 mg/dl (17.1 μmol/l), 
hyperbilirubinemia exists. 

Hyperbilirubinemia may be due to the production of more bilirubin
than the normal liver can excrete, or it may result from the failure of a 
damaged liver to excrete bilirubin produced in normal amounts. In the 
absence of hepatic damage, obstruction to the excretory ducts of the 
liver by preventing the excretion of bilirubin will also cause 
hyperbilirubinemia. In all of these situations, bilirubin accumulates in the 
blood, and when it reaches a certain concentration, it diffuses into the 
tissues, which then become yellow. The condition is called jaundice or 
icterus.

In clinical studies of jaundice, measurement of bilirubin in the serum is 
of great value. A method for quantitatively assaying the bilirubin content of 
the serum was first devised by Van den Bergh by application of Ehrlich's 
test for bilirubin in urine. 

The Ehrlich reaction is based on the coupling of diazotized sulfanilic 
acid (Ehrlich's diazo reagent) and bilirubin to produce a reddish-purple azo 
compound. In the original procedure as described by Ehrlich, methanol was 
used to provide a solution in which both bilirubin and the diazo reagent 
were soluble. 

Van den Bergh inadvertently omitted the methanol on an occasion when 
assay of bile pigment in human bile was being attempted. To his surprise, 
normal development of the color occurred "directly". This form of bilirubin 
that would react without the addition of methanol was thus termed "direct-
reacting". It was then found that this same direct reaction would also occur 
in serum from cases of jaundice due to biliary obstruction. However, it was 
still necessary to add methanol to detect bilirubin in normal serum or that 
which was present in excess in serum from cases of hemolytic jaundice 
where no evidence of obstruction was to be found. To that form of bilirubin 
which could be measured only after the addition of methanol, the term 
"indirect-reacting" was applied.

It has now been demonstrated that the indirect bilirubin is "free" 
(unconjugated) bilirubin en route to the liver from the reticuloendothelial 
tissues where the bilirubin was originally produced by the breakdown of 
heme porphyrins. Since this bilirubin is not water soluble, it requires 
methanol to initiate coupling with the diazo reagent. In the liver, the free 
bilirubin becomes conjugated with glucuronic acid, and the conjugate, 
bilirubin glucuronide, can then be excreted into the bile. Furthermore, 
conjugated bilirubin, being water soluble, can react directly with the diazo 
reagent, so that the "direct bilirubin" of Van den Bergh is actually a 
conjugated bilirubin (bilirubin glucuronide). Depending on the type of 
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bilirubin present in plasma, i.e., unconjugated bilirubin or conjugated 
bilirubin, the hyperbilirubinemia may be classified as retention
hyperbilirubinemia or regurgitation hyperbilirubinemia, respectively.

Only unconjugated bilirubin can cross the blood-brain barrier into 
the central nervous system; thus, encephalopathy due to hyperbilirubinemia 
(kernicterus) can occur only in connection with retention bilirubin or 
unconjugated hyperbilirubinemia. On the other hand, only conjugated 
bilirubin can appear in urine. Accordingly, choluric jaundice occurs 
only in regurgitation hyperbilirubinemia, and acholuric jaundice occurs 
only in the presence of an excess of unconjugated bilirubin.

4.1. Unconjugated (or retention) hyperbilirubinemia

Even in the event of extensive hemolysis, unconjugated 
hyperbilirubinemia is usually only slight (<4 mg/dl; <68.4 μmol/l), because 
of the liver's large capacity for handling bilirubin. However, if the handling 
of bilirubin is defective owing to either an acquired defect or an inherited 
abnormality, unconjugated hyperbilirubinemia may occur. The following 
are the commonest causes of this condition:

Neonatal "Physiologic jaundice". This transient condition is the most 
common cause of unconjugated hyperbilirubinemia. It results from an 
accelerated hemolysis and an immature hepatic system for the uptake, 
conjugation, and secretion of bilirubin. Not only is the UDP-
glucuronyltransferase activity reduced, but there probably is reduced
synthesis of the substrate for that enzyme, UDP-glucuronic acid. Since the 
increased bilirubin is unconjugated, it is capable of penetrating the blood-
brain barrier when its concentration in plasma exceeds that which can be 
tightly bound by albumin (20-25 mg/dl). This can result in a 
hyperbilirubinemic toxic encephalopathy, or kernicterus, which can cause 
mental retardation. Because of the recognized inducibility of this bilirubin 
metabolizing system, phenobarbital has been administered to jaundiced 
neonates and is effective in this disorder. In addition, exposure to visible 
light (phototherapy) can promote (by a mechanism that is not understood) 
the hepatic excretion of unconjugated bilirubin by converting some of the 
bilirubin to other derivatives such as maleimide fragments and geometric 
isomers that are excreted in the bile.

Gilbert's disease. Gilbert's disease is a heterogeneous group of 
disorders, many of which are now recognized to be due to a compensated 
hemolysis associated with unconjugated hyperbilirubinemia. There also 
appears to be a defect in the hepatic clearance of bilirubin, possibly due to a 
defect in the uptake of bilirubin by the liver parenchymal cells. However
bilirubin UDP-glucuronyltransferase activities in the livers of those 
patients studied with this disease were found to be reduced.
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Toxic hyperbilirubinemia. Unconjugated hyperbilirubinemia can 
result from toxin-induced liver dysfunction such as that caused by 
chloroform, amphetamines, carbon tetrachloride, acetaminophen, hepatitis 
virus, cirrhosis, and Amanita mushroom poisoning. Although most of these 
acquired disorders are due to hepatic parenchymal cell damage, there is 
frequently a component of obstruction of the biliary tree within the liver 
that results in the presence of some conjugated hyperbilirubinemia.

4.2. Conjugated (or regurgitation) hyperbilirubinemia

Because conjugated bilirubin is water-soluble, it is detectable in the 
urine of most patients with conjugated hyperbilirubinemia; thus, they are 
frequently said to have choluric jaundice.  

Biliary tree obstruction. Conjugated hyperbilirubinemia also results 
from blockage of the hepatic or common bile ducts. The bile pigment is 
believed to pass from the blood into the liver cells as usual but fails to be 
excreted. As a consequence of this, the conjugated bilirubin is absorbed 
into the hepatic veins and lymphatics. The term cholestatic jaundice may 
be used to include all forms of extrahepatic obstructive jaundice in addition 
to some forms of parenchymal jaundice characterized by conjugated 
hyperbilirubinemia.

5. Jaundice

Jaundice (French: ″jaune″  yellow) also known as icterus is 
characterized by yellow coloration of sclera (of eyes) and skin. This is due 
to the elevated serum bilirubin level (hyperbilirubinemia).

Jaundice may be more appropriately considered as a symptom rather 
than a disease. It is rather difficult to class in jaundice, since it is frequently 
caused due to multiple factors. For the sake of convenience to understand, 
jaundice is classified into three major types  hemolytic, hepatic and 
obstructive.

5.1. Hemolytic (pre-hepatic, acholuric) jaundice

This type of jaundice is due to an excessive breakdown of erythrocytes 
(hemolysis) (e.g., hemolytic anemia, incompatible blood transfusion, 
sickle-cell anemia) which leads to an increased production of 
unconjugated bilirubin. As the liver is not able to excrete into the bile all 
the bilirubin reaching it, the plasma bilirubin level rises and jaundice 
results. Bilirubin is not usually found in the urine because unconjugated 
bilirubin, being bound to plasma proteins, is not excreted in the urine 
despite its high level in the plasma; the urine is also without bile salts. 
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The increased production of bilirubin leads to that more bilirubin is 
excreted into the bile leading to the increase formation of urobilinogen and 
stercobilinogen. They appear in the urine and feces, respectively, in large 
amounts.

The combination of increased urobilinogen and absence of bilirubin 
is suggestive of hemolytic jaundice. 

Hemolytic jaundice is characterized by:

Blood  Total bilirubin due to  Unconjugated bilirubin

Feces  Stercobilinogen (brown coloured feces) 

Urine Bilirubin (-),  Urobilinogen

5.2. Hepatic (hepatocellular, parenchymal) jaundice

This type of jaundice is caused by dysfunction of the liver due to 
damage to the parenchymal cells. This may be attributed to viral infection 
(viral hepatitis), poisons and toxins (chloroform, carbon tetrachloride, 
phosphorus, etc.), cirrhosis of liver, cardiac failure, etc. Among these, viral 
hepatitis is the most common. The liver cells are damaged: inflammation 
produces obstruction of bile canaliculi due to swelling around them. This 
cholestasis causes the bile to regurgitate into the blood through bile 
canaliculi. Damage to the liver adversely affects the bilirubin uptake and its 
conjugation by liver cells. The blood contains abnormally raised amount 
both of conjugated and unconjugated bilirubin and bile salts which are 
excreted in the urine. 

Hepatic jaundice is characterized by:

Blood
 Total bilirubin due to  Indirect and Direct 
bilirubin,  AST and ALT activity

Feces  Stercobilinogen (pale, clay coloured feces)

Urine Bilirubin (+),  Urobilinogen (dark coloured urine)
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5.3. Obstructive (post hepatic, cholestatic, choleric,
regurgitation) jaundice

This results when there is extrahepatic cholestasis due to an obstruction 
of the biliary ducts. The obstruction may be caused by gall stones, tumors,
etc. In this way, the bile cannot reach the small intestine and therefore the 
biliary passages outside as well as inside the liver are distended with bile. 
This leads to damage to the liver and bile regurgitates into the blood. The 
conjugated bilirubin and the bile salt levels of the blood are thus greatly 
raised and both of these are excreted in the urine. 

Normally, there are mere traces of urobilinogen in the urine. In 
complete obstruction of the bile duct, no urobilinogen is found in the urine, 
since bilirubin has no access to the intestine where it can be converted to 
urobilinogen. In this case, the presence of bilirubin in the urine without 
urobilinogen suggests obstructive jaundice, either intrahepatic or 
posthepatic.

Obstructive jaundice is characterized by:

Blood
 Total bilirubin due to  Direct and  Indirect bilirubin, 
 alkaline phasphatase activity, skin itching ( bile acids)

Feces   Stercobilinogen (clay colored feces)

Urine Bilirubin (+), Urobilinogen (-) (dark coloured urine)

6. Biochemical serum hepatic syndromes

1). Syndrome of hepatocyte integrity impairment (cytolytic 
syndrome, syndrome of hyperpermeability):

1. Increased activity of serum hepatic-specific enzymes: alanine 
transaminase (ALT), decreased De Ritis Ratio (AST/ALT ratio), aldolase, 
isoforms of lactate dehydrogenase LDH4 and LDH5, glutamate 
dehydrogenase, ornithine carbamoyl transferase, fructose-1-phosphate 
aldolase, etc.;

2. Hyperbilirubinemia (mainly at the expense of direct bilirubin);
3. Increased serum vitamin В12, iron.
2). Cholestasis syndrome (excretory-biliary syndrome):
1. Increased activity of serum γ-glutamyltranspeptidase;
2. Increased activity of serum alkaline phosphatase;
3. Hyperbilirubinemia;
4. Hypercholesterolemia, increased serum LDL and decreased serum 

HDL.
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3). Hepatocellular insufficiency syndrome:
1. Decreased activity of serum choline esterase;
2. Hypoproteinemia and disproteinemia with decreased albumin;
3. Decreased serum prothrombin and another clotting factors, impaired 

coagulation;
4. Hypocholesterolemia, decreased cholesterol esterification ratio;
5. Hyperbilirubinemia.
4). Hepatic reticuloendothelium stimulation syndrome 

(«inflammatory» syndrome):
1. Increased serum globulins (sometimes with hyperproteinemia);
2. Alteration of protein-sedimentary tests (corrosive sublimate test, 

thymol test, zinc-sulfate test, heparin test).
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Lecture 15

METABOLISM OF XENOBIOTICS

Increasingly, humans are subjected to exposure to various foreign 
chemicals (xenobiotics), whether they be drugs, food additives, cosmetics, 
pesticides or pollutants, etc. Knowledge of how xenobiotics are handled at 
the cellular level is one important aspect in learning how to cope with the 
chemical onslaught. Knowledge of the metabolism of xenobiotics is basic 
to a rational understanding of pharmacology, toxicology, cancer research, 
and drug addiction. All of these areas involve administration of, or 
exposure to, xenobiotics.

1. Metabolism of xenobiotics

Humans encounter many xenobiotics which must be metabolized in 
order to be excreted. A xenobiotic (Greek: ″xenos″ – strange, foreign) is a 
compound that is foreign to the body. 

The principal classes of xenobiotics of medical relevance are drugs, 
chemical carcinogens and various compounds that have found their 
way into our environment by one route or another, such as 
polychlorinated biphenyls (PCBs) and certain insecticides. Most of these 
compounds are subject to metabolism (chemical alteration) in the human 
body, with the liver being the main organ involved; occasionally a 
xenobiotic may be excreted unchanged. 

The metabolism of xenobiotics can be divided into two phases:
In phase 1, the major reaction involved is hydroxylation, catalyzed by 

members of a class of enzymes referred to as monooxygenases or 
cytochrome P-450 species. Other types of reactions in phase 1 include 
reduction and hydrolysis.

In phase 2, the hydroxylated or other compounds produced in phase 1 
are converted by specific enzymes to various polar metabolites by 
conjugation with glucuronic acid, sulfate, acetate, glutathione, or certain 
amino acids, or by methylation.

The overall purpose of the two phases of metabolism of xenobiotics is 
to increase their water solubility (polarity) and thus facilitate their
excretion from the body (Fig.1). Very hydrophobic xenobiotics would 
persist in adipose tissue almost indefinitely if they were not converted to 
more polar forms. 

15
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Fig. 1. Purpose of phase I and phase II drug metabolism.

In certain cases, phase 1 metabolic reactions convert xenobiotics from 
inactive to biologically active compounds. In these instances, the original 
xenobiotics are referred to as prodrugs or procarcinogens. In other cases, 
additional phase 1 reactions (e.g., further hydroxylation reactions) convert 
the active compounds to less active or inactive forms, prior to conjugation. 
In yet other cases, it is the conjugation reactions themselves that convert 
the active products of phase 1 reactions to less active or inactive species, 
which are subsequently excreted in the urine or bile. In a very few cases, 
conjugation may actually increase the biologic activity of a xenobiotic.

The term ′detoxication′ or ′detoxification′ refers to the series of 
biochemical reactions occurring in the body to convert the foreign (often 
toxic) compounds to non-toxic or less toxic, and more easily excretable 
forms. However, it is not always an appropriate term, because, as 
mentioned above, in some cases the reactions to which xenobiotics are 
subject actually increase their biologic activity and toxicity. In recent years 
the term ′detoxification′ is replaced by ′biotransformation′ or 
′metabolism of xenobiotics′.

The detoxification reactions are carried out mainly in the liver which is 
equipped with the enzyme machinery. Kidney and other organs may 
sometimes be involved. The products formed by detoxification are mostly 
excreted by the kidneys; less frequently excreted via feces or expired air.
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1.1. Phase 1 of metabolism of xenobiotics

Hydroxylation is the chief reaction involved in phase 1. The responsible 
enzymes are called monooxygenases or cytochrome P-450 species. 

RH + O2 + NADPH + H+ R-OH + H2O + NADP 

RH above can represent a very wide variety of drugs, carcinogens, 
pollutants (such as a mixture of PCBs), and certain endogenous 
compounds, such as steroids, bile acids, eicosanoids, and unsaturated 
fatty acids. In many cases the endogenous substrates of cytochrome P-450 
species have not been defined, but it seems unlikely that these enzymes 
evolved just to deal with exogenous compounds. 

The actual reaction mechanism is complex and is described in the 
lecture "Oxidative systems not associated with the production of energy".

NADPH2

It has been shown by the use of 18O2, that one atom of oxygen enters 
R-OH and one atom enters water. This dual fate of the oxygen accounts for 
the former naming of monooxygenases as mixed function oxidases. 

The major monooxygenases in the endoplasmic reticulum are 
cytochrome P-450 species. The usage P-450 refers to the absorption peak 
(at 450 nm), exhibited by the enzyme when exposed to carbon monoxide. 
This enzyme is extremely important because it has been estimated that 
approximately 50% of the drugs that patients ingest are metabolized by 
species of cytochrome P-450. The same enzyme also acts on various 
carcinogens and pollutants.

The following are important points concerning cytochrome P-450 
species.

1. Like hemoglobin, they are hemoproteins, containing heme as the 
prosthetic group.

2. They are present in highest amount in the membranes of the 
endoplasmic reticulum (ER) (microsomal fraction) of liver, in which 
membranes they can comprise approximately 20% of the total protein. 
They are also found in other tissues. In the adrenal they are found in 
mitochondria as well as in the ER; the various hydroxylases present in that 
organ play an important role in steroid biosynthesis. 
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3. There are at least 6 closely related species of cytochrome P-450 
present in liver ER, each with wide and somewhat overlapping substrate 
specificities, that act on a very wide variety of drugs, carcinogens, and 
other xenobiotics, in addition to endogenous compounds such as certain 
steroids. The genes for these species of cytochrome P-450 have been 
isolated and studied in detail in recent years. 

4. NADPH, not NADH, is involved in the reaction mechanism of 
cytochrome P-450. The enzyme that uses NADPH to yield the reduced 
cytochrome P-450 is called NADPH-cytochrome P-450 reductase. This 
enzyme is an important component of the cytochrome P-450 system. 

5. Most species of cytochrome P-450 are inducible. For example, the 
administration of phenobarbital (PB) or of many other drugs causes a 
hypertrophy of the smooth ER and a 3- to 4-fold increase of the amount of 
cytochrome P-450 within 4-5 days. The mechanism of induction has been 
studied extensively and involves increased transcription of mRNA for 
cytochrome P-450.

Induction of this enzyme has important clinical implications, as it is one 
biochemical mechanism of drug interaction. A drug interaction has 
occurred when the effects of one drug are altered by the prior or concurrent 
administration of another. To illustrate this, suppose that a patient is taking 
the anticoagulant dicoumarol to prevent blood clotting. This drug is 
metabolized by the cytochrome P-450 system. Then suppose it is 
discovered that the patient also needs PB, to treat some other condition, 
such as a certain type of epilepsy. Accordingly, administration of PB is 
started but the dose of dicoumarol is not changed. After 5 days or so, the 
level of cytochrome P-450 in the patient's liver will be elevated 3- to 4-
fold. This in turn means that the dicoumarol will be metabolized much 
more quickly than before, and its dosage will have become inadequate. 
Therefore, the dose must be increased if it is to be therapeutically effective. 
To pursue this example further, a problem could arise later on if the patient 
is taken off PB, but the increased dosage of dicoumarol is continued. The 
patient will be at risk of bleeding since the high dose of dicoumarol will be 
even more active than it was previously, because the level of cytochrome 
P-450 will decline once PB has been stopped.

Examples of the cytochrome P-450dependent reactions:
(a) Hydroxylation of aromatic rings plays a central part in the 

metabolism of medicines (see lecture "Pharmaceutical biochemistry") and 
steroids. (b) Aliphatic methyl groups can also be oxidized to hydroxyl 
groups. (c) Epoxidation of aromatics by cytochrome P-450 yields products 
that are highly reactive and often toxic (for example, the mutagenic effect 
of benzo[a]pyrene is based on this type of interconversion in the liver). 
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(d) In cytochrome P-450 dependent dealkylations alkyl substituents of O, 
N, or S atoms are released as aldehydes. 

.
a) Hydroxylation b) Hydroxylation c) Epoxidation   d) Dealkylation

aromatic               aliphatic

1.2. Phase 2 of metabolism of xenobiotics

In phase 1 reactions xenobiotics are generally converted to more polar, 
hydroxylated derivatives. In phase 2 reactions, these derivatives are 
conjugated to produce less toxic and/or more water soluble and they are 
eventually excreted in the urine or bile. Conjugation is the process in 
which a foreign compound combines with a substance produced in the 
body. The process of conjugation may occur either directly or after the 
phase 1 reactions.

At least 8 different conjugating agents have been identified in the body. 
These are glucuronic acid, glycine, glutathione, glutamine, methyl 
group, sulfate, acetic acid and thiosulfate.

1.2.1. Glucuronic acid

Glucuronidation is probably the most frequent conjugation reaction.
The reactions whereby xenobiotics are glucuronidated are essentially 

similar. UDP-glucuronic acid (UDPGA) is the glucuronyl donor, and a 
variety of glucuronyltransferases, present in both the ER and cytosol, are 
the catalysts. 
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Glucuronic acid conjugation may occur with compounds containing 
hydroxyl, carbonyl, sulfhydryl or amino groups.

Glucuronidation is represented by:
X-OH + UDP-glucuronic acid          XO-glucuronide + UDP
where X-OH = a xenobioc.

Molecules such as aniline, bilirubin, 2-acetylaminofluorene (a 
carcinogen), benzoic acid, meprobromate, phenol, and many steroids are 
excreted as glucuronides. 

Aniline                        Aniline n-glucuronide

Certain drugs (e.g., barbiturates) when administered induce 
glucuronyltransferase and this increases the glucuronide formation.

1.2.2. Glycine

Many aromatic carboxylic acids (e.g., benzoic acid, phenylacetic acid, 
cholic acid) are conjugated with glycine. 

Hippuric acid (benzoyl glycine) is formed when glycine is conjugated 
with benzoic acid. The excretion of hippuric acid (Greek: ″hippos″ 
horse) was first reported in 1829 in the urine of cows and horses.

Benzoic acid Glycine      Hippuric acid 

1.2.3. Sulfate

Some alcohols, aryl amines, and phenols are sulfated. The sulfate donor 
in these and other biologic sulfation reactions (e.g., sulfation of steroids, 
glycosaminoglycans, glycolipids, and glycoproteins) is adenosine-3'-
phosphate-5'-phosphosulfate (PAPS); this compound is called active 
sulfate. The enzyme sulfotransferase is involved in this process. 



Metabolism of xenobiotics.

223

Hydroxy indole                 Indican

1.2.4. Glutathione

Glutathione (γ-glutamyl-cysteinyl-glycine) is a tripeptide consisting of 
glutamic acid, cysteine, and glycine. Glutathione is commonly abbreviated 
to G-SH; the SH indicates the sulfhydryl group of its cysteine and is the 
business part of the molecule. 

A wide range of potentially toxic xenobiotics (certain carcinogens) such 
as alkyl or aryl halides, alkenes, nitro compounds and epoxides are
conjugated to the G-SH, in reactions that can be represented:

X + G-SH          X-S-G
where X = a xenobiotic. 

The enzymes catalyzing these reactions are called glutathione-S-
transferases and are present in high amounts in liver cytosol and in lower 
amounts in other tissues. A variety of glutathione-S-transferases are 
present in human tissue. They exhibit different substrate specificities and 
can be separated by electrophoretic and other techniques. 

If the potentially toxic xenobiotics were not conjugated to G-SH, they 
would be free to combine covalently with DNA, RNA, or cell protein and 
could thus lead to serious cell damage. G-SH is thus an important defense 
mechanism against certain toxic compounds, such as some drugs and 
carcinogens. 

Glutathione-conjugates are subjected to further metabolism prior to 
excretion. The glutamyl and glycinyl groups belonging to glutathione are 
removed by specific enzymes and an acetyl group (donated by acetylCoA) 
is added to the amino group of the remaining cysteinyl moiety. The 
resulting compound is a mercapturic acid, a conjugate of 
L-acetylcysteine, which is then excreted in the urine.

Glutathione has other important functions in human cells, apart from
its role in xenobiotic metabolism.

1) It participates in the decomposition of potentially toxic hydrogen 
peroxide in the reaction catalyzed by glutathione peroxidase (see lecture 

PAPS    + +    PAP 

Sulfo-
transferase
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"Oxidative systems not associated with the production of energy"). 
2) It is an important intracellular reductant, helping to maintain 

essential SH groups of enzymes in their reduced state. When G-SH acts as 
a reducing agent, its SH becomes oxidized and forms a disulfide link with 
another molecule of glutathione:

G-SH + G-SH          G-S-S-G

The product G-S-S-G is oxidized glutathione. 
In turn, G-S-S-G can be reduced to G-SH by the action of glutathione 

reductase, in a reaction using NADPH:

G-S-S-G + NADPH + H+ 2 G-SH + NADP+

This reaction is particularly important in red blood cells (see lecture 
"Biochemistry of blood"). If levels of NADPH are low in these cells, as 
occurs when the activity of glucose-6-phosphate dehydrogenase is low, 
then reduced G-SH is not regenerated in adequate amounts by the above 
reaction. The reduced levels of G-SH allow peroxides to accumulate inside 
red blood cells, and hemolysis can occur due to their oxidative effect on the 
lipids of the red cell membrane. 

3) A metabolic cycle involving G-SH as a carrier has been implicated in 
the transport of certain amino acids across membranes in the kidney
(see lecture "Metabolism of proteins and amino acids. Nitrogen balance. 
Digestion of proteins. Absorption of amino acids"). 

The first reaction of the cycle is:

Amino acid + G-SH γ-Glutamyl amino acid + Cysteinylglycine

This reaction helps to transfer certain amino acids across the plasma 
membrane, the amino acid being subsequently hydrolyzed from its 
complex with G-SH and the G-SH being resynthesized from 
cysteinylglycine. 

The enzyme catalyzing the above reaction is γ-glutamyl transferase 
(GGT). It is present in the plasma membrane of renal tubular cells and in 
the ER of hepatocytes. The enzyme has diagnostic value, because it is 
released into the blood from hepatic cells in various hepatobiliary diseases.

1.2.5. Acetic acid

For acetylation reactions, acetylCoA (active acetate) is the acetyl 
donor. These reactions are catalyzed by acetyltransferases present in the 
cytosol of various tissues, particularly liver. 



Metabolism of xenobiotics.

225

Acetylation is represented by:
X + AcetylCoA Acetyl-X + CoA

where X = a xenobiotic. 

Drugs such as sulfanilamide are converted to acetyl derivatives. 

Sulfonamide                                                 N-acetyl sulfonamide

The drug isoniazid, used in the treatment of tuberculosis, is subject to 
acetylation. Polymorphic types of acetyltransferases exist, resulting in 
individuals who are classified as slow and fast acetylators, and influence 
the rate of clearance of drugs such as isoniazid from blood. Slow 
acetylators are more subject to certain toxic effects of isoniazid, because 
the drug persists longer in these individuals.

1.2.6. Methyl group (-CH3)

A few xenobiotics are subject to methylation by methyltransferases, 
employing S-adenosylmethionine as the methyl donor (see lecture 
"Methylation and transmethylation").

S-Adenosylmethionine + X-OH S-Adenosylhomocysteine + XO-CH3

where X-OH = a xenobiotic. 

1.2.7. Thiosulfate

The highly toxic cyanides are conjugated with thiosulfate to form less 
toxic thiocyanate.

Cyanide + Sodium thiosulfate Thiocyanate + Sodium sulfate

1.2.8. Glutamine

Phenylacetic acid is conjugated with glutamine to form 
phenylacetylglutamine. Conjugation with glutamine is, however, relatively 
less important.

Phenylacetic acid + Glutamine Phenylacetylglutamine

Acetyl-
transferase
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2. Factors affecting drug metabolism

Various factors affect the activities of the enzymes metabolizing 
xenobiotics. Such factors include the following:

1. The activities of enzymes metabolizing xenobiotics may differ 
substantially among species. This is important as it means that results on, 
for example, the possible toxicity or carcinogenicity of xenobiotics cannot 
be extrapolated freely from one species to another.

2. There are also significant differences in enzyme activities among 
individuals, many of which appear to be due to genetic factors (gender, 
ethnic polymorphism, individual differences).

3. The activities of some of these enzymes vary according to
physiological conditions: age (drug metabolism slows down with old age), 
diet (level of albumins, presence of cofactors), hormone balance, 
pregnancy and sex.

4. The activities of some of these enzymes depend on drug-drug 
interactions. Intake of various xenobiotics such as phenobarbital, PCBs, or 
certain hydrocarbons can cause enzyme induction (enzyme induction > 
more metabolism > larger k of elimination; enzyme inhibition > less 
metabolism > smaller k of elimination). It is thus very important to know
whether or not an individual has been exposed to these inducing agents in 
evaluating biochemical responses to xenobiotics.

5. Metabolites of certain xenobiotics can inhibit the activities of 
xenobiotic-metabolizing enzymes. The above considerations help explain 
the often appreciable differences in responses to xenobiotics (such as drugs, 
toxic chemicals, and carcinogens) noted among different species and 
among individuals of the same species.

6. The activities of some of these enzymes vary according to
pathological conditions (impaired liver or kidney function: hepatitis, 
cirrhosis, hepatic cancer, nephritis, etc., general decrease with acute or 
chronic liver disease). 

7. The activities of some of these enzymes depend on chemistry of 
drug.

3. Responses to xenobiotics

Xenobiotics are metabolized in the body by the reactions described 
above. When the xenobiotic is a drug, phase 1 reactions may produce its 
active form or may diminish or terminate its action if it is 
pharmacologically active in the body without prior metabolism. 

The diverse effects produced by drugs comprise the area of study of 
pharmacology; here it is important to appreciate that drugs act through 
biochemical mechanisms.
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Certain xenobiotics are very toxic, even at low levels (e.g., cyanide). On 
the other hand, there are few xenobiotics, including drugs that do not exert 
some toxic effects if sufficient amounts are administered. The toxic effects 
of xenobiotics cover an extremely wide spectrum. However, there are three 
general types of effects that will be mentioned briefly here, because of their 
relationship to xenobiotic metabolism.

The first of these is cell injury, which can be severe enough to result in 
cell death. There are many mechanisms by which xenobiotics injure cells. 
The one considered here is covalent binding to cell macromolecules of 
reactive species of xenobiotics produced by metabolism. These 
macromolecular targets include DNA, RNA, and protein. If the 
macromolecule to which the reactive xenobiotic binds is essential for short-
term cell survival, e.g., a protein or enzyme involved in some critical 
cellular function such as oxidative phosphorylation or regulation of the 
permeability of the plasma membrane, then it is apparent that severe effects 
on cellular function could become evident quite rapidly.

Second, the reactive species of a xenobiotic may bind to a protein, 
modifying it and altering its antigenicity. The xenobiotic is said to act as a 
hapten, i.e., a small molecule that by itself does not stimulate antibody 
synthesis but will combine with antibody once formed. The resulting 
antibodies can then damage the cell by several immunologic mechanisms 
that grossly perturb normal cellular biochemical processes.

Third, reactions of activated species of chemical carcinogens with DNA 
are thought to be of great importance in chemical carcinogenesis. Some 
chemicals (e.g., benzpyrene) require activation by monooxygenases in the 
ER to become carcinogenic (they are thus called indirect carcinogens).

The activities of the monooxygenases and of other xenobiotic-
metabolizing enzymes present in the ER thus help to determine whether 
such compounds become carcinogenic or are "detoxified". Other chemicals 
(e.g., various alkylating agents) can react directly (direct carcinogens) with 
DNA, without undergoing intracellular chemical activation. The enzyme 
epoxide hydrolase is of interest because it can exert a protective effect 
against certain carcinogens. The products of the action of certain 
monooxygenases on some procarcinogen substrates are epoxides. Epoxides 
are highly reactive and mutagenic and/or carcinogenic. Epoxide hydrolase, 
like cytochrome P-450 also present in the membranes of the ER, acts on 
these compounds, converting them into much less reactive dihydrodiols.
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Lecture 16

BIOCHEMISTRY OF MUSCLE

Muscle is the single largest tissue of the human body. Muscle 
constitutes about 20% of body mass at birth, 40% in young adults and 30% 
in aged adults. Three types of muscles are found in vertebrates ‒ skeletal, 
cardiac and smooth. The skeletal and cardiac muscles are striated while the 
smooth muscles are nonstriated.

1. Organization of skeletal muscle

The best understood force-generating process in biological systems is 
the contraction of vertebrate striated muscle, so named because it appears 
striated (striped) under phase-contrast microscopy. 

Striated muscle consists of parallel bundles of muscle fibers. Each fiber 
is a single large multinucleate cell which is bounded by an electrically 
excitable plasma membrane. The muscle fiber cells are long which may 
extend the entire length of the muscle. The intracellular fluid of fiber cells 
is the sarcoplasm (i.e., cytoplasm). 

Each cell contains within its sarcoplasm many parallel myofibrils, each 
approximately 1 μm in diameter (2-3 am thick) that can extend over the full 
length of the muscle fiber. The sarcoplasm is also rich in glycogen, ATP, 
creatine phosphate and glycolytic enzymes. 

The functional unit of the myofibril is the sarcomere which repeats 
every 2.3 μm along the fibril axis. A dark A band and a light I band
alternate regularly along the length of the myofibril. The central region of 
the A band, the H zone, is less dense than the rest of the band. Within the 
middle of the I band is a very dense narrow Z line (Fig.1). 

A cross-section of a myofibril reveals that there are two types of 
interacting filaments. The thick filaments of diameter approximately 
15 nm are found only in the A band (Fig.1) and consist primarily of the 
protein myosin, while the thin filaments of approximately 9 nm diameter 
contain actin, tropomyosin and the troponin complex.

When muscle contracts it can shorten by as much as a third of its 
original length. The thick and thin filaments were seen not to change in 
length during muscle contraction, but the length of the sarcomere was 
observed to decrease as the thick and thin filaments slide past each other 
(sliding filament model of muscle contraction) (Fig.1). Thus, as muscle 
contracts, the sizes of the H zone and the I band are seen to decrease. The 
force of the contraction is generated by a process that actively moves one 
type of filament past neighboring filaments of the other type.

16
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(https://sites.google.com)

Fig. 1. Arrangement of filaments of myofibril in relaxed and contracted form. (The 
length of sarcomere is reduced from 2300 nm to 1500 nm during contraction).

2. Muscle proteins

More than 20% of the muscle mass is composed of proteins. This is 
largely contributed by structural proteins namely actin, myosin, and the 
actin cross-linking proteins, tropomyosin and troponin. Muscle also 
contains other proteins myoglobin, collagen, enzymes, etc.

2.1. Myosin

Myosin is quantitatively the most important protein in the myofibrils, 
representing 65% of the total. Myosin is present as a bundle of several 
hundred stacked molecules in the form of a thick myosin filament.

This large protein has three biological activities:
1. Myosin molecules spontaneously assemble into filaments in 
solutions of physiological ionic strength and pH;
2. Myosin is an ATPase, hydrolyzing ATP to ADP and Pi;
3. Myosin binds the polymerized form of actin (F-actin).
Myosin is a large protein of 520 kDa consisting of six polypeptide 

chains (hexamer): two identical heavy chains of 220 kDa each, and two 
pairs of light chains (20 kDa each). Each of the two heavy chains has a 
globular "head" at its amino end, which extends into a "tail" about 
150 nm long in which the two chains are intertwined to form a superhelix. 
The small subunits are attached in the head area (Fig.2). The head portion 

https://sites.google.com


Lecture 16

230

of the molecule acts as an ATPase, the activity of which is modulated by 
the small subunits.

Fig. 2. Structure of myosin showing the association of the two heavy and two pairs of 
light chains. (https://thegolfclub.info)

Limited proteolysis of myosin with chymotrypsin results in its dissection 
into two fragments: light meromyosin (LMM) and heavy meromyosin
(HMM) (Fig.3). Functional studies of these two fragments reveal that 
LMM can still form filaments but lacks ATPase activity and cannot bind to 
F-actin, whereas HMM does not form filaments but possesses ATPase
activity and can bind to F-actin. 

HMM can be further split into two identical globular subfragments
(S1) and one rod-shaped subfragment (S2) by another protease papain
(Fig.3). The S1 subfragment contains an ATPase site, an actin-binding 
site and two light chain-binding sites. S2 subfragment does not bind to 
F-actin and has no ATPase activity. 

The proteolytic cleavage of myosin occurs at flexible hinge regions 
within the protein that separate the globular S1 domains from the rod-
like S2 and LMM domains. These hinges have a crucial role to play in the 
contraction of muscle.

(https://thegolfclub.info)

Fig. 3. Structure of myosin showing the proteolytic fragmentation of myosin.

https://thegolfclub.info
https://thegolfclub.info
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2.2. Actin

Actin is the most important component of the thin filaments (Fig.4). It 
represents 20-25% of the muscle proteins. 

It exists in two forms. In solutions of low ionic strength it exists as a 
42 kDa monomer, termed G-actin because of its globular shape. As the 
ionic strength of the solution rises to that at the physiological level in the 
presence of Mg2+ ions, G-actin polymerizes into an insoluble double helical 
fibrous form, F-actin, with a thickness of 6-7 nm that resembles the thin 
filaments found in muscle. 

Although actin, like myosin, is an ATPase, the hydrolysis of ATP is not 
involved in the contraction-relaxation cycle of muscle but rather in the 
assembly and disassembly of the actin filament.

Both actin and myosin are present in nonmuscle cells. Actin is a highly 
conserved protein in organisms ranging from cellular slime molds to 
humans, whereas myosin is less well conserved. Within nonmuscle cells 
these two proteins are involved in such processes as cell movement, the 
transport of membrane-bound subcellular organelles around the cell on 
actin tracks, and cell division.

2.3. Troponin and tropomyosin

Troponin and tropomyosin mediate the regulation of muscle contraction 
in response to Ca2+. These two proteins are present in the thin filament, 
alongside the actin, and constitute about a third of its mass (Fig.4).

Tropomyosin is an elongated protein of 70 kDa that forms a two-
stranded α-helical rod which lies nearly parallel to the long axis of the thin 
filament. It attaches to F-actin as a rod-like dimer and connects 
approximately seven actin units with each other. 

Troponin (79 kDa) is a complex of three polypeptide chains
(heterotrimer): TnC (18 kDa) which binds Ca2+, Tnl (24 kDa) which 
inhibits F-actin-myosin interaction and TnT (37 kDa) which binds to 
tropomyosin. 

(https://anestesiar.org)

Fig. 4. Thin filament containing actin, tropomyosin and the troponin complex.

https://anestesiar.org
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3. Interaction of the myosin and the actin 

On the thick filaments, cross-bridges emerge from the filament axis in a 
regular helical array towards either end, whereas there is a bare region in 
the middle that is devoid of cross-bridges (Fig.5).

In muscle depleted of ATP, the myosin cross-bridges interact with the 
surrounding actin filaments. The absolute direction of the actin and myosin 
molecules reverses halfway between the Z lines. 

Thus, as the two thin filaments that bind the cross-bridges at either end 
of a thick filament move towards each other, sliding over the thick 
filament, the distance between the Z lines shortens and the muscle contracts 
(Fig.5).

Fig. 5. Schematic diagram showing the interaction of the myosin thick filaments and the 
actin thin filaments during skeletal muscle contraction.

4. Mechanism of muscle contraction

The cyclic formation and dissociation of cross-bridges between actin 
and myosin leads to contraction of the muscle because of conformational 
changes that take place in the myosin S1-head. 

During contraction, the following reaction cycle is repeated several 
times (Fig. 8 and 9):

1. During the relaxation phase of muscle contraction, the heads of 
myosin are unable to interact with the actin in the thin filaments because of 
steric interference by the regulatory protein tropomyosin. The ATPase
activity of the S1-head of myosin in ATP-Myosin complex hydrolyses the 
bound ATP to ADP and Pi. This results in the formation high energy ADP-
Pi-Myosin complex.
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2. On contraction, when action potential reaches the end of motor 
neuron (nerve terminal) in the neuromuscular junction, the neurotransmitter 
released and will elicit action potential in muscle fiber. Action potential 
spread all muscle cell membrane, signals to calcium channels in the 
sarcoplasmic reticulum (a specialized form of the ER found in muscle 
cells) and causes release of Ca2+ in cytosol to contractile myosin and actin. 
Ca2+ ions raising the cytosolic Ca2+ concentration from the resting 
concentration of less than 1 μM to about 10 μM. 

The rapid increase in cytoplasmic Ca2+ concentrations caused by 
opening of the calcium channels in the sarcoplasmic reticulum leads to 
binding of Ca2+ to the C subunit of troponin. This produces a 
conformational change in troponin C (TnC) that is transmitted through the 
other components of the troponin complex to the tropomyosin.

This results in pulling of tropomyosin away from active sites of actin 
(myosin-binding sites) allowing the head of myosin projecting out from the 
thick filament to interact with the actin in the thin filament and initiate a 
cycle of contraction.

When active site of actin is exposed, it will react with active site of 
myosin head (actin-binding site) (Fig.6) and they will attach to each other 
to finally form Actin-Myosin-ADP-Pi complex.

(http://people.eku.edu)

Fig. 6. The attachment of the myosin heads to the active sites of actin.

3. On binding of Myosin-ADP-Pi to actin (Actin-Myosin-ADP-Pi
complex), first the Pi and then the ADP are released. ATP energy released 
[by hydrolyzed ATP to ADP and Pi] will make the cross bridges of myosin 
bend forward, toward the center of sarcomere, by this, driving movement 
of actin filaments over myosin filaments. This movement of cross 
bridges, pulling actin filaments and movement of the head of myosin that 
caused by energy released from hydrolyzed ATP is called power stroke
(Fig.7).

http://people.eku.edu
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As the ATP energy is released the S1-head of myosin undergoes a 
conformational change in the hinge region between the S1 and S2 domains 
that alters its orientation relative to the actin molecule in the thin filament. 
This results in the thin filament moving a distance of approximately 10 nm 
relative to the thick filament. 

Fig. 7. The ″walk-along″ mechanism for contraction of the muscle.

The Actin-Myosin complex formed is in a low energy state.
4. Up to now movement is achieved (shortening), second ATP will bind 

to myosin head (ATP binding site), of the Actin-Myosin complex to form 
Actin-Myosin-ATP complex. 

This binding results in simultaneous detachment of cross bridge from 
the active site on the actin molecule [i.e., dissociation of the thin and thick 
filaments] and cross bridge will return back to its position, facing another 
actin active site.

5. Actin is released, as ATP-Myosin complex formed has low affinity 
for actin. This step is crucial for relaxation which is dependent on the 
binding of ATP to Actin-Myosin complex.

A fresh cycle of muscle contraction and relaxation now commences 
with the hydrolysis of ATP to ADP and Pi by the free head of myosin and 
the formation of ADP-Pi-Myosin complex.

(Murray R. K. Biochemistry., 28 ed., McGraw-Hill, 2009)

Fig. 8. Stages of muscle contraction.
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Fig. 9. Mechanism of muscle contraction.

After contraction, the sarcoplasmic Ca2+ concentration is quickly 
reduced again by active transport back into the sarcoplasmic reticulum. 
This result in troponin C losing the bound Ca2+ ions and tropomyosin 
returning to the initial state, in which the binding site for myosin on actin is 
blocked. The actin-myosin cycle stops and the muscle relax. 

The entire cycle can be repeated as long as Ca is present and there are 
sufficient ATP reserves so that the thick filaments are constantly moving 
along the thin filaments in the direction of the Z disk. Each rowing stroke 
of the 500 or so myosin heads in a thick filament produces a contraction of 
about 10 nm. 

During strong contraction, the process is repeated about five times per 
second. This leads to the whole complex of thin filaments moving together; 
the H band becomes shorter and the Z lines slide closer together. 

5. Sources of energy for muscles

ATP is a constant source of energy for muscle contraction and 
relaxation cycle. 

(https://www.quora.com)

https://www.quora.com
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ATP can be generated from the following ways (Fig.10):
1. By substrate level phosphorylation of glycolysis using glucose or 

glycogen. 
2. By oxidative phosphorylation. 
3. From creatine phosphate.

(Murray R. K. Biochemistry., 28 ed., McGraw-Hill, 2009)

Fig. 10. Sources of ATP for muscle contraction.

Muscle-specific auxiliary reactions for ATP synthesis exist in order to 
provide additional ATP in case of emergency. Creatine phosphate acts as 
a buffer for the ATP level. Another ATP-supplying reaction is catalyzed by 
adenylyl kinase. This disproportionates two molecules of ADP into ATP 
and AMP. 

Creatine (N-methylguanidoacetic acid) and its phosphorylated form 
creatine phosphate (a guanidophosphate) serve as an ATP buffer in 
muscle metabolism. In creatine phosphate, the phosphate residue is at a 
similarly high chemical potential as in ATP and is therefore easily 
transferred to ADP. Conversely, when there is an excess of ATP, creatine 
phosphate can arise from ATP and creatine. Both processes are catalyzed 
by creatine phosphokinase. In resting muscle, creatine phosphate forms due 
to the high level of ATP. If there is a risk of a severe drop in the ATP level 
during contraction, the level can be maintained for a short time by synthesis 
of ATP from creatine phosphate and ADP. In a nonenzymatic reaction, 
small amounts of creatine and creatine phosphate cyclize constantly to 
form creatinine, which can no longer be phosphorylated and is therefore 
excreted with the urine. 
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Anserine and carnosine are other sources of energy for skeletal 
muscles. They activate Na+/K+ATPase, and also increase the amplitude of 
muscle contraction reduced previously by fatigue. 

Anserine                                     Carnosine
(β-alanyl-L-methyl-histidine)            (β-alanyl-L-histidine)

6. Muscle metabolism

Muscle contraction is associated with a high level of ATP consumption. 
Without constant resynthesis, the amount of ATP available in the resting 
state would be used up in less than 1s of contraction.

Muscles contain two types of fibers, the proportions of which vary from 
one type of muscle to another (Table 1). 

Red fibers (type I fibers) are suitable for prolonged effort. Their
metabolism is mainly aerobic and therefore depends on an adequate supply 
of O2. White fibers (type II fibers) are better suited for fast, strong
contractions. These fibers are able to form sufficient ATP even when there 
is little O2 available. 

Table 1. Characteristics of white and red fibers of skeletal muscle.

Feature White (fast) muscle fibers Red (slow) muscle fibers
Color White Red 

Myoglobin No Yes
Myosin ATPase activity High Low

Energy utilization High Low
Contraction rate Fast Slow

Duration Short Prolonged
Mitochondria Few Many

Red fibers provide for their ATP requirements mainly (but not 
exclusively) from fatty acids, which are broken down via β-oxidation, the 
citric acid cycle, and the respiratory chain. The red color in these fibers is 
due to the monomeric heme protein myoglobin, which they use as an O2

reserve. Myoglobin has a much higher affinity for O2 than hemoglobin and
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therefore only releases its O2 when there is a severe drop in O2 partial 
pressure.

At a high level of muscular effort e.g., during weightlifting or in very 
fast contractions such as those carried out by the eye muscles the O2 supply 
from the blood quickly becomes inadequate to maintain the aerobic 
metabolism. White fibers therefore mainly obtain ATP from anaerobic 
glycolysis i.e., they convert glucose into lactate. 

They have supplies of glycogen from which they can quickly release
glucose-1-phosphate when needed. By isomerization, this gives rise to
glucose-6-phosphate, the substrate for glycolysis. The NADH+H+ formed 
during glycolysis have to be reoxidized into NAD+ in order to maintain 
glucose degradation and thus ATP formation. 

If there is a lack of O2, this is achieved by the formation of lactate, 
which is released into the blood and transported to the liver where is 
resynthesized into glucose again via gluconeogenesis, with ATP being 
consumed in the process. The glucose newly formed by the liver returns via
the blood to the muscles, where it can be used as an energy source again. 
This circulation system is called the Cori cycle. The muscles themselves 
are not capable of gluconeogenesis. Nor would this be useful, as 
gluconeogenesis requires much more ATP than is supplied by glycolysis. 
As O2 deficiencies do not arise in the liver even during intensive muscle 
work, there is always sufficient energy there available for gluconeogenesis. 

There is also a corresponding circulation system for the amino acid 
alanine. The alanine cycle in the liver not only provides alanine as a 
precursor for gluconeogenesis, but also transports to the liver the amino 
nitrogen arising in muscles during protein degradation. In the liver it is 
incorporated into urea for excretion. 

Most of the amino acids that arise in muscle during proteolysis are 
converted into glutamate and 2-oxo acids by transamination. Again by 
transamination, glutamate and pyruvate give rise to alanine, which after 
glutamine is the second important form of transport for amino nitrogen in 
the blood. In the liver alanine and 2-oxoglutarate are resynthesized into 
pyruvate and glutamate. Glutamate supplies the urea cycle, while pyruvate 
is available for gluconeogenesis. 

The skeletal muscle is the most important site for degradation of the 
branched-chain amino acids (Val, Leu, Ile) but other amino acids are also 
broken down in the muscles. Alanine and glutamine are resynthesized from 
the components and released into the blood. They transport the nitrogen 
that arises during amino acid breakdown to the liver (alanine cycle) and to 
the kidneys. During periods of hunger, muscle proteins serve as an energy 
reserve for the body. They are broken down into amino acids, which are
transported to the liver. In the liver the carbon skeletons of the amino acids 
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are converted into intermediates in the citric acid cycle or into 
acetoacetylCoA. These amphibolic metabolites are then available to the 
energy metabolism and for gluconeogenesis. After prolonged starvation, 
the brain switches to using ketone bodies in order to save muscle protein.

The synthesis and degradation of muscle proteins are regulated by 
hormones. Cortisol leads to muscle degradation, while testosterone
stimulates protein formation. Synthetic anabolics with a testosterone-like 
effect have repeatedly been used for doping purposes or for intensive 
muscle-building.

Smooth muscle differs from skeletal muscle in various ways. Smooth 
muscles which are found, for example, in blood vessel walls and in the 
walls of the intestines do not contain any muscle fibers. 

In smooth-muscle cells, which are usually spindle-shaped, the
contractile proteins are arranged in a less regular pattern than in striated
muscle. 

Contraction in this type of muscle is usually not stimulated by nerve 
impulses, but occurs in a largely spontaneous way. Ca2+ (in the form of 
Ca2+-calmodulin) also activates contraction in smooth muscle; in this case,
however, it does not affect troponin, but activates a protein kinase that 
phosphorylates the light chains in myosin and thereby increases myosin's 
ATPase activity. Hormones such as epinephrine and angiotensin II are able 
to influence vascular tonicity in this way, for example.
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Lecture 17

BIOCHEMISTRY OF CONNECTIVE TISSUE

The connective tissue or extracellular matrix (ECM) refers to the 
complex material surrounding and supporting the mammalian cells in 
tissues. 

In many types of tissue, e.g., muscle and liver, the ECM is only a 
narrow border between the cells, while in others it forms a larger space. In 
connective tissue, cartilage, and bone, the ECM is particularly strongly 
marked and is actually the functional part of the tissue.

The extracellular matrix has a very wide variety of functions: 
1. Establishes mechanical connections between cells.
2. Creates structures with special mechanical properties (as in bone, 

cartilage, tendons, and joints).
3. Creates filters (e.g., in the basal membrane in the renal corpuscles).
4. Separates cells and tissues from each other (e.g., to allow the joints

to move freely).
5. Provides pathways to guide migratory cells (important for embryonic 

development).
6. Influences cell shape, cell movement, cell development and cell 

differentiation.
7. Coordinates cellular functions through signaling with cellular 

adhesion receptors (integrins).
8. Reservoir for extracellular signaling molecules.
9. Participates in inflammation.
The chemical composition of the ECM is just as diverse as its 

functions.
The family of connective-tissue cells includes fibroblasts, 

chondroblasts (cartilage), odontoblasts (tooth) and osteoblasts (bone-
forming cells); by contrast, osteoclasts dissolve bone matter again by 
secreting H+ and collagenases. They are specialized to secrete extracellular 
proteins, particularly collagens, and mineral substances, which they use to 
build up the ECM. 

The three main constituents of the extracellular matrix in connective 
tissue (Fig.1):

1. collagen fibers and elastin, 
2. network-forming adhesive proteins (e.g., fibronectin),
3. space-filling proteoglycans.

17
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Fig. 1. Interactions between the cell membrane and the components of the extracellular 
matrix. (https://www.khanacademy.org)

1. Specific proteins of the connective tissue

1.1. Collagen

Collagen is the most abundant protein in mammals, representing 25% 
of the total. Collagen is the predominant component of the connective
tissue, although its distribution varies in different tissues. For example, 
collagen forms 90% of the organic matrix of bones, 85% of tendons, 70%
of skin, and 4% of liver.

They form insoluble tensile fibers that occur as structural elements of 
the extracellular matrix and connective tissue throughout the body. It 
provides an extracellular framework for all metazoan animals and exists in 
virtually every animal tissue. 

Functions of collagen:
1. Being a major component of the connective tissue, collagen gives 

strength, support and shape to the tissues. The tensile strength of collagen
fiber is impressive. To break a collagen fiber of 1 mm in diameter, a load of
10-40 kg is needed. However, in diseased states with altered collagen 
structure, the tensile strength is reduced.

https://www.khanacademy.org
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2. Collagen contributes to proper alignment of cells, which in turn helps
in cell proliferation and their differentiation to different tissues and organs.

3. Collagen (that is exposed in blood vessels) contributes to thrombus
formation.

Structure.
All collagen types have a triple helical structure made up of three 

polypeptides (α-chains) (Fig.2). Each α-chain, containing about 1000 
amino acids, is twisted into a left-handed helix of 3 residues per turn. 
Three of these α-chains are then wound into a right-handed super-helix, 
forming a rod-like molecule 1.4 nm in diameter and about 300 nm long. 

A striking characteristic of collagen is the occurrence of glycine 
residues at every third position of the triple helical portion of the α-chain. 
This is necessary because glycine is the only amino acid small enough to be 
accommodated in the limited space available down the central core of the 
triple helix. This repeating structure, represented as (Gly-X-Y)n, is an 
absolute requirement for the formation of the triple helix (Fig.2).

(http://www.namrata.co)

Fig. 2. Structure of collagen.

While X and Y can be any other amino acids, about 100 of the X 
positions are proline and about 100 of the Y positions are hydroxyproline. 
These two amino acids confer rigidity to the collagen molecule. The 
hydroxyproline residues stabilize the triple helix by forming hydrogen 
bonds between the α-chains.

Hydroxyproline is formed by the posttranslational hydroxylation of 
peptide-bound proline residues catalyzed by the iron-containing oxygenase
prolyl hydroxylase, whose cofactors are ascorbic acid (vitamin C) and 
α-ketoglutarate. Lysine in the Y position may also be posttranslationally 
modified to hydroxylysine through the action of lysyl hydroxylase, an 
enzyme with similar cofactors. Some of these hydroxylysines may be 
further modified by the addition of galactose or galactosyl-glucose through 
an O-glycosidic linkage, a glycosylation site that is unique to collagen.

http://www.namrata.co
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The triple helical structure of collagen is stabilized by an extensive 
network of hydrogen bonds, covalent cross-links, electrostatic and
hydrophobic interactions, and van der Waals forces.

The molecules of collagen assemble and form elongated fibrils and 
then rod like fibers in the tissues. The fibril formation occurs by a quarter 
staggered alignments, i.e., each triple helix of collagen is displaced 
longitudinally from its neighbor by about one-quarter of its length. This 
arrangement is responsible for the banded appearance of these fibers in 
connective tissues. 

Collagen fibers are further stabilized by the formation of covalent 
crosslinks, both within and between the triple helical units. These 
crosslinks form through the action of lysyl oxidase, a copper-dependent 
enzyme that oxidatively deaminates the ε-amino groups of certain lysine 
and hydroxylysine residues, yielding reactive aldehydes. Such aldehydes 
can form aldol condensation products with other lysine- or hydroxylysine-
derived aldehydes, or form Schiff bases with the ε-amino groups of 
unoxidized lysines or hydroxylysines. These reactions, after further 
chemical rearrangements, result in the stable, covalent crosslinks that are 
important for the tensile strength of the fibers.

The degree of collagen cross-linking increases with age. Thus, in older 
people the collagen containing tissues (e.g., skin, blood vessels) become 
less elastic and stiffer, contributing to health complications.

Types of collagen.
Collagen is not a single homogeneous protein, but a group of 

structurally related and genetically distinct proteins. In humans, at least 19 
various types of collagens, composed of 30 distinct polypeptide chains of 
different combinations (α1 to α3 and other subtypes) encoded by separate
genes, have been identified. Although several of these are present only in 
small proportions, they may play important roles in determining the 
physical properties of the tissues.

The types of collagen are numbered (by Roman numerals) as I, 
II...XIX. Types I, II, and III represent 90% of collagens. The different types
of collagen are suited to perform specialized functions in tissues. For
example, collagens type I and type II are respectively found in skin and
bone.

Several collagen types do not form banded fibers in tissues. At the 
molecular level, these collagens are characterized by interruptions of the 
triple helix with stretches of protein lacking Gly-X-Y repeat sequences. 
These non-Gly-X-Y sequences result in areas of globular structure 
interspersed in the triple helical structure. Type IV collagen, the best 
characterized example of collagens with discontinuous triple helices, is an 
important component of basement membranes where it forms a mesh-like 
network.
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Synthesis.
Collagen synthesis (Fig.3) occurs in fibroblasts, and the cells related to 

them e.g., osteoblasts in bones, chondroblasts in cartilage, odontoblasts in 
teeth.

Fig. 3. Steps in the formation of mature collagen fibrils.

Steps in the collagen synthesis:
1. Collagen is synthesized on the ribosomes in a precursor form namely 

preprocollagen. This contains a signal peptide which directs the protein to 
reach the endoplasmic reticulum (ER). In the ER, the signal peptide is 
cleaved to form procollagen. 

2. Procollagen undergoes extensive posttranslational modifications 
(hydroxylation and glycosylation) and disulfide bonds formation: most 
proline residues and some lysine residues of procollagen are hydroxylated 
(see above); procollagen is then glycosylated at hydroxylysine residues; 
intramolecular and intermolecular disulfide bonds form in the procollagen, 
allowing correct positioning of the peptide strands to form a triple helix. 

(https://www.semanticscholar.org)

https://www.semanticscholar.org
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3. The procollagen so formed is secreted into the extracellular space, by 
exocytosis. This is where it is subjected to the action of aminoproteinase
and carboxyproteinase to remove the N-and C-terminal propeptides, 
allowing the aggregation of the tropocollagen molecules to form 
cylindrical fibrils. 

4. Several NH2-groups in lysine residues are oxidatively converted into 
aldehyde groups. Tropocollagen molecules are firmly linked together, 
particularly at their ends, by covalent links of altered Lys side chains. In 
this way, the fibrils reach their final structure.

Diseases caused by abnormal collagen constitute.
The inherited diseases that result in abnormal collagen constitute an 

increasing number of variants of at least 4 different types of syndromes: 
osteogenesis imperfecta, Marfan's syndrome, Ehlers-Danlos syndrome, 
and Menkes' (kinky hair) syndrome. 

Each of these syndromes is comprised of a number of variants. 
Originally, these diseases were defined on the basis of having similar 
phenotypes, but as the understanding of collagen structure and function has 
increased, it has become evident that similar molecular defects may present 
dissimilar clinical syndromes and vice versa. 

Basically, assembly, stabilization of the triple helix, or crosslinking of 
collagen are affected by the lesions. The defects include mutations causing 
little or no synthesis of procollagen chains, production of shortened 
procollagen chains, production of lengthened procollagen chains, and 
deficiencies of processing enzymes (e.g., lysine hydroxylase or procollagen 
N-proteinase). So far, only defects in type I and type III procollagen 
molecules have been recognized. Menkes' syndrome affects copper 
metabolism (see lecture ″Mineral metabolism″), and thus secondarily 
affects the activity of lysine oxidase and resultant crosslinking. Table 1
summarizes major features of the above 4 syndromes.

Table 1. General features of 4 heritable diseases that affect collagen.

Disease Clinical features Biochemical causes

1. Osteogenesis imperfecta 
(multiple types)

Abnormal 
fragility of bones

Various abnormalities in genes coding 
for procollagen α1(I)

2. Ehlers-Danlos 
syndrome (multiple types)

Hypermobile 
joints, skin 
abnormalities

Abnormality in gene for procollagen 
α1(III), deficiency of lysyl hydroxylase, 
deficiency of procollagen N-proteinase

3. Marfan's syndrome Skeletal, ocular, 
cardiovascular 
abnormalities

Mutation in gene for procollagen α2(I) 
resulting in longer procollagen chain

4. Menkes' syndrome Kinky hair, 
growth 
retardation

Lysyl oxidase deficiency due to 
abnormal copper metabolism
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1.2. Elastin

Elastin is another important (besides collagens) connective tissue 
protein. It is responsible for properties of extensibility and elasticity in 
tissues. 

Although not as widespread as collagen, elastin is present in large 
amounts, particularly in tissues that require these physical properties, e.g., 
lungs, large arterial blood vessels, and some elastic ligaments. Smaller 
quantities of elastin are also found in skin, ear cartilage, and several other 
tissues. 

In contrast to collagen, there appears to be only one genetic type of 
elastin, although variants arise by differential processing of the hnRNA for 
elastin. 

Elastin is synthesized as a soluble monomer of 70.000 MW called 
tropoelastin. Some of the prolines of tropoelastin are hydroxylated to 
hydroxyproline by prolyl hydroxylase, although hydroxylysine and 
glycosylated hydroxylysine are not present. Unlike collagen, tropoelastin is 
not synthesized in a pro-form with extension peptides. Furthermore, elastin 
does not contain repeat Gly-X-Y sequences, triple helical structure, or 
carbohydrate moieties.

After secretion from the cell, certain lysyl residues of tropoelastin are 
oxidatively deaminated to aldehydes by lysyl oxidase, the same enzyme 
involved in this process in collagen. However, the major crosslinks formed 
in elastin are the desmosines, which result from the condensation of three 
of these lysine-derived aldehydes with an unmodified lysine to form a 
tetrafunctional crosslink unique to elastin. 

Once cross linked in its mature, extracellular form elastin is highly 
insoluble and extremely stable, with a very low turnover rate. 

Elastin exhibits a variety of random coil conformations that permit 
the protein to stretch and subsequently recoil during the performance of 
its physiologic functions.
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Table 2 summarizes the major differences between collagen and elastin.

Table 2. Major differences between collagen and elastin.

Collagen Elastin
Many different genetic types One genetic type
Triple helix No triple helix; random coil conformations 

permitting stretching
(Gly-X-Y)n repeating structure No (Gly-X-Y)n repeating structure
Presence of hydroxylysine No hydroxylysine
Contains carbohydrate No carbohydrate
Intramolecular aldol crosslinks Intramolecular desmosine crosslinks
Presence of extension peptides during 
biosynthesis

No extension peptides present during 
biosynthesis

2. Adhesive proteins

Adhesive proteins provide the connections between the various 
components of the extracellular matrix.

Important representatives include laminin, fibronectin and fibrillin. 
These multifunctional proteins simultaneously bind to several other types 
of matrix component. Cells attach to the cell surface receptors in the ECM 
with the help of the adhesive proteins.

2.1. Laminin

Any of several large glycoproteins consisting of three polypeptide
subunits (Fig.4) and found in basement membranes. In fact, laminin is one 
of the first extracellular proteins synthesized during embryogenesis. It 
facilitates linkage with collagen and other basement membrane components
and is involved in neuronal growth and nerve regeneration. In the patients 
of Alzheimer's disease, high concentrations of laminin are found.

Fig. 4. Structure of laminin.

(https://medical-dictionary.thefreedictionary.com)

https://medical-dictionary.thefreedictionary.com
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2.2. Fibronectin

Fibronectins are typical representatives of adhesive proteins. They are 
filamentous dimers consisting of two related peptide chains (each with a 
mass of 250 kDa) linked to each other by disulfide bonds. The fibronectin 
molecules are divided into different domains, which bind to cell-surface 
receptors, collagens, fibrin, and various proteoglycans (Fig.5). This is what 
gives fibronectins their "molecular glue" characteristics. The domain 
structure in fibronectins is made up of a few types of peptide module that 
are repeated numerous times. Each of the more than 50 modules is coded 
for by one exon in the fibronectin gene. Alternative splicing of the hnRNA 
transcript of the fibronectin gene leads to fibronectins with different 
compositions. The module that causes adhesion to cells contains the 
characteristic amino acid sequence -Arg-Gly-Asp-Ser-. It is these residues 
that enable fibronectin to bind to cell-surface receptors, known as 
integrins. 

Fibronectins are closely involved in the interaction of cells with
extracellular matrix. It actively participates in cell adhesion and cell 
migration. In general, tumor cells are deficient in fibronectin which results 
in the lack of adhesion among the tumor cells that may often lead to 
metastasis.

(G. Karp Cell and Molecular Biology, 5 ed, John Wiley and Sons, Limited, 2008)

Fig. 5. Structure of fibronectin.

2.3. Fibrillin

Fibrillin is a structural component of myofibrils found in various
tissues. Marfan syndrome (see above) is a genetic disorder due to a 
mutation in the gene for fibrillin. It is characterized by hyperextensibility of 
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joints and skeletal system. Consequently, the patients of Marfan syndrome
are tall, and have long digits. These patients may also have cardiovascular
complications. 

3. Proteoglycans

Proteoglycans are proteins that contain covalently linked 
glycosaminoglycans (Fig.6). The proteins bound to glycosaminoglycans
are called core proteins. The amount of carbohydrate in a proteoglycan is 
usually much greater than is found in a glycoprotein and may comprise up 
to 95% of its weight.

Proteoglycan`s bottlebrush-shaped structure is produced by an axis 
consisting of hyaluronate (Fig.6). This thread-like polysaccharide has 
proteins (linker proteins) attached to it, from which in turn long 
polysaccharide chains emerge. Like the central hyaluronate, these terminal 
polysaccharides belong to the glycosaminoglycan group.

(http://www.wanderinglifestyles.com)

Fig. 6. Structure of proteoglycans.

3.1. Glycosaminoglycans

Glycosaminoglycans (GAG) are an unbranched polysaccharides made 
up of repeating disaccharides, one component of which is always an 
amino sugar (hence the name glycosaminoglycans), either N-acetyl-D-
glucosamine or N-acetyl-D-galactosamine. Many of the amino sugars are 
also esterified with sulfuric acid (sulfated), further increasing their polarity.

The other component of the repeating disaccharide is an uronic acid, 
either D-glucuronic acid or its 5-epimer, L-iduronic acid. 

There are at least 7 GAGs: hyaluronic acid, chondroitin sulfate, keratan 
sulfates I and II, heparin, heparan sulfate, and dermatan sulfate. 

http://www.wanderinglifestyles.com
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They differ from each other in a number of the following properties: 
amino sugar composition, uronic acid composition, linkages between these 
components, the chain length of the disaccharides, the presence or absence 
of sulfate groups and their positions of attachment to the constituent sugars, 
the nature of the core proteins to which they are attached, the nature of the 
linkage to core protein, their tissue and subcellular distribution, and their 
biologic functions (Table 3).

Table 3. Major properties of the glycosaminoglycans.

GAG Sugars Location Function(s)
Hyaluronic 
acid

D-glucuronic acid,
N-acetylglucosamine

Synovial 
fluid, vitreous 
humor, loose 
connective 
tissue 

Serves as a lubricant and
shock absorber. Promotes
wound healing. Facilitate 
cell migration. 
Components of plasma 
membranes, where may 
act as receptors and 
participate in cell 
adhesion and cell-cell 
interactions. Components 
of synaptic and other 
vesicles. Determines 
charge-selectiveness of
renal glomerulus. Role in 
compressibility of 
cartilage in weight-
bearing

Chondroitin 
sulfates

D-glucuronic acid,
N-acetylgalactosamine
-4(6)-sulfate

Cartilage, 
bone, cornea,
skin, blood 
vessel walls

Helps to maintain the
structure and shapes of
tissues

Keratan 
sulfate I

D-galactose, 
N-acetylglucosamine-
6-sulfate

Cornea Keeps corneal 
transparency

Keratan 
sulfate II

D-galactose, 
N-acetylglucosamine
-6-sulfate

Loose 
connective 
tissue 

Heparin D-glucuronate-2-
sulfate,
N-sulfo(acetyl) 
glucosamine-6-sulfate

Mast cells, 
blood, lung, 
skin, liver, 
kidney, spleen

Acts as an anticoagulant

Heparan 
sulfate 

D-glucuronate-2-
sulfate,
N-acetylglucosamine
-6-sulfate

Skin 
fibroblasts, 
aortic wall 

Act as receptors and 
participates in the 
mediation of cell growth 
and cell-cell 
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communication

Dermatan 
sulfate 

L-iduronic acid, 
N-acetylgalactosamine 
-4-sulfate

Blood vessel 
valves, heart 
valves, skin

Maintains the shapes of
tissues. Keeps corneal 
transparency. Structural 
role in sclera

3.1.1. Hyaluronic acid

Hyaluronic acid consists of an unbranched chain of repeating 
disaccharide units containing D-glucuronic acid and N-acetyl 
D-glucosamine held together by β-1,3-glycosidic bond.

Hyaluronic acid contains about 250-25.000 disaccharide units (held by 
β-1,4-linkages) with a molecular weight (MW) up to 4 million. There is no 
firm evidence that it is linked to protein, as are the other GAGs. 

Disaccharide unit – D-glucuronic acid -1,3-N-acetyl D-glucosamine
-1,4-(D-glucuronic acid)

Hyaluronic acid is present in bacteria and is widely distributed among 
various animals and tissues, including synovial fluid of joints, the vitreous 
body of the eye, and loose connective tissue. 

Hyaluronic acid is especially high in concentration in embryonic tissues 
and is thought to play an important role in permitting cell migration during 
morphogenesis and wound repair. Its ability to attract water into the 
extracellular matrix and thereby "loosen it up" may be important in this 
regard. The high concentrations of hyaluronic acid and chondroitin 
sulfates present in cartilage contribute to its compressibility. Hyaluronic 
acid serves also as a lubricant and shock absorbent in joints.

Hyaluronidase is an enzyme that breaks (β-1,4-linkages) hyaluronic 
acid and other GAGs. This enzyme is present in high concentration in 
testes, seminal fluid, and in certain snake and insect venoms.
Hyaluronidase of semen is assigned an important role in fertilization as this 
enzyme clears the gel (hyaluronic acid) around the ovum allowing a better 
penetration of sperm into the ovum. Hyaluronidase of bacteria helps their 
invasion into the animal tissues.
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3.1.2. Chondroitin sulfates (chondroitin-4-sulfate and 
chondroitin-6-sulfate)

The repeating disaccharide of chondroitin sulfate is similar to that 
found in hyaluronic acid, containing D-glucuronic acid but with N-acetyl 
D-galactosamine, replacing N-acetylglucosamine. The N-acetyl 
galactosamine is substituted with sulfate at either its 4 or its 6 position, 
with approximately one sulfate being present per disaccharide unit. 

Disaccharide unit – D-glucuronic acid -1,3-N-acetyl D-galactosamine
-4-sulfate -1,4-(D-glucuronic acid)

Disaccharide unit – D-glucuronic acid -1,3-N-acetyl D-galactosamine
-6-sulfate -1,4-(D-glucuronic acid)

Each chain contains some 40 disaccharide units and thus has a MW of 
about 20.000. Many such chains are attached to a single protein molecule, 
generating massive proteoglycans of high MW (e.g., in nasal cartilage 
approximately 2.5×106). Proteoglycans are linked to chondroitin sulfate by 
the Xyl-Ser O-glycosidic bond. 

The chondroitin sulfates associate tightly with hyaluronic acid with the 
aid of 2 "link proteins" that bind hydrophobically to both hyaluronic acid 
and to the core protein, generating very large aggregates in connective 
tissue (Fig.7).

Chondroitin sulfates (Greek: ″chondros″ – cartilage) are located at 
sites of calcification in endochondral bone. This proteoglycan is located 
inside certain neurons and may provide an endoskeletal structure, helping 
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to maintain their shape. Chondroitin-4-sulfate is a major constituent of 
bone, cartilage, tendons, heart, valves, skin, cornea, etc. 

(http://eastottlemyer.com)

Fig. 7. Schematic representation of proteoglycan aggregate.

3.1.3. Keratan sulfates I and II

Keratan sulfates I and II are a heterogeneous GAG with a variable 
sulfate content, besides small amounts of mannose, fructose, sialic acid. 

The keratan sulfates consist of repeating D-galactose and N-acetyl
D-glucosamine disaccharide units containing sulfate attached to the 6 
position of N-acetylglucosamine or occasionally of galactose. 

Disaccharide unit – D-galactose -1,4-N-acetyl D-glucosamine
-6-sulfate -1,3-(D-galactose)

Both keratan sulfate I and dermatan sulfate are present in the cornea. 
They lie between collagen fibrils, and play a critical role in permitting 
corneal transparency. Changes in proteoglycan composition are found in 
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corneal scars, which disappear when the cornea heals. The presence of 
dermatan sulfate in the sclera may also play a role in maintaining the 
overall shape of the eye. Keratan sulfate II is found along with chondroitin 
sulfate attached to hyaluronic acid (Fig.7) in loose connective tissue. 

Keratan sulfates I and II have different attachments to protein. 

3.1.4. Heparin

The repeating disaccharide of heparin contains D-glucosamine and 
either of the 2 uronic acids. Most of the amino groups of the glucosamine 
residues are N-sulfated, but a few are acetylated. The glucosamine also 
carries a C6 sulfate ester.

Approximately 90% of the uronic acid residues are D-iduronic acid. 
Initially, all of the uronic acids are D-glucuronic acid, but a 5-epimerase
converts approximately 90% of the D-glucuronic acid residues to 
D-iduronic acid after the polysaccharide chain is formed. 

Disaccharide unit – D-glucuronate-2-sulfate -1,4-N-sulfo(acetyl)
glucosamine-6-sulfate -1,4-(D-glucuronate-2-sulfate)

The protein molecule of the heparin proteoglycan is unique, consisting 
exclusively of serine and glycine residues. Approximately two-thirds of the 
serine residues contain GAG chains, usually with a MW of 5000-15.000, 
but occasionally much higher. 

Heparin is found in the granules of mast cells and also in blood, liver, 
lung, skin, kidney, spleen.

Heparin is an important anticoagulant (prevents blood clotting). It binds 
with factors IX and XI, but its most important interaction is with plasma 
antithrombin III. The 1:1 binding of heparin to this plasma protein greatly 
accelerates the ability of the latter to inactive serine proteases, particularly 
thrombin. The binding of heparin to lysine residues in antithrombin III 
appears to induce a conformational change in the latter that favors its 
binding to the serine proteases. 

Heparin can also bind specifically to lipoprotein lipase present in 
capillary walls, causing a release of this enzyme into the circulation.
Lipoprotein lipase helps in clearing the turbidity of lipemic plasma. 

O O
H

OH

H

H

OSO 3H

H
COOH

H

H H

O

CH 2OSO 3H

H

H

NHSO 3H

OH
H

O O



Biochemistry of connective tissue.

255

3.1.5. Heparan sulfate

This molecule is present on many cell surfaces as a proteoglycan and is 
extracellular. It contains N-acetyl D-glucosamine with fewer N-sulfates 
than heparin, and, unlike heparin, its predominant uronic acid is 
D-glucuronic acid.

Heparan sulfate is associated with the plasma membrane of cells, with 
their core proteins actually spanning that membrane. In it heparan sulfates 
may act as receptors and may also participate in the mediation of cell 
growth and cell-cell communication. The attachment of cells to their 
substratum in culture is mediated, at least in part, by heparan sulfate. This 
proteoglycan is also found in the basement membrane of the kidney, along 
with type IV collagen and laminin, where it plays a major role in 
determining the charge selectiveness of glomerular filtration.

3.1.6. Dermatan sulfate

This is widely distributed in animal tissues. The name dermatan sulfate 
is derived from the fact that this compound mostly occurs in the skin. 

Its structure is similar to that of chondroitin sulfate, except that in place 
of a D-glucuronic acid in β-1,3-linkage to N-acetyl D-galactosamine, it 
contains an L-iduronic acid in an α-1,3-linkage to N-acetyl 
D-galactosamine. 

Formation of the L-iduronic acid occurs, as in heparin and heparan 
sulfate, by 5-epimerization of L-glucuronic acid. Because this is regulated 
by the degree of sulfation, and sulfation is incomplete, dermatan sulfate 
contains both L-iduronic acid – N-acetyl D-galactosamine and 
L-glucuronic acid – N-acetyl D-galactosamine disaccharides.

Disaccharide unit – L-iduronic acid -1,3-N-acetyl D-galactosamine
-4-sulfate -1,4-(L-iduronic acid)
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3.2. Proteoglycans have numerous functions

Both proteoglycans and GAGs have proved difficult to work with in the 
past, partly because of their complexity. However, they are major 
components of the ground substance, they have a number of important 
biologic roles, and they are involved in a number of disease processes, so 
that interest in them is steadily increasing.

As indicated above, proteoglycans are remarkably complex molecules 
and are found in every tissue of the body, mainly in the extracellular 
matrix or "ground substance". There they are associated with each other 
and also with the other major structural components of the matrix, collagen 
and elastin, in quite specific manners. Some proteoglycans bind to collagen 
and others to elastin. These interactions are important in determining the 
structural organization of the matrix. 

In addition, some of them interact with certain adhesive proteins, 
such as fibronectin and laminin, also found in the matrix. The 
glycosaminoglycans present in the proteoglycans are polyanions, and 
hence bind polycations and cations such as Na+ and K+. This latter ability 
attracts water by osmotic pressure into the extracellular matrix and 
contributes to its turgor. Glycosaminoglycans also gel at relatively low 
concentrations. Because of the long extended nature of the polysaccharide 
chains of glycosaminoglycans and their ability to gel, the proteoglycans 
can act as sieves, restricting the passage of large macromolecules into the 
extracellular matrix, but allowing relatively free diffusion of small 
molecules. Again, because of their extended structures and the huge 
macromolecular aggregates that they often form, they occupy a very 
large volume of the matrix, relative to proteins.

Proteoglycans are also found in intracellular locations such as the 
nucleus; their function in this organelle has not been elucidated. They have 
also been shown to be present in some storage or secretory granules, such 
as the chromaffin granules of the adrenal medulla. It has been postulated 
that they play a role in the release of the contents of such granules. 

Some functions of proteoglycans:
1. Structural components of the extracellular matrix.
2. Specific interactions with collagen, elastin, fibronectin, laminin, and 

other proteins of the matrix.
3. As polyanions, they bind polycations and cations (К+ and Nа+).
4. Contribute to the characteristic turgor of various tissues.
5. Act as sieves in the extracellular matrix.
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3.3. Associations with major diseases and with aging

Hyaluronic acid may be important in permitting tumor cells to migrate 
through the ECM. Tumor cells can induce fibroblasts to synthesize greatly 
increased amounts of this GAG, thereby perhaps facilitating their own 
spread. Some tumor cells have less heparan sulfate at their surfaces, and 
this may play a role in the lack of adhesiveness that these cells display.

The intima of the arterial wall contains hyaluronic acid and chondroitin 
sulfate, dermatan sulfate, and heparan sulfate proteoglycans. Of these 
proteoglycans, dermatan sulfate binds plasma low density lipoproteins. In 
addition, dermatan sulfate appears to be the major GAG synthesized by 
arterial smooth muscle cells. Because it is these cells that proliferate in 
atherosclerotic lesions in arteries, dermatan sulfate may play an important 
role in the development of the atherosclerotic plaque.

In various types of arthritis, proteoglycans may act as autoantigens, 
thus contributing to the pathology of these conditions. The amount of 
chondroitin sulfate in cartilage diminishes with age, whereas the amounts 
of keratan sulfate and hyaluronic acid increase. These changes may 
contribute to the development of osteoarthritis. Changes in the amounts of 
certain GAGs in the skin are also observed with age and help to account for 
the characteristic changes noted in this organ in the elderly.

4. Glycoproteins

Besides proteoglycans, the ECM contains glycoproteins. Glycoproteins
are proteins that have oligosaccharide (glycan) chains covalently attached 
to their polypeptide backbones. 

The carbohydrate content of glycoprotein varies from 1% to 90% by 
weight. Sometimes the term mucoprotein is used for glycoprotein with 
carbohydrate concentration more than 4%. Glycoproteins are very widely 
distributed in the cells and perform variety of functions. These include their 
role as enzymes, hormones, transport proteins, structural proteins and 
receptors. 

The carbohydrates found in glycoproteins include mannose, galactose, 
N-acetylglucosamine, N-acetylgalactosamine, xylose, L-fucose and 
N-acetylneuraminic acid (NANA). NANA is an important sialic acid. 

4.1. Functions of glycoproteins

1. Structural molecules  collagen, elastin, fibrins, bone matrix.
2. Lubricants and protective agents  mucins, mucous secretions, 

synovial glycoproteins.
3. Transport molecules  ceruloplasmin.
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4. Immunologic molecules  immunoglobulins, histocompatibility 
antigens, complement, interferon.

5. Hormones  chorionic gonadotropin, thyrotropin, erythropoietin.
6. Enzymes  proteases, nucleases, glycosidases, hydrolases, clotting 

factors.
7. Cell attachment/recognition sites  fibronectin, laminin.
8. Antifreeze in antarctic fishes  antifreeze glycoproteins.
9. Clotting  fibrinogen. 
10.Antigens  blood group substances.

4.2. Major classes of glycoproteins

Glycoproteins can be divided into 4 classes, based on the nature of the 
linkage between their polypeptide chains and their oligosaccharide chains: 

1). glycoproteins containing a Ser (or Thr)-N-acetylgalactosamine
linkage (Fig.8); 

2). proteoglycans containing a Ser-Xyl linkage; 
3). collagens containing a hydroxylysine (Hyl)-Gal linkage; 
4). glycoproteins containing an Asn-N-acetylglucosamine linkage 

(Fig.8).
Classes 1, 2, and 3 are joined to the corresponding amino acids via

O-glycosidic linkages (i.e., a linkage involving an OH in the side chain of 
an amino acid and a sugar residue). The 4-th class involves an N-glycosidic 
linkage (i.e., a linkage involving the N of the amide group of asparagine 
and a sugar residue). Because classes 2 and 3 are relatively uncommon, the 
term O-linked glycoproteins are often used, as it is here, to refer only to 
members of class 1. The members of class 4 are called N-linked 
glycoproteins. Other minor classes exist. The number of oligosaccharide 
chains attached to one protein can vary from one to 30 or more, with the 
sugar chains ranging from 2 or 3 residues in length to much larger 
structures. Some glycoproteins contain both N- and O-glycosidic linkages.

Fig. 8. Linkage of N-acetylgalactosamine to serine and of N-acetylglucosamine to 
asparagine.
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Lecture 18

BIOCHEMISTRY OF KIDNEYS

The blood supply to kidneys is relatively large. The kidneys are 
extremely well-perfused organs, with about 1500 litres of blood flowing 
through them every day. Approximately 150 litres of primary urine is 
filtered out of this. Removal of water leads to extreme concentration of the 
primary urine (to approximately one-hundredth of the initial volume). As a 
result, only a volume of 0.5-2.0 litres of final urine is excreted per day.

1. Functions of the kidney

The kidneys are the vital organs of the body, performing the following 
major functions.

1. Maintenance of homeostasis. The kidneys are largely responsible 
for the regulation of water, electrolyte and acid-base balance in the body. 

2. Excretion of metabolic waste products (urea, creatinine, creatine, 
uric acid, sulfate and phosphate), water soluble toxic substances and drugs.

3. Retention of substances vital to body. The kidneys reabsorb of 
several substances of biochemical importance in the body, e.g., glucose, 
amino acids, etc.

4. Hormonal functions. The kidneys also function as endocrine organs 
by producing hormones. 

 Erythropoietin – peptide hormone, stimulating hemoglobin synthesis 
and formation of erythrocytes. 

Erythropoietin is formed predominantly by the kidneys, but also by the 
liver. Together with other factors known as "colony-stimulating factors", it 
regulates the differentiation of stem cells in the bone marrow.
Erythropoietin release is stimulated by hypoxia (low pO2). Within hours, 
the hormone ensures that erythrocyte precursor cells in the bone marrow 
are converted to erythrocytes, so that their numbers in the blood increase.
Renal damage leads to reduced erythropoietin release, which in turn results 
in anemia. Forms of anemia with renal causes can now be successfully 
treated using erythropoietin produced by genetic engineering techniques.
The hormone is also administered to dialysis patients.

 1α,25-Dihydroxycholecalciferol (calcitriol) is a hormone closely 
related to the steroids. It is the biochemically active form of vitamin D, 
regulating calcium absorption from the gut.

 Renin – proteolytic enzyme, stimulating the formation of angiotensin 
II which leads to aldosterone production for the regulation of electrolyte 
balance.

18
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5. Role in the intermediary metabolism, particularly in amino acid 
degradation and gluconeogenesis. 

2. Kidneys metabolism

Although the kidneys only represents about 0.5% of the body's mass, it 
consumes around 10% of the oxygen. Concentrating urine and transporting 
it through membranes are processes that require large amounts of energy. 
Transport of substances through the apical membrane of kidney epithelial 
cells at urine formation depends on the cellular Na+ gradient, which is 
maintained by the Na+K+ATPase in secondary active transport.

The kidneys therefore have very high energy demands. In the proximal 
tubule, the ATP needed is obtained from oxidative metabolism of glucose, 
fatty acids, ketone bodies, and several amino acids absorbed from the 
blood. To a lesser extent, lactate, glycerol, and citric acid are also used. 

In the distal tubule and Henle's loop, glucose is the main substrate for 
the energy metabolism. The endothelial cells in the proximal tubule are 
also capable of glucose synthesis from carbohydrate skeletons of amino 
acids lactate and glycerol (gluconeogenesis) but a major precursor, in 
acidic conditions, is glutamine. Since the kidneys also have a high level of 
glucose consumption, they only release very little glucose into the blood.

Amino groups of amino acids are used as ammonia for buffering urine. 
Enzymes for peptide degradation and the amino acid metabolism occur in 
the kidneys at high levels of activity (e.g., amino acid oxidases, amine 
oxidases, glutaminase).

The kidney takes up glutamine, and by the action of renal glutaminase, 
initially release NH3 and glutamate. NH3 formed is released into the tubules 
to buffer protons that are secreted into the glomerular filtrate by the kidney, 
to reduce the hydrogen ion concentration in the blood. This helps to 
maintain the normal pH of the blood. In the kidneys from the glutamate 
formed, a second molecule of NH3 can be obtained by oxidative 
deamination with the help of glutamate dehydrogenase. The resulting 
α-ketoglutarate is further metabolized in the citric acid cycle. Several other 
amino acids – alanine in particular, as well as serine, glycine, and aspartate 
– can also serve as suppliers of ammonia.

3. The formation of urine

Urine is formed as a result of a three phase process – glomerular 
filtration, selective (active) and passive reabsorption, secretion (Fig.1).
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(http://www.mhhe.com)

Fig. 1. The formation of urine.

3.1. Glomerular filtration

This is a passive process that results in the formation of ultrafiltrate of 
blood. Filtration takes place through the semipermeable walls of the 
glomerular capillaries. 

About 20% of renal plasma flow is filtered each minute (~125 ml/min)
– glomerular filtration rate. All the (unbound) constituents of plasma, 
with a molecular weight less than about 70.000, are passed into the filtrate. 
Therefore the glomerular filtrate (primary urine) (~150 litres per day) is 
almost similar in composition to plasma. Between all blood plasma 
substances only proteins don't present in primary urine. Most of these 
substances are undergone to the following reabsorption. More than 99% of 
the glomerular filtrate is reabsorbed by the kidneys. Only urea, uric acid, 
creatinine, and other final products of different metabolic pathways aren't 
undergone to the reabsorption. 

Water and low weight molecules go to the urine with help of following 
powers (Fig.2): blood hydrostatic pressure in glomerulus (near 70 mm Hg), 
oncotic pressure of blood plasma proteins (near 30 mm Hg) and hydrostatic 
pressure of plasma ultrafiltrate in glomerular capsule (near 20 mm Hg). 
The driving hydrostatic pressure is provided by arterial pressure.

http://www.mhhe.com
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Fig. 2. Powers driving filtration.

3.2. Tubular selective (active) and passive reabsorption

All low-molecular weight plasma components enter the primary urine 
via glomerular filtration. Most of these are transported back into the blood 
by reabsorption, to prevent losses of valuable metabolites and electrolytes.

In the renal tubules (proximal convoluted tubule, distal convoluted
tubule and collecting tubule), the glomerular filtrate becomes highly 
concentrated as the result of the removal of water by reabsorption. This 
may occur by passive process. At the same time, many other low molecular 
weight constituents are reabsorbed by active transport – glucose, amino 
acids and organic and inorganic ions. The excreted urine has an entirely 
different composition compared to glomerular filtrate from which it is 
derived.

Proximal convoluted tubule. Proximal tubule reabsorbs 60% of all 
solute (100% of glucose and amino acids, 90% of bicarbonate, 80-90% of 
inorganic phosphate and water. Proteins, peptides, amino acids, uric acid, 
glucose and other sugars, lactate, and ketone bodies, Na+, K+, Са2+, Mg2+, 
phosphate and sulfate are reabsorbed by secondary active transport; water, 
HCO3

-, Cl-, urea – by passive transport. Parathormone stimulates the 
absorption of calcium and inhibits the resorption of phosphate.

Loop of Henle. Next reabsorption of NaCl. In descending loop of 
Henle: resorption of water by osmosis and increasing of osmolarity; in 
ascending loop of Henle: active transport of NaCl out of the tubule and 
decreasing of osmolarity.
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Distal convoluted tubule and collecting ducts. In distal convoluted
tubule and collecting ducts reabsorption of Na+, Са2+, Mg2+ occurs by 
active transport and by passive transport – water, Cl- and urea. Aldosterone 
promotes Na+ ions and water reabsorption and excretion of H+ ions. 
Antidiuretic hormone increases the water permeability thus increasing the 
concentration of urine. The tubule cells absorb CO2 from the blood and 
then hydrate it to carbonic acid (enzyme carbonic anhydrase). Carbonic 
acid then dissociates to HCO3

- and H+. H+ is exported to the urine by an 
ATP-driven transport system, while HCO3

- returns to the blood. 

3.3. Secretion

Some of the substances that have to be excreted from the body are 
released into urine by active transport in the renal tubules – H+ and K+ ions, 
urea, creatinine and drugs (e.g., antibiotics); by passive transport –
ammonia.

4. Disturbances of urine formation 

Urine formation depends on glomerular filtration rate (GFR). Decrease 
in GFR leads to oliguria, uremia, metabolic acidosis, hyperkalemia and 
delay of the urea and other final products of the metabolism of the nitrogen 
substances in organism, decrease in bicarbonate level in plasma. Low GFR 
is due to damaged kidneys, and due to decreased hydrostatic pressure
between capillaries of renal corpuscle and contents of tubules. This is 
usually related to renal blood flow insufficiency or can be caused by 
obstruction for urine outflow.

Polyuria, low level of bicarbonate in plasma and metabolic acidosis, 
hypokalemia, hypophosphatemia, hypouricaemia are due to damaged 
tubules.

5. Functions of the kidney in the acid-base balance

Renal regulation of the acid-base balance which occurs by the 
following mechanisms: 

1. Reabsorption of bicarbonate HCO3
-;

2. Regeneration of HCO3
-;

3. H+ secretion.
1. Reabsorption of bicarbonate HCO3

-. This mechanism is primarily 
responsible to conserve the blood HCO3

-, with a simultaneous excretion of 
H+ ions. The normal urine is almost free from HCO3

-. Bicarbonate freely 
diffuses from the plasma into the tubular lumen. Here HCO3

- combines
with H+, secreted by tubular cells, to form H2CO3. H2CO3 is then cleaved 
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by carbonic anhydrase (of tubular cell membrane) to form CO2 and H2O. 
As the CO2 concentration builds up in the lumen, it diffuses into the 
proximal tubular cells along the concentration gradient. In the tubular cell, 
CO2 again combines with H2O to form H2CO3 which then dissociates into 
H+ and HCO3

-. The H+ is secreted into the tubular lumen in exchange for 
Na+. The HCO3

- is reabsorbed into plasma in association with Na+. 
Carbonic anhydrase

H+ + HCO3
- H2CO3 CO2 + H2O

Carbonic anhydrase
CO2 + H2O H2CO3 H+ + HCO3

-

2. Regeneration of HCO3
-.

СО2 diffuses from the urine into the cells of the distal tubules and forms 
H2CO3. H2CO3 dissociates into H+ and HCO3

-. The H+ is secreted into the 
urine by an ATP-driven membrane-localized transport system and HCO3

- is 
reabsorbed into plasma.

3. H+ secretion.
H+ ions are secreted into the urine in the free form, in the form of 

H2РО4
- and NH4

+.

6. Characteristics of urine

6.1. Specific gravity and PH of urine

Specific gravity checks the concentration of solutes in the urine and 
ranges between 1.008 and 1.012. The specific gravity varies depending on 
the time of day, amount of food and liquids consumed, and the amount of 
recent exercise.

The pH of urine is close to neutral (7) but can normally vary between 
4.6 and 8. Acidity of urine is due to presence of phosphoric acid as the 
product of breakdown of tissue, foods rich in phosphoproteins, 
phospholipids and nucleoproteins. A diet high in citrus, vegetables or dairy 
can increase urine pH (more basic). A diet high in meat can decrease urine 
pH (more acidic). Acidity of urine increased in acidosis, fevers, and diet 
with excess proteins; alkaline – increased in chronic cystitis and urine 
retention due to decomposition of urine in bladder.

6.2. Color of urine

Urine is a transparent solution that can range from colorless to amber 
but is usually a pale yellow. In the urine of a healthy individual, the color 
comes primarily from the presence of urobilinogen which is related to the 
bile pigments produced by hemoglobin degradation. If urine is left to stand 
long enough, oxidation of the urobilinogen may lead to a darkening in 
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color. Unusual dark color is the excess presence of bilirubin, urobilin, 
porphyrins and homogentisate. Many things affect urine color, including 
fluid balance, diet, medicines, and diseases. 

6.3. Components of urine and change of its composition

Water and water-soluble compounds are excreted with the urine. Rate 
of urine formation, volume and composition of urine are subject to wide 
variation and depend on diuresis, food intake, digestion, body weight, age, 
sex, and living conditions such as temperature, humidity, physical activity, 
health status, and many other factors. It is rather thereby to analyze a daily 
portion of urine. 

As there is a marked circadian rhythm in urine excretion, the amount of 
urine and its composition are usually given relative to a 24-hour period. 
The urine volume varies from 600 to 2500 ml for 24 h, around 95% of 
which consists of water and depends mainly on amount of the liquid 
absorbed.

Substances of urine divide on:

1.Substances filtered by the glomerulus (e.g., inulin, creatinine, urea).
2.Substances, concentration of which in urine is determined by ratio 

between the processes of secretion and reabsorption in the tubules (e.g.,
electrolytes). 

3.Substances mainly secreted from plasma into lumen of proximal 
tubules (e.g., organic acids and bases). 

4.Substances, which are practically absent in plasma and released into 
urine from the renal tubules (e.g., NH3, some enzymes).

5.Substances reabsorbed in the proximal tubule and are not found in 
urine until the plasma level reaches a certain concentration known as the
renal threshold (e.g., glucose, amino acids, ketone bodies, Na+, Ca2+, Cl-, 
HCO3

-, HPO4
2-, SO4

2-). 
Substances whose excretion in urine is dependent on their 

concentration in the blood are referred to as renal threshold substances. 
At the normal concentration in the blood, they are completely reabsorbed 
by the kidneys, with a result that their excretion in urine is almost 
negligible. The renal threshold of a substance is defined as its concentration 
in blood (or plasma) beyond which it is excreted into urine. The renal 
threshold for glucose is 180 mg/dl; for ketone bodies 3 mg/dl; for calcium 
10 mg/dl and for bicarbonate 30 mEq/l.

While calculating the renal threshold of a particular compound, it is 
assumed that both the kidneys are optimally functioning, without any 
abnormality. But this is not always true in which case the renal threshold is 
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altered. For example, renal glycosuria is associated with reduced threshold 
for glucose due to its diminished tubular reabsorption.

Nitrogen-containing compounds of urine

Nitrogen-containing compounds are among the most important 
components of urine.

1. Urea is mainly synthesized in the liver (urea cycle). Urea is the 
product of protein metabolism and constitutes about 80-90% total nitrogen 
atoms from amino acids excretion. Breakdown of pyrimidine bases also 
produces a certain amount of urea. When the nitrogen balance is constant, 
as much nitrogen is excreted as is taken up, and the amount of urea in the
urine therefore reflects protein degradation: 70 g protein in food yields 
approximately 30 g urea in the urine. About 15-30 g of urea (7-15 g 
nitrogen) or 333-583 mmol/24h is excreted in urine per day. This is 
associated with increased protein breakdown, leading to a negative nitrogen 
balance, as observed during starvation, burns, traumas, after major surgery, 
prolonged fever, diabetic coma, thyrotoxicosis, etc. Urea excretion is 
decreased in pre renal (diabetes mellitus, dehydration, cardiac failure, 
burns, high fever, etc.), renal (kidney diseases) and post renal (prostate 
enlargement, etc.) conditions.

2. Uric acid is the end product of purine metabolism. The daily 
excretion of uric acid is about 500-700 mg. Elevation in the serum uric acid 
concentration is associated with increased uric acid excretion (uricosuria). 
Hyperuricaemia may be caused by an increased rate of purine synthesis, an 
increased rate of turnover of nucleic acids, as in malignancies, tissue 
damage or starvation, a reduced renal excretion. High uric acid is excreted 
in gout and leukaemia. Lesch-Nyhan syndrome and some cases of glycogen 
storage disease are associated with uricosuria. Salicylates in doses of less 
than 2-3 g/d may produce renal retention of uric acid.

3. Creatinine is the anhydride of creatine as a product from 
metabolism in the muscle tissues. Since the amount of creatinine an 
individual excretes per day is constant, creatinine as an endogenous 
substance can be used to measure the glomerular filtration rate. Normal 
urinary excretion of creatinine is 1.5 to 3 g/24h. Excretion rate decreases in 
all kinds of renal diseases and post renal conditions. Creatinine bears a 
direct relation to the muscle mass of the individual expressed as creatinine 
coefficient (amount of creatinine in mg excreted in 24 hours per kg of body 
weight): average adult male coefficient is 18-32; female is 14-22. Decrease 
value indicates muscle wasting due to prolonged negative nitrogen balance; 
seen in starvation, diabetes, muscle dystrophy. 

4. Creatine is mostly found in the muscle as creatine phosphate, a high 
energy compound. Normally, small amounts of creatine are excreted in the 



Biochemistry of kidneys.

267

urine. Increased output of creatine in urine is referred to as creatinuria. 
Elevated in states of elevated catabolism, in muscular dystrophies such as 
progressive muscular dystrophy, myotonia atrophica, and myasthenia 
gravis; muscle wasting, as in acute poliomyelitis, amyotrophic lateral 
sclerosis, and myositis manifested by muscle wasting; starvation and 
cachectic states; hyperthyroidism; and febrile diseases, diabetes mellitus. 
Decreased in hypothyroidism, amyotonia congenita, and renal 
insufficiency.

5. Amino acids are normally excreted in 0.29-5.35 mmol/24h (nitrogen 
of amino acids). Glycine, histidine and alanine are the most abundant 
amino acids excreted into urine. They may be present in urine in excessive 
amount due to defect in protein targeting, defective renal reabsorption, 
increased catabolism of proteins, because the plasma concentration exceeds 
the renal threshold, or because there is specific failure of normal tubular 
reabsorptive mechanisms, such as in the inherited metabolic disorder, 
cystinuria or more commonly because of acquired renal tubular damage.
The amount of amino acids excreted in free form is strongly dependent on 
the diet and on the efficiency of liver function. Amino acid derivatives are 
also found in the urine (e.g., hippurate, a detoxification product of benzoic 
acid). Modified amino acids, which occur in special proteins such as 
hydroxyproline in collagen and 3-methylhistidine in actin and myosin, can 
be used as indicators of the degradation of these proteins. 

6. Ammonium salts are normally excreted in 30-60 mmol/24h 
(ammonia of ammonium salts). Increased in acidosis, decreased in alkalosis 
and due to damage of distal tubules, where ammonium salts synthesis is 
localized.

7. Hippuric acid is excreted into urine in amounts that are proportional 
to the amounts of the taken food. Usually excretion is about 5.5 mmol/24h.

8. Indican presents in urine in trace amounts and derived from indole 
which in turn arises from the action of putrefying bacteria on tryptophan.
Increased in lavish meat products or due to putrefactive processes in 
intestine. 

9. Nitrogen pigments, in particular urobilinogen, and also 
glucuronides of bile acids, bilirubin are excreted into urine in small 
amounts.

Other components of the urine are conjugates with sulfuric acid, 
glucuronic acid, glycine, and other polar compounds that are synthesized in 
the liver by biotransformation. In addition, metabolites of many hormones 
(catecholamines, steroids, and serotonin) also appear in the urine and can 
provide information about hormone production. The proteohormone 
chorionic gonadotropin (hCG), which is formed at the onset of pregnancy, 
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appears in the urine due to its relatively small size. Evidence of hCG in the 
urine provides the basis for an immunological pregnancy test.

The yellow color of urine is due to urochromes, which are related to the 
bile pigments produced by hemoglobin degradation. If urine is left to stand 
long enough, oxidation of the urochromes may lead to a darkening in color.

Nonnitrogen-containing compounds 

1. Glucose is normally not present in urine. Small amount of glucose 
(2-20 mg or 0.3-1.1 mmol) may be present in fasting urine which cannot be 
detectable by chemical methods. When glucose is present, the condition is 
called glucosuria. It results from either: diabetes mellitus or diabetes
insipidus; a reduction in the ″renal threshold″ (renal glycosuria); hormonal 
disorders, liver disease, medications, pregnancy, hyperthyroidism and 
peptic ulcer (alimentary glycosuria). 

2. Lactate and pyruvate normal urinary excretion are 1.1 to 
0.11 mmol/24h. Large amounts may be present during intensive muscular 
exercises or hypoxia, and at pathologic conditions such as diabetes 
mellitus, starvation.

3. Ketone bodies are not normally found in the urine. Small amount of 
ketone bodies (20-50 mg/24h) may be present in urine which cannot be 
detectable by chemical methods. Large amounts of ketones in the urine 
(ketonuria) may mean a diabetes mellitus is present. A diet low in 
carbohydrates, starvation or high-protein diets also cause ketones to be in 
the urine.

4. Mineral salts.
The main inorganic components of the urine are the cations Na+, K+, 

Ca2+, Mg2+, and NH4
+ and the anions Cl–, SO4

2–, and HPO4
2–, as well as 

traces of other ions. Ca2+ and Mg2+ occur in the feces in even larger 
quantities. The amounts of the various inorganic components of the urine 
also depend on the composition of the diet. For example, in acidosis there 
can be a marked increase in the excretion of ammonia. Excretion of Na+, 
K+, Ca2+, and phosphate via the kidneys is subject to hormonal regulation.

 Urine sodium (Na) excretion per 24 hours is 174-222 and urine 
potassium (K) excretion per 24 hours is 69-71. Increased K+ and Cl–

excretion in urine is found in fever, acidosis. In Addison's disease, K+ is 
retained and NaCl is excreted. In Cushing's syndrome, NaCl is retained and 
K+ is excreted. NaCl is excessively lost in salt losing nephritis. In total, Na+

and Cl– represent about two-thirds of all the electrolytes in the final urine.
 Urine calcium (Ca) excretion per 24 hours is 4.02-4.99. Excretion of 

Ca in urine is low in rickets. It is high in hyperparathyroidism and 
hyperthyroidism. In multiple myeloma, it is high. It is frequent in renal 
stones.
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 Urine inorganic phosphorous (P) average value excreted in 24 hours 
urine is 33 mmol. Excretion is increased in hyperparathyroidism. Excretion 
is decreased in hypoparathyroidism and rickets.

Precipitates of urine 

Precipitates of urine are formed due to urine standing and are the 
following:

1. Flaky precipitates formed from nucleoproteins or mucoproteins and 
epithelial cells of genitourinary tract. 

2. Precipitates formed from the mixture of calcium phosphate and 
ammonium phosphate, if urine is alkaline. 

3. Precipitates formed from oxalates and urates, dissolving during 
acidification.

4. Precipitates formed from uric acid, if urine is acid.

Protein in urine

Protein normally is not found in the urine. Quantities of protein 
(0.03 g/24h) may be present in urine which cannot be detectable by 
chemical methods. When chemically detectable quantities of proteins are 
present in urine, the condition is called as proteinuria. Proteins are filtered 
through glomeruli in kidney diseases due to altered glomerular 
permeability. Fever, hard exercise, pregnancy may also cause protein to be 
in the urine. 

Causes of proteinuria

1). Proteinuria due to hyperproteinemia:
1. normal proteins: а) hemoglobin (hemolysis); b) myoglobin 

(rhabdomyolysis).
2. abnormal proteins: fragments of immunoglobulins (Bence Jones 

protein).
2). Proteinuria due to glomerular impairment:

1. renal haemodynamics failure: orthostatic proteinuria, physical 
activities.

2. increased permeability of glomerulus
3). Tubular proteinuria - the presence of proteins normally filtered, 

which are not reabsorbed in tubules: 
1. tubular impairment: heavy metal and medicine intoxication.
2. interstitial diseases: nephritis, pyelonephritis.

4). Secreted proteinuria:
1. Tamm-Horsfall proteinuria 
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The classification of proteinuria

(Gaw A. Clinical biochemistry, 2 ed., Churchill Livingstone, 1999)

7. Renal failure (or renal insufficiency)

Renal failure is caused by impaired processes of renal blood flow, 
glomerular filtration, renal tubular reabsorption and secretion.

7.1. Causes of renal failure

1. Decreased volume of extracellular space due to cardiovascular 
insufficiency, shock, and decrease in arterial pressure. This leads to 
decrease in renal blood flow and as result to decrease in renal filtration.

2. Decreased volume of functional renal parenchyma at nephritis, 
neoplasms, intoxications, traumatic loss of kidneys. 

3. Obstruction in the urinary tract below the kidneys. This can occur 
from urinary tract stones, tumors, and anatomic obstruction due to benign 
prostatic hypertrophy that lead to the increase in renal pressure and 
decrease in glomerular filtration.

7.2. Signs of renal failure

1. Azotemia – waste accumulates in the blood and the body, when 
kidneys fail to filter properly. 

2. Proteinuria, hypo- and proteinemia as a result of increased 
catabolism of proteins, secondary hyperlipidemia of IV type; decrease in 
urine concentration; metabolic acidosis.

3. Anemia a decreased red blood cell count, because lower levels of 
erythropoietin produced by failing kidneys. It's also important that degree 
hemolysis is increased, which shortens erythrocytes life duration.

4. Qualitative changes of thrombocytes (thrombocylopathy). It appears 
as bleeding duration increase.
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8. Kidney stones

Kidney stones are produced whenever the body exceeds its normal 
levels of minerals such as oxalate, uric acid and calcium. When these 
minerals exceed normal quantities, they crystallize among the tissues of the 
kidney along with the other elements that comprise urine. Sometimes, these 
kinds of kidney stones are small enough to be excreted along with normal 
urine, but often, they are too big and remain inside the kidney indefinitely.

8.1. Causes of kidney stones

1. Supersaturation. The urine carries salts, including calcium oxalate, 
uric acid, cystine, or xanthine. These salts can become extremely 
concentrated if there is not enough urine, or if unusually high amounts of 
crystal-forming salts are present. When salt concentration levels reach the 
point at which they no longer dissolve, these salts form crystals.

2. Changes in the acidity of the urine. 
3. Congestion of urine due to impairment of urination.
4. Low levels of stone-blocking compounds. Normally, urine contains 

substances that may protect against stone formation, including magnesium, 
citrate, pyrophosphate, enzymes. 

8.2. Kinds of kidney stones

1. Calcium stones, which comprise 70-90% of all kinds of kidney 
stones, are made of calcium, usually combined with oxalate, or oxalic acid. 
About 6% of calcium stones are made of calcium phosphate. Calcium 
phosphate increases in alkaline urine. Hypercalciuria is responsible for as 
much as 70% of calcium-containing stones. The following can lead to 
hypercalciuria and calcium stones: 1) too much calcium absorption in the 
intestines; 2) excessive chloride; 3) renal calcium leak; 4) excessive 
sodium. Hyperoxaluria is responsible for up to 60% of calcium stones and 
is usually caused by too much dietary oxalates (found in a number of 
common vegetables, fruits, and grains) or by hypervitaminosis C. 

2. Uric acid stones. Excess uric acid is responsible for close to 10% of 
kidney stones. It is the breakdown product of purines, found in certain 
foods (dried beans, peas, and liver). Uric acid mainly forms in acidic urine.

3. Cystine stones are caused by a rare congenital defect that can cause 
stones composed of the amino acid cystine to form in the kidney called 
cystinuria. 

4. Xanthine stones are composed of xanthine. These stones are 
extremely uncommon and usually occur as a result of a rare genetic 
disorder.



Lecture 19

272

Lecture 19

BIOCHEMISTRY OF NERVOUS TISSUE

1. Nerve cells

Nerve cells (neurons) are easily excitable cells that produce electrical 
signals and can react to such signals as well. Their structure is markedly 
different from that of other types of cell.

Nerve cells consist of a cell body (soma) with numerous projections of 
the plasma membrane, called dendrites (Fig.1). These interact with other 
cells and receive information from them in the form of nerve impulses. The 
cell body then assimilates the information derived from a number of 
dendritric contacts and passes on the information as another nerve impulse 
down the large axon (Fig.1).

The axons, which can be up to 1m long, are usually surrounded by 
Schwann cells, which cover them with a membranous myelin sheath, made 
up mainly of the lipid sphingomyelin, to improve their electrical insulation, 
enabling the nerve impulses to be transmitted over long distances. Every 
millimeter or so along the axon the myelin sheath is interrupted by 
unmyelinated regions called the nodes of Ranvier (Fig.1).

The axon ends at the synapse where it makes contact with the post-
synaptic (target) cell (Fig.1). 

(Koolman J. Color atlas of biochemistry, 3d ed., Thieme, 2012)

Fig. 1. Structure of nerve cell.

The end of the axon, the nerve terminal, is full of synaptic vesicles that 
store the chemical neurotransmitters, such as acetylcholine. When a nerve 
impulse reaches the nerve terminal the synaptic vesicles release their 
contents into the synaptic cleft, the space between the pre- and post-
synaptic cells. The neurotransmitter then diffuses across the space and 
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interacts with receptors on the surface of the post-synaptic cell, causing a 
signal to be transduced in that cell. 

Neurotransmitters are released in order to excite neighboring neurons 
(or muscle cells). It is estimated that each neuron in the brain is in contact 
via synapses with approximately 10.000 other neurons. There is a 
noticeably high proportion of lipids in the composition of nerve cells, 
representing about 50% of their dry weight. In particular, there is a very 
wide variety of phospholipids, glycolipids, and sphingolipids.

2. Membrane potential

In eukaryotes probably the most rapid and complex signaling is 
mediated by nerve impulses. Electrical signals are the basis for processing 
information and neuronal response. The impulses are conducted by 
presynaptic and postsynaptic neurons.

A characteristic property of living cells is the uneven distribution of 
positively and negatively charged ions on the inside and outside of the 
plasma membrane. This gives rise to a membrane potential, i.e., there is
electrical voltage between the two sides of the membrane, which can only 
balance out when ion channels allow the unevenly distributed ions to 
move.

2.1. Resting potential

At rest, the membrane potential in most cells is -60 to -90 mV. It 
mainly arises from the activity of Na+/K+ATPase, which occurs on 
practically all animal cells (Fig.2). Using up ATP, this enzyme ″pumps″
three Na+ ions out of the cell in exchange for two K+ ions. Some of the K+

ions, following the concentration gradient, leave the cell again through
potassium channels. Neurons vary their electric potential by controlled 
changes in the permeability of the plasma membrane to Na+ and K+ ions.

As the protein anions that predominate inside the cell cannot follow 
them, and inflow of Cl- ions from the outside is not possible, the result is an 
excess of positive charges outside the cell, while anions predominate inside 
it.

An equilibrium potential exists for each of the ions involved. This is 
the value of the membrane potential at which there is no net inflow or 
outflow of the ions concerned. For K+ ions, the resting potential lies in the 
range of the membrane potential, while for Na+ ions it is much higher at 
+70 mV. At the first opportunity, Na+ ions will therefore spontaneously 
flow into the cell. The occurrence of action potentials is based on this.

Nerve cell membranes contain ion channels for Na+, K+, Cl-, and Ca2+. 
These channels are usually closed and open only briefly to let ions pass 
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through. They can be divided into channels that are regulated by membrane 
potentials (″voltage-gated″ e.g., fast Na+ channels) and those regulated by
ligands (″ligand-gated″ e.g., nicotinic acetylcholine receptors).

(Koolman J. Color atlas of biochemistry, 3d ed., Thieme, 2012)

Fig. 2. Resting potential.
.

2.2. Action potential

Action potentials are special signals that are used to transmit 
information in the nervous system. They are triggered by chemical stimuli 
(or more rarely electrical stimuli). Binding of a neurotransmitter to an 
ionotropic receptor results in a brief local increase in the membrane 
potential from -60 mV to about +30 mV. Although the membrane potential
quickly returns to the initial value within a few milliseconds (ms) at its site 
of origin, the depolarization is propagated because neighboring membrane 
areas are activated during this time period.

1. The action potential arises from large, transient changes in the 
permeability of the plasma membrane of the neuron to Na+ and K+ ions. 
The process starts with the opening of voltage-gated Na+ channels. Due to 
their high equilibrium potential, Na+ ions flow into the cell and reverse the 
local membrane potential (depolarization) (Fig.3).

These integral membrane proteins are sensitive to the membrane 
potential, undergoing conformational changes as the potential alters. First, 
the conductance of the membrane to Na+ changes. Depolarization of the 
membrane beyond the threshold level causes a conformational change in 
the Na+ channel, allowing Na+ ions to flow down their concentration 
gradient from the outside of the cell into the interior. The entry of Na+

further depolarizes the membrane, causing more Na+ channels to open, 
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resulting in a rapid influx of Na+ and a change in the membrane potential 
from -60 mV to +40 mV in a millisecond. 

2. The Na+ channels immediately close again, so that the inflow of 
positive charges is only very brief.

3. Due to the increase in the membrane potential, voltage-dependent K+

channels open and K+ ions flow out of the cell and restore the negative 
resting potential within a few milliseconds. In addition Na+/K+ ATPase
pumps the Na+ ions that have entered back out again. This leads to
repolarization of the membrane.

4. The two processes briefly lead to the charge even falling below the 
resting potential (hyperpolarization). 

The K+ channels also close after a few milliseconds. The nerve cell is 
then ready for re-stimulation.

(Koolman J. Color atlas of biochemistry, 3d ed., Thieme, 2012)

Fig. 3. The action potential.
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Generally, it is always only a very small part of the membrane that is 
depolarized during an action potential. The process can therefore be 
repeated again after a short refractory period, when the nerve cell is 
stimulated again. Only approximately one in a million of the Na+ and K+

ions in a neuron flow across the plasma membrane during the action 
potential. Thus, this is a very efficient way of signaling over long distances.

Conduction of the action potential on the surface of the nerve cell is 
based on the fact that the local increase in the membrane potential causes 
neighboring voltage-gated ion channels to open, so that the membrane
stimulation spreads over the whole cell in the form of a depolarization 
wave.

The neurotoxin, tetrodotoxin, a highly potent poison from the puffer 
fish, blocks the conduction of nerve impulses along axons and so leads to 
respiratory paralysis by binding very tightly to the Na+ channel and 
blocking its action.

3. Neurotransmitters

Neurotransmitters in the strict sense are substances that are produced 
by neurons, stored in the synapses, and released into the synaptic cleft in 
response to a stimulus. At the postsynaptic membrane, they bind to special 
receptors and affect their activity.

The mammalian nervous system employs over 30 substances as 
neurotransmitters. Neurotransmitters can be classified into several groups 
according to their chemical structure. 

Acetylcholine, the acetic acid ester of the cationic alcohol choline acts 
at neuromuscular junctions, where it triggers muscle contraction, and in 
certain parts of the brain and in the autonomous nervous system.

Several proteinogenic amino acids have neurotransmitter effects. A 
particularly important one is glutamate, which acts as a stimulatory 
transmitter in the central nervous system (CNS). More than half of the 
synapses in the brain are glutaminergic. Glycine is an inhibitory 
neurotransmitter with effects in the spinal cord and in parts of the brain.

Biogenic amines arise from amino acids by decarboxylation. This 
group includes 4-aminobutyrate (γ-aminobutyric acid; GABA), which is 
formed from glutamate and is the most important inhibitory transmitter in 
the CNS. The catecholamines norepinephrine and epinephrine, serotonin,
which is derived from tryptophan, and histamine also belong to the 
biogenic amine group. All of them additionally act as hormones or
mediators.

Peptides make up the largest group among the neurosecretions. Many 
peptide hormones (e.g., thyroliberin and angiotensin II) simultaneously act 
as transmitters. Most neuropeptides are small (3-15 amino acids). At their
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N-terminus, many of them have a glutamate residue that has been cyclized 
to form pyroglutamate (5-oxoproline, <G), while the C-terminus is often an 
acid amide (-NH2). This provides better protection against breakdown by 
peptidases. Endorphins, dynorphins and enkephalins are a particularly 
interesting group of neuropeptides. They act as ″endogenous opiates″ by
producing analgetic, sedative, and euphoriant effects in extreme situations. 
Drugs such as morphine and heroin activate the receptors for these 
peptides.

Purine derivatives with neurotransmitter function are all derived from 
adenine-containing nucleotides or nucleosides. ATP is released along with 
acetylcholine and other transmitters, and among other functions it regulates 
the emission of transmitters from its synapse of origin. The stimulatory 
effect of caffeine is mainly based on the fact that it binds to adenosine 
receptors.

4. Synaptic signal transmission

All chemical synapses function according to a similar principle. In the 
area of the synapse, the surface of the signaling cell (presynaptic
membrane) is separated from the surface of the receiving cell (postsynaptic 
membrane) only by a narrow synaptic cleft. 

When an action potential reaches the presynaptic membrane, voltage-
gated Ca2+ channels integrated into the membrane open and trigger 
exocytosis of the neurotransmitter stored in the presynaptic cell (Fig.4).

Each neuron usually releases only one type of neurotransmitter. 
Neurons that release dopamine are referred to as ″dopaminergic″, for 
example, while those that release acetylcholine are ″cholinergic″, etc. 

The transmitters that are released diffuse through the synaptic cleft and 
bind on the other side to receptors on the postsynaptic membrane.

These receptors are integral membrane proteins that have binding sites 
for neurotransmitters on their exterior. The receptors for neurotransmitters 
are divided into two large groups according to the effect produced by 
binding of the transmitter. 

Ionotropic receptors are ligand-gated ion channels. When they open 
as a result of the transmitter's influence, ions flow in due to the membrane 
potential. If the inflowing ions are cations (Na+, K+, Ca2+), depolarization 
of the membrane occurs and an action potential is triggered on the surface 
of the postsynaptic cell. This is the way in which stimulatory transmitters 
work (e.g., acetylcholine and glutamate). By contrast, if anions flow in 
(mainly Cl-), the result is hyperpolarization of the postsynaptic membrane, 
which makes the production of a postsynaptic action potential more 
difficult. The action of inhibitory transmitters such as glycine and GABA is 
based on this effect. 
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(G. Karp Cell and Molecular Biology, 5 ed, John Wiley and Sons, Limited, 2008)

Fig. 4. Diagram of synaptic signal transmission.

A completely different type of effect is observed in metabotropic
receptors. After binding of the transmitter, these interact on the inside of 
the postsynaptic membrane with G proteins, which in turn activate or 
inhibit the synthesis of second messengers. Finally, second messengers 
activate or inhibit protein kinases, which phosphorylate cellular proteins 
and thereby alter the behavior of the postsynaptic cells.

4.1. Cholinergic transmission

Acetylcholine (ACh) was the neurotransmitter first discovered, at the 
beginning of the last century. It acts at neuromuscular junctions, where it 
triggers muscle contraction, and in certain parts of the brain and in the 
autonomous nervous system.

ACh is synthesized from acetylCoA and choline in the cytoplasm of the 
presynaptic axon by cholineacetyltransferase, a cytosolic enzyme found 
only in cholinergic neurons, and is stored in synaptic vesicles, a 
specialized form of secretory vesicle, each of which contains around 1000-
10.000 ACh molecules. At the neuromuscular junction, one presynaptic 
nerve impulse releases 100-500 vesicles.
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After it is released into the synaptic cleft by exocytosis in a Ca2+-
dependent manner, the transmitter travels by diffusion across to the plasma 
membrane of the post-synaptic cell where they bind to specific receptors 
on the postsynaptic membrane. 

The acetylcholine receptor is a 250 kDa complex of four polypeptide 
chains (α2, β, δ, γ/ε) that forms a gated channel through the membrane
(Fig.5). On binding of two acetylcholine molecules, the channel opens, 
allowing Na+ and K+ ions to flow in and out of the cell, respectively. The 
resulting depolarization of the post-synaptic membrane initiates a new 
action potential in that cell.

Fig. 5. Structure of the acetylcholine receptor.

ACh binds to two types of receptor:
1. Nicotinic ACh receptors function as ligand-gated channels for Na+, 

K+ and/or Ca2+ ions. Receptor responds to the alkaloid nicotine contained 
in tobacco. 

2. Muscarinic ACh receptors influence the cAMP level in the 
postsynaptic cells. Muscarine bound at the receptor is not broken down and 
therefore causes permanent stimulation of muscle.

Catalyzed by acetylcholinesterase, hydrolysis of ACh to acetate and 
choline immediately starts in the synaptic cleft, and within a few 
milliseconds, the ACh released has been eliminated again. The cleavage 
products choline and acetate are taken up again by the presynaptic neuron 
and reused for acetylcholine synthesis. 

Cholinergic transmission is shown in Fig. 6.
Substances that block the serine residue in the active center of 

acetylcholinesterase e.g., the neurotoxin E605 and other organophosphates
 prevent ACh degradation and thus cause prolonged stimulation of the 
postsynaptic cell. This impairs nerve conduction and muscle contraction. 

(https://www.hpssociety.info)

https://www.hpssociety.info
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Curare, a paralyzing arrow-poison used by South American Indians, 
competitively inhibits binding of ACh to its receptor. It then diffuses across 
to the plasma membrane of the post-synaptic cell where they bind to 
specific receptors. 

Fig. 6. Diagram of cholinergic transmission.

4.2. Dopaminergic transmission

The catecholamines norepinephrine and epinephrine, also belong to the 
transmitter`s group. The effects of the catecholamines are mediated by a 
large number of different receptors. Norepinephrine acts in the autonomic 
nervous system and certain areas of the brain. Epinephrine is also used as a 
transmitter by some neurons. 

Dopamine (DA) is synthesized through a series of enzymatic reactions, 
beginning with the hydration of amino acid tyrosine to 
3,4-dihydroxyphenylalanine (DOPA) via tyrosine hydroxylase. DOPA is 
decarboxylated by DOPA decarboxylase to produce DA (Fig.7). 

The transmitter is then packaged into synaptic vesicles and released at 
nerve terminals into the synapse upon stimulation. Released DA then binds 
to dopamine receptors type 1 and type 2 (D1R and D2R) to elicit a 
response in the postsynaptic cell.

The released DA is then cleared from the synapse by the dopamine 
transporter, where it re-enters the presynaptic neuron to be recycled and 
repackaged into vesicles. 
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Termination of DA neurotransmission is another important component 
for maintaining proper dopaminergic tone. DA is degraded enzymatically 
by monoamine oxidase (MAO) and catechol-O-methyltransferase (COMT)
to 3,4-dihydroxyphenylacetic acid (DOPAC) (Fig.7), but enzymatic 
degradation does not account for inactivation of DA in the synapse.

(http://www.autismweb2.com)

Fig. 7. Diagram of dopaminergic transmission.

5. Metabolism of brain

The brain and other areas of the CNS have high ATP requirements. 
Although the brain only represents about 2% of the body′s mass, it 
consumes around 20% of the metabolized oxygen and 60% of the glucose. 
The neurons' high energy requirements are mainly due to ATP-dependent 
ion pumps (particularly Na+/K+ATPase) (Fig.8) and other active transport 
processes that are needed for nerve conduction. 70% of the energy is used 
to maintain the Na+, K+ membrane potentials required for nerve impulse 
transmission. The brain also synthesizes neurotransmitters and receptors.

Glucose is normally the only metabolite from which the brain is able to 
obtain adequate amounts of ATP through aerobic glycolysis and 

http://www.autismweb2.com
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subsequent terminal oxidation to CO2 and H2O (Fig.8). The average brain 
consumes 120 g of glucose a day.  

Fatty acids cannot fuel the brain because they cannot traverse the brain 
blood barrier, and amino acids are also only available in the brain in limited 
quantities. As neurons only have minor glycogen reserves, they are 
dependent on a constant supply of glucose from the blood (Fig.8). A severe 
drop in the blood glucose level  as can occur after insulin overdosage in 
diabetics, for example  rapidly leads to a drop in the ATP level in the 
brain. If the blood glucose concentration drops below 2.2 mM, the brain is 
trouble. This results in loss of consciousness and neurological deficits. If 
the blood glucose concentration remains below 2.2 mM, the brain becomes 
dysfunctional leading to coma and brain death. 

Oxygen deficiency (hypoxia) also affects the brain. The effects of a 
brief period of hypoxia are still reversible, but as time progresses 
irreversible damage increasingly occurs and finally complete loss of 
function (″brain death″). During periods of starvation, the brain after a 
certain time acquires the ability to use ketone bodies in addition to glucose 
to form ATP (Fig.8). In the first weeks of a starvation period, there is a 
strong increase in the activities of the enzymes required for this in the 
brain. The degradation of ketone bodies in the CNS saves glucose and 
thereby reduces the breakdown of muscle protein that maintains 
gluconeogenesis in the liver during starvation. After a few weeks, the 
extent of muscle breakdown therefore declines to one-third of the initial 
value.

(Koolman J. Color atlas of biochemistry, 3d ed., Thieme, 2012)

Fig. 8. Energy metabolism of the brain.
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Lecture 20

PHARMACEUTICAL BIOCHEMISTRY

Safe and effective drug treatment is not only a function of the physical 
and chemical properties of drugs, but also a function of how the human 
body responds to the administration of medication. The study of the bodily 
processes that affect the movement of a drug in the body is referred to as 
pharmacokinetics. To understand the pharmacology of drugs, the
pharmacy technician must also understand the four fundamental pathways 
of drug movement and modification in the body (Fig.1).

Fig. 1. A representation of the four fundamental pathways of drug movement and 
modification in the body, the ADME processes.

First drug absorption from the site of administration permits entry of 
the compound into the blood stream. Once absorbed, the drug may then
leave the blood stream and disperse into the tissues and intracellular fluids 
where it can reversibly bind to receptors. This dispersal is called 
distribution. While some drug molecules are binding to receptors, others 
may be released from the receptors and be picked up again by the 
bloodstream. Drug particles in the blood stream are available to undergo 
biochemical changes, referred to as metabolism, in the liver or other 
tissues. Finally, the drug and its metabolites are excreted from the body in 

20
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urine or feces. Metabolism and excretion are both pathways of drug
elimination from the body.

Absorption, distribution, metabolism, and excretion are sometimes 
referred to collectively as ADME processes. These processes determine 
when the drug appears in the bloodstream and for how long it remains 
there. In order for a drug to cause a therapeutic response, it must reach 
adequate concentrations in the blood so that it can reach and interact with
drug receptors in adequate numbers to trigger a noticeable action. The 
course of drug action is, therefore, directly correlated with the 
concentration of the drug in the bloodstream, and is dependent upon the 
ADME processes.

1. Drug absorption

Absorption is the transfer of a drug from its site of administration to the 
bloodstream. 

The rate and extent of absorption depends on the route of 
administration, the formulation and chemical properties of the drug, and 
physiologic factors that can impact the site of absorption.

1.1. Factors affecting drug absorption

1.1.1. Routes of drug administration

Often the goal of drug administration is to attain a therapeutic drug 
concentration in plasma from which drug enters the tissue (therapeutic 
window between toxic concentration and minimal effective concentration).

Drugs are introduced into the body by several routes. 
1) Enteral routes
1. Sublingual (buccal) route (drug placed under the tongue). Certain 

drugs are best given beneath the tongue or retained in the cheek pouch and 
are absorbed from these regions into the local circulation. These vascular 
areas are ideal for lipid-soluble drugs that would be metabolized in the gut 
or liver, since the blood vessels in the mouth by pass the liver (do not 
undergo first pass liver metabolism), and drain directly into the systemic 
circulation. This route is usually reserved for nitrates and certain hormones.

2. Oral route (drug taken by mouth). By far the most common route. 
The passage of drug from the gut into the blood is influenced by biologic 
and physicochemical factors, and by the dosage form. For most drugs, two-
to five-fold differences in the rate or extent of gastrointestinal absorption 
can occur, depending on the dosage form. These two characteristics, rate 
and completeness of absorption, comprise bioavailability. Generally, the
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bioavailability of oral drugs follows the order: solution > suspension >
capsule > tablet > coated tablet.

3. Rectal route (drug inserted in the rectum). The administration of 
suppositories is usually reserved for situations in which oral administration 
is difficult. This route is more frequently used in small children. The 
rectum is devoid of villi, thus absorption is often slow.

2) Parenteral routes
1. Intravenous injection (drug given by injection into a vein). When a 

drug is administered intravenously, absorption is not required because the 
drug is transferred from the administration device directly into the 
bloodstream. The entire dose of the drug is available to move to the sites of 
drug action. Used when a rapid clinical response is necessary e.g., an acute 
asthmatic episode.

2. Intra-arterial injection (drug given by injection into an artery).
Used in certain special situations, notably with anticancer drugs, in an 
effort to deliver a high concentration of drug to a particular tissue. 
Typically, the injected artery leads directly to the target organ.

3. Intrathecal injection (drug given by injection into the space around 
the spinal cord). The blood-brain barrier limits the entry of many drugs into 
cerebrospinal fluid. Under some circumstances, usually life-threatening, 
antibiotics, antifungals and anticancer drugs are given via lumbar puncture 
and injection into the subarachnoid space.

4. Intramuscular injection (drug given by injection into a muscle). 
Drug absorption may be slow and erratic. The volume of injection, 
osmolality of the solution, lipid solubility and degree of ionization 
influence absorption. 

5. Subcutaneous injection (drug beneath the skin). Drug absorption is 
generally slower than intramuscular, due to poorer vascularity. Absorption 
can be facilitated by heat, massage or vasodilators. 

6. Inhalation route (drug breathed into the lungs, usually through the 
mouth). Volatile anesthetics, as well as many drugs which affect 
pulmonary function, are administered as aerosols. Other obvious examples 
include nicotine and tetrahydrocannabinol, which are absorbed following
inhalation of tobacco or marijuana smoke. The large alveolar area and
blood supply lead to rapid absorption into the blood. Drugs administered
via this route are not subject to first-pass liver metabolism.

7. Topical application: drug instilled in the eye (by the ocular route), 
inserted in the vagina (vaginally), sprayed into the nose and absorbed 
through the nasal membranes (nasally), applied to the skin (cutaneously), 
delivered through the skin by a patch (transdermally).

Other factors controlling the rate and reliability of drug absorption can 
be said to be physiological or physico-chemical.
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1.1.2. Physiological factors

Physiological factors relate to human physiological functions:
1. Blood flow to absorbing site. The better the blood supply to the area 

the greater the rate of absorption. Therefore if a person has a good
circulation they will have the ability to absorb the drug well.

2. Total surface area for absorption. The greater the surface area the 
greater the rate of absorption. The intestine has a very large surface area, 
making it an ideal target for drug absorption. Most absorption after oral 
administration occurs in the small intestine because of its larger surface 
area and therefore greater blood flow. Significant impairment of absorption 
can result when sections of the small intestine are removed for medical 
reasons.

3. Time of arrival and contact time at absorption site. The longer the 
drug is in contact with the epithelial lining of the gastrointestinal tract 
(GIT) the greater the rate of absorption. In people with a very rapid transit 
time through the GIT, due to severe diarrhea for example, medication 
cannot be effectively absorbed. Conversely, anything that delays stomach 
emptying (for example, a large meal) will also delay and potentially reduce 
absorption.

4. Drug-food or drug-drug interactions. Some medications exhibit 
drug-food or drug-drug interactions with other compounds present in the 
GIT. Specific foods or other drugs may bind a drug and prevent absorption. 
The interaction between tetracycline and dairy products or antacids is a 
good example of this effect. 

5. Presence of stomach acid. Although excess exposure to stomach 
acid may negatively impact some drugs, patients with very low levels of 
stomach acid (achlorhydria) may experience inadequate tablet dissolution 
and therefore poor drug absorption. Achlorhydria is most common in the 
elderly population.

1.1.3. Physico-chemical factors

Physico-chemical factors relate to the chemical make-up of the drug in 
relation to human physiological function.

1. Solubility. As the body is made up of a large amount of water, drugs 
can dissolve readily. However, certain drugs do not dissolve into small 
enough particles to ensure rapid absorption.

2. Lipid to water partition coefficient. As cells are made up of a 
phospholipid layer, any drug that can dissolve well in lipids will pass
through tissues far more rapidly. Examples of drugs that are highly lipid 
soluble are anaesthetic agents and benzodiazepines.
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3. Degree of ionization. Some drugs are weak acids and weak bases 
(alkalis). These drugs tend to disassociate when given to a person. This 
means that some of the drug remains active and some is inactive. Often this 
depends on the pH of the solution (i.e., its acidity or alkalinity) in which the 
drug is being dissolved. For example, a weak acid does not disassociate as
much if dissolved in an acid environment. This means that the drug can 
cross membranes in a more active form than if it had been dissolved in a 
neutral or base solution.

1.2. Dissolution

When a tablet or capsule is swallowed it must dissolve before it can be 
absorbed. The dissolving of a tablet or capsule is referred to as dissolution. 
Manufacturing processes and the water solubility of the drug affect 
dissolution rates. Highly water-soluble medications dissolve more readily 
in the GIT, while fat-soluble drugs dissolve more slowly. Drugs with 
smaller particle sizes go into solution more readily. The inert ingredients 
added to formulations can also affect their dissolution. Manufacturers must 
avoid producing tablets so compacted that they pass through the GIT 
without ever dissolving. Tablets that dissolve too early are also 
problematic, because they taste bad and are difficult to swallow. Special 
formulations or coatings can be used to delay dissolution, thereby 
protecting the drug from stomach acid or allowing the gradual release of 
the drug to intentionally lengthen the absorption process. These are referred 
to as delayed or sustained release formulations. Liquid preparations do 
not require the step of dissolution. This explains the more rapid onset of 
action seen with liquid formulations as compared with the same drug given 
in tablet or capsule form.

1.3. Transport of drugs across cell membranes

Once dissolution has occurred, the drug molecules must pass through 
the selectively permeable membranes of the cells lining the GIT to reach 
the bloodstream. Depending on their chemical and physical properties, 
drugs will be absorbed either by passive diffusion or carrier-mediated 
transport across these membranes. 

Passive diffusion occurs when there is a high concentration of the drug 
on one side of the membrane and a low concentration on the other side. 
Drug molecules move across membranes or move through pores between 
the epithelial cells. Diffusion is most efficient with drugs that are small 
molecules. This movement is solely driven by the kinetic energy within
molecules, and continues until concentrations reach equilibrium. When 
equilibrium exists, the concentration of the substance is approximately 
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equal on both sides of the membrane. Passive diffusion does not involve a 
carrier molecule and the process is not a saturable process. The vast 
majority of drugs gain access to the blood stream by diffusion. Drugs,
which are usually somewhat lipid-soluble (fat-soluble), readily move across 
most biological membranes. Those drugs that are highly water-soluble 
penetrate the cell membrane through aqueous channels.

A few drugs that closely resemble naturally occurring compounds are 
absorbed via carrier-mediated transport. This process requires carrier 
proteins that attach to and actively carry the drug molecules across the 
membrane, utilizing a natural ″pump″ mechanism. This method of 
absorption is limited by the availability of the carrier protein and is 
therefore, saturable. Carrier-mediated transport requires energy and can 
move molecules against the concentration gradient.

2. Distribution

Once a drug is absorbed into the bloodstream it can be carried 
throughout the body. This process is called distribution, and is a reversible 
process; while some molecules may be interacting with receptors on cell 
membranes or inside of cells, other molecules may move back into the 
bloodstream. The delivery of a drug from the bloodstream to the site of 
drug action primarily depends on blood flow, capillary permeability, the 
degree of binding (attachment) of the drug to blood and tissue proteins, and 
the relative lipid-solubility of the drug molecule. 

Blood flow to different organs of the body is not equal. The most 
vitally important organs of the body receive the greatest supply of blood. 
These organs include the brain, liver, and kidneys. Skeletal muscle and 
bone receive less blood, and adipose tissue (fat) receives the least. If blood 
flow were the only factor affecting distribution, it would be reason able to 
expect that high concentrations of administered medications would always 
appear in the brain and liver. In reality, few drugs exhibit good penetration 
of the central nervous system. 

The anatomical structure of the capillary network in the brain creates a 
significant barrier to the passage of many drugs and is commonly referred 
to as the blood-brain barrier. This barrier is an adaptation that for the 
most part protects brain tissue from invasion by foreign substances. To 
readily penetrate into the brain, drugs must be fairly small and lipid soluble 
or must be picked up by the carrier-mediated transport mechanism in the 
central nervous system. This explains why the small and highly fat-soluble 
anesthetic gases quickly and easily penetrate the brain to cause anesthesia, 
while other larger and water soluble molecules like penicillin antibiotics 
penetrate the central nervous system to a much lesser degree.
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2.1. Transport in blood

Drugs can bind to plasma proteins: human serum albumin, lipoprotein, 
glycoprotein, and α-, β-‚ and γ-globulins. Weak acids and neutral drugs 
bind particularly to albumin, while basic drugs tend to bind to α-1-
acidglycoprotein (orosomucoid). Some drugs even bind to red cell surface 
proteins. Albumin is the plasma protein with the greatest capacity for 
binding drugs.

Protein binding can influence the drug's biological drug s half-life.
Many drugs will bind strongly to proteins in the blood or to food
substances in the gut. Binding to plasma proteins will increase the rate of
passive absorption by maintaining the concentration gradient of free drug.

1. Effects on drug distribution. Only that fraction of the plasma drug 
concentration which is freely circulating (i.e., unbound) can penetrate cell 
membranes, bind to receptors, and exert activity. Protein binding thus 
decreases the net transfer of drug across membranes. Drug binding to
plasma proteins is generally weak and rapidly reversible, however, so that
protein-bound drug can be considered to be in a temporary storage
compartment. As free drug leaves the bloodstream, more bound drug is 
released from binding sites. In this way, drugs maintain a balance between 
free and bound drug that is unique to each compound, based on its affinity 
for plasma proteins. Albumin, then, acts as a reservoir of an administered 
drug.

The protein concentration of extravascular fluids (e.g., CSF, lymph, 
synovial fluid) is very low. Thus, at equilibrium (when the concentrations 
of free drug are equal), the total drug concentration in plasma is usually 
higher than that in extravascular fluid. The extent of protein binding must 
be considered in interpreting "blood levels" of drugs.

2. Effects on drug elimination. The effects of plasma protein binding 
on drug elimination are complex. For drugs excreted only by renal 
glomerular filtration, protein binding decreases the rate of elimination since 
only the free drug is filtered. For example, the rates of renal excretion of 
several tetracyclines are inversely related to their extent of plasma protein 
binding. Conversely, however, if drug is eliminated by hepatic metabolism 
or renal tubular secretion, plasma protein binding may promote drug 
elimination by increasing the rate that that drug is presented for 
elimination.

3. Tissue binding. Binding to tissue proteins may cause local 
concentration of drug. For example, if a drug is bound more extensively at 
intracellular than at extracellular sites, the intracellular and extracellular 
concentrations of free drug may be equal or nearly so, but the total 
intracellular drug concentration may be much greater than the total 
extracellular concentration.
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Some drugs have a high affinity for binding to serum proteins and may 
be 95% to 98% protein bound. With highly protein bound drugs, low 
albumin levels (as in protein-calorie malnutrition, or chronic illness) may 
lead to toxicity because there are fewer than the normal sites for the drug to 
bind. The amount of free drug is significantly increased in that case. 
Competition for binding sites is one important way that drugs might 
interact. The drug with the greatest affinity for the albumin will bind, and is 
thought to disrupt the normal ratio of free to bound drug for the second 
medication. As a result, the second medication will be more available to 
distribute to the site of action and potentially cause side effects.

2.2. Drug action

After absorption and distribution, a drug reaches its site of action to 
produce an effect. The means by which a drug elicits such an effect is
known as the mechanism of action. The effect of a drug results from its 
interaction with its site of action in the biological system; this takes place 
during the pharmacodynamics phase. This interaction, usually with
macromolecular components of the body, alters the function of the relevant
component and thereby initiates the biochemical and physiological changes
that are characteristic of the response to the drug. Those specific 
macromolecular components are referred to as receptive substances or 
drug receptors and denote the components of the body with which the 
chemical agent is presumed to interact. 

Besides drug receptor interaction (stimulation or blockade), drugs may 
also produce effects via drug-enzyme interactions, or non-specific drug 
interactions.

Drugs have specific affinities for their specific receptors. Strong 
affinity for a receptor will allow a drug to elicit an agonist, antagonist, or 
mixed agonist/antagonist interaction. The organ on, or in which, the desired 
effect occurs is generally called the ʹtarget organʹ. The target organ can 
represent any organ or system in the body. 

An important aspect to underline is that not all drugs work via receptors 
for endogenous mediators, and many drugs exert their effects by combining 
with an enzyme, transport protein or other cellular macromolecule (e.g.,
DNA) and interfering with its function.

3. Metabolism

Drugs are eliminated from the body either unchanged through the 
kidneys and bile (e.g., vancomycin), or they may undergo chemical 
changes that allow them to be more easily excreted. 



Pharmaceutical biochemistry.

291

The kidneys cannot efficiently excrete highly fat-soluble drugs that 
readily cross cell membranes because they are reabsorbed in the last stages 
of filtration. These compounds must first be metabolized to more water-
soluble compounds to facilitate their excretion in body fluids such as urine 
and bile. The process of undergoing chemical changes is called 
biotransformation, or metabolism. The pharmacological activity of many 
drugs is reduced or nullified by enzymatic processes, and drug metabolism 
is one of the main mechanisms by which drugs may be inactivated.

Metabolism also might convert an inactive agent (a prodrug) into the 
active agent that is responsible for producing the therapeutic effect. 
Prodrugs have no intrinsic activity before metabolism; examples include 
diamorphine, codeine, enalapril and levodopa. Some drug metabolites have 
significant activity similar to the parent compound e.g., diazepam and its 
metabolite desmethyldiazepam.

Many sites in the body are involved in drug metabolism including the 
gut wall, lungs, kidney and plasma. The microbial flora present in the gut 
play a role in the biotransformation of certain drugs (e.g., reduction of 
nitro- and azocompounds). However, the liver is the most metabolically 
active tissue per unit weight and is thus responsible for the majority of drug 
metabolism. Anything absorbed through the GIT goes directly into the 
portal circulation that feeds into the liver. Other factors responsible for its 
contribution include its large size, it is perfused by blood containing drugs 
absorbed from the gut (enterohepatic circulation) and its very high 
concentration of most of the drug metabolizing enzymes relative to other
organs. 

3.1. Hepatic metabolism

There are two types of metabolic processes drugs undergo in the liver 
(see lecture ″Metabolism of xenobiotics″). Most undergo one or both types 
of reactions. The resulting products have increased polarity compared to the 
parent drugs, being therefore more readily excreted in the urine (or, less 
often, in bile), and they are usually (but not always) pharmacologically 
inactive.

3.1.1. Phase 1 reactions

Phase 1 reactions are classified into oxidation, reduction and 
hydrolysis. During these reactions, certain groups are added so that the 
drug can undergo the second phase to produce conjugation products. 

The actual activity of a drug can be altered in one of three ways by 
phase 1 metabolism; the new compound can have a similar or different 
activity to the parent compound, it can be converted from an active to a 
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relatively inactive compound or from an inactive to active compound. If the 
metabolites of phase 1 reactions are sufficiently water soluble in nature, 
they can be readily excreted at this point.

The smooth endoplasmic reticulum (ER) of the hepatocyte is the 
principal site of metabolism in the liver, with the enzymes being contained 
within the microsomes. The largest family of membrane-bound, 
nonspecific, mixed-function enzymes is called the cytochrome P-450 
system (see lecture ″Oxidative systems not associated with the production 
of energy″). It contains a heme-bound iron at the active site, responsible for 
binding with and metabolizing the drug, attached to a protein chain. 

NADPH-cytochrome P-450 reductase is a flavin-containing enzyme,
consisting of one mole of flavin adenine dinucleotide (FAD) and one mole
of flavin mononucleotide (FMN) per mole of apoprotein. The enzyme 
exists in close association with cytochrome P-450 in the ER membrane and 
represents an essential component of cytochrome P-450 system in that the 
flavoprotein transfers reducing equivalents from NADPH·H+ to 
cytochrome P-450. The enzyme catalyses the reaction whereby a molecule 
of oxygen is split into its 2 atoms; one atom of oxygen is incorporated into 
the substrate and one atom is reduced (combines with 2 hydrogen ions) into 
water, often called a monooxygenase reaction:

cyt P-450
NADPH + H+ + O2 + RH NADP+ + H2O + ROH

where RH represents an oxidisable drug substance and ROH, the
hydroxylated metabolite. 

Over 50 human P-450 enzymes have been identified and are classified 
according to their number of shared amino acid sequences. Families are 
given the nomenclature CYP1, CYP2, etc. and are further divided into 
subfamilies CYP1A, CYP1B, etc. Subfamilies can be further divided into 
isoforms CYP1A1, CYP1A2, etc. Most drugs are metabolized by more 
than one enzyme and genetic polymorphisms do exist.

Examples of commonly used anaesthetic drugs metabolized by 
cytochrome P-450 are shown in Table 1.

Table 1. Anaesthetic drug metabolism by cytochrome P-450 system.

CYP2B6 and CYP2C9 propofol, ketamine
CYP2E1 sevoflurane, isoflurane, halothane
CYP3A4 midazolam, fentanyl, alfentanil, lidocaine, ketamine

Non-cytochrome P-450 enzymes in the liver are also involved in the 
metabolism of endogenous and exogenous compounds including, esterases
and flavin-containing monooxygenases among others. 



Pharmaceutical biochemistry.

293

[O]

Oxidation
Oxidation is the most common of the phase 1 reactions and involves the 

initial insertion of a single oxygen atom onto the drug molecule, the 
corresponding enzymes thus being categorized as monooxygenases. Phase 
1 oxidative reactions catalyzed by cytochrome P-450 include 
hydroxylation, aromatic hydroxylation, deamination, N-, O-, and S-
dealkylation, sulphoxide formation, dehydrogenations, and deamination of 
mono- and diamines.

Some of the most common cytochrome P-450-catalyzed reactions are 
summarized below:

1. Aromatic hydroxylation

Phenobarbital is a narcotic and sedative barbiturate drug used chiefly to 
treat epilepsy.

HN

HN
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O

O
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O
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Phenobarbital Paraoxyphenylethylbarbituric acid

2. Aliphatic hydroxylation

Barbital is a long-acting sedative and sleep-inducing drug of the 
barbiturate type.
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C2H5
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N CH2-CH2-OH
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O

[ O]

Barbital (5,5-Diethylbarbituric acid)      5-Ethyl-5-beta-oxyethylbarbituric acid

3. O-Dealkylation

Phenacetin (or acetophenetidin) is a pain-relieving and fever-reducing 
drug.
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деацетилирование
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O
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OC2H5

NH C CH3

O

OH
Phenacetin Paracetamol

4. N-Dealkylation

Iproniazid is a non-selective, irreversible monoamine oxidase inhibitor 
(MAOI) of the hydrazine class.

N

C

O

NH NH CH

CH3

CH3

N

C

O

NH NH2

+ C = O

CH3

CH3

Ipronezid                                                       Isoniazid

5. Sulphoxidation

Chlorpromazine, marketed under the trade names Thorazine and 
Largactil among others, is an antipsychotic medication. It is primarily used 
to treat psychotic disorders such as schizophrenia.
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Chlorpromazine (aminazine) Chlorpromazine sulfoxide
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6. Deamination

Phenamine a medicinal preparation in the category of nervous 
stimulants.

CH2 - CH - NH2

CH3

NH3

CH2 - C - CH3

O

î ê é ðëæì é æ

COOH

ô æì âí é ì áæì çéë í æòé ëê æòî ì áæì çî è ì âÿ ê éðë î òâPhenamine        Benzyl methyl ketone            Benzoic acid

Reduction
Reduction reactions are the second type of phase 1 reactions. Generally, 

reductive processes involve two separate enzyme systems: one is
represented by the already well-known cytochrome P-450, while the other
involves an NADH·H+ dependent system. The latter is assumed to be a
flavoprotein containing a molecule of FAD as the prosthetic group, and
NADH·H+, as preferred source of the necessary reducing equivalents. This
system is known as the NADH-cytochrome b5 reductase system. Reactions 
often take place under anaerobic conditions. 

Examples of drugs subject to reduction include prednisone, a prodrug 
which is reduced to the active glucocorticoid prednisolone; warfarin, an
anticoagulant which is inactivated by the transformation of a ketone group 
to a hydroxyl group, halothane which undergoes both oxidation and 
reduction reactions depending on the oxygen tension present in the liver
and reduction of prontozyl to sulfanilamide.

SO2NH2

N N NH2

SO2-NH2

NH2

Prontosyl                                                                 Streptocid
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Hydrolysis
Hydrolysis is the final phase 1 reaction. Unlike the other two reactions, 

hydrolysis is catalyzed by esterases and amidases and not by the 
cytochrome P-450 reactions. Amide local anaesthetic agents including 
prilocaine undergo hepatic hydrolysis by amidases. Ester hydrolysis also 
occurs in extrahepatic sites; remifentanil is rapidly degraded by non-
specific tissue and plasma ester hydrolysis resulting in a very short 
elimination half-life of 3 to 10 minutes. Due to the abundance of these
esterases, irrespective of the duration of an infusion of remifentanil, the 
time taken for the plasma concentration to halve remains unchanged. This 
is referred to as the context sensitive half-life. Hydrolysis is the main 
pathway of iproniazide conversion.

Ñ-N-N-CH

N

COOH

N

+ HOH

O HH

CH3

CH3

+ H2N-NH-CH
CH3

CH3

Iproniazide Isonicotinic acid Isopropylhydrazine

3.1.2. Phase 2 reactions

The second type of metabolism involves conjugation reactions. 
Conjugation reactions involve the attachment of ionized groups to the drug 
and it is this process that significantly increases their water solubility, 
allowing excretion in the bile and urine. 

These reactions include glucuronidation, sulphation, acetylation and 
methylation amongst others.

Most phase 2 reactions inactivate drugs or the active metabolites 
formed from phase 1 reactions.

1. Glucuronidation

Glucuronidation is an important metabolic pathway for many 
anaesthetic drugs. Glucuronidation is conjugation with α-D-glucuronic acid 
and is indeed the most widespread of the conjugation reactions, probably 
due to the relative abundance of the cofactor for the reaction, UDP-
glucuronic acid. The transfer of glucuronic acid from UDP-glucuronic 
acid to an aglycone is catalyzed by a family of enzymes generally 
designated as UDP-glucuronosyltransferases. These ubiquitous 
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microsomal enzymes are present principally in the liver, but also occur in a 
variety of extrahepatic tissues. Their location in the endoplasmic reticulum 
has important physiological effects in the neutralization of reactive 
intermediates generated by the cytochrome P-450 enzyme system and in 
controlling the levels of reactive metabolites present in these tissues. There 
are more than 50 known microsomal membrane-bound isoenzymes in 
humans, found in liver, lung, skin, intestine, brain and olfactory epithelium; 
however, the major site of glucuronidation is the liver.

It is the major route of para-oxyphenylethylbarbituric acid metabolism, 
allowing excretion via the liver and kidneys. 
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Para-oxyphenylethylbarbiturate-glucuronide

Morphine is metabolized to morphine-6-glucuronide which is 13 times 
more potent than morphine and thought to play a major role in morphine 
analgesia. The phase 1 metabolite of midazolam also undergoes 
glucuronidation. It circulates in high concentrations in the plasma and is 
thought to be responsible for the prolonged effects of the drug when used 
as sedation on intensive care units.

Para-oxyphenylethylbarbituric acid UDP-glucuronic 
acid

UDP-glucuronosyl-
transferase

+ UDP
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2. Sulphation

This is a major conjugation pathway for phenols, but also contributes to 
the biotransformation of alcohols, amines, and to a lesser extent, thiols. It is 
also relevant in the metabolism of endogenous compounds such as 
catecholamine neurotransmitters, steroid hormones, thyroxine and bile 
acids. Moreover, the tyrosinyl group of peptides and proteins may represent 
sites of sulphation, resulting in possible changes in their properties. The 
resulting compounds are generally less active, and more polar, thus more 
readily excreted in the urine. Different drug sulphate conjugates are 
excreted mostly in the urine, but in the case of steroids, biliary elimination 
is more prevalent. 

Sulphate conjugation is a multistep process, comprising activation of 
inorganic sulphate, first, by converting it via ATP to adenosine-5'-
phosphosulphate, and further to the activated form, known as 
3'-phosphoadenosine-5'-phosphosulphate (PAPS). 

The reaction by which sulphotransferases catalyze the transfer of a 
sulphuryl group from PAPS to an acceptor molecule is shown in the 
following reaction:
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Sulphation reactions are responsible for the metabolism of about 40% 
of paracetamol (a further 40% undergoing glucuronidation). A small 
amount undergoes N-hydroxylation to N-acetyl-p-
aminobenzoquinoneimine which is toxic. 

Sulpho-
transferasePhenacetin Paracetamol

PAPS

3’-phosphoadenosine-5’-
phosphate
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The availability of PAPS and its precursor inorganic sulphate strongly 
determine the rate of reaction. In humans sulphotransferases are found in 
the liver, small intestine, brain, kidneys, and platelets. 

It is important to note that the total pool of sulphate in the body is 
normally limited and can be easily exhausted. Thus, with increasing doses 
of a drug, sulphate conjugation will become a less significant pathway. 

3. Acetylation

Acetylation is a phase 2 reaction of amino groups and it involves the
transfer of acetylCoA to an aromatic primary or aliphatic amine, amino 
acid, hydrazine, or sulphonamide group. The primary site of acetylation is 
the liver, although extrahepatic sites have been identified as well (e.g.,
spleen, lung and gut). Acetylation reactions require a specific co-factor, 
acetylCoA, which is obtained mainly from the glycolysis pathway 
(breakdown of glucose yielding pyruvate and its subsequent oxidative 
decarboxylation), or from catabolism of fatty acids or amino acids, or via 
direct interaction of acetate and coenzyme A.

One of the more common acetylation reactions is N-acetylation 
catalyzed by the enzyme N-acetyltransferase. As representative examples 
are the N-acetylation of sulphanilamide and isoniazid:

The formation of acetyl-sulphonamides is of particular toxicological
interest as these metabolites are less soluble in water than the parent drug
and the renal toxicity of sulphonamides has been directly attributed to
precipitation of these conjugates in the kidney.

N-acetyltransferase is enzyme discovered to exhibit genetic 
polymorphism. Individuals were classified as "fast" or "slow" acetylators 
depending on the variable rate of metabolism of certain drugs including 
isoniazid and hydralazine.

N-acetyltransferase

Isoniazid Acetyl-isoniazid

Sulphanilamide Acetyl-sulphonamide

N-acetyltransferase

+

+
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4. Glutathione conjugation

Glutathione [N-(N-L-γ-glutamyl-L-cysteinyl) glycine], an atypical 
tripeptide, is an endogenous compound, recognized as playing a protective 
role within the body in removal of potentially toxic compounds. 
Glutathione (GSH) is present at highest concentration in the liver, with
higher values in the cortex than in the medulla, but is also present in
cytosol, mitochondria and nucleus. In the blood, it is present at a relative 
concentration of about 20 μM.

The substrates for GSH are commonly generated by prior metabolism 
of the xenobiotics, or by displacement of suitable electron with drawing 
groups in nitro or halo-alkanes, benzenes and sulphonic acid esters by the 
sulphur atoms of GSH, and it is usually eliminated as mercapturic acid after 
further metabolism of the S-substituted glutathione.
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The GSH conjugates may be excreted directly in urine (or more usually 
in bile) but more commonly undergo further metabolism. Many GSH 
conjugates undergo further enzymatic modification by hydrolysis of the 
glutathione-S-conjugate. This specific reaction is catalyzed by the enzyme 
γ-glutamyltransferase. Tripeptide glutathione, once attached to the acceptor 
molecule, can be attacked by this specific enzyme, which removes the 

GSH-S-
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Glutathione-S-
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Glutamate

Cysteinylglycine
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Glycine

N-acetyltransferase
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Cysteinylglycine dipeptidase
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glutamate yielding a dipeptide; the latter may be further attacked by a 
peptidase which removes the glycine, thus forming the cysteine conjugate
of the xenobiotic. In the final step, mediated by specific N-acetylases, the 
cysteine conjugate previously formed may undergo N-acetylation, yielding 
the N-acetylcysteine conjugate of mercapturic acid. The first two enzymes
involved are most commonly found in the liver and kidney cytosol, while 
the highest N-acetyltransferase activity is found in the proximal tubules.
Depending on the nature of the substrate and the species investigated, each
of the three conjugated metabolites (glycylcysteine, cysteine and 
mercapturic acid conjugates) may appear as excretion products.

5. Methylation

O-and N-methylation are common biochemical reactions but appear to 
be of greater significance in the metabolism of endogenous compounds 
than for drugs or other xenobiotics. 

The cofactor required to form methyl conjugates is 
S-adenosylmethionine (S-AM), produced from L-methionine and ATP 
under the influence of the enzyme L-methionine adenosyltransferase. 

The transfer of active methyl groups from S-AM to the acceptor 
substrate is catalyzed by specific methyltransferases. Reaction results 
mainly in the formation of O-methylated, N-methylated, and S-methylated 
products.
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+ HSCoA

6. Amino acid conjugation

Amino acid conjugation results from the reaction of the carboxylic 
group of a xenobiotic with an amino acid (most frequently, glycine, 
glutamine, alanine and histidine). The reaction is given only by a relatively 
small group of substrate structures such as aromatic, heteroaromatic and 
arylacetic acids. Resulting metabolites are water-soluble conjugates which 
are less toxic then their precursor acids and are readily excreted into the 
urine or bile. Conjugation reactions with amino acids may be limited by the 
amount of endogenous glycine, or by the amount of enzyme available to 
catalyze the reaction.

COOH

Benzoic acid                                                  BenzoylCoA

C
O

NH CH2COOH

BenzoylCoA Hyppuric acid

3.2. Factors affecting drug metabolism

Various physiological and pathological factors can increase or decrease 
the rate of metabolism.

Physiological factors include: age, sex, individual variation/genetic 
polymorphism, enterohepatic circulation, intestinal flora and nutrition. As a 
general rule, drugs are metabolized more slowly in the neonate and elderly 
compared with other age groups.

Pathological conditions reducing enzyme activity include aging 
hepatocytes in liver disease, reduced hepatic blood flow in heart failure or 
shock states as well as kidney disease. 

Drug interactions also have a large influence on the rate of metabolism 
by the microsomal enzymes. Drugs can be classed as enzyme inhibitors 
whereby they slow the rate of metabolism, or enzyme inducers whereby 
they speedup the rate of metabolism. It is important to know which drugs 
interact as depending on whether they are inhibitors or inducers, it could 
result in toxic or sub-therapeutic drug levels when treating patients. The 
effects of commonly used drugs are shown in Table 2.

+ АТP + HSCoA

- АМP - Н4Р2О7

+ NH2-CH2-COOH

- HSCoA
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Table 2. The effects of various drugs on the microsomal enzymes.

Enzyme inducers
(speed up metabolism)

Enzyme inhibitors
(delay metabolism)

Inhaled anaesthetic drugs enflurane, halothane
Antibiotics rifampicin metronidazole, isonazid,

chloramphenicol
Anti-convulsants phenytoin, carbamazepine
Alcohol chronic abuse
Barbiturates thiopental, phenobarbital
Hormones glucocorticoids
H2-antagonists cimetidine
MAOI's phenelzine

Other cigarette smoking amiodarone, grapefruit 
juice

4. Excretion

When a drug is taken into and distributed throughout the body, it must 
be subsequently removed, or concentrations of the drug would continue to 
rise with each successive dose. 

The complete removal of the drug from the body is referred to as 
elimination. Elimination of the drug encompasses both the metabolism of 
the drug, and excretion of the drug through the kidneys, and to a much 
lesser degree into the bile. 

Excretion into the urine is one of the most important mechanisms of 
drug removal. The kidneys act as a filter for the blood and create urine as a 
vehicle for removal of waste. Blood enters the kidney through renal arteries 
and then is filtered by the glomerulus. The glomerular filtrate becomes 
concentrated and substances are removed as it passes through the renal 
tubule and eventually becomes urine. Drug molecules in the bloodstream 
that are not bound to albumin are also filtered out into the glomerular
filtrate. When drugs have not been converted to water soluble compounds 
in the liver, they are likely to be reabsorbed back into the bloodstream at 
the end of the filtration process, and will cycle through the body again. If 
they are water soluble, they will end up in the urine and be excreted.

The complete elimination of a drug from the body is dependent on 
normal liver and kidney function. The kidney is the major organ of 
excretion; however, the liver also contributes to elimination through 
metabolism and excretion into the feces via the bile. When a patient has 
reduced kidney function or another problem that lengthens the half-life of a 
drug, dosage adjustment is required. If the dosage is not adjusted, the drug 
will accumulate in the body. Kidney or liver failure, or conditions where 
blood flow to these organs is reduced, complicate drug and dose selection. 
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Drugs that are dependent upon excretion through the kidneys are not the 
best choice for patients with renal failure. Patients with liver disease will 
better tolerate drugs that can be cleared exclusively through the kidneys.

Age must be considered in a discussion of drug excretion. The very 
young and very old will have lower rates of excretion; the old because of 
deterioration in organ function and the very young, because the kidneys 
have not reached full maturity. Doses often require reduction in these
patients. Drug interactions, such as when multiple drugs compete for 
metabolic processes, can also reduce drug removal. Clearly, the 
interactions between a drug and the human body are incredibly complex.
This makes choosing the most appropriate medication and dose 
complicated, and that choice becomes more obscure when a patient is 
taking many other medications. This complexity makes it all the more 
essential that prescriptions be filled carefully and accurately at all times.
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PHOTOSYNTHESIS

Photosynthesis occurs in green plants, algae and photosynthetic 
bacteria. Its role is to trap solar energy and use this to drive the synthesis of 
carbohydrate from carbon dioxide and water. Using (CH2O) to represent 
carbohydrate, the overall reaction is:

Light
H2O + CO2 (CH2O) + O2

The reactions of photosynthesis occur in two distinct phases:
● light reactions: which use light energy to synthesize NADPH and 

ATP;
● dark reactions: that use the NADPH and ATP to synthesize 

carbohydrate from CO2 and H2O. 
In fact, the term "dark reactions" is a misnomer; these carbon-fixation 

reactions should really be called light-independent reactions.

1. Location of photosynthesis

In green plants and algae, photosynthesis takes place in chloroplasts. 
Similar to a mitochondrion, a chloroplast has a highly permeable outer
membrane and an inner membrane that is impermeable to most 
molecules and ions. Within each chloroplast lies the stroma, containing 
soluble enzymes (analogous to the matrix of a mitochondrion). The stroma
is the site of carbon dioxide (CO2) fixation – the conversion of CO2 into 
organic compounds. However, whereas the inner membrane of a 
mitochondrion contains the electron transport chain and ATP synthase, in a 
chloroplast these are located, together with photosynthetic light-absorbing 
systems, in stacks of flattened membranes within the stroma called 
thylakoids. Thylakoid vesicles (interconnected vesicles flattened to form 
discs) stacked upon each other to form grana (Fig.1). Within the thylakoid 
vesicles is the green pigment chlorophyll, along with the enzymes that 
traplight energy and convert it into chemical energy in the form of ATP. 

Fig. 1. Chloroplast.

21
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Chloroplasts, like mitochondria, contain DNA which encodes some of 
the chloroplast proteins. 

Thus, the primary events of trapping solar energy in photosynthesis, the 
light reactions, occur in the thylakoid membranes. The dark reactions take 
place in the stroma. 

In photosynthetic bacteria the light reactions take place in the bacterial 
plasma membrane, or in invaginations of it called chromatophores.

2. Light harvesting in green plants

Sunlight is absorbed by chlorophyll molecules. Chlorophyll is a 
porphyrin in which nitrogen atoms are coordinated to a magnesium ion 
(Fig.2) (i.e., it is a magnesium porphyrin). This contrasts with a heme in 
which the nitrogen atoms are coordinated to an iron atom to form an iron 
porphyrin (see lecture "Biochemistry of blood").

Fig. 2. Chlorophyll.

Green plants contain two types of chlorophyll molecules, chlorophyll a 
and chlorophyll b, that differ slightly in structure and in the wavelength of 
light they can absorb. Although light is trapped by chlorophyll molecules 
directly, several accessory pigments also exist that absorb light and pass 
the excitation energy on to chlorophyll molecules. Thus, the carotenoids 
are important accessory pigments in green plants whilst phycobilins are 
accessory pigments in photosynthetic bacteria. These pigments absorb light 
at wavelengths different from that of chlorophyll and so act together to
maximize the light harvested.

When a chlorophyll molecule is excited by a quantum of light 
(photon), an electron is excited to a higher energy orbital. The excited 
chlorophyll can pass on its extra energy to a neighboring chlorophyll 
molecule by exciton transfer (also called resonance energy transfer) and 
so return to the unexcited state. Alternatively, the high-energy electron 
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itself may be passed on, with the chlorophyll taking up a low-energy 
electron from another source.

The capture of solar energy occurs in photosystems. Each photosystem
consists of an antenna complex and a photosynthetic reaction center. 
The antenna complex is composed of several hundred chlorophyll 
molecules and accessory pigments clustered together in the thylakoid 
membrane. When a chlorophyll molecule in the antenna complex absorbs 
light and is excited, the energy is passed by exciton transfer, from molecule 
to molecule, and is finally channeled to two special chlorophyll molecules 
in the photosynthetic reaction center. The reaction center passes on the 
energy as a high-energy electron to a chain of electron carriers in the 
thylakoid membrane (see below).

3. Photosystems I and II

Green plants and algae use two types of photosystem called 
photosystem I (PSI) and photosystem II (PSII). The chlorophyll in the 
reaction center of PSI has an absorption maximum at 700 nm and so is 
called P700 (′P′ for pigment) and that in the reaction center of PSII has an 
absorption maximum at 680 nm and so is called P680. 

The two photosystems are linked by other electron carriers. When
arranged according to their redox potentials the various components form 
the so-called Z scheme (Fig.3) because the overall shape of the redox
diagram looks like a Z.

The sequence of reactions during light absorption (Fig.3) is as follows:
1. Light is harvested by the antenna complex chlorophylls of PSII and 

the energy is channeled towards the reaction center at which P680 is 
located.

2. The excited P680 (P680*) emits a high-energy electron that passes to 
plastoquinone (PQ), a mobile quinone in the thylakoid membrane. This 
leaves P680 as the P680+ cation. Plastoquinone accepts a total of two 
electrons and two H+ ions to form PQH2.

3. P680+ extracts an electron from water, returning to its unexcited 
state. The removal of four electrons from two molecules of water requires 
four quanta of light to fall on PSII and leads to the production of four H+

ions and one molecule of O2:
4 photons

2H2O 4ē + 4H+ + O2

This reaction is mediated by a cluster of four manganese ions (Mn2+) in 
PSII.

4. The electrons are now passed from PQH2 via the cytochrome bf 
complex (also called cytochrome b6f complex) to plastocyanin (PC). PC 
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is a copper-containing protein that accepts electrons by the copper cycling 
between Cu2+ and Cu+ states:

Cytochrome b6f complex
PQH2 + 2PC(Cu2+) PQ + 2PC(Cu+) + 2H+

5. Light energy falling onto the antenna complex of PSI is funneled to 
the reaction center. Here P700 is excited (to P700*) and emits a high-
energy electron to ferredoxin, a protein that contains at least one FeS 
cluster, becoming the P700+ cation. The P700+ receives the electron from 
PC (see step 4 above) and so returns to the unexcited state.

6. Two high-energy electrons from two molecules of reduced 
ferredoxin are now transferred to NADP+ to form NADPH. The reaction is 
carried out by NADP reductase.

NADP reductase
NADP + 2ē + H+ NADPH

Taking account of the entire sequence of electron transport, the reaction 
can be written as:

Light
2H2O + 2NADP+ 2NADPH + 2H+ + O2

showing that electrons flow from H2O to NADP+, reducing it to NADPH.

(Hames B. D. Biochemistry, 3 ed., Taylor and Francis Group, 2005)

Fig. 3. The Z scheme of noncyclic photophosphorylation in green plants.
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4. Noncyclic photophosphorylation

During operation of the Z scheme, high-energy electrons are created by 
energy input via the two photosystems and the electrons then travel along a 
chain of carriers that decrease in redox potential (Fig.3). This is analogous 
to the passage of electrons along the respiratory chain in mitochondria (see 
lecture "Biological oxidation"). In a further analogy, the cytochrome bf 
complex is a proton pump (Fig.3) and pumps H+ ions from the stroma into 
the thylakoid space (Fig.4). 

(Hames B. D. Biochemistry, 3 ed., Taylor and Francis Group, 2005)

Fig. 4. Formation of the proton gradient and ATP synthesis.

Thus, an H+ gradient is formed during electron transport. Because of 
the orientation of the various electron transport components in the 
thylakoid membrane (Fig.4), the H+ ions released when PSII oxidizes water 
to produce oxygen are released into the thylakoid space whilst the H+ used 
to reduce NADP+ to NADPH by NADP reductase are taken up from the 
stroma. Thus, these two reactions also contribute to the proton gradient. 
The proton gradient drives ATP synthesis via an ATP synthase located in 
the thylakoid membrane (Fig.4). This is called photophosphorylation and 
is analogous to ATP synthesis via a proton gradient during oxidative 
phosphorylation in mitochondria (see lecture "Oxidative phosphorylation"). 
The difference is that protons are pumped out of mitochondria but into a 
subcompartment, the thylakoid space, in chloroplasts. Because of the 
alternative ("cyclic") pathway for electron transport and ATP synthesis (see 
below), the formation of ATP via the joint operation of PSI and PSII 
(Fig.3) is called noncyclic photophosphorylation.
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5. Cyclic photophosphorylation

When the NADPH/NADP+ ratio is high and little NADP+ is available 
to accept electrons, an alternative electron transport pathway is used that 
involves only PSI and a few electron carriers (Fig.5). Here the high-energy 
electron is passed by ferredoxin to the cytochrome bf complex instead of to 
NADP+. It then flows to plastocyanin and back to the P700 of PSI. The 
resulting proton gradient generated from the H+ pump, cytochrome bf 
complex, then drives ATP synthesis. During this cyclic 
photophosphorylation, ATP is formed but no NADPH is made. 
Furthermore, since PSII is not involved, no O2 is produced.

(Hames B. D. Biochemistry, 3 ed., Taylor and Francis Group, 2005)

Fig. 5. Cyclic photophosphorylation in green plants.

In summary, when electron transport is operating in noncyclic mode, 
via PSI and PSII, the products are NADPH and ATP. In cyclic electron 
transport, on the other hand, the sole product is ATP.
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6. Bacterial photosynthesis

Cyanobacteria carry out photosynthesis using two photosystems as in 
green plants. However, other photosynthetic bacteria, such as the purple 
photosynthetic bacterium Rhodospirillum rubrum, have only a single 
photosystem reaction center. This can carry out cyclic electron transport, 
generating a proton gradient and hence synthesizing ATP (cyclic 
photophosphorylation). Alternatively, a noncyclic pattern of electron 
transport can be carried out in which the electrons from the cytochromes 
pass to NAD+ (rather than NADP+ as in green plants) to produce NADH. 
The electron donor is, for example, hydrogen sulfide (H2S), which 
generates sulfur (S). Hydrogen gas (H2) and a variety of organic 
compounds can also be used as electron donors by certain photosynthetic 
bacteria. Since H2O is not used as electron donor, no oxygen is produced.

7. The dark reactions

The dark reactions (also called the carbon-fixation reactions) use the 
ATP and NADPH produced by the light reactions to convert carbon 
dioxide into carbohydrate. The final products are sucrose and starch. The 
key carbon fixation reaction is catalyzed by a large enzyme called ribulose
bisphosphate carboxylase (often abbreviated to rubisco) that is located in
the stroma. The reaction condenses a CO2 molecule with ribulose-1,5-
bisphosphate (a five-carbon molecule) to produce a transient six-carbon 
intermediate that rapidly hydrolyzes to two molecules of 
3-phosphoglycerate:

Ribulose-1,5-bisphosphate 3-phosphoglycerate

Rubisco is a very slow enzyme, fixing only three molecules of its 
substrate every second and hence a large amount of this enzyme is needed 
by each plant. Typically, rubisco accounts for 50% or so of the total protein 
in a chloroplast. The rubisco reaction forms part of a cycle of reactions, 
called the Calvin cycle, that leads to the regeneration of ribulose-1,5-
bisphosphate (ready to fix another CO2) and the net production of 
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glyceraldehyde-3-phosphate for the synthesis of sucrose and starch. Three 
molecules of CO2 must be fixed to generate one molecule of 
glyceraldehyde-3-phosphate (a three-carbon molecule). The overall 
reaction for this is:

3CO2 + 6NADPH+ + 9ATP → 
→ glyceraldehyde-3-phosphate + 6NADP + 9ADP + 8Pi

The various reactions are shown in Fig. 6. Following the formation of 
six molecules of 3-phosphoglycerate, six ATPs and six NADPHs are used 
to generate six molecules of glyceraldehyde-3-phosphate. Only one of 
these molecules of glyceraldehyde-3-phosphate is then used to form 
fructose-6-phosphate and, eventually, starch. The other five molecules of 
glyceraldehyde-3-phosphate are converted in a series of steps (involving 
aldolase, transketolase and five other enzymes) to three molecules of 
ribulose-5-phosphate which are then phosphorylated (using three molecules 
of ATP) to form three molecules of ribulose-1,5-bisphosphate, ready for 
another turn of the cycle. Hence one complete turn of the cycle, trapping 
three molecules of CO2 as one molecule of glyceraldehyde-3-phosphate, 
requires 6 + 3 = 9 ATPs, and 6NADPHs.

Fig. 6. The Calvin cycle.
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BIOCHEMISTRY OF BONE

Bone is an extremely dense, specialized form of connective tissue. 
Functions of bone:
1. Mechanical support.
2. Storage for Ca2+ and phosphate.
3. Synthesis of blood cells.
4. Maturation of B cells.

1. Composition of bone

Mature compact bone contains about 2% of its volume as cells, the 
remainder being extracellular matrix. 

Of this matrix 70% is occupied by inorganic material, about 20% is 
organic, and the remainder is water. 

1.1. Organic part of the bone matrix

The organic material is mainly protein i.e., type I collagen, comprising 
90-95% of organic material. Type V collagen is also present in small
amounts, as are number of non-collagen proteins. 

Collagen type I consists of triple helix units containing two α1-chains 
and one α2-chain, which already form in the endoplasmic reticulum of the 
osteoblast after the individual chains have been posttranslationally 
hydroxylated on lysines and prolines. This procollagen unit is secreted, 
followed by proteolytic removal of C- and N-terminal peptides. The 
resulting collagen monomers spontaneously aggregate in a staggered 
fashion, forming long fibrils that are subsequently covalently cross linked 
via their hydroxylated lysines. A cofactor required for lysine and proline 
hydroxylation is vitamin C. Lack of vitamin C results in scurvy, 
characterized by collagen that is instable due to insufficient cross linking. 
Type I collagens appears to be necessary, with mineralization.

Other constituents of organic matrix are bone specific proteoglycans and 
the rest is a series of matrix proteins and growth factors.

The proteoglycans of bone are all of the small non-aggregating type 
(decorin and biglycan) and contain only chondroitin sulfate. The matrix 
proteins are characterized by their anionic nature, being rich in phosphate 
(phosphoproteins e.g., osteonectin), sialic acid (sialoproteins e.g.,
osteopontin) or gamma-carboxyglutamic acid (Gla proteins e.g.,

22
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osteocalcin). Growth factors such as TGF-β and bone morphogenic protein 
(BMP) are also stored within the bone matrix.

Osteopontin acts as sites of nucleation. This protein contain motifs e.g.,
poly-Asp and poly-Glu stretches, that binds Ca and may provide an initial 
scaffold for mineralization. Some macromolecules such as certain 
proteoglycans and glycoproteins, can act as inhibitors of nucleation.

Osteocalcin is a small protein that is carboxylated on glutamic acid 
residues with the help of vitamin K. As glutamate already contains one
COO- group, carboxylation of the γ-C atom creates a second one right next 
to the first. The two adjacent negative charges are ideal docking sites for 
double positive Ca2+ ions. Osteocalcin binds hydroxyapatite 
Ca5(PO4)3(OH), but is not required for its formation, as osteocalcin null 
mice have increased bone mineralization. The hydroxyapatite nucleation 
process, which makes sure that Ca2+ and phosphate precipitate in the bone 
and not in other tissues of the body, therefore must rely on other osteoblast 
products. But fracture toughness in these mice is substantially reduced: 
osteocalcin seems to prevent crack growth by stretching and dissipating 
energy. Osteocalcin may thus function as a shock-absorber between 
organic and inorganic matrix components. Vitamin K is also necessary to 
carboxylate clotting factors II, VII, IX, X, providing them with functionally 
essential Ca2+ binding sites. Therefore, deficiency of vitamin K results in 
bleeding disorder long before effects on bone might cause problems. A 
second vitamin is important for osteocalcin: the transcription of its gene is 
induced by activated vitamin D receptor. Osteocalcin itself has a second 
function, too. A proportion of non-carboxylated osteocalcin enters the 
blood stream and functions as a metabolic hormone enhancing insulin 
activity. Via a G protein-coupled receptor, it stimulates proliferation of 
pancreatic β-cells, and sensitizes fat cells to insulin by stimulating them to 
secrete adiponectin. Via this mechanism, bone metabolism influences 
energy metabolism.

Osteonectin is an osteoid component that makes contact to collagen 
type I as well as to hydroxyapatite, forming a link between organic and 
inorganic bone matrix.

1.2. Inorganic part of the bone matrix

The inorganic component (65%) is mainly crystalline hydroxyapatite 
Ca10(PO4)6(OH)2, octacalcium phosphate Ca8H2(PO4)6×5H2O, brusite
CaHPO4×2H2O, amorphouse calcium phosphates Ca9(PO4)6 along with 
sodium (Na), magnesium (Mg), carbonate (CO3

2–) and fluoride (F–).
Apatites are complexes of cationic Ca2+ matched by HPO4

2–, CO3
2–, 

OH–, or F– as anions. Depending on the counter-ion, apatite can occur in 
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the forms hydroxyapatite Ca10(PO4)6(OH)2, as carbonate apatite 
Ca10(PO4)6CO3 or fluorapatite Ca10(PO4)6F2. 

Hydroxyapatite Ca10(PO4)6(OH)2 is a hard mineral forming hexagonal 
crystals. Up to 70% of the weight of bone is due to hydroxyapatite. 

Approximately 99% (1 kg) of body calcium is contained in bones.
Osteoblast and osteoclast activity is constantly incorporating Ca2+ into 
bone and removing it again.

Bone is dynamic structure that under goes continuing cycles of 
remodeling, consisting of resorption followed by deposition of new bone 
tissues.

2. Bone remodeling

Deposition of Ca2+ in bone (mineralization) and Ca2+ mobilization from 
bone (demineralization) are regulated by at least 15 hormones and hormone 
like signaling substances (Fig.1). These mainly influence the maturation 
and activity of bone cells. 

Osteoclasts are multinucleated cells; possess an apical membrane 
domain, exhibiting a ruffled border that plays a key role in bone 
resorption. A proton translocating ATPase expels protons (H+) across the 
ruffled border in to resorption area. This lowers the local PH to 4.0 or less, 
thus increasing the solubility of hydroxyapatite and allowing 
demineralization to occur. Lysosomal acid proteases (collagenases) are 
released that digest the new accessible matrix proteins.

Osteoblasts are mono-nuclear cells; synthesize most of proteins found 
in bone as well as various growth factors and cytokines. They are 
responsible for the deposition of new bone matrix (osteoid) and its 
subsequent mineralization. Osteoblasts control mineralization by regulating 
the passage of calcium and phosphate ions across their surface membranes. 
The latter contains alkaline phosphatase, which is used to generate 
phosphate ions from inorganic phosphate. 

Osteoblasts and osteoclasts mutually activate each other by releasing 
cytokines and growth factors. This helps keep bone formation and bone 
breakdown in balance. 

Many factors are involved in the regulation of bone metabolism. Some 
stimulate osteoblasts e.g., parathyroid hormone, 
1,25-dihydroxycholecalicferol. Other inhibit them e.g., corticosteriods, 
parathyroid hormone and 1,25-dihydroxycholecalciferol also stimulate 
osteoclasts, whereas calcitonin and estrogen inhibit them.
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(Koolman J. Color atlas of biochemistry, 3d ed., Thieme, 2012)

Fig. 1. Bone remodeling.

2.1. Resorption

Resorption takes place at the surface of the osteoclast where it interacts 
with the calcified matrix. The region adjacent to the bone surface develops 
a characteristic appearance due to the formation of pleats in the plasma 
membrane of the cell. This pleated region is termed the ruffled border or 
brush border. The mineral beneath the ruffled border is dissolved by the 
secretion of acid. The acid is formed intracellularly from carbon dioxide by 
the action of carbonic anhydrase, and hydrogen ions are then pumped 
through the ruffled border. Solubilization of the uncalcified bone matrix 
then occurs via the action of secreted lysosomal enzymes (e.g.,
cathepsin K), whose activity is optimal at acid pH. The region of the 
osteoclast in contact with the mineralized bone matrix is termed the clear 
zone or sealing zone, as it is devoid of the cellular processes involved in 
acid and lysosomal enzyme secretion. Attachment of the osteoclast to the 
bone matrix occurs via the interaction of cell surface integrins.
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2.2. Mineralization

All mineralization (Fig.2), whether it is of osteoid or hypertrophic 
cartilage, is due to the precipitation of calcium phosphate and the growth 
of crystals of hydroxyapatite. Calcium phosphate is extremely insoluble 
and its precipitation will occur spontaneously when elevated levels of 
calcium or phosphate ions are present. 

Mineralizing tissues possess mechanisms for focally increasing calcium 
and/or phosphate concentration. In non-mineralizing tissues, calcium 
phosphate precipitation is prevented in part by the presence of agents such 
as pyrophosphate that inhibit mineral growth, and in part by the storage of 
phosphate in an organic rather than inorganic form. 

In the mineralizing tissues, pyrophosphate is destroyed by the action of 
alkaline phosphatase, which also releases free phosphate from 
phospholipids. In woven bone and hypertrophic cartilage, mineralization is 
mediated by matrix vesicles, and occurs in the matrix between collagen 
fibrils. 

In mature remodeling bone, mineral formation first takes place within 
the holes that separate the collagen molecules within the collagen fibrils. 
Mineralization then continues between adjacent collagen molecules within 
the fibril and finally extends to the space between adjacent fibrils so that 
the whole matrix is entombed in mineral.

Matrix vesicles are formed from hypertrophic chondrocytes and 
osteoblasts by budding off from the plasma membrane. They are thought to 
be sources of stored calcium (derived from the mitochondria of the parent 
cells) and phosphate (present in the phospholipids of the plasma 
membrane). They also contain an alkaline phosphatase which is 
responsible for converting the organic phosphate into inorganic phosphate 
ions, and which destroys matrix pyrophosphate and so facilitates mineral 
deposition. 

It is unclear whether all mineralization begins in the matrix vesicles or 
whether they can also act as sources of calcium and phosphate ions for 
mineralization beginning in the matrix itself. Initial theories of 
mineralization contended that hydroxyapatite crystals were formed within 
the matrix vesicle, where they grew and eventually burst free from the 
vesicle membrane. 

Phospholipids in the inner surface of the vesicle membrane act as 
nucleation sites for crystal growth. However, in the growth plate sites of 
mineral deposition have been observed in the matrix remote from matrix 
vesicles, with proteoglycan appearing to act as nucleation sites for crystal 
growth.
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Fig. 2. Mineralization.

3. Disorders involving bones

Rickets is due to deficiency of vitamin D during childhood. The full-
blown condition in children is characterized by weakness and bowing of 
weight bearing bones, dental defects and hypocalcemia.

Osteomalacia is due to deficiency of vitamin D during adulthood, 
results from demineralization of bones, especially in women who have little 
exposure to sunlight, often several pregnancies.

Osteoporosis is generalized progressive reduction in bone tissue mass 
per unit volume causing skeletal weakness. The ratio of mineral to organic 
elements is unchanged in the remaining normal bone. It is mostly 
associated with advancing age and the menopause due to estrogen 
deficiency.

Hyperparathyroidism. Excessive parathormone cause bone resorption.
Osteogenesis imperfect is brittle bone disease characterized by 

abnormal fragility of bones. Over 90% of patients with osteogenesis 
imperfect have mutation in genes. 
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BIOCHEMISTRY OF TOOTH

1. Biochemical composition of tooth tissues

The majority of the tooth consists of dentine. The crown of the tooth
extends beyond the gums, and it is covered in enamel. By contrast, the root 
of the tooth is coated in dental cementum.

Cementum, dentin, and enamel are bone-like substances. The high 
proportion of inorganic matter they contain (about 97% in the dental
enamel) gives them their characteristic hardness. The organic components 
of cement, dentin, and enamel mainly consist of collagens and 
proteoglycans; soluble proteins: albumins, globulins, no soluble proteins: 
enamelin, enzymes: alkaline phosphatase, acidic phosphatase, 
glycoproteins; their most important mineral component is apatite, as in 
bone (see lecture "Biochemistry of bone").

Hydroxyapatite Ca5(PO4)3(OH) is a hard mineral forming hexagonal 
crystals. 

Dental enamel consists almost 
exclusively of the hydroxyapatite, 
accounting for its mechanical 
resistance. The disadvantage to this 
solution is that hydroxyapatite is 
sensitive to acidity. Low pH attacks 
enamel via the same mechanism that 
osteoclasts use to resorb bone. Citric 
acid from an orange or lactic acid 
produced by bacteria metabolizing 
sugar in dental plaque make protons 
come into contact with the enamel 
surface. 

A proton H+ pulls out the hydroxide ion OH- from Ca5(PO4)3(OH) to 
form a water molecule, with the rest disintegrating into 5Ca2+ and 3PO4

3-

ions. The hydroxyapatite complex dissolves, ultimately leading to caries. 
If OH- is replaced by a fluoride ion (F-) to form fluorapatite Ca5(PO4)3F, 

the mineral is much more stable at low pH. Fluorapatite forms 
spontaneously if enough fluoride ions are present (e.g., toothpaste, salt, 
drinking water).

23
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Hydroxyapatite is a 'living mineral' that is continually grown, dissolved 
and remodeled in response to signals of internal (e.g., pregnancy) and 
external (e.g., gravity, exercise) origin.

Biochemical composition of tooth tissues is seen in Table 1.

Table 1. Biochemical composition of tooth tissues.

Compounds Pulp, % Dentin, % Enamel, % Cementum, %
Water 30-40 13 2,5 10
Organic compounds 40 17 4 20
Citrate - 1.0 0.3 -
Inorganic compounds 20-30 70 97 70
Ca 30 35 36 35.5
Mg 0.8 1.2 0.5 0.9
Na 0.2 1.2 0.2 1.1
K 0.1 0.1 0.3 0.1
P 17.0 17.4 17.3 17.1
F 0.02 0.02 0.02 0.02

2. Tooth tissues

2.1. Enamel

Enamel acts as a protective tissue that covers the exposed part of a 
tooth, the crown. Tooth enamel is the hardest and most highly mineralized
substance of the tooth. It is 96% mineral, with water and protein accounting 
for the other 4%. Enamel gains mechanical strength by interweaving 
hydroxyapatite crystals. This high mineral content gives it hardness, but 
also brittleness. Protein components of the enamel are ameloblastin, 
amelogenin, enamelins, tuftelins. 

Enamel initially starts with a high protein content, but these are 
removed and the voids backfilled with hydroxyapatite as the tooth 
matures (Fig.1).

Fig. 1. Loss of proteins and increase in mineral content with time during enamel 
formation.
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Tooth enamel can undergo a process called demineralization if the pH
of the mouth falls to lower than normal levels. The combination of mouth
bacteria and sugars from some foods, snacks, soft drinks and sweets can 
generate lactic acid. The acidic conditions over time cause the enamel to 
slowly dissolve, creating tooth cavities. This allows for greater bacterial 
invasion deeper into the tooth, which assists the decay process.

2.1.1. Enamel pellicle 

Acquired enamel pellicle is 0.1-1.0 µm thick layer of macromolecular 
material on the dental mineral surface. Pellicle is formed by selective 
adsorption of hydroxyapatite-reactive salivary proteins, serum proteins and 
microbial products such as glucans and glucosyltransferase. Pellicle acts as 
a diffusion barrier, slowing both attacks by bacterial acids and loss of 
dissolved Ca and phosphate ions.

2.2. Dentin

Dentin is the tissue that forms the main mass of a tooth. It supports the 
enamel and absorbs the pressure of eating. Dentin is found just under the 
enamel in the crown of the tooth and under the cementum in the root. It 
determines the size and shape of tooth.

Dentin is a mineralized connective tissue with 17% organic matrix of 
mainly collagenous proteins. Dentin contains exclusively genetic Type I 
collagen. Other protein components of dentin are osteocalcin, osteonectin, 
osteogenin, osteopontin, phosphoproteins, and dentin specific proteins.
Other organic components of dentin are glycoproteins, proteoglycans, and 
phospholipids. Dentin composed of 70% inorganic material, mainly 
mineralized calcium phosphate within a matrix of collagen fibrils. Like 
enamel, it is a hydroxyapatite, but with a slightly different composition. 
Dentin composed of 13% water.

The unique structure and composition of dentin allows it to function as 
the substructure for rigid enamel tissue. This provides teeth with the ability 
to flex and absorb tremendous forces without fracturing. 

2.3. Cementum

Cementum is a specialized bony substance covering the dentine outside 
of the root (under the gum line) and it is attached to the bone of the jaw 
with little elastic fibers. Cementum composed of 70% inorganic material 
(mainly hydroxyapatite), 20% organic material (mainly collagens type I 
and III) and 10% water. Cementum is excreted by cementoblasts within 
the root of the tooth and is thickest at the root apex. 
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2.4. Pulp

Dental pulp, a soft connective tissue containing nerves and blood 
vessels that nourish the tooth. The pulp is the part in the center of a tooth 
made up of living soft tissue and cells called odontoblasts (fibroblasts, 
granulocites, histiosites, etc.). Pulp composed of 20-30% inorganic 
material, 40% organic material, 30-40% water. 

3. Dental plaque

A widespread form of dental disease, caries, is caused by acids that 
dissolve the mineral part of the teeth by neutralizing the negatively charged 
counter-ions in apatite. 

Acids occur in food, or are produced by microorganisms that live on the 
surfaces of the teeth (e.g., Streptococcus mutans). The main product of 
anaerobic degradation (in the absence of oxygen) of sugars by these 
organisms is lactic acid (lactate). Lactate dissolves the calcium and 
phosphorus in the enamel. This process, demineralization, leads to tooth 
destruction (Fig.2). Other products of bacterial carbohydrate metabolism 
include extracellular dextrans – insoluble polymers of glucose that help 
bacteria to protect themselves from their environment. 

Plaque is a biofilm consisting of large amounts of various bacteria
(mainly Streptococcus and anaerobes) and dextrans which forms on teeth. 

When Ca2+ salts and other minerals are deposited in plaque as well, 
tartar is formed. The most important form of protection against caries 
involves avoiding sweet substances (foods containing saccharose, glucose, 
and fructose) and hardening of the dental enamel by fluoridization. 
Fluoride has a protective effect because fluorapatite is particularly resistant 
to acids.

The chemical composition of dental plaque and dental tartar is seen in 
the Table 2.

Table 2. Chemical composition of dental plaque and dental tartar.

Dental plaque Dental tartar
Water 80 % 4-10 %

Organic 
components

60 %
Glycosaminoglycans, 
glycoproteins, 
polysaccharides, 
heteropolysaccharides

13-25 %
Amino acids, monosaccharides 
(glucose, galactose, galactosamine, 
glucuronic acid), phospholipids, 
cholesterol, di- and 
triacylglycerols, fatty acids, 
enzymes, bacteria, leukocytes 

Inorganic 
components

40 %
P, Na, K, Ca, F, Zn, Fe

72-82 %
Ca, P, Mg, Na, Si, Zn, Pb, Cd
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(Koolman J. Color atlas of biochemistry, 3d ed., Thieme, 2012)

Fig. 2. Demineralization of teeth.

4. Dental caries

Dental caries, also described as "tooth decay" or "dental cavities", is 
an infectious disease which damages the structures of teeth. Once the 
dentin under the tooth enamel is exposed, tooth decay can set in. Over time, 
the decay can progress.

Fluoride speeds up the movement of calcium and phosphate into the 
tooth surface. This remineralizes the crystalline structures in a dental 
cavity. The remineralized tooth surfaces contain fluoridated hydroxyapatite 
and fluorapatite, which resist acid attack much better than the original tooth 
did.

Tooth decay is caused by certain types of acid-producing bacteria which 
cause the most damage in the presence of fermentable carbohydrates such 
as sucrose, fructose, and glucose. The resulting acidic levels in the mouth 
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affect teeth because a tooth's special mineral content causes it to be 
sensitive to low pH.

4.1. Stages in the development of caries

1. The enamel becomes decalcified.
2. A small white spot appear.
3. Discoloration becomes pronounced.
4. The tooth surface softens and decay penetrates through the enamel 

into the dentine.
5. Caries spreads laterally and in depth.
6. Cavitation occurs.
7. The lesion deepens, and pulp becomes affected, first reacting to 

stimuli (e.g., sweets, temperature), then damaged and dead.
8. Bacteria travel down the root canal, out through the apex causing 

abscesses.

4.2. Factors determining the incidence of caries

1. Microorganisms: Acid producing bacteria, especially if they produce 
extracellular polysaccharides, will increase risk.

2. Host factors.
3. Decreased saliva secretion increase incidence.
4. Buffering power of saliva to raise pH decrease incidence.
5. The morphology of the teeth: well-spaced teeth decrease incidence, 

while fissures and pits increase it.
6. The composition of the teeth: certain trace elements decrease 

incidence (e.g., F, Mb and B), while others (e.g., Cu and Mn) 
increase it.

7. Time: frequency of consumption of carbohydrates and length of time 
in the mouth are related to incidence. 

8. Substrates for acid production provided in diet.

4.3. Factors in unrefined food lead to decreased incidence of caries

1. Substances that decrease solubility of calcium phosphate.
2. More phytate and/or calcium.
3. Antibacterial substances.
4. Substances that inhibit aggregation of bacteria: decrease plaque 
formation.
5. Absence of free sugar (most important).
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Lecture 24

BIOCHEMISTRY OF SALIVA

Saliva – a complex mixture of mucus and serous fluids secreted by 
salivary glands.

A lack of saliva results in e.g., a painful tongue and mucosa, problems 
with taste, swallowing, chewing, and phonation, tooth decay and tooth loss, 
and increased risk for infection.

Saliva is characteristically a colorless dilute fluid, with a density ranging 
from 1.002 to 1.017. Its pH is usually around 6.5-7.5, and varies depending 
on the concentration of CO2 in the blood. 

Functions of saliva:
1. Aids in digestion including moistening food, and helping to create a 

food bolus, so it can be swallowed easily.
2. Lubricates both hard and soft tissues.
3. Buffers cariogenic acids.
4. Forms the pellicle.
5. Provides minerals for repairing enamel/cementum (remineralization).
6. Delivers antimicrobial agents (immunoglobulins, enzymes, etc.).
Saliva is secreted to the mouth by three major paired salivary glands 

(65% from the submandibular, 23% from the parotid, and 4% from 
sublingual glands) and 8% from numerous minor mucous glands, at a rate 
of approximately 0.025 ml/min-1. 

1. Stimulation of saliva secretion

The secretion of saliva is controlled by a salivary center composed of 
nuclei in the medulla, but there are specific triggers for this secretion. 
Three types of triggers, or stimuli, for this production are mechanical (the 
act of chewing), gustatory (with acid the most stimulating trigger and sweet 
the least stimulating), and olfactory (a surprisingly poor stimulus). Other 
factors affecting secretion include psychic factors such as pain, certain 
types of medication, and various local or systemic diseases affecting the 
glands themselves. The production of saliva is stimulated both by the 
sympathetic nervous system and the parasympathetic. The saliva stimulated 
by sympathetic innervation is thicker, and saliva stimulated 
parasympathetically is more watery.

Changes with stimulation
Na, Cl, Ca, HCO3, secretory cell proteins, amylase and mucus increase 

in concentration after stimulation, while P, K, duct cell proteins, and 
immunoglobulins decrease (Fig.1).

24
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The pH changes from being slightly acidic (at rest) to basic (pH 8) at 
ultimate stimulation. This increase in alkalinity is due to the increase of 
HCO3 in the saliva.

Fig. 1. Changes with stimulation.

There has been some disagreement regarding the daily salivary output
in a healthy individual. Today it is believed that the average person 
produces approximately 700 ml of saliva per day, which is much less than 
was once thought.

There are daily and annual ebbs and peaks in flow. Circadian (daily) 
low flow occurs during sleep, whereas peaks occur at the end of the 
afternoon. Circannual (yearly) low flow occurs during the summer, 
whereas peak flow is during the winter. Circadian flow variations affect not 
only flow but also the concentration level of salivary components such as 
salivary electrolytes and proteins. As a whole, protein content increases 
proportionally with increasing flow rate. But salivary protein 
concentrations, like other salivary components, may also be subject to 
circadian variations and affected by stress, inflammation, infection, and 
hormonal changes. In addition, protein content varies among persons, 
exhibits different polymorphic phenotypes, and can exhibit strain-species 
differences in protein-microbial interactions.

2. Saliva composition

Produced in salivary glands, saliva is hypotonic – 98-99.5% water, 
remaining 0.5-2%, including electrolytes (K+, Na+, Ca2+, Mg2+, H+, Al3+, 
Zn2+, Cr3+, Fe2+, Mn2+, Cu2+, Cl-, HCO3

-, I-, F-, HPO4
2-, Br-, SO4

2-) and 
proteins, represented by antibacterial compounds, immunoglobulins and 
various enzymes, an extremely complex ″proteome″ – 106 D glycoproteins 
to 1000 D peptides, traces of albumin; small organic molecules such as
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urea, glucose, hormones, lipids, DNA, RNA, secretory products of salivary 
gland cells, products of B cells, epithelial cells, bacteria.

The total concentration of inorganic and organic constituents is 
generally low when compared to plasma. Table 1 summarizes the content 
of the most important inorganic and organic components of saliva.

Table 1. The most important inorganic and organic components of saliva.

Inorganic
components

Content
Organic

components
Content

HCO3
5-25 mmol/l

(higher than plasma)
Proteins 0.95-2.32 g/l

HPO4
1.4-39 mmol/l

(higher than plasma)
Glucose

0.05 mmol/l
0.01-0.02 g/l

Na
2-21 mmol/l

(lower than plasma)
Lactate 0.03-0.05 g/l

Cl
5-40 mmol/l

(lower than plasma)
Pyruvate 22.7-45.4 µmol/l

K
10-36 mmol/l (higher 

than plasma in 4 times)
Cholesterol

0.065-0.233 
mmol/l

Ca
1.5-5 mmol/l (lower than 

plasma in 2 times)
Urea

1.83 mmol/l
0.1-0.15 g/l 

Mg 0.08-0.5 mmol/l
Uric acid 0.088 mmol/l

NH3 1.2-1.6 µmol/l

The components interact and are responsible for the various functions 
attributed to saliva (Table 2).

Table 2. The most important functions of saliva related to the each salivary component.

Functions Components in saliva
1. Protection of teeth and oral, pharyngeal and oesophageal mucosa
Mechanical cleansing of teeth 
and mucosa 
Lubrication of teeth and mucosa 
and viscoelasticity 
Keep oral mucosa intact, soft 
and moistened
Prevent tooth demineralization 

Buffer capacity

Tissue coating

Water

Water, mucins, statherins

Water, mucins, salts, epidermal growth factor, 
fibroblast growth factor, nerve growth factor
Proline-rich proteins, statherins cystatins, 
histatins, calcium and phosphate
Bicarbonate, phosphate, proteins, carbonic 
anhydrases, histatins, and urea
Amylases, cystatins, mucins, proline-rich 
proteins, statherins

2. Antimicrobial activities
Antibacterial functions Amylases, cystatins, histatins, mucins, 

peroxidase, lysozyme, lactoferrin, calprotectin, 
immunoglobulins, chromogranin A
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Fungicidal functions
Antiviral functions

Histatins, immunoglobulins, chromogranin A
Cystatins, mucins, immunoglobulins

3. Digestive properties
Formation of food bolus 
Facilitation of mastication and 
swallowing
Initial digestion

Dissolution of taste compounds

Water, mucins
Water, mucins

α-amylases, lipases, ribonucleases, proteases, 
water, mucins
Gusten (carbonic anhydrases), zinc, water

1). Protection of teeth and oral, pharyngeal and oesophageal 
mucosa

Buffer capacity saliva behaves as a buffer system to protect the mouth 
as follows: 

1. It prevents colonization by potentially pathogenic microorganisms by 
denying them optimization of environmental conditions. 

2. Saliva buffers (neutralizes) and cleans the acids produced by 
acidogenic microorganisms, thus, preventing enamel demineralization. 

3. It is important to emphasize biofilm thickness, and the number of 
bacteria present determines the efficacy of salivary buffers. 

4. Negatively loaded residues on the salivary proteins work as buffers.
Bicarbonate is the most important buffering system. It diffuses into 

plaque and acts as a buffer by neutralizing acids. Moreover, it generates 
ammonia to form amines, which also serve as a buffer by neutralizing 
acids. More than 90% of the nonbicarbonate buffering ability of saliva is 
attributed to low-molecular-weight, histatins. Sialin, a salivary peptide, 
plays an important role in increasing the biofilm pH after exposure to 
fermentable carbohydrates. The carbonic acid-bicarbonate system is the 
most important buffer in stimulated saliva, while in unstimulated saliva it 
serves as the phosphate buffer system. 

Urea is another buffer present in total salivary fluid which is a product 
of amino acid and protein catabolism that causes a rapid increase in biofilm 
pH by releasing ammonia and carbon dioxide when hydrolyzed by bacterial 
ureases. Ammonia, a product of urea and amino acid metabolism, is 
potentially cytotoxic to gingival tissues. It is an important factor in the 
initiation of gingivitis because it may increase the permeability of the 
sulcular epithelium to other toxic or antigenic substances in addition to the 
formation of dental calculus.

The buffering action of saliva works more efficiently during stimulated 
high flow rates but is almost ineffective during periods of low flow with 
unstimulated saliva.

Integrity of tooth enamel saliva plays a fundamental role in maintaining 
the physical-chemical integrity of tooth enamel by modulating 
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remineralization and demineralization. The main factors controlling the 
stability of enamel hydroxyapatite are the active concentrations free of 
calcium, phosphate, and fluoride in solution and the salivary pH. 

The high concentrations of calcium and phosphate in saliva guarantee 
ionic exchanges directed towards the tooth surfaces that begin with tooth 
eruption resulting in post-eruptive maturation. Remineralization of a 
carious tooth before cavitation occurs is possible, mainly due to the 
availability of calcium and phosphate ions in saliva. Depending on the pH, 
salivary calcium can be ionized or linked. Ionized calcium is important for 
establishing equilibrium between the calcium phosphates of enamel and its 
adjacent liquid. Non-ionized calcium can be linked to inorganic ions 
(inorganic phosphate, bicarbonate, fluoride), to small organic ions (citrate), 
and to macromolecules (statherins, histatins, and proline-rich proteins). A 
special case of the combination of calcium is its strong link with 
α-amylase, where it acts as a co-factor necessary for the enzyme function. 

Inorganic orthophosphate found in saliva consists of phosphoric acid 
and inorganic phosphate ions. As the flow increases, the total concentration 
of inorganic phosphate diminishes. The most important biological function 
of this ion is to maintain the dental structure. Another function is its buffer 
capacity. 

The presence of fluoride in saliva, even at physiologically low levels, is 
decisive for the stability of dental minerals. Its presence in the liquid phase 
reduces mineral loss during decreasing in the production of acids in biofilm 
(drop in pH), as these ions diminish the solubility of dental hydroxyapatite, 
making it more resistant to demineralization. The presence of fluoride in 
saliva speeds up crystal precipitation, forming a fluorapatite-like coating 
more resistant to caries than the original tooth structure. In that sense, small 
amounts of demineralization have been suggested as advantageous for the 
tooth because enamel components of magnesium and carbonate are 
replaced with the stronger, more caries-resistant fluorapatite crystals. 
Fluoride concentration in total saliva is related to its consumption. It is 
dependent on the fluoride in the environment, especially in drinking water. 
Other sources are also important, such as dentifrices and other products 
used in caries prevention.

2). Antimicrobial activities

Saliva has natural disinfectants. Human saliva contains such 
antibacterial agents as secretory immunoglobulin A, enzymes 
(lactoferrin, lysozyme, and lactoperoxidase), thiocyanate, hydrogen 
peroxide, proteins, mucins, histatins, proline-rich proteins, statherins, and 
cystatins, and, all products of acinar gland cells, help protect teeth against 
physical, chemical, and microbial insults. 
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Protection and lubrication saliva forms a seromucosal covering that 
lubricates and protects the oral tissues against proteolytic agents. This 
occurs due to mucins responsible for lubrication, protection against 
dehydration, and maintenance of salivary viscoelasticity. Mastication, 
speech, and swallowing are aided by the lubricant effects of these proteins. 
In addition, they protect these tissues against proteolytic attacks by 
microorganisms by selectively modulating the adhesion of microorganisms 
to oral tissue surfaces, which contributes to the control of bacterial and 
fungal colonization. 

Mucins are high molecular-weight glycoproteins produced by 
submandibular, sublingual, and numerous minor salivary glands. Mucins
have distinct tissue distributions and amino acid sequences. These mucins 
have the properties of low solubility, high viscosity, high elasticity, and 
strong adhesiveness. Any intraoral contact between soft tissues, between 
soft tissues and teeth, or between soft tissues and prostheses benefits from 
the lubricating capability of saliva supplied largely by these mucins. The 
capacity of mucins to protect epithelial surfaces depends largely on their 
high content of oligosaccharides and their ability to form a gel layer 
together with other salivary proteins, e.g., secretory immunoglobulin A and 
albumin.

Mucins are highly glycosylated proteins with sugars constituting from 
50% up to 90% of the dry weight of the molecule. The biochemical and 
functional properties of mucins are mainly determined by the terminal 
residues, particularly sialic acid, sulphate, or fucose. The protein backbone 
is attack by microorganisms. The N-terminal and C-terminal ends of the 
protein backbone have a more globular acids are serine, threonine, alanine, 
and proline. These protein structure, with several cysteine residues 
involved tandem repeats are heavily glycosylated and are there in 
molecular complex formation. 

Saliva contains two forms of mucins, MG1 and MG2. The MG1 adsorbs 
tightly to the tooth and contributes thereby to the enamel pellicle which 
protects the tooth from acid challenges; MG2 affects the aggregation and 
adherence of streptococci mutans. 

Secretory immunoglobulin A (IgA), the largest immunologic 
component of saliva, is an immunoglobulin produced by plasma cells, 
B lymphocytes, in connective tissues and translocated through the duct 
cells of major and minor salivary glands. It is the predominant 
immunoglobulin of the mucosal immune system. The complete secretory 
IgA molecule is made up of two four-chain units of IgA, one secretory 
component (MW=70 kDa), and one joining (I) chain (MW=15 kDa). In 
contrast, the serum IgA exists largely as a monomer. IgA, while active on 
mucosal surfaces, also acts to neutralize viruses, serves as an antibody to 
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bacterial antigens, and works to aggregate or clump bacteria, thus 
inhibiting bacterial attachment to oral tissues. 

Other immunoglobulins, such as IgG and IgM, present in saliva are in 
low quantities and probably come from gingival crevicular fluid. It seems 
unlikely that host complement response could act generally in the oral 
fluid. IgA itself does not activate complement, but oral fluids can be 
augmented by gingival crevicular fluid host complement components when 
gingivitis is present around existing teeth.

Salivary agglutinin, a highly glycosylated protein frequently associated 
with other salivary proteins and with secretory IgA, is one of the main 
salivary components responsible for bacteria agglutination. 

Lactoferrin is an iron-binding glycoprotein produced by intercalated 
duct cells. Lactoferrin links to free iron in the saliva causing bactericidal or 
bacteriostatic effects on various microorganisms requiring iron for their 
survival such as the Streptococcus mutans group. This process of starving 
bacteria of vital nutrients is called nutritional immunity. Lactoferrin also 
provides fungicidal, antiviral, anti-inflammatory, and immunomodulatory 
functions. 

Lysozyme, also called muramidase, was first recognized by Fleming in 
1922 for its antibacterial effect. Because of its widespread occurrence, 
lysozyme is considered to belong to a primitive defense system, also known 
as the innate immune system. Lysozymes, derived from the basal cells of 
striated ducts in parotid glands, split bacterial cell walls, leading to the 
destruction and inhibition of bacterial growth. Lysozyme is able to cleave 
β-(1,4)-glycosidic bonds between muramic acid and N-acetylglucosamine 
residues in the peptidoglycan of the bacterial cell wall. Moreover, 
lysozymes promote the clearance of bacteria through aggregation. Gingival 
crevicular fluid also contributes lysozymes from plasma. 

Salivary peroxidase, also known as sialoperoxidase or lactoperoxidase, 
catalyzes bacterial metabolic by-products with thiocynate, which is highly 
toxic to bacterial systems. Secreted by acinar cells, peroxidase additionally 
protects mucosa from the strong oxidizing effects of hydrogen peroxide 
produced by oral bacteria. 

Statherins, a salivary acidic proteins consisting of 43 amino acids, 
produced by acinar cells in salivary glands. It contributes to the 
stabilization of calcium and phosphate salts solution, serves as a lubricant 
to protect the tooth from wear, and may initiate the formation of the 
protective enamel pellicle by binding to hydroxyapatite. Statherins prevent 
spontaneous precipitation or crystallization of supersaturated calcium 
phosphate in ductal saliva and oral fluid. 

Cystatins are a family of cysteine-containing phosphoproteins that are 
secreted by acinar cells. Cystatins act mainly as cysteine protease inhibitors 
and can inhibit proteases produced by suspected periodontal pathogens. 
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They have a minor role in the regulation of salivary calcium. They have 
been reported to bind to hydroxyapatite, and therefore may play a role in 
acquired pellicle formation. On the other hand, cystatins have been shown 
to inhibit hydroxyapatite crystal growth. These proteins are also present in 
plasma and may reach the oral cavity via the gingival crevicular fluid. 

Histatins are a family of related neutral and basic histidine-rich 
peptides which are secreted mainly in parotid saliva and, to a lesser extent, 
in submandibular saliva. They possess exceptional anti-fungal and anti-
bacterial activities. They inhibit the development of some yeast from the 
non-infective to the infective form, aggregate oral streptococci, and inhibit 
the growth of some bacteria. In addition to antimicrobial activities, histatins 
are involved in functions specific for the oral cavity, such as formation of 
the acquired pellicle and participation in the mineralization dynamics of 
oral fluids. Another biological role of histatins in the oral cavity is the 
inhibition of the release of histamine from mast cells, suggesting that they 
play a role in oral inflammation.

Proline-rich proteins (PRPs) are members of a closely related family, 
of which the acidic PRPs are found solely in saliva. They comprise about 
70% of the parotid proteins. PRPs are characterized by a predominance of 
the amino acids proline, glycine, and glutamic acid/glutamine (a total of 
80% of all amino acids). 

The acidic PRPs bind Ca2+ with a strength that indicates that they may 
be important in pellicle formation and in maintaining supersaturation of 
ionic calcium in relation to phosphate ions in saliva. Therefore, the acidic 
PRPs may be of biological significance in maintaining the calcium 
homeostasis of saliva and in preventing the formation of salivary stones. In 
addition, acidic PRPs inhibit apatitic crystal growth, suggesting that, when 
adsorbed on the tooth surface, they block specific mineral growth sites. 
Another function proposed for the proline-rich proteins is the capacity to 
selectively mediate bacterial adhesion to tooth surfaces. 

3). Digestive properties

Digestion saliva is responsible for the initial digestion of starch, 
favoring the formation of the food bolus. This action occurs mainly by the 
presence of the digestive enzyme α-amylase (ptyalin) in the composition of 
the saliva. It was first described 150 years ago under the name "diastase". 
Its biological function is to divide the starch into maltose, maltotriose, and 
dextrins. It catalyzes the hydrolysis of α-1,4-glycosidic binding between 
glucose residues of polysaccharides like starch, glycogen, and dextrins.

Human amylase exists in two forms, produced mainly in the pancreas 
and in the salivary glands. The contribution of saliva to starch breakdown is 
limited because most of the digestion of starch results from pancreatic 
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amylase, not salivary amylase. Salivary amylase is considered to be a good 
indicator of properly functioning salivary glands, contributing 40% to 50% 
of the total salivary protein produced by the glands. The greater part of this 
enzyme (80%) is synthesized in the parotids and the remainder in the 
submandibular glands. Its action is inactivated in the acid portions of the 
gastrointestinal tract and is consequently limited to the mouth.

Lingual lipase has a pH optimum ~ 4.0 so it is not activated till entering 
an acidic environment. It secreted by von Ebner's glands of tongue and 
involved in first phase of fat digestion. It hydrolyzes medium- to long-
chain triglycerides. It also important in digestion of milk fat in new-born.
Unlike other mammalian lipases, it is highly hydrophobic and readily 
enters fat globules.

Other human saliva components

In several glandular salivas, albumin has been detected as a minor 
component. Albumin concentrations in saliva and other mucosal secretions 
reflect a passive contribution of serum-derived protein, which may be 
caused by epithelial inflammation. Salivary albumin concentrations are 
significantly increased in individuals with gingivitis or periodontitis in 
comparison with healthy subjects. Saliva-specific functions have also been 
described for albumin. When hydroxyapatite is exposed to whole saliva, it 
is rapidly bound by this mineral. Accordingly, albumin has been described 
as a component of the acquired pellicle. Albumin is also found in a 
complexed form with proline-rich glycoprotein, and this complex, as a 
pellicle constituent, appears to play an effective role in lubrication of oral 
tissue surfaces.

Low-molecular-weight protein fractions, thought to be derived from the 
proteolytic processing of larger proteins, are likely to be in exchange with 
dental plaque fluid. These protein fractions help adjust and augment 
remineralization, microbial attachment, and plaque metabolism at the 
tooth-saliva interface. 

3. Whole saliva

The mixed fluid that covers the teeth and oral mucosa is designated 
whole saliva or oral fluid, and apart from saliva from both the major and 
minor salivary glands, it also contains gingival crevicular fluid, 
microorganisms from dental plaque, leucocytes, discarded epithelial cells 
from the oral mucosa and food debris. 
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4. Gingival crevicular fluid 

Gingival crevicular fluid (GCF) is a fluid occurring in minute amounts 
in the gingival crevice, believed by some authorities to be an inflammatory 
exudate and by others to cleanse material from the crevice. It contains 
sticky plasma proteins which improve adhesions of the epithelial 
attachment, have antimicrobial properties, and exert antibody activity. 

GCF has an extremely various composition: polymorphonuclear 
leukocytes (neutrophil granulocytes), lymphocytes, monocytes; inorganic 
ions (Na, K, Ca, Mg, phosphate); organic molecules such as proteins
(albumin, gammaglobulin, immunoglobulins), enzymes (acid phosphatase, 
alcaline phosphatase, cathepsin, collagenase, dipeptidyl peptidase, 
elastase, lactate dehydrogenase, lactoferrin, lysozyme, plasminogen 
activator); bacterial products; epithelial cells (from tissue desquamation).

Functions of gingival crevicular fluid: 
1). Protective effects:

1. Clearance of cells and potentially dangerous bacterial molecules;
2. Antibacterial action of immunoglobulins;
3. Plaque formation induced by calcium ions on the gingival margin.

2). Negative effects:
1. Tartar formation induced by alcaline phosphatase;
2. Proteolytic enzymes are dangerous for the gingival sulcus and the 

other gingival tissues.

5. Dental liquor

Dental liquor is a liquid that fills the voids of tooth tissues. Nutrients 
come to dental tissues with it. Dental liquor divided on dentin and enamel 
liquor.

Dentin liquor is 12% by weight of the dentin and 20% of its volume. It 
contains mineral and organic substances: Ca, phosphate, Cl, proteins 
similar to blood plasma proteins, amino acids, enzymes, vitamins, 
micronutrients. Dentin liquor moves towards the enamel at a rate of 
~ 4 mm/h, and performs trophic function. Changing the speed and direction 
of the flow causes the sensation of pain, feeling ″on edge″.

Enamel liquor less studied because it is composed of 6-11% of the 
enamel. Since the dimensions of enamel microspaces very small through 
hydroxyapatite crystals, as through a sieve, enamel liquor pass only small 
size molecules that are minerals, trace elements, small organic molecules.



Situational tasks.

335

SITUATIONAL TASKS

Proteins

1. What is the sequence of proteins emerging out the Sephadex column 
in gel filtration when they have the following molecular weights?

1) immunoglobulin A – 500 000;
2) fibrinogen – 330 000;
3) transferrin – 75 000;
4) retinol-binding protein – 24 000;
5) transcortin – 55 000. 

Answer: 1, 2, 3, 5, 4.

2. Write down tetrapeptide Met-Tyr-Lys-Glu. In which pH range this
peptide is in the isoelectric state? 

Answer: This peptide is at рН ≤ 7 in isoelectric state.

3. Milk protein (casein) curdles (i.e. precipitates) in boiling when milk 
is sour. Why?

Answer: As a result of loss of two factors of protein stability in solution 
– charge (isoelectric point of milk proteins is lower than рН=7,0) and 
hydrate shell.

4. A mixture of amino acids containing valine, leucine, aspartic acid, 
lysine, histidine, serine is fractionated by paper electrophoresis at pH=6,2. 
What amino acids move to cathode, anode or remain on the starting line? 

Answer: On the starting line the following amino acids remain – Val, 
Leu, Ser. To the cathode the following amino acids move – Lys, His. To 
the anode the following amino acids move – Asp, Glu.

5. Write down tetrapeptide Asp-Phe-Gln-His. In which pH range this
peptide is in the isoelectric state? 

Answer: This peptide is at рН ≤ 7 in isoelectric state.

6. Write down tetrapeptide Ala-Tyr-Ser-Glu. In which pH range this
peptide is in the isoelectric state?

Answer: This peptide is at рН < 7 in the isoelectric state.

7. Write down tetrapeptide Arg-Ala-Lys-Met. In which pH range this
peptide is in the isoelectric state?

Answer: This peptide is at рН 7 in the isoelectric state.
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8. Why when neutral salts with high concentration are added to the 
aqueous solution of protein, protein is precipitated?

Answer: When high concentrations of salts are added the hydrate shell
is removed from protein molecules, resulting in a decrease in protein 
solubility.

Enzymes

1. How to remove coenzyme from apoenzyme? 
Answer: By dialysis method or gel filtration.

2. The following findings were received in measuring the reaction rate 
depending on the substrate concentration in absence or presence of 
inhibitors (A and B):

Concentration (M) Reaction rate (μMol/l)
No inhibitors Inhibitor A Inhibitor B

1*10-5 20 10 15
2*10-5 30 20 22
3*10-5 37 28 11
4*10-5 40 37 28
5*10-5 40 40 30
6*10-5 40 40 30

Define the type of inhibition in each case, explain your choice. In what 
case by increasing the substrate concentration inhibiting effect is 
overcome?

Answer: No inhibitor: Vmax – 40 mmol/l, Km – 1×10-5M. Inhibitor A:
Vmax – 40 mmol/l, Km – 2×10-5M. Inhibitor B: Vmax – 30 mmol/l, Km –
1×10-5M. Conclusion: inhibitor A is competitive, inhibitor B is
noncompetitive. In case of inhibitor A increasing the substrate 
concentration up to 5×10-5 M can stop inhibiting effect.

3. High toxicity of methanol results from the action of the product of its 
metabolism – formaldehyde – which is formed by methanol oxidation by
the action of alcohol dehydrogenase. One of the methods in treatment of 
methanol poisoning is intravenously injecting ethanol. Explain the 
mechanism of curative and preventive effects of methanol in this case. Is 
the dosage of ethanol of any importance and why? 

Answer: Alcohol dehydrogenase is capable of using either methanol or 
ethanol as a substrate. In case of methanol poisoning, ethanol is 
administered in effort to "outcompete" methanol binding to active site
alcohol dehydrogenase, thereby slowing production of formaldehyde from
methanol. Primary binding of alcohol dehydrogenase with ethanol is at the 
concentration exceeding concentration of methanol. Therefore the doze of 
administered ethanol should be high enough.
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4. Acid phosphatase from prostate is inhibited by tartrate ions, while 
this enzyme from other organs is not inhibited by tartrate ions. How this 
fact can be used in diagnosing prostatic cancer?

Answer: The enzyme activity is analyzed in the presence and absence of 
tartrate. The difference between the measurement results in these two 
samples characterizes the tartrate-sensitive acid phosphatase of the prostate. 
In prostatic cancer the activity of tartrate-sensitive acid phosphatase is 
increased.

Energy exchange

1. It is known that succinate oxidation by FAD-linked-dehydrogenases 
is characterized by ΔG=-0.9 Kcal but oxidation by NAD-linked-
dehydrogenases is characterized by ΔG=+16.1 Kcal. What is a more 
suitable acceptor for electrons in dehydration of succinate, why?

Answer: FAD as negative value of ΔG testifies about exergonic 
reactions. Oxidation of succinate by NAD-linked-dehydrogenases would 
demand additional energy.

2. Write down the sum equation of oxidative reaction of isocitric acid 
(isocitrate) in mitochondrion suspension containing inorganic phosphate, 
ADP with addition of malonic acid (malonate) and 2,4-dinitrophenol. 
Explain the mechanism of action of malonate and 2,4-dinitrophenol. 

Answer: Isocitrate + Pi + ADP → succinate + 2СО2 + ATP. Malonate 
is competitive inhibitor of succinate dehydrogenase and reactions from 
isocitrate to succinate therefore can proceed. 2,4-dinitrophenol is uncoupler
of oxidation and phosphorylation, therefore only one molecule of ATP by 
substrate level phosphorylation is formed.

3. Many organisms (bacteria, yeast, parasitic worms) survive in the 
absence of oxygen. Which of the two known ways of ATP synthesis is used 
in such organisms to accumulate energy?

Answer: Substrate level phosphorylation. 

Metabolism of carbohydrates

1. How does the increase in the concentrations of ATP and AMP affect 
the catalytic activity of phosphofructokinase?

Answer: Phosphofructokinase is activated when the concentration of 
AMP is increased and is inhibited when the concentration of ATP is 
increased.
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2. What causes a rapid increase in lactate concentration in the blood 
during exercise? What causes a decrease in lactate concentration after 
exercise?

Answer: The increase in lactate concentration is due to the increase in 
glycolysis rate. The reason for lowering of the lactate level is the 
conversion of lactate to glucose through pyruvate.

3. Can lactate form fatty acids in animal cells?
Answer: No, since the fatty acids are oxidized to acetylCoA, which is

not converted to pyruvate, and hence to lactate.

4. In a sick child with mental retardation diarrhea and vomiting are 
caused by milk drinking. Low level of glucose and a high level of reducing 
sugars in the blood and galactose in urine are found. Explain why high 
level of reducing sugars in the blood and galactose in the urine are
observed?

Answer: The deficiency of galactose-1-phosphate uridylyl transferase
results in the accumulation of galactose in the tissues and blood plasma. 
The increase in the level of reducing sugars is due to the accumulation of 
galactose in the blood plasma. Excess galactose is removed by urine.

5. A sick child cannot tolerate milk. As soon as he drinks it, vomiting 
and diarrhea begin. It is established that after the test for lactose tolerance 
(the patient takes a certain amount of lactose, and then in certain time 
levels of glucose and galactose are determined in the blood, normally in an 
one hour their level increases and then decreases), the concentration of 
galactose and glucose in the blood do not increase, but remains constant. 
Why does the patient not have changes in the sugar content in the blood?

Answer: Lactase deficiency in intestinal juice. Exclude lactose
containing food products (milk) from the diet.

6. Is it possible to synthesize glucose from pyruvate if the citric acid 
cycle and oxidative phosphorylation are completely inhibited?

Answer: No. For gluconeogenesis, the energy of ATP and GTP and 
reducing equivalents (NADH+H+) are required. Energy and reducing 
equivalents are formed in the citric acid cycle and oxidative 
phosphorylation due to catabolism of amino acids, fatty acids or 
carbohydrates.

Metabolism of lipids

1. What does the expression "fats burn in the flame of carbohydrates" 
mean and why this process is disturbed in starvation and diabetes?



Situational tasks.

339

Answer: As a result of lipid breakdown (β-oxidation of fatty acids), 
acetylCoA is formed, which "burns" in a citric acid cycle after 
condensation with oxaloacetate. The oxaloacetate is formed from pyruvate 
by carboxylation. In starvation and diabetes mellitus, little amount of 
pyruvate is formed in the cell, and, consequently, oxaloacetate. Because of 
the deficiency of the oxaloacetate, acetylCoA is accumulated and converted 
to ketone bodies.

2. In hepatocytes of a person abusing alcohol, the synthesis of 
phospholipids and proteins is disrupted. How it affects the level of neutral 
fats in the liver?

Answer: Triglycerides and cholesterol esters are accumulated in the 
liver, since phospholipids and proteins are necessary for the removal of 
triglycerides from hepatocytes in VLDL.

3. Carbon atom of carboxyl group of malonylCoA contains a 14C 
isotope marker. How is the isotope marker distributed in the molecule of 
palmitic acid synthesized from malonylCoA?

Answer: The isotope marker is not found out, as it is lost as СО2.

4. What causes hemolytic effect of snake venom?
Answer: Presence of enzyme phospholipase А2, which cleaves the fatty 

acid at the 2-nd position of phosphatidylcholine in membranes of 
erythrocytes and converted it to lisophosphatidylcholine.

5. What is more disruptive in lipid digestion in adults: deficiency of 
lipase in pancreatitis or deficiency of bile acids in the digestive tract in bile 
duct disease? 

Answer: At deficiency of bile acids all stages of fat absorption 
(emulsification, hydrolysis and absorption) are blocked while in case of 
lipase deficiency only hydrolysis is blocked.

6. The lipid bilayer of the cell membrane protects cells from the rapid 
loss of K+, Cl-, Mg2+ ions. Why?

Answer: These ions have to pass through the nonpolar medium of
inner part of the membrane.

7. Detergents are used to extract integral membrane proteins. Why?
Answer: Detergents solubilize the hydrophobic parts of membranes, 

releasing integral proteins.

8. Which part of the triacylglycerol molecule contains more 
bioavailable energy: fatty acid residues or glycerol residue?



Situational tasks

340

Answer: Residues of fatty acids.

9. Why does the tumor in the patient's blood often show 
hypocholesterolemia with intensive growth of the tumor tissue?

Answer: In the presence of a rapidly growing tumor, cholesterol is 
used to construct membranes of intensively dividing cells.

Metabolism of proteins

1. If people who eat meat in amounts that exceed their calorie needs, 
they may acquire excess body weight: 1) In what metabolic pathway meat 
rich in protein can lead to triacylglycerol storage? 2) What metabolic 
changes can occur as a result of such nutrition? 

Answer: As a result of transamination keto acids are formed that can be 
converted to acetylCoA and, subsequently, to fatty acids. From fatty acids 
and glycerol triacylglycerols are formed. As a result of a significant 
increase in ammonia production, the production of urea will be increased, 
which can lead to increase in the osmolarity of the plasma and thirsty. This, 
in turn, is accompanied by an increase in water consumption.

2. Glutamate transferred by blood to the brain tissues is converted to 
glutamine which is found in the blood flowing from the brain. What is the 
purpose of this metabolism? 

Answer: Local intoxication of ammonia.

3. Cats fasting the night before, were given in the morning on an empty 
stomach an amino acid mixture containing the entire set of amino acids, 
except for arginine. In two hours, the ammonia level in the blood increased 
significantly, and symptoms of ammonia poisoning appeared. There were 
no abnormalities in the control group, which received a complete set of 
amino acids. Explain the causes of ammonia poisoning in the experimental 
group of animals.

Answer: Arginine is necessary for the normal functioning of the urea 
cycle. When it is deficient, the process of urea synthesis is disturbed, which 
will lead to the accumulation of ammonia and, consequently, to the 
appearance of symptoms of ammonia poisoning.

4. Casein, milk protein, has no cystine and cysteine residues. Its native 
conformation resembles a random ball. Keratin, protein of hair, rich in 
cystine and cysteine and is highly ordered. How do properties of these 
proteins affect the digestibility?

Answer: Keratin is not digested, as it is highly ordered, contains 
disulfide bonds and its peptide bonds are not available for proteinases.
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5. Hepatic coma can be developed in severe viral hepatitis, caused, in 
particular, by the toxic action of ammonia on the brain cells. What is the 
reason for such significant accumulation of ammonia in the blood? How 
does the urea concentration in the blood change in these patients?

Answer: The synthesis of urea in the liver is disrupted. There is 
a decrease in the blood urea concentration.

6. Which enzyme activity is decreased in the kidneys, if there is
decreased release of ammonium salts in the urine, increased the excretion 
of sodium and potassium and acidosis?

Answer: Glutaminase enzyme.

7. Explain why in some liver diseases methionine is prescribed with a 
therapeutic purpose.

Answer: S-adenosylmethionine formed from methionine acts as a 
donor of the methyl groups for transmethylation reactions. 
Transmethylation occurs in the synthesis of phospholipids, necessary for 
the construction of membranes, as well as in the processes of detoxification 
of xenobiotics occurring in the liver.

8. Will there be signs of aspartate deficiency in a diet that is rich in 
alanine, but is poor in aspartate?

Answer: No. Alanine nitrogen can be transferred by transamination to 
oxaloacetate to form aspartate.

9. Why children with a genetic defect of phenylalanine hydroxylase
should take tyrosine with diet?

Answer: In case of phenylalanine hydroxylase defect, synthesis of 
tyrosine from phenylalanine is blocked and tyrosine should be supplied 
with diet.

10. The animals were kept for a long time on a protein diet with an 
artificial mixture of amino acids, in which there no glutamic acid, aspartic 
acid and serine, however, no disturbances in the development of these 
animals were found. How can this fact be explained?

Answer: These amino acids are synthesized in the body.

Metabolism of nucleic acids

1. Histones are proteins found within the nuclei of eukaryotic cells. 
They are strongly bound to DNA. Isoelectric point of histones is very high 
(about 10.8). What amino acids present in histones in relatively large 
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amounts? In what way do these residues provide strong bond between
histones and DNA? 

Answer: 1) positively charged – Lys, Arg and His. 2) Electrostatic 
interaction between positively charged amino acids and negatively charged 
phosphate groups of DNA.

2. Select the characteristics inherent in the replication and repair 
process: 

1) One of the DNA strands is a template.
2) Both DNA strands serve as templates.
3) Deoxyribonucleoside triphosphates are substrates.
4) Rbonucleoside triphosphates are substrates.
5) The process is localized in the chromatin of the nucleus and 

mitochondrial DNA.
6) The process proceeds in the S-period of the cell cycle.
7) The process takes place constantly all stages of the vital activity of 

the cell.

Answer each question from the four offered to you.
A  Characteristic for replication
B  Characteristic for reparation.
C  Characteristic for both processes.
D  Not typical for any of the processes.
Answer: 1) B; 2) А; 3) С; 4) А; 5) С; 6) С; 7) B.

3. On which matrix in a cell infected by oncogenic virus, there is a 
synthesis of: a) new molecules of viral RNA, b) viral proteins?

Answer: a) RNA of oncogenic viruses induces the formation of DNA 
molecules in the cells in which one chain is complementary to the original 
RNA. This chain of DNA serves as a template for the construction of new 
viral RNAs with the participation of RNA polymerase. b) viral RNAs 
synthesized serve as a template for synthesis of viral proteins.

Hormones

1. What hormones need more time to develop a complete biological 
effect, why? 

Answer: Steroid hormones, since the effect will be shown after the 
appearance in the cell of newly synthesized proteins.

2. Blood analysis of a woman who is not pregnant shows that the 
progesterone levels are very low while the levels of estrogens are at peak.
In what phase of the menstrual cycle the blood analysis was taken?
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Answer: At the end of the follicular phase (pre-evolutionary estrogen 
peak).

3. Blood analysis of a woman who is not pregnant shows that the levels
of progesterone are at peak. In what phase of the menstrual cycle the blood 
analysis was taken?

Answer: In the luteal phase (the yellow body is the main source of 
progesterone).

4. Glucocorticoids are used for the treatment of many diseases. Why 
abrupt annulment of glucocorticoid administration is dangerous after a 
prolonged course of treatment? 

Answer: With long-term administration of glucocorticoids by the 
principle of negative feedback regulation the synthesis and secretion of 
corticoliberin, ACTH (corticotropin) and in turn own corticosteroids with 
subsequent development of adrenal cortex atrophy are suppressed. Abrupt 
annulment of administration of exogenous glucocorticoids can lead to a 
syndrome of acute hypocorticism.

5. Addition of epinephrine to hepatic homogenate leads to an increase 
in the activity of glycogen phosphorylase. If the homogenate is centrifuged 
at high velocity (100.000 g) and epinephrine is added to the supernatant, 
the effect of glycogen phosphorylase activation is not observed. Why?

Answer: At this centrifugation velocity enzyme adenylate cyclase 
(membrane bound enzyme) is precipitated together with the membranes, 
which leads to disruption of the adenylate cyclase mechanism of 
epinephrine action.

6. Patients with a seizure of bronchial asthma are often injected with 
substances similar to theophylline from tea (e.g, euphyllin) in addition to 
epinephrine. Explain the purpose and biochemical principles of the 
combined use of these drugs.

Answer: The purpose is to remove the spasm of the smooth muscles of 
the bronchi. Epinephrine relaxes the smooth muscles of the bronchi through 
the adenylate cyclase mechanism, stimulating the production of cAMP. 
Euphyllin and theophylline inhibit phosphodiesterase, retaining the 
accumulated cAMP and prolonging the action of epinephrine.

7. Explain the mechanism of action of the drug captopril, which inhibits 
the angiotensin-converting enzyme and is used to treat patients with arterial 
hypertension?

Answer: The administration of captopril causes a decrease in the 
concentration of angiotensin II and a decrease in the secretion of 
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aldosterone. This causes a decrease in the tone of the vessels and, hence, a 
decrease in arterial pressure.

8. Some scientists attribute vitamin D to hormones that penetrate into 
the cell. What form of vitamin can be considered as a hormone regulating 
phosphate and calcium metabolism? Where it is formed and with the 
participation of which enzymes?

Answer: The biologically active form is 1,25-dihydroxychole- (or 
-ergo) calciferol (calcitriol). Its formation occurs by hydroxylation of 
vitamin D3 (or D2) in the 25th position in the process of microsomal 
oxidation, and then in the kidneys in the first position under the action of 
25-hydroxycalciferol hydroxylase.

Vitamins

1. What vitamin is needed in predominantly protein diet? Why?
Answer: Vitamin B6, which is necessary for the specific pathways of 

amino acid catabolism.

2. Why eating a large number of raw eggs can be accompanied by 
dermatitis, seborrhea, impaired function of the peripheral nervous system?

Answer: Hypovitaminosis vitamin H, due to the presence of 
antivitamin avidin in the raw egg white.

3. Why folic acid and vitamin B12 deficiency leads to megaloblastic 
anemia? 

Answer: Vitamins B9 and B12 are necessary for the methylation and 
transmethylation processes, hence for the synthesis of nucleotides and 
nucleic acids.

4. What vitamin is needed in predominantly carbohydrate diet? Why?
Answer: Vitamin B1 which is necessary for the carbohydrate

metabolism.

5. Which vitamin is involved in oxidation-reduction reactions with the 
addition and removal of protons and electrons in the isoalloxazine ring? 
What is the name of this process?

Answer: Vitamin B2, cellular respiration.

6. At the end of the 19th century and at the beginning of the 20th 
century, pellagra was a fairly common disease, especially in rural areas 
where people used to eat little meat, and mainly fed on maize. Explain why 
such a diet led to a deficiency of nicotinic acid?
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Answer: Maize is poor in tryptophan, from which vitamin PP can be 
synthesized in the body.

7. Pigeons kept on an experimental diet, lost coordination of 
movements and the ability to hold your body in balance. The level of 
pyruvate in the blood and brain of these birds was significantly higher than 
normal. Such state passed if pigeons were given meat. Explain this 
phenomenon.

Answer: Thiamine deficiency.

8. In patients with kidney pathology, despite a normally balanced diet, a 
disease similar to rickets, accompanied by intensive demineralization of 
bones, often develops. What vitamin is involved in the mineralization of 
bones? Why does the kidney disease lead to demineralization?

Answer: Vitamin D3 is needed for bone mineralization. In kidney 
diseases, the hydroxylation of vitamin D3 is impaired, i.e. the formation of 
its biologically active form, calcitriol.

9. Warfarin is a vitamin K antagonist. Propose a molecular mechanism 
of warfarin action as an anticoagulant.

Answer: Warfarin inhibits the reductase necessary for the formation of 
the hydroquinone form of vitamin K, in which vitamin K manifests its 
activity.

10. Constant intake of ethanol (alcoholic disease) results in
hypovitaminosis B1, the symptoms of which are disorders of the nervous 
system. Why are the cells of the nervous tissue so sensitive to a lack of 
vitamin B1?

Answer: Vitamin B1 in the form of thiamine pyrophosphate 
participates in the functioning of pyruvate and α-ketoglutarate 
dehydrogenase complexes (common pathways of catabolism). In the 
hypovitaminosis B1, the aerobic glycolysis will be disrupted, i.e. the main 
process that provides the energy the cells of the nervous tissue.

11. Propionic acid is a product of the vital activity of the microflora of 
the large intestine. It is also formed by the oxidation of fatty acids with an 
odd number of carbon atoms. What vitamins are needed for the further 
conversion of propionic acid to the end products?

Answer: Biotin as a coenzyme of propionyl carboxylase for the 
formation of methylmalonylCoA and vitamin B12 for the isomerization of 
methylmalonylCoA to succinylCoA.
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12. Makers of food products enriched with vitamins suggest that 
vitamins derived from natural sources are healthier than synthesized 
artificially (for example, vitamin C from hips and artificially synthesized). 
Do the vitamins differ from these two sources, and can the organism 
distinguish them from each other?

Answer: Vitamins obtained from these two sources are identical, and 
the body cannot distinguish them.

13. Vitamins A and D can be used once in a dose, ensuring their normal 
content in the body in the next few weeks. Vitamins of group B (B1, B2, PP, 
B6, etc.) must be obtained daily. What is the reason for this?

Answer: Vitamins A and D are accumulated in the body, and water-
soluble vitamins of group B are rapidly excreted from the body.

Physiological biochemistry

1. Some mutations of hemoglobin gene affect synthesis of the all the 
three types of hemoglobin – A1, A2 and F, while other mutations affect only 
one of the types. Why?

Answer: Mutations of the gene of -chains affect all three types of 
hemoglobin since these hemoglobins have respectively following subunit
structure 22 22 22. Mutations of the genes -, - and -chains will 
affect only one of the type of hemoglobin.

2. When studying oxygen transport in pregnant women, it was shown 
that the hemoglobin saturation curves in the blood of the mother and fetus, 
obtained under the same conditions, are very different.
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1) Which hemoglobin has a higher affinity for oxygen under 
physiological conditions? 2) What is the physiological significance of the 
fact that the two hemoglobins have different affinity for oxygen? 

Answer: 1) HbF, that is hemoglobin of fetus. 2) Due to its high affinity 
HbF takes О2 from the mother's HbA.

3. The results of the patient's examination were obtained. Blood
analysis: total bilirubin – 40 μmol/l, conjugated bilirubin – 20 μmol/l. 
Make your conclusion on the type of jaundice; what additional analysis 
should be made to confirm your conclusion?

Answer: Hepatocellular jaundice. In addition, it is necessary to analyze
the bile pigments of urine and feces. Bilirubin and urobilinogen should be 
present in urine. Presence of stercobilinogen in feces is the norm.

4. The results of the patient's examination were obtained. Blood 
analysis: total bilirubin – 50 μmol/l, direct bilirubin – 5,1 μmol/l; urine 
analysis: bilirubin (-), urobilinogen (+++); feces analysis: stercobilinogen 
above norm. Make your conclusion.

Answer: Hemolytic jaundice.

5. The results of the patient's examination were obtained. Blood 
analysis: total bilirubin – 30 μmol/l, direct bilirubin – 20 μmol/l; urine 
analysis: bilirubin (+), urobilinogen (-); feces analysis: stercobilinogen is 
sharply decreased. Make your conclusion.

Answer: Obstructive jaundice.

6. Medicinal preparation Aspirin is a weak acid with pK'=3.5. Its 
absorption into the blood can occur through the mucosa of the stomach and 
the small intestine. Where aspirin is absorbed more easily in the stomach or 
in the small intestine, if the pH of the gastric juice is close to 1, and the pH 
in the small intestine is 6.

Answer: In the stomach. Uncharged hydrophobic molecules quickly 
pass through the cell membrane, and ionized and polar molecules  slowly. 
Hydrochloric acid suppresses the dissociation of aspirin, and therefore it 
will be absorbed in a non-ionized form.
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MULTIPLE CHOICE QUESTIONS

Fuel metabolism

1. In the normal adult, the fuel store that contains the fewest calories is:
1. Adipose triacylglycerol 
2. Liver glycogen 
3. Muscle glycogen 
4. Muscle protein 

2. It is more advantageous for the human body to store fuel as 
triacylglycerol in adipose tissue than as protein in muscle because adipose 
triacylglycerol stores contain:

1. More calories and more water 
2. Less calories and less water 
3. Less calories and more water 
4. More calories and less water

3. All of the following statements concerning fuel metabolism are true 
except:

1. Muscle protein can be a source of fuel for the body 
2. Negative nitrogen balance occurs when the amount of nitrogen 
excreted in urine is greater than the amount of nitrogen ingested in the 
diet 
3. Dietary protein is not required because amino acids can be 
synthesized from glucose 
4. A person who ingests 100 g of protein/day will excrete about 16 g of 
nitrogen in the urine

4. Which of the following would be observed in a person who is resting 
after an overnight fast?

1. Liver glycogen stores are completely depleted
2. Liver gluconeogenesis is not an important process
3. Muscle glycogen stores are used to maintain blood glucose
4. Fatty acids are released from adipose triacylglycerol stores

5. Which of the following would be observed in a person after 1 week of 
starvation?

1. The brain uses glucose and ketone bodies as fuel sources
2. Liver glycogen stores are only partially depleted, due to an increase 
in gluconeogenesis
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3. Nitrogen balance is maintained because muscle protein releases 
amino acids to compensate for the lack of dietary protein
4. Fatty acids from adipose stores are the major source of fuel for red 
blood cells

6. After an overnight fast
1. Fatty acids are the primary fuel for the brain 
2. Glucose is synthesized from even-chain fatty acids 
3. Ketone bodies are formed in the liver 
4. Ketone bodies are a major fuel for red blood cells 

7. Based on the woman's current weight, diet, and sedentary life-style, the 
physician correctly concludes that she should

1. Increase her exercise level 
2. Decrease her protein intake 
3. Increase her caloric intake 
4. Decrease her fat intake to less than 30% of her total calories

8. When compared to his state after an overnight fast, a person who fasts 
for 1 week will have higher levels of blood glucose

1. Less muscle protein
2. More adipose tissue
3. Lower levels of ketone bodies in the blood

9. All of the following occur during fasting except
1. Hormone-sensitive lipase is activated because the glucagon level in 
blood is increased and insulin is decreased
2. Glycerol, released from adipose tissue, is utilized for glucose 
synthesis in liver
3. Liver is converting fatty acids to ketone bodies
4. Liver is actively synthesizing chylomicrons from dietary lipids

Proteins and enzymes

10. The simplest amino acid is:
1. Tryptophan 
2. Valine
3. Glycine 
4. Arginine

11. All have methyl group except:
1. Valine
2. Glycine
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3. Leucine
4. Alanine

12. All of the following are basic amino acids except:
1. Asparagine
2. Arginine
3. Histidine
4. Lysine

13. The following separation technique depends on the molecular size of 
the protein:

1. Chromatography on a carboxymethyl (CM) cellulose column
2. Isoelectric focusing
3. Gel filtration chromatography
4. Chromatography on a diethylaminoethyl (DEAE) cellulose column

14. Proteins are effective buffers because they contain:
1. A large number of amino acids 
2. Amino acid residues with different pK
3. N-terminal and C-terminal residues that can donate and accept 
protons 
4. Peptide bonds that readily hydrolyzes, consuming hydrogen and 
hydroxyl ions 

15. Which one of the following types of bonds is covalent?
1. Hydrophobic interactions
2. Hydrogen bond
3. Disulfide bond
4. Electrostatic interactions

16. In hemoglobin S, glutamic acid is replaced by:
1. Glycine 
2. Valine
3. Lysine 
4. Arginine

17. In sickle cell anemia glutamic acid is replaced by valine at:
1. Position 7 
2. Position 6
3. Position 8 
4. Position 4
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18. Which one of the following enzymes is not a protein?
1. DNAase
2. Abzyme
3. Eco RI
4. Ribozyme

19. The active site of an enzyme:
1. Is formed only after binding with specific substrate 
2. Binds allosteric inhibitors 
3. Binds noncompetitive inhibitors 
4. Binds competitive inhibitors 

20. The complete enzyme complex is known as:
1. Apoenzyme 
2. Coenzyme
3. Holoenzyme
4. Allosteric enzyme

21. Enzymes mediating transfer of one molecule to another are known as:
1. Peptidases
2. Lyases
3. Oxidases
4. Transferases

22. Km of an enzyme is:
1. Dissociation constant
2. The normal physiological substrate concentration
3. The substrate concentration at ½Vmax
4. Numerically identical for all isoenzyme that catalyze a given reaction

23. The velocity (V) of an enzyme-catalyzed reaction:
1. Decreases as the substrate concentration increases 
2. Is lowest when the enzyme is saturated with substrate 
3. Is related to the substrate concentration at ½Vmax
4. Is independent of the pH of the solution

24. If the enzyme concentration for a biochemical reaction is increased 
100-fold, the equilibrium constant for the reaction will:

1. Decrease two-fold 
2. Remain the same 
3. Increase in proportion to the enzyme concentration 
4. Change inversely with the enzyme concentration
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25. A competitive inhibitor of an enzyme:
1. Increases Km, but does not affect Vmax
2. Decreases Km but does not affect Vmax
3. Increases Vmax but does not affect Km 
4. Decreases Vmax but does not affect Km

26. Malonate inhibites competitively:
1. Aconitase 
2. Fumarate dehydrogenase
3. Succinate dehydrogenase 
4. Succinyl thiokinase  

27. Lactate dehydrogenase isozyme 1 is present in:
1. Liver
2. Heart muscles
3. Skeletal muscles
4. Both 1 and 3

28. Myocardial infarction is associated with:
1. Increase CPK-MB
2. Decrease CPK-MB
3. Increase CPK
4. Increase CPK-MM

Membranes. Nutrition

29. All of the following properties are characteristic for biological 
membranes, except: 

1. The asymmetric arrangement lipids 
2. Diffusion of inorganic ions through lipid bilayer
3. Lateral diffusion lipids 
4. Transverse diffusion ('Flip-flop' movement of lipids from one 
membrane surface to the other)  

30. What role of cholesterol in membranes? 
1. Forms glycocalyx 
2. Conduction of nerve impulses 
3. Creation of electropotential
4. Regulate fluidity 

31. All of the following are main lipids of membranes, except: 
1. Glycerophospholipids  
2. Cholesterol



Multiple choice questions

353

3. Prostaglandins
4. Sphingolipids 

32. All of the following properties are characteristics for proteins of a 
membrane, except:

1. They are glycoproteins 
2. Peripheral protein is heme-containing substance 
3. Integral protein can distribute across the bilayer of a membrane 
4. Peripheral protein can be removed by washing the membranes with a 
solution of high ionic strength or high pH 

33. What types of transport across membranes are known? 
1. Simple diffusion
2. Facilitated diffusion 
3. Acyl-carrying protein 
4. Active transport 

34. What interactions hold the peripheral proteins on the surface of the 
membrane?

1. Hydrogen bond
2. Disulfide bond
3. Hydrophobic interactions 
4. Electrostatic interactions

35. Which of the following is responsible for shape and motility of the cell?
1. Mitochondria
2. Microtubules
3. Microfilaments
4. Golgi bodies

36. Sphingomyelin is:
1. Glycerophospholipid
2. Sphingolipid
3. Derivative of cholesterol 
4. Derivative of arachidonate

37. Sphingomyelin consists of all except:
1. Ceramide
2. Phosphoric acid
3. Choline
4. Glycerol
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38. Which of the following is not found in biological membrane?
1. Protein
2. Cytochrome P-450
3. Steroid receptors
4. Lipid

39. What components determine the biological value of diet? 
1. Essential amino acids 
2. Palmitoleic acid 
3. Vitamins
4. Linoleic acid and α-linolenic acid

40. Which of the following substances are essential in the human diet?
1. Cholesterol
2. Vitamin D
3. Oleate
4. Linoleate

41. Which one of the following amino acids is essential in the human diet?
1. Serine 
2. Lysine 
3. Glutamate 
4. Tyrosine 

42. Not an essential amino acid is:
1. Tyrosine
2. Isoleucine
3. Phenylalanine
4. Lysine

43. Which of the following is not a lipotropic factor:
1. B6

2. B12

3. Choline 
4. 1 and 2

44. Which of the following is a true essential fatty acid?
1. Linoleic acid
2. Linolenic acid
3. Oleic acid
4. Archidonic acid
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45. For photoheterotroph source of ATP is:
1. Sunlight
2. Oxidation of organic compounds
3. Oxidation of inorganic compounds

46. The chemical changes incident to digestion are accomplished with the 
help of: 

1. Ligase
2. Isomerase
3. Transferase
4. Hydrolase 

47. Catabolism supplies: 
1. The energy (ATP)
2. Reducing power (NADPH)
3. Low- to medium molecular weight compounds of the cell 

Bioenergetics. Biological oxidation

48. Which of the following substances are high-energy phosphates, if 
standard free energy of hydrolysis of them are: 

1. Fructose-6-phosphate -15.9 kJ/mol (-3.8 kcal/mol) 
2. Creatine phosphate -42.7 kJ/mol (-10.3 kcal/mol)
3. Glycerol-3-phosphate -9.2 kJ/mol (-2.2 kcal/mol) 
4. ATP -32.2 kJ/mol (-7.3 kcal/mol) 

49. The standard free energy of hydrolysis of АТP in standard conditions 
is: 

1. 21 kJ/mol 
2. 25 kJ/mol
3. 30.5 kJ/mol 

50. Choose the ways of АТP formation: 
1. Substrate-level-phosphorylation 
2. Peroxisomal oxidation 
3. Oxidative phosphorylation 
4. Free-radical oxidation 

51. Which of the following takes place in mitochondria?
1. Cellular respiration 
2. Fat synthesis 
3. Protein synthesis 
4. Carbohydrate synthesis



Multiple choice questions.

356

52. In heart cells deprived of oxygen during a myocardial infarction:
1. The mitochondrial proton pump slows down, preventing ATP 
synthesis by oxidative phosphorylation 
2. The citric acid cycle will accelerate to provide more electrons for 
ATP synthesis 
3. The electron transport chain will accelerate to provide more protons 
for ATP synthesis 
4. Anaerobic glycolysis will decrease, and the conversion of glucose to 
CO2 will increase 

53. In the absence of oxygen, the oxidation of 1 mole of succinate in 
muscle would yield how many moles of ATP?

1. 0 
2. 1 
3. 2 
4. 3 

54. All of the following are electron carriers in the electron transport chain 
except:

1. Cytochromes 
2. Coenzyme Q 
3. FeS centers 
4. Hemoglobin 

55. If a person consumed a chemical that irreversibly inhibited all 
cytochromes in the electron transport chain:

1. The amount of heat generated from NADH oxidation would increase 
2. The rate of succinate oxidation would not change 
3. An electrochemical potential could still be generated
4. Death would result from a lack of ATP 

56. Which of the following is true regarding glutathione:
1. It is a monopeptide
2. It is a tetrapeptide
3. It is a dipeptide 
4. It is a tripeptide

57. Glutathione peroxidase contains which of the following:
1. Selenium
2. Zn
3. Mb
4. Cd
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58. True about glutathione reductase:
1. Sulphur containing enzyme
2. Important in methemoglobinemia
3. Free radical scavenger
4. All

59. Which of the following is true regarding nitric oxide?
1. Released from mitochondria
2. Vasoconstriction
3. Spontaneous production from NO2

4. Synthesized from arginine

60. For the synthesis of nitric oxide, which of the following is required?
1. NADPH, FAD, FMN
2. NADH
3. NADPH, NAD, FMN
4. Dioxygenase

61. The main enzyme responsible for activation of xenobiotics is:
1. Cytochrome P-450
2. Glutathione S-transferase
3. NADPH cytochrome P-450 reductase
4. Glucuronyl transferase

62. Enzyme protecting the brain from free radical injury is:
1. Hydroxylase
2. Superoxide dismutase
3. MAO
4. Myeloperoxidase

63. Explain, why in a living cell reaction of water formation from hydrogen 
and oxygen is not accompanied by explosion: 

1. Process is multistage 
2. Prevent durability of membrane mitochondria 
3. Antioxidants act

64. Which of the following enzymes of a respiratory chain can be broken, if 
the animal was on to a diet, deprived of vitamin РР: 

1. NAD-linked dehydrogenases
2. NADH dehydrogenase 
3. Succinate dehydrogenase
4. Cytochrome oxidase 
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65. Which of the following enzyme transfers electrons directly to oxygen: 
1. Hexokinase
2. Superoxide dismutase 
3. Peroxidase 
4. Cytochrome oxidase 

66. What a component of a respiratory chain collects electrons from any 
substrates of oxidation: 

1. NADH dehydrogenase
2. Ubiquinone (CоQ) 
3. Cytochrome c 

67. Calculate Р/О ratio if NАDН of mitochondrial matrix is oxidized by
NADH dehydrogenase and water is produced: 

1. 4
2. 3
3. 2
4. 1

68. Which of the following functions of mitochondria will be disturbed 
after their processing by detergents, destroying structure of membranes?

1. Coupling of oxidation and phosphorylation
2. Electron transport 
3. Dehydrogenation of substrate

69. What components of a respiratory chain are poisoned by carbon 
monoxide, cyanide, and hydrogen sulfide: 

1. Succinate dehydrogenase
2. Ubiquinol cytochrome c reductase
3. Cytochrome oxidase 

70. The respiratory control is provided with concentration of: 
1. Glucose
2. Lactate
3. АDP
4. NАDP

71. Enzymes of oxidative phosphorylation are located in: 
1. Mitochondrial matrix 
2. Inner mitochondrial membrane
3. Outer mitochondrial membrane
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72. Oxidation occurs without phosphorylation if:
1. Decrease in activity of Н+АТP-ase
2. Inhibition of АDP-АТP translocase
3. Increase in the permeability of mitochondria for protons 

73. Free radicals are: 
1. Hydrogen peroxide
2. Superoxide anion
3. Peroxide radical
4. Carbon monoxide 

74. Monooxygenase systems incorporate into the substrate: 
1. SH-groups
2. OH-groups
3. СООН-groups
4. NH2-groups 

75. NADH dehydrogenase contains the following cofactor: 
1. NAD
2. NADP
3. FAD
4. FMN

76. NAD-linked dehydrogenases are located in?
1. Mitochondrial matrix  
2. Inner mitochondrial membrane
3. Outer mitochondrial membrane

77. What component of a respiratory chain is a constituent of the 
mitochondrial lipids? 

1. Succinate dehydrogenase
2. Cytochrome oxidase 
3. Ubiquinone

78. What vitamin is part of NAD and NADP? 
1. C
2. РР
3. В2

4. В1

79. What vitamin is part of FMN and FAD? 
1. В1

2. В2
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3. В3

4. В5

80. NAD-linked dehydrogenase contains as cofactor: 
1. NAD
2. NADP
3. FAD
4. FMN

81. NADP as coenzyme of NADP-linked dehydrogenases: 
1. Oxidizes substrates with the energy purpose 
2. Supply protons and electrons to a respiratory chain of enzymes 
3. Supply protons and electrons to reactions of reductive synthesis 
4. Supply protons and electrons directly to oxygen 

82. What is a substrate for oxidation by NAD-linked dehydrogenase? 
1. Alcohols
2. Aldehydes
3. Fatty acids
4. Succinate

83. The acceptor of electrons from metalloflavoprotein enzymes in a 
respiratory chain is: 

1. Ubiquinone
2. Cytochrome b
3. Cytochrome c
4. NADH

84. Oxidation of a substrate in the incomplete respiratory chain is carried
out by: 

1. NAD-linked dehydrogenase
2. FAD-linked dehydrogenase
3. FMN-linked dehydrogenase
4. Cytochrome P-450  

85. The end product of oxidation in peroxisomal pathway is: 
1. Hydrogen peroxide 
2. Nitrogen oxide 
3. Superoxide anion

86. The end product of respiratory chain is: 
1. Hydrogen peroxide
2. Water



Multiple choice questions

361

3. Superoxide anion

87. The mobile component of the incomplete respiratory chain is: 
1. Ubiquinone
2. Cytochrome b 
3. Cytochrome a 

88. Classes of cytochrome a, b, c differ from each other in: 
1. Nature of apoenzymes
2. Nature of prosthetic groups
3. Mode of attachment of prosthetic group to the apoprotein part

89. The order of an arrangement of enzymes in a respiratory chain is 
caused by: 

1. Nature of nonprotein part 
2. Value of molecular weight 
3. Nature of apoenzyme
4. Oxidation-reduction potential 

90. The transmembrane flow of protons to the matrix from intermembrane
space occurs by: 

1. Simple diffusion 
2. Facilitated diffusion 
3. АТP synthase

91. Electrochemical potential on an inner mitochondrial membrane is 
determined by: 

1. Rate of electron transfer 
2. Electric potential 
3. Proton gradient

92. Energy of substrate oxidation in peroxisomal oxidation: 
1. Used for formation of 1 АТP
2. Used for formation of 2 АТP 
3. Used for formation of 3 АТP 
4. Released as heat 

93. Hydroxylase cycle is located in:
1. Inner mitochondrial membrane
2. Cytosol 
3. Endoplasmic reticulum (microsomes)
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Carbohydrate metabolism

94. Each of the following statements concerning pyruvate dehydrogenase is 
true except:

1. It is an example of a multienzymic complex 
2. It requires thiamine pyrophosphate as a cofactor 
3. It produces oxaloacetate from pyruvate 
4. It is inhibited when NADH levels increase

95. What is the end product of oxidative decarboxylation of pyruvate: 
1. Citrate
2. Ketoglutarate
3. Acetyl phosphate
4. AcetylCоА

96. How many ATP molecules are formed by oxidative decarboxylation of 
pyruvate: 

1. 1
2. 2
3. 3

97. What functions of the citric acid cycle: 
1. Detoxication of xenobiotics
2. It is the donor of protons and electrons for respiratory chain 
3. It is the first stage of anabolism 

98. The principal function of the citric acid cycle is to:
1. Generate CO2 

2. Transfer electrons from the acetyl portion of acetylCoA to NAD+ and 
FAD 
3. Oxidize the acetyl portion of acetylCoA to oxaloacetate 
4. Generate heat from the oxidation of the acetyl portion of acetylCoA 

99. The oxidation of acetylCoA by the citric acid cycle plays a major role 
in providing energy in each of the following tissues except:

1. Muscle 
2. Brain 
3. Liver 
4. Red blood cells 

100. How many ATP molecules are synthesized during oxidative 
phosphorylation by oxidation of acetylCоА via citric acid cycle:

1. 11
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2. 1
3. 6

101. Enzymes of a citric acid cycle are located in: 
1. Cytosol
2. Intermembrane space of mitochondria 
3. Mitochondrial matrix  
4. Endoplasmic reticulum

102. Choose the cofactor of malate dehydrogenase.
1. Thiamine pyrophosphate 
2. NAD+ 

3. NADP+ 

4. Biotin

103. Dietary fiber is:
1. Rich in collagen
2. Rich in starch
3. Rich in pectin
4. Rich in proteoglycans

104. Which of the following is not a dietary fiber:
1. Pectin 
2. Hemicellulose
3. Riboflavin 
4. Cellulose

105. Which of the following is true regarding dietary fiber?
1. No effect on stool transient time
2. Increases stool transient time
3. Decrease stool transient time
4. Normalizes stool transient time

106. The transport of glucose across the cell membrane is stimulated by 
insulin in:

1. Brain
2. Liver
3. Red blood cells
4. Skeletal muscle

107. Glucosuria is observed at increase of glucose level in blood higher
than:

1. 5.55 – 6.0 mmol/l
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2. 7.9 – 9.9 mmol/l
3. 6.1 – 8.0 mmol/l

108. The normal renal threshold for glucose excretion is:
1. 5.55 – 6.0 mmol/l
2. 7.9 – 9.9 mmol/l
3. 6.1-8.0 mmol/l

109. Indicate normal activity of alpha-amylase in urine:
1. 16-30 g/(h/l)
2. 28-160 g/(h/l)
3. 3.3 – 5.5 mmol/l

110. In which compartment of the cell does glycolysis occur?
1. Mitochondrion
2. Nucleus
3. Soluble cytoplasm 
4. Smooth endoplasmic reticulum

111. Which of the following reaction in glycolysis is not reversible:
1. Triosephosphate isomerase 
2. Phosphofructokinase 
3. Dehydrogenase 
4. Phosphoglycerate mutase 

112. How many kinases are involved in glycolysis:
1. 2 
2. 4
3. 5 
4. 1

113. Which of the following enzymes take part in formation of 
glyceraldehyde-3-phosphate from fructose-1,6-bisphosphate by glycolysis: 

1. Transketolase
2. Aldolase 
3. Phosphofructokinase
4. Triosephosphate isomerase 

114. Which of the following enzymes catalyse the converting of fructose-
1,6-bisphosphate to 2 trioses: 

1. Triose phosphate isomerase 
2. Aldolase 
3. Hexokinase
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4. Phosphofructokinase

115. Which of the following enzymes of glycolysis contain NAD? 
1. Aldolase 
2. Glyceraldehyde-3-phosphate dehydrogenase 
3. Enolase
4. Pyruvate kinase

116. Dehydration of 2-phosphoglycerate is accompanied by: 
1. Calcium ion inhibition 
2. Activation of fluoride by ions 
3. Formation of high-energy bond in phosphoenolpyruvate 
4. Activation of phosphofructokinase

117. Which of the following enzymes are enzymes of anaerobic glycolysis:
1. Transketolase
2. Phosphofructokinase
3. Pyruvate kinase
4. Lactate dehydrogenase

118. How many net molecules of ATP are generated in conversion of 
glucose to pyruvate?

1. 0
2. 1
3. 2
4. 3

119. How many ATP molecules are formed by anaerobic glycolysis?
1. 2
2. 3
3. 6
4. 12

120. How many ATP molecules are formed by oxidation of glucose to СО2

and water?
1. 2
2. 12
3. 24
4. 38

121. How many ATP molecules are formed by oxidation of glucose to 
lactate: 

1. 38
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2. 4
3. 2
4. 6

122. What process delivers ATP in anaerobic glycolysis?
1. Oxidative phosphorylation
2. Substrate-level phosphorylation
3. Photosynthetic phosphorylation

123. Fluoride inhibits which of the following in the glycolysis?
1. Succinate dehydrogenase
2. Cis-aconitase
3. Enolase
4. Malonate

124. Determine the central oxidation-reduction reaction of glycolysis: 
1. Formation of NADH by glyceraldehyde-3-phosphate oxidation and 
using of NADH for lactate production from pyruvate 
2. Transfer of reducing equivalents from NADH of cytosol to NAD+ of 
mitochondria 
3. Formation of ATP by converting of 1,3-bisphosphoglycerate to 
glyceraldehyde-3-phosphate

125. Positive allosteric activators of phosphofructokinase in the liver 
include:

1. ADP
2. AcetylCoA
3. Fructose-2,6-bisphosphate
4. ATP

126. NADH is required for the one-step reaction by which pyruvate is 
converted to:

1. Oxaloacetate
2. AcetylCoA
3. Phosphoenolpyruvate
4. Lactate

127. Which of the following is not a regulatory mechanism of glycolysis?
1. Activation of phosphofructokinase by AMP
2. Inhibition of hexokinase by its product
3. Inactivation of pyruvate kinase when glucagon levels are elevated
4. Inhibition of aldolase by fructose-1,6-bisphosphate 
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128. What type of bond is formed between phosphate and carbon 1 of 1,3-
bisphosphoglycerate?

1. Anhydride
2. Ester
3. Phosphodiester
4. Amide

129. In skeletal muscle, increased hydrolysis of ATP during muscular 
contraction:

1. Decreases the rate of palmitate oxidation to acetylCoA 
2. Decreases the rate of NADH oxidation by the electron transport 
chain 
3. Results in activation of phosphofructokinase  
4. Results in an increased proton gradient across the inner 
mitochondrial membrane 

130. Which of the following statements are true: 
1. Glucose is converted to lactate only in erythrocytes
2. Pyruvate kinase, phosphofructokinase, hexokinase reactions – are 
irreversible 
3. Converting of glucose-6-phosphate to 2 molecules of lactate is 
accompanied with the formation of three ATP molecules

131. Which of the following statements are true: 
1. Alpha phosphoglycerate shuttle mechanism is used for the transfer of 
protons and formation of 3 ATP molecules 
2. Malate-oxaloacetate shuttle mechanism delivers protons into 
complete respiratory chain where during oxidative phosphorylation 3 
molecules ATP are synthesized
3. Converting of phosphoenolpyruvate to pyruvate is accompanied by 
formation of 3 ATP molecules during oxidative phosphorylation

132. In red blood cells, a pyruvate kinase deficiency would be expected to 
increase

1. The life span of the cells 
2. The rate of fatty acid oxidation 
3. ATP production 
4. The NADH/NAD ratio 

133. What reactions in gluconeogenesis only: 
1. Conversion of lactate to pyruvate 
2. Conversion of oxaloacetate to phosphoenolpyruvate 
3. Conversion of glucose to glucose-6-phosphate 
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134. Each of the following metabolites provides carbon for glucose 
synthesis by the process of gluconeogenesis except:

1. Amino acids from muscle protein 
2. Lactate from red blood cells and exercising muscle 
3. Glycerol from adipose triacylglycerols 
4. Even-chain fatty acids from adipose triacylglycerols 

135. Why only liver and kidney can be involved as suppliers of glucose to 
Cori cycle? 

1. These organs are most metabolic active
2. These organs have active enzyme glucose-6-phosphatase
3. These organs do not use glucose for the needs

136. Which of the following statements for gluconeogenesis are true: 
1. Substrates are fatty acids
2. Occurs in skeletal muscles 
3. It is important for maintenance of blood glucose level 

137. Which of the following statements for gluconeogenesis are true: 
1. Occurs exclusively in cytosol 
2. Substrates are amino acids
3. Substrates are fatty acids 

138. Which of the following statements for gluconeogenesis are true 
except: 

1. Demands energy as ATP 
2. It is important for maintenance of blood glucose level 
3. Gluconeogenesis is a reversal of glycolysis

139. Which of the following statements for gluconeogenesis are true: 
1. Synthesis of glycogen from glucose 
2. Degradation of glycogen to glucose 
3. Conversion of glucose to lactate 
4. Synthesis of glucose from not carbohydrate precursors 

140. The cycle Cori is:
1. The cycle of the transfer of glucose and lactate between liver and 
muscles (glycolysis in muscles, gluconeogenesis in a liver) 
2. The cycle of the transfer of glucose and pyruvate between liver and 
organs 
3. The energy cycle linking citric acid cycle and pentose phosphate 
pathway
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141. Which of the following glycolytic enzymes are used in 
gluconeogenesis?

1. Glucokinase
2. Phosphofructokinase 
3. Pyruvate kinase
4. Aldolase

142. The source of gluconeogenesis is:
1. Ketone
2. Fatty acid
3. Alanine
4. Cholesterol

143. In the conversion of pyruvate to glucose during gluconeogenesis:
1. Biotin is required
2. CO2, added in one reaction, appears in the final product
3. Energy is utilized only in the form of GTP
4. All of the reactions occur in the cytosol

144. In gluconeogenesis, both alanine and lactate are converted in a single 
step to:

1. Oxaloacetate
2. AcetylCoA
3. Phosphoenolpyruvate
4. Pyruvate

145. A common intermediate in the conversion of glycerol and lactate to 
glucose is:

1. Pyruvate
2. Oxaloacetate
3. Malate
4. Glucose-6-phosphate

146. After 2 days of fasting, the major process by which blood glucose is 
produced is:

1. Glycolysis
2. Gluconeogenesis 
3. Glycogenolysis 
4. The pentose phosphate pathway

147. In a fasting individual, each of the following stimulates the production 
of blood glucose by gluconeogenesis except:

1. An increased supply of substrates 
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2. Induction of phosphoenolpyruvate carboxykinase 
3. A decrease of the portal blood glucose level below the Km of 
glucokinase 
4. A cAMP-mediated activation of pyruvate kinase 

148. Choose the cofactor of glucose-6-phosphate dehydrogenase.
1. Thiamine pyrophosphate 
2. NAD+ 

3. NADP+ 

4. Biotin

149. Choose the cofactor of transketolase.
1. Thiamine pyrophosphate 
2. NAD+ 

3. NADP+ 

4. Biotin

150. Pentose phosphate pathway is concerned with providing:
1. NADPH
2. ATP
3. NADP
4. ADP

151. The basic purpose of pentose phosphate pathway:
1. Oxidation of glucose 
2. Formation of NADPH and ribose-5-phosphate 
3. Provides substrates for gluconeogenesis
4. Formation of lactate

152. What is the importance of pentoses formed in pentose phosphate 
pathway? 

1. Used in oxidation with the energy purpose 
2. Used in synthesis of nucleotides
3. Used in formation of membranes 

153. What is the importance of NADPH2 formed in pentose phosphate 
pathway: 

1. Used in synthesis of ATP by oxidative phosphorylation
2. Used in synthesis of ATP by substrate-level-phosphorylation
3. NADPH2 is used for biosynthetic reactions that require reducing 

power
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154. The pentose phosphate pathway generates each of the following 
products except

1. NADPH, which may be used for fatty acid synthesis
2. Ribose-5-phosphate, which may be used for the synthesis of ATP
3. Compounds that are intermediates of glycolysis
4. Glucose from ribose-5-phosphate and CO2

155. In the pentose phosphate pathway, thiamine pyrophosphate is required 
for the action of

1. An epimerase
2. Transaldolase
3. An isomerase
4. Transketolase

156. The glycogen of muscle is utilized mainly for supplying glucose to:
1. Brain
2. Liver
3. Lung
4. Muscle itself

157. The degradation of glycogen normally produces:
1. More glucose than glucose-1-phosphate
2. More glucose-1-phosphate than glucose
3. Equal amounts of glucose and glucose-1-phosphate
4. Neither glucose nor glucose-1-phosphate

158. When a normal individual in the basal metabolic state ingests a high-
carbohydrate meal, there is:

1. Enhanced glycogen synthase activity in liver
2. An increased ratio of phosphorylase a to phosphorylase b in liver
3. An increased rate of lactate formation by erythrocytes
4. Inhibition of glycogen synthase activity in liver 

159. Which of the following statements about liver phosphorylase kinase is 
true?

1. It is present in an inactive form when epinephrine is elevated
2. It phosphorylates phosphorylase to an inactive form
3. It catalyzes a reaction that requires ATP
4. It is phosphorylated in response to elevated insulin

160. A patient had large deposits of liver glycogen, which, after an 
overnight fast, had shorter than normal branches. This abnormality could 
be caused by:



Multiple choice questions.

372

1. A deficiency of phosphorylase
2. A defect in the glucagon receptor
3. An inability to produce glycogenin
4. A deficiency of amylo-1,6-glucosidase (α-glucosidase).

161. An individual accidentally ingests a compound that inhibits glucose 6-
phosphatase. After an overnight fast, this individual, compared with a 
healthy person, would have a higher:

1. Rate of gluconeogenesis 
2. Rate of glycogenolysis 
3. Level of liver glycogen 
4. Level of blood glucose

162. A person with a deficiency of muscle phosphorylase would:
1. Produce a higher than normal amount of lactate during a brief period 
of intense exercise 
2. Produce normal amounts of blood glucose in response to increased 
glucagon 
3. Have lower than normal amounts of glycogen in muscle tissue 
4. Be less dependent than normal on blood glucose to supply energy for 
exercise 

163. Caffeine inhibits cAMP phosphodiesterase. Which of the following 
effects would be observed if cells were treated with caffeine?

1. Decreased activity of liver protein kinase A
2. Decreased activity of muscle protein kinase A
3. Increased activity of liver pyruvate kinase
4. Decreased activity of liver glycogen synthase

164. In the presence of a drug that inhibits cAMP phosphodiesterase, which 
of the following enzymes would be phosphorylated and inactive in liver?

1. Phosphorylase kinase 
2. Pyruvate kinase 
3. Phosphorylase 
4. Protein kinase A

165. In which of the following glucose-6-phosphatase deficiency is seen:
1. Von Gierke disease 
2. Pompe's disease 
3. Mc Ardle's disease 
4. Anderson's disease
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166. Hyperuricemia is seen in which of the following?
1. Von Gierke disease
2. Fabry's disease
3. Cori's disease
4. Cystic fibrosis

167. A person who accidentally ingested a compound that completely 
inhibited fructose -1,6-bisphosphatase could still form substantial amounts 
of blood glucose from

1. Muscle glycogen stores 
2. Lactate produced by red blood cells 
3. Ingested fructose 
4. Ingested galactose 

168. A person who accidentally ingested a compound that completely 
inhibited phosphoenolpyruvate carboxykinase could still form substantial 
amounts of blood glucose from

1. Muscle glycogen stores 
2. Ingested fructose and galactose
3. Ingested fructose 
4. Ingested galactose 

169. Dietary fructose is phosphorylated in the liver and cleaved to form
1. Two molecules of dihydroxyacetone phosphate
2. One molecule each of dihydroxyacetone phosphate and 
glyceraldehyde
3. One molecule each of dihydroxyacetone phosphate and 
glyceraldehyde-3-phosphate
4. One molecule each of dihydroxyacetone and glyceraldehyde-3-
phosphate

170. Which of the following enzymes is not directly required in the 
sequence of reactions by which galactose is converted to UDP-glucose?

1. Galactokinase
2. An epimerase
3. Phosphoglucomutase
4. A uridyl transferase

171. A woman with a lactase deficiency who eats no dairy products
1. Cannot produce mucopolysaccharides that contain galactose 
2. Cannot produce lactose during lactation 
3. Is likely to suffer from a calcium deficiency 
4. Is likely to have high cellular levels of galactose-1-phosphate
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172. Deficiency of which of the following enzymes results in classic 
galactosemia: 

1. Glucose 6 phosphatase 
2. Galactose-1-phosphate uridyl transferase
3. Galactokinase
4. Galactose uridyl transferase

173. After digestion of a piece of cake that contains flour, milk, and 
sucrose as its primary ingredients, the major carbohydrate products 
entering the blood are:

1. Glucose, fructose, and galactose 
2. Fructose and galactose
3. Galactose and glucose
4. Fructose and glucose

174. A patient has a genetic defect that causes intestinal epithelial cells to 
produce disaccharidases of much lower activity than normal. After eating a 
bowl of milk, this patient will have higher levels of:

1. Maltose, sucrose, and lactose in the stool
2. Starch in the stool
3. Galactose and fructose in the blood
4. Glycogen in the muscles

Lipid metabolism

175. Which of the following is an unsaturated fatty acid:
1. Oleic acid 
2. Palmitic acid
3. Stearic acid 
4. Butyric acid

176. Which of the following is not the essential fatty acid:
1. Palmitic acid
2. Linolenic acid
3. Linoleic acid
4. Archidonic acid

177.  What are functions of lipids? 
1. Structural components of membranes 
2. The storage form of energy
3. Carries genetic information
4. Protective function
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178. What are functions of triacylglycerols?
1. Production of metabolic water
2. The storage form of energy 
3. Structural components of membranes 
4. Antioxidants

179. What chemical nature of neutral fats: 
1. Triacylglycerols
2. Glycerophospholipids
3. Phospholipids

180. What are functions of phospholipids?
1. Plastic function
2. Component of lipoproteins
3. Source of arachidonate for synthesis prostaglandins
4. Energetic function

181. Which one of the following is a characteristic of phospholipids?
1. Always contain choline and glycerol
2. Are an important source of energy during fasting
3. Are a major component of membranes
4. Are not charged in the body

182. Each of the following statements about phosphatidylcholine is correct 
except

1. It can transfer a fatty acyl group to cholesterol 
2. It can be synthesized by methylation of phosphatidylethanolamine 
3. It can be synthesized from CDP-choline and 1,2-diacylglycerol 
4. It is derived exclusively from dietary choline 

183. Which of the following statements concerning digestion of dietary 
lipids is true?

1. A deficiency of pancreatic lipase would eventually lead to a 
prostaglandin deficiency 
2. 2-Monoacylglycerols and free fatty acids are produced by lipoprotein 
lipase 
3. Phospholipids act as detergents for micelle formation 
4. Bicarbonate ions (HCO3

-) lower the pH of the small intestine so that 
lipase and bile salts are more active

184. The process by which dietary lipids are digested and absorbed requires 
all of the following except:

1. The production of chylomicrons
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2. Bile salts secreted by the gallbladder
3. The hydrolysis of ester bonds in triacylglycerols
4. Glycerol-3-phosphate in the intestinal epithelial cell

185. Bile salts are derived from:
1. Carbohydrates
2. Bilivirdin
3. Cholesterol
4. Amino acid

186. Which of the following is the key enzyme in bile acid synthesis:
1. HMGCoA reductase 
2. HMGCoA synthetase
3. Phospholipase 
4. 7-alpha hydroxylase

187. Which of the following statements concerning bile salts is true?
1. They are derived from cholesterol in all tissues of the body 
2. They contain ionic groups with a positive charge 
3. They can contain glycine or serine residues 
4. They are secreted in the bile and resorbed in the intestine 

188. A gallstone that blocked the upper part of the bile duct would cause an 
increase in:

1. The formation of chylomicrons 
2. The recycling of bile salts 
3. The excretion of bile salts 
4. The excretion of fat in the feces

189. Pancreatic insufficiency may result in:
1. Increased pH in the intestinal lumen
2. Increased absorption of fat-soluble vitamins
3. Decreased formation of bile salt micelles
4. An increase in blood chylomicrons

190. Lipoprotein function is: 
1. Energy source
2. Lipid transport in blood 
3. Absorption of products of lipid digestion in intestine 

191. Lipoproteins surrounded by an amphipathic coat of:
1. Triacylglycerols
2. Cholesterol esters 
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3. Phospholipids 
4. Protein

192. Lipoproteins consist of a hydrophobic core of:
1. Triacylglycerols
2. Cholesterol esters 
3. Phospholipids 
4. Cholesterol

193. Lipoproteins are classified based on density to: 
1. Chylomicrons
2. Triacylglycerol
3. HDL
4. LDL

194. Which one of the following sequences places the lipoproteins in the 
order of most dense to least dense?

1. HDL/VLDL/chylomicrons/LDL
2. HDL/LDL/VLDL/chylomicrons
3. LDL/chylomicrons/HDL/VLDL
4. VLDL/chylomicrons/LDL/HDL

195. By which of the following exogenous transport of lipids occurs:
1. Chylomicrons
2. VLDL
3. LDL
4. HDL

196. Which of the following has maximum number of triacylglycerols:
1. Chylomicrons
2. LDL
3. VLDL
4. HDL

197. Chylomicrons are formed from:
1. Free fatty acids
2. Water-soluble monosaccharides 
3. Long-chain fatty acids and monoacylglycerols resynthesized to 
triacylglycerol 
4. Dipeptides together with glycerol

198. Chylomicrons are formed in: 
1. Cells of adipose tissue 
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2. Liver 
3. Blood
4. Cells of mucous intestine

199. Which of the following transports triacylglycerols and cholesterol 
from the intestine to the tissues?

1. Chylomicrons
2. LDL
3. VLDL
4. HDL

200. Apoprotein A is present in:
1. LDL
2. VLDL
3. Chylomicrons
4. HDL

201. The first lipoprotein to increase in concentration in the blood after 
ingestion of 400g carbohydrate: 

1. Fatty acid-albumin complexes
2. VLDL 
3. LDL 
4. HDL 

202. The site of the LCAT reaction:
1. Fatty acid-albumin complexes
2. VLDL 
3. LDL 
4. HDL 

203. Triacylglycerols in chylomicrons and VLDLs are acted on by: 
1. Lipoprotein lipase 
2. Phospholipase
3. Hepatic triacylglycerol lipase

204. Lipoprotein lipase is synthesized in: 
1. Skeletal muscle 
2. Adipose tissue 
3. Liver 
4. Erythrocytes

205. Lipoprotein lipase is activated by: 
1. Cholesterol
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2. Apo C-II 
3. Apo B-100

206. What reaction is catalyzed by lipoprotein lipase?
1. Hydrolysis of triacylglycerols of lipoproteins
2. Formation of cholesterol esters 
3. Splitting of exogenous triacylglycerols

207. Hydrolysis of triacylglycerols in lipoproteins is catalyzed by the 
following enzyme in blood: 

1. Triacylglycerol lipase
2. Phospholipase
3. Lipoprotein lipase

208. Which of the following lipid has high cholesterol contents?
1. HDL 
2. VLDL
3. LDL 
4. Chylomicrons

209. The major donor of cholesterol to peripheral tissues:
1. Fatty acid-albumin complexes
2. VLDL 
3. LDL 
4. HDL 

210. Which of the following is the chief transporter of cholesterol from 
liver? 

1. LDL 
2. HDL
3. VLDL 
4. Chylomicrons

211. Which of the following is the chief carrier of cholesterol in plasma?
1. LDL 
2. HDL
3. VLDL 
4. Chylomicrons

212. LDLs are synthesized in: 
1. Liver 
2. Mucous intestine 
3. Blood from circulating lipoproteins
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4. Adipose tissue

213. A person with a familial hyperlipidemia caused by a deficiency of 
LDL receptors was treated with an HMGCoA reductase inhibitor. This 
drug would cause:

1. Cellular levels of squalene to increase 
2. Cellular levels of HMGCoA to decrease 
3. Blood cholesterol levels to decrease 
4. Blood triacylglycerol levels to increase 

214. High risk of coronary heart disease is associated with:
1. HDL cholesterol
2. Homocystine
3. None-esterified fatty acids
4. Epinephrine

215. HDLs transport:
1. Exogenous triacylglycerols and cholesterol from the intestine to the 
tissues 
2. Endogenous triacylglycerols and cholesterol from the liver to the 
tissues
3. Endogenous cholesterol from the tissues to the liver 

216. Which of the following statements are true:
1. Chylomicrons are synthesized in adipose tissue and transport 
triacylglycerols to liver 
2. HDL is formed from LDL in blood by the action of lipoprotein 
lipase
3. VLDL is the precursor of LDL 

217. Which one of the following is a characteristic of prostaglandins?
1. Are derived from fatty acids with 22 carbons
2. Contain ring structures with 8 carbons
3. Do not contain keto or hydroxy groups
4. Are synthesized from polyunsaturated fatty acids

218. In the human, prostaglandins can be derived from:
1. Glucose
2. AcetylCoA
3. Arachidonic acid
4. Oleic acid
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219. Which of the following fatty acid is synthesized from linoleate:
1. Arachidonate
2. Oleate
3. Stearate

220. Which of the following statements concerning metabolism of 
arachidonic acid is true?

1. It is converted to prostaglandins by a process that is stimulated by 
aspirin 
2. It is cleaved from membrane phospholipids by a phospholipase
3. It is produced from thromboxanes and leukotrienes 
4. It is derived from palmitate 

221. Eicosanoids are derivatives of polyunsaturated fatty acids with 
number of carbon atoms:

1. With 16 
2. With 18 
3. With 20 
4. With 21 

222. A cyclooxygenase, which is inhibited by aspirin, is required for the 
production of:

1. Thromboxanes from arachidonic acid
2. Leukotrienes from arachidonic acid
3. Phospholipids from arachidonic acid
4. Arachidonic acid from linoleic acid

223. Which one of the following statements about fatty acids is true?
1. Fatty acids are very soluble in water and need no carrier in the blood
2. When fatty acids are activated in the cytosol, ATP is converted to 
ADP
3. Fatty acyl groups are covalently linked to carnitine 
4. Fatty acids may be oxidized to CO2 and H2O in the mitochondria of 
red blood cells

224. Oxidation of fatty acid takes place in:
1. Nucleus
2. Cytoplasm
3. Mitochondria
4. Outside mitochondria

225. Which one of the following occurs during β-oxidation?
1. FAD is required to form a double bond in fatty acylCoA
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2. Carbon 2 of the fatty acid is oxidized to form a β-hydroxy compound
3. NAD+ removes water from the β-hydroxy fatty acylCoA 
intermediate
4. Thiolase removes one carbon from the β-keto intermediate

226. Which of the following characteristics is true of fatty acid oxidation?
1. Is used to produce energy in all cells of the body 
2. Involves a C3-C4 enoyl intermediate 
3. Always begins with palmitoylCoA 
4. Can result in ketone body formation

227. Which of the following is the end-product of fatty acid oxidation? 
1. β-Hydroxybutyrate
2. AcetylCоА
3. MalonylCoA
4. AcylCоА

228. What specific transport mechanism takes part in the transport of long 
chain acylCoA across the inner mitochondrial membrane?

1. Carnosine
2. Carnitine
3. Creatinin

229. Which of the following is a product of the first reaction in β-oxidation 
of fatty acids? 

1. AcetylCоА
2. EnoylCoA
3. Acetoacetate
4. SuccinylCoA

230. Deficiency of carnitine leads to the storage of:
1. Glycogen
2. Fatty acids with odd number of carbon atoms 
3. Triacylglycerols

231. β-Oxidation of fatty acids occurs as a repeating sequence of four 
reactions. What sequence of reactions takes place? 

1. Oxidation, dehydration, oxidation, thiolysis
2. Reduction, dehydrogenation, reduction, thiolysis
3. Oxidation, hydration, oxidation, thiolysis
4. Reduction, hydration, dehydrogenation, thiolysis
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232. What is the importance of the fatty acid oxidation?
1. Formation of energy 
2. Synthesis of glucose 
3. Synthesis of glycogen

233. Which of the following pathways is a degradation of the fatty acids 
mainly? 

1. Decarboxylation
2. Reduction
3. α-Oxidation
4. β-Oxidation

234. Which of the following coenzymes take part in one cycle of β-
oxidation of fatty acids? 

1. HSCоА
2. FAD
3. NAD+

4. Thiamin diphosphate

235. Conversion of succinate to fumarate in citric acid cycle has similarity 
with conversion of acylCоА to enoylCoA in β-oxidation as both reactions 
include: 

1. Decarboxylation
2. Oxidation occurs with the help of NAD+

3. Phosphorylation.
4. Oxidation occurs with the participation of FAD

236. The energy yield formula of β-oxidation of fatty acids is:
1. [5 × (n/2-1) + n/2 × 12] – 2
2. [5 × (n/2-1) + n/2 × 24] – 1
3. [5 × (n/2-1) + n/2 × 12] – 1
4. [5 × n/2 + (n/2-1) × 12] – 1

237. Which of the following is not a ketone body?
1. Acetone 
2. Acetoacetate 
3. Acetic acid 
4. Hydroxybutyrate

238. Which of the following does not utilize ketone bodies?
1. Brain
2. Liver
3. Muscle
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4. Heart

239. HydroxymethylglutarylCoA:
1. Is formed by catabolism of valine 
2. Gives rise to ketone bodies by cleavage to acetylCoA and 
acetoacetylCoA 
3. Serves as a precursor of cholesterol 
4. Is formed from glutamic acid by the direct action of HMGCoA 
synthetase 

240. Which one of the following statements about acetylCoA carboxylase 
is correct?

1. Requires thiamine for the carboxylation of acetylCoA
2. Utilizes citrate as a substrate
3. Produces malonylCoA, which is subsequently decarboxylated
4. Is located mainly in the matrix of liver mitochondria

241. In the pathway for triacylglycerol synthesis in the liver:
1. Fatty acids react with glycerol-3-phosphate
2. Coenzyme A is not required
3. Phosphatidic acid is an intermediate
4. A 2-monoacylglycerol is an intermediate

242. Which of the following is involved in the synthesis of triacylglycerols 
in adipose tissue?

1. Fatty acids are obtained from chylomicrons and VLDL
2. Glycerol-3-phosphate is derived from blood glycerol
3. Coenzyme A is not required
4. A 2-monoacylglycerol is an intermediate

243. Cytosine nucleotides are involved in the biosynthesis of:
1. Galactocerebroside
2. Ceramide
3. Phosphatidic acid
4. Phosphatidylcholine 

244. Which one of the following occurs in the conversion of fatty acids to 
ketone bodies?

1. Carnitine transports the fatty acid across the plasma membrane
2. Activation of the fatty acid is driven by the conversion of ATP to 
ADP
3. Thiolase cleaves HMGCoA
4. Acetoacetate and acetylCoA are produced by cleavage of HMGCoA
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245. Hormone-sensitive lipase is activated by elevated levels of:
1. cAMP 
2. ADP 
3. Insulin 
4. Apoprotein СII

246. Each of the following statements about the conversion of HMGCoA to 
mevalonic acid is correct except:

1. It requires NADPH and H+

2. It is a key reaction in the synthesis of compounds that contain 
isoprenoid units
3. It is regulated by cholesterol
4. It is a step in the synthesis of ketone bodies

247. HMGCoA reductase is a rate-limiting enzyme in:
1. Cholesterol synthesis
2. Chylomicrons synthesis
3. Synthesis of low molecular weight triglycerides
4. Synthesis of high molecular weight triglycerides

248. Each of the following statements about the conversion of glucose to 
triacylglycerol in the liver is correct except:

1. Citrate serves to transport acetyl units across the mitochondrial 
membrane 
2. Reducing equivalents are provided by the reactions of the pentose 
phosphate pathway 
3. Phosphatidic acid is an intermediate
4. The glycerol moiety may be derived from dihydroxyacetone 
phosphate but not from blood glycerol 

249. Each of the following statements concerning liver and adipose cells is 
correct except:

1. Adipose cells lack glycerol kinase 
2. Liver cells contain a hormone-sensitive lipase 
3. Adipose cells have a transport system for glucose that is regulated by 
insulin 
4. Liver cells secrete lipoproteins when blood insulin levels are high 

Protein metabolism

250. Which of the following proteolytic enzymes has the greatest effect on 
the activity of other proteolytic enzymes involved in digestion?

1. Trypsin
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2. Chymotrypsin
3. Carboxypeptidase A
4. Pepsin

251. Which amino acid is not glucogenic:
1. Proline
2. Tyrosine
3. Leucine
4. Phenylalamine

252. Which of the following amino acid is ketogenic:
1. Lysine 
2. Arginine
3. Leucine 
4. Methionine 

253. In the urea cycle:
1. Carbamoyl phosphate is derived directly from glutamine and CO2

2. Ornithine reacts with aspartate to form argininosuccinate
3. The α-amino group of arginine forms one of the nitrogens of urea
4. Ornithine directly reacts with carbamoyl phosphate to form citrulline

254. In urea formation the two nitrogen atoms are:
1. Arginine and ammonia
2. Ammonia and aspartate
3. Aspartate and glutamate
4. Ammonia and glutamate

255. In brain, ammonia is detoxified to:
1. Glutamine
2. Urea
3. GABA
4. Uric acid

256. In brain, the ammonia is removed by:
1. Hexokinase enzyme
2. Urea
3. Incorporating into glutamine
4. Incorporating into glutamic acid

257. Via enzymes of the urea cycle, aspartate:
1. Provides nitrogen for synthesis of arginine
2. Provides carbon for the synthesis of arginine
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3. Is converted to malate
4. Is converted to oxaloacetate

258. Which of the following statements about reactions of the urea cycle is 
true?

1. Aspartate reacts with ornithine to form citrulline 
2. A total of six high-energy phosphate bonds are cleaved during 
production of one molecule of urea 
3. N-acetylglutamate is a positive allosteric effector of carbamoyl 
phosphate synthetase I 
4. The enzyme arginase releases fumarate from argininosuccinate 

259. The raised excretion of urea with urine is observed at:
1. Liver lesion
2. Heart lesion
3. Starvation, burns

260. For hepatitis select the blood or urine value that best distinguishes the 
condition from the others:

1. Increased MB fraction of serum creatine phosphokinase 
2. Increased blood ketone bodies 
3. Decreased creatinine in the urine 
4. Decreased blood urea nitrogen 

261. The major amino acid that is released from muscle and converted to 
glucose in the liver is:

1. Alanine
2. Glutamine
3. Valine
4. Aspartate

262. After an overnight fast, alanine is converted to glucose in the liver. As 
a result of this conversion:

1. Some alanine nitrogen appears in aspartate 
2. None of the alanine nitrogen appears in NH4

+ 

3. One alanine carbon is lost as CO2 

4. Blood urea nitrogen levels decrease

263. Which of the following statements concerning glutamate is true?
1. It is produced in a transamination reaction where aspartate reacts 
with oxaloacetate
2. It undergoes a series of reactions where it cyclizes to produce 
histidine
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3. It can be converted to arginine by a series of reactions, some of 
which require urea cycle enzymes
4. It is produced by the action of glutamate dehydrogenase, an enzyme 
that requires NH4

+ and FAD

264. S-Adenosylmethionine (S-AM) serves as the methylating agent for 
each of the following except:

1. The conversion of norepinephrine to epinephrine
2. The synthesis of creatine from guanidinoacetate
3. The synthesis of phosphatidylcholine from 
phosphatidylethanolamine
4. The conversion of dUMP to dTMP

265. Each of the following statements about nitrogen metabolism is correct 
except:

1. Glutamate is produced from α-ketoglutarate by fixation of ammonia 
or by transamination 
2. In the degradation of histidine, the intermediate formiminoglutamate 
(FIGLU) is cleaved to form glutamate 
3. Alanine may be produced from serine by the action of a dehydratase 
followed by the action of a transaminase 
4. Vitamin B12 can transfer a methyl group to propionylCoA to form 
methylmalonylCoA

266. De novo creatine synthesis requires:
1. Alanine 
2. Arginine 
3. AMP 
4. NAD+ 

267. A person consuming a diet deficient in methionine is likely to have 
decreased synthesis of:

1. Creatine from glycine 
2. dTMP from dUMP 
3. Alanine from glucose 
4. MethylmalonylCoA from propionylCoA 

268. In a person with phenylketonuria (a deficiency of phenylalanine 
hydroxylase:

1. Phenylalanine can be replaced by tyrosine in the diet 
2. Tyrosine is an essential amino acid, but phenylalanine is not 
3. Phenylalanine is an essential amino acid, but tyrosine is not 
4. Phenylalanine and tyrosine are both essential amino acids 
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269. Phenylketonuria, alcaptonuria, and albinism are caused by deficiencies 
in enzymes involved in the metabolism of the following amino acids:

1. Tryptophan
2. Tyrosine
3. Histidine
4. Valine

270. A genetic defect in the ability to synthesize tetrahydrobiopterin would 
affect each of the following conversions except:

1. Phenylalanine to tyrosine
2. Tyrosine to dopamine
3. Dopa to melanin
4. Tryptophan to serotonin

271. Defect in synthesis of which compound results in albinism:
1. Tyrosine 
2. Melanin
3. Oxyl hydroxylase 
4. Homogentisic acid

272. Which of the following is false regarding phenylketonuria?
1. Phenylalanine is not changed to tyrosine
2. Diagnosed by Guthrie's test
3. Mental retardation present
4. Deficiency of tyrosine hydroxylase enzyme

273. Incomplete oxidation of phenylpyruvate leads to:
1. Phenylketonuria
2. Alkaptonuria
3. Tyrosinomia
4. Albinism

274. Which of the following is false regarding a patient with 
phenylketonuria?

1. Phenylalanine increase in blood and phenylpyruvate is excreted in 
urine
2. Phenylalanine to be restricted completely in diet
3. Complete protein diet should be given before diagnosis
4. Good dietary control must be maintained throughout life

275. A patient has dark pigmentation over joints and his urine becomes 
dark on storage. The probable diagnosis is:

1. Maple syrup disease
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2. Alkaptonuria
3. Phenylketonuria
4. Tyrosinemia

276. In which of the following disorder, patient has a mousy odor:
1. Alkaptonuria 
2. Cystinuria
3. Phenylketonuria 
4. Tyrosinemia 

277. Which of the following is the screening test for phenylketonuria?
1. Gerhard's test 
2. Winslow test 
3. Ehrlich's test 
4. Guthrie's test

278. Enzyme deficient in phenylketonuria is:
1. Lysil oxidase 
2. Cystathione
3. Phenylalanine hydroxylase 
4. Hemogentisic acid oxidase

279. Serotonin is formed by:
1. Lucine 
2. Valproic acid
3. Tryptophan 
4. Phenylalanine

280. From which of the following, melatonin is synthesized:
1. Histidine
2. Tryptophan
3. Phenylalanine
4. Methionine

281. All are formed in tryptophan metabolism except:
1. Epinephrine 
2. Melatonin 
3. Serotonin 
4. Niacin

282. Which of the following cofactors is required for the synthesis of 
serotonin, epinephrine, dopamine, and histamine from their respective 
amino acid precursors?
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1. Tetrahydrobiopterin 
2. Tetrahydrofolate 
3. Pyridoxal phosphate 
4. Thiamine pyrophosphate 

283. The carbons of cysteine are derived from:
1. Threonine
2. Serine
3. Leucine
4. Methionine

284. Which of the following is an amino acid transport disorder?
1. Alkaptonuria
2. Cystinuria
3. Phenylketonuria
4. Tyrosinosis

Synthesis of protein

285. What nitrogenous bases are in RNA structure?
1. Guanine
2. Adenine
3. Thymine 
4. Uracil

286. What purine bases are unusual base: 
1. Adenine
2. Guanine
3. 2-methyl-adenine
4. 1-methyl-guanine

287. Choose type of linkage between mononucleotides in RNA and DNA: 
1. Ionic interaction
2. 3'5'-phosphodiester bond
3. Pyrophosphate linkage
4. Hydrogen bond

288. The bases of the two strands form hydrogen bonds to each other:
1. A-G
2. A-T
3. G-C
4. T-C
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289. What nitrogenous bases are in DNA structure?
1. Uracil
2. Guanine
3. Adenine
4. Thymine

290. Cytosine forms hydrogen linkages with:
1. Adenine
2. Guanine

291. In DNA, on a molar basis:
1. Adenine equals thymine 
2. Adenine equals uracil 
3. Guanine equals adenine 
4. Cytosine equals thymine 

292. Base absent in DNA is:
1. Adenine 
2. Thymine
3. Guanine 
4. Uracil

293. Which of the following is predominant form of DNA?
1. Z
2. A
3. B
4. C

294. DNA contains which one of the following components?
1. Nitrogenous bases joined by phosphodiester bonds 
2. Negatively charged phosphate groups in the interior of the molecule 
3. Base pairs stacked along the central axis of the molecule 
4. Two strands that run in the same direction 

295. Thymine is present in which type of RNA?
1. mRNA 
2. rRNA 
3. hnRNA 
4. tRNA

296. When base-pairing occurs in loops of RNA, adenine is hydrogen-
bonded to:

1. Guanine 
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2. Thiamine 
3. Cytosine 
4. Uracil

297. Which of the following phrases describes nucleosomes?
1. Single ribosomes attached to mRNA 
2. Complexes of DNA and all the histones except H4 
3. Subunits of chromatin 
4. Structures that contain DNA in the core with histones wrapped 
around the surface 

298. Which type of nucleic acid interacts with histones to form 
nucleosomes?

1. rRNA 
2. tRNA 
3. mRNA 
4. DNA

299. Which type of nucleic acid is found only in the nucleus?
1. rRNA 
2. tRNA 
3. mRNA 
4. hnRNA 

300. Which type of nucleic acid contains A-T base pairs?
1. rRNA 
2. tRNA 
3. mRNA 
4. DNA

301. Deficiency of which of the following results in hypouricemia:
1. Xanthine oxidase
2. Uriase
3. HGPRTase
4. Orotidylic acid decarboxylase

302. Gout is a disorder of metabolism:
1. Hypoxanthine phosphoribosyltransferase 
2. ALT
3. AST
4. Aldolase



Multiple choice questions.

394

303. Which of the following statements is true of de novo pyrimidine 
synthesis but not of de novo purine synthesis?

1. The base is synthesized while attached to ribose 5-phosphate 
2. One-carbon fragments are donated by folic acid derivatives 
3. Carbamoyl phosphate donates a carbamoyl group 
4. The entire glycine molecule is incorporated into a precursor of the 
base 

304. A precursor that adds nucleotides to growing DNA chains:
1. UTP 
2. dTTP 
3. ATP 
4. dUTP

305. The action of DNA polymerases requires:
1. 5'-hydroxyl group 
2. NAD+ as a cofactor 
3. 3'-hydroxyl group 
4. CTP 

306. Which of the following statements concerning replication of DNA is 
true?

1. It progresses in both directions away from each point of origin on the 
chromosome 
2. It requires a DNA template that is copied in its 5' to 3' direction 
3. It occurs during the M phase of the cell cycle 
4. It produces one newly synthesized double helix and one composed of 
the two parental strands

307. Each of the following statements concerning Okazaki fragments is 
true?

1. They are synthesized on the leading strand during replication 
2. They are regions of DNA that do not code the amino acids in a 
protein 
3. They are relatively short polydeoxyribonucleotides with a few 
ribonucleotide residues at the 5' end 
4. They are products of the action of RNAse on hnRNA

308. Which of the following is true regarding Okazaki fragment?
1. It helps in protein synthesis
2. It helps in transcription
3. It helps in DNA replication
4. It helps in translation
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309. The function of restriction endonuclease is:
1. To break single stranded DNA
2. To break double stranded DNA
3. To break peptide chain
4. To break RNA

310. Which of the following enzymes is not involved in DNA repair?
1. Ligase 
2. DNA polymerase 
3. Reverse transcriptase 
4. An endonuclease 

311. Which of the following statements concerning genes and transcription 
in eukaryotes is true?

1. The conversion of a UAG codon to UAA in mRNA would result in 
the incorporation of an incorrect amino acid into the polypeptide chain 
2. Genes always occur in one or a small number of copies in the 
genome 
3. The order of gene sequences in chromosomes is always the same in 
highly differentiated cells as in germ cells 
4. The primary product of transcription (hnRNA) often contains 
nucleotide sequences that do not code for the amino acid sequence of 
the protein encoded by a gene

312. Which RNA contains 7-methylguanine at the 5' end?
1. 5SRNA 
2. rRNA 
3. hnRNA 
4. tRNA

313. Substrate from which the tail at the 3' end of mRNA is produced:
1. UTP 
2. dTTP 
3. ATP 
4. GTP 

314. Substrate for the cap structure of hnRNA:
1. UTP 
2. dTTP 
3. ATP 
4. GTP 
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315. During synthesis of eukaryotic mRNA:
1. RNA polymerase II binds to a promoter that contains a TATA box 
2. Exons are transcribed from DNA and then cleaved from hnRNA 
3. A cap site serves as the signal for cleavage and addition of the polyA 
tail 
4. The template strand of DNA is covalently bound to histones

316. Translation takes place in:
1. Cytoplasm            
2. Mitochondria
3. Ribosome            
4. Nucleus

317. Reaction of amino acid activation consists: 
1. Formation of aminoacyl-adenylate 
2. Formation of aminoacyl-phosphate
3. Formation of aminoacylCoA

318. Formation of aminoacyl-tRNA: 
1. Interaction of tRNA with aminoacyl adenylate 
2. Interaction of tRNA with aminoacyl phosphate 
3. Interaction of tRNA with aminoacylCoA

319. Which of the following is formed after translation?
1. mRNA                           
2. DNA
3. Protein                      
4. rRNA

320. Site of protein synthesis is:
1. Nucleus
2. Ribosomes
3. Golgi bodies
4. Endoplasmic reticulum

321. An aminoacyl-tRNA exhibits which one of the following 
characteristics?

1. It is produced by a synthetase that is specific for the amino acid, but 
not the tRNA 
2. It is composed of an amino acid esterified to the 5' end of the tRNA 
3. It requires GTP for its synthesis from an amino acid and a tRNA 
4. It contains an anticodon that is complementary to the codon for the 
amino acid
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322. Which of the following statements about methionine is true?
1. It is the amino acid used for initiation of the synthesis of proteins 
2. It is generally found at the N-terminus of proteins isolated from cells 
3. It requires a codon other than AUG to be added to growing 
polypeptide chains 
4. It is formylated when it is bound to tRNA in eukaryotic cells

323. Which of the following is not required for initiation of protein 
synthesis in the cytoplasm of eukaryotic cells?

1. A 40S ribosomal subunit 
2. Elongation factor 2
3. Methionyl-tRNAi

Met 

4. GTP 

324. Which of the following is not required for the elongation reactions of 
protein synthesis in eukaryotes?

1. Peptidyl transferase 
2. GTP 
3. Formylmethionyl-tRNA 
4. Elongation factor 2 

325. The mechanism for termination of protein synthesis in eukaryotes 
requires:

1. A peptidyl-tRNA that cannot bind at the P site 
2. The codon UGA, UAG, or AUG in the A site 
3. Nuclease cleavage of mRNA 
4. Release factors

326. Proteins that are secreted from cells:
1. Contain methionine as the N-terminal amino acid 
2. Are produced from translation products that have a signal sequence 
at the C-terminal end 
3. Are synthesized on ribosomes that bind to proteins on the 
endoplasmic reticulum 
4. Contain a hydrophobic sequence at the C-terminal end that is 
embedded in the membrane of secretory vesicles 

327. Protein synthesis starts with:
1. Tryptophan
2. Lysine
3. Alanine
4. Methionine
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328. Which type of nucleic acid contains a CCA sequence to which an 
amino acid is attached?

1. rRNA 
2. tRNA 
3. mRNA 
4. hnRNA 

329. Which of the following possible characteristics of protein synthesis in 
eukaryotes is true?

1. Is initiated by formyl-methionine 
2. Begins with the binding of mRNA to the 30S ribosomal subunit 
3. Can occur on 80S ribosomes attached to the rough endoplasmic 
reticulum 
4. Does not require peptidyl transferase for synthesis of peptide bonds 

330. Which of the following is true regarding polymerase chain reaction?
1. Separation of protein fragments in serum 
2. Recombinant DNA amplification 
3. Enzymatic DNA amplification 
4. None

331. Which of the following is used for separating DNA fragments?
1. Paper chromatography
2. Electrophoresis
3. Thin layer chromatography
4. Agarose gel electrophoresis

Hormones

332. What of the listed statements about cAMP is correct?
1. cAMP is formed under action of phospholipase C
2. cAMP level decreases, since camp is hydrolyzed by 
phosphodiesterase
3. cAMP phosphorylates proteins in the cell

333. What hormone activates adenylate cyclase?
1. Adrenaline
2. Testosterone
3. Estradiol
4. Cortisol

334. Choose adenylate cyclase localisation in a cell:
1. A cytoplasmic membrane
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2. Cytosol of cells
3. Internal membrane of mitochondrion

335. Which of the following is a secondary messenger?
1. Cyclic GMP
2. Calcium
3. Cyclic AMP
4. All of the above

336. cGMP acts as a second messenger for:
1. Insulin
2. Growth hormone
3. Prolactin
4. Atrial natriuretic peptide

337. Which of the following acts to increase the release of Ca2+ from the 
endoplasmic reticulum?

1. Diacylglycerol (DAG)
2. Inositol triphosphates (IPs)
3. Parathyroid hormone (PTH)
4. 1,25-Dihydroxycholecalciferol (1,25-DHC).

338. In the synthesis of 1,25-Dihydroxycholecalciferol from 7-
dehydrocholesterol:

1. The steroid ring structure remains intact
2. Cholesterol is an intermediate
3. Ultraviolet light is required
4. Three hydroxylations occur

339. The following hormone does not have any intracellular receptor:
1. Vitamin D3
2. Cortisol
3. Adrenaline
4. Thyroxine

340. Direct precursor of hormone is:
1. Cholesterol
2. Tyrosine
3. Ergosterol
4. Both 1 and 2

341. Choose peptide hormone from following:
1. Adrenaline
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2. Insulin
3. Testosterone

342. Choose steroid hormone from following:
1. Oxytocin
2. Thyrotropin
3. Progesterone

343. GnRH stimulates the release of:
1. Growth hormone
2. T3 and T4

3. PRL
4. LH and FSH 

344. Choose hypophysis hormone from following:
1. Somatostatin
2. Somatotropic hormone

345. Corticotropine:
1. Increases lypolysis
2. Decreases lypolysis
3. Does not influence mobilization of fats in adipose tissue

346. Choose the hormone that causes synthesis of α-lactalbumin:
1. Oxytocin 
2. Aldosterone 
3. Vasopressin 
4. Prolactin

347. Choose the hormone that causes uterine contractions:
1. Oxytocin 
2. Aldosterone 
3. Vasopressin 
4. Prolactin

348. Choose the hormone that increases sodium and water reabsorption by 
renal tubule cells:

1. Oxytocin 
2. Aldosterone 
3. Vasopressin 
4. Prolactin
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349. Oxytocin:
1. Stimulates uterus contraction
2. Causes a uterus relaxation

350. Biosynthesis of adrenal steroids takes place in:
1. Nucleus 
2. Ribosome 
3. Smooth endoplasmic reticulum 
4. Rough endoplasmic reticulum

351. A key intermediate for the synthesis of both testosterone and cortisol 
from cholesterol is:

1. 7-hydroxycholesterol
2. Pregnenolone
3. Aldosterone
4. Retinoic acid

352. Which of the following for testosterone is true?
1. May be converted to a more active androgen in its target cells
2. Acts by binding to receptors on the cell surface
3. Is produced from estradiol (E2)
4. Stimulates the synthesis of gonadotropin releasing hormone (GnRH) 
by the hypothalamus

353. In conversion of androstenedione to testosterone, the reaction involved 
is:

1. Aromatization 
2. Dehydration 
3. Oxidation 
4. Dehydrogenation

354. Which of the following inhibits enzyme hormone-sensitive lipase?
1. ACTH
2. Glucagon
3. Cortisol
4. Epinephrine

355. Glucocorticoids are synthesized:
1. Adrenal medulla
2. Pancreas
3. Adrenal cortex
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356. Glucocorticoids are synthesized from:
1. Cholesterol
2. Tyrosine
3. Tryptophan

357. The basic glucocorticoid in a human body is:
1. Corticosterone
2. Cortisol
3. Testosterone
4. Progesterone

358. How glucocorticoids influence glucose level in blood?
1. Decreases 
2. Increases
3. Do not change glucose level in blood.

359. Cortisol:
1. Increases gluconeogenesis
2. Decreases gluconeogenesis
3. Does not influence gluconeogenesis

360. Cortisol it transported in blood:
1. In a complex with bile acids
2. On albumin
3. By transcortin

361. How angiotensin II influences secretion of aldosterone by adrenal 
cortex?

1. Stimulates
2. Suppresses
3. Does not influence

362. Aldosterone:
1. Stimulates of potassium ions reabsorption in kidneys 
2. Stimulates of sodium ions reabsorption in kidneys 
3. Inhibits of potassium ions reabsorption in kidneys
4. Inhibits of sodium ions reabsorption in kidneys

363. All are required in synthesis of catecholamine except:
1. Dopa decarboxylase
2. Tyrosine hydroxylase
3. Tyrosine decarboxylase
4. PNMT
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364. In epinephrine synthesis the rate-limiting enzyme is:
1. Dopa decarboxylase
2. Tyrosine hydroxylase
3. Tyrosine decarboxylase
4. Homogentisic acid oxidase

365. Which of the following is the rate-limiting enzyme in norepinephrine 
synthesis?

1. HMGCoA reductase
2. Phospholipase A2
3. Tyrosine hydroxylase
4. Triacylglycerol lipase

366. Which of the following for epinephrine is true?
1. Acts only through the phosphatidylinositol system
2. Synthesized from tyrosine
3. Causes the level of cAMP in liver cells to decrease
4. Functions like a steroid hormone

367. Epinephrine causes:
1. Glycogenolysis
2. Glycolysis
3. Glycogenesis
4. Glyconeogenesis

368. Epinephrine:
1. Increases lypolysis
2. Decreases lypolysis
3. Does not influence on lipolysis

369. How epinephrine influences glucose level in blood?
1. Increases 
2. Decreases
3. Does not influence glucose level in blood plasma

370. One of final effects of epinephrine action:
1. Hypoglycemia
2. Hyperglycemia

371. What inhibits insulin secretion into blood?
1. Hyperglycemia
2. Amino acids
3. Epinephrine
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372. Which of the following promotes lipid synthesis:
1. Insulin
2. Adrenaline
3. Growth hormone
4. Cortisol 

373. Insulin:
1. Increases gluconeogenesis
2. Decreases gluconeogenesis
3. Does not influence gluconeogenesis

374. Choose the incorrect statement about insulin:
1. Increases glucose transport in miocytes
2. Increases lypolysis in a fatty fabric
3. Inhibits gluconeogenesis
4. Increases transport of amino acids in miocytes

375. Infusion of insulin will cause:
1. Lipolysis 
2. Lipogenesis
3. Glucogenolysis
4. Gluconeogenesis

376. Which of the following is not caused by insulin?
1. Lipogenesis
2. Glycogen synthesis
3. Glyconeogenesis
4. Glycolysis

377. Which of the following liver enzymes becomes less active when a 
diabetic person in ketoacidosis is treated with insulin?

1. Fructose-1,6-bisphosphatase 
2. Pyruvate kinase 
3. Pyruvate dehydrogenase 
4. Phosphofructokinase 1 

378. Which of the following is true regarding untreated diabetes:
1. Storage of glucose as glycogen
2. Inhibition of gluconeogenesis and stimulation of glycolysis
3. Insulation of breakdown of triacyglycerol
4. Tissue use fatty acids as main fuel
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379. For insulin-dependent diabetes mellitus select the blood or urine value 
that best distinguishes the condition from the others:

1. Increased MB fraction of serum creatine phosphokinase 
2. Increased blood ketone bodies 
3. Decreased creatinine in the urine 
4. Decreased blood lactate 

380. A person with insulin-dependent diabetes mellitus will have:
1. Increased fatty acid synthesis from glucose in liver
2. Decreased conversion of fatty acids to ketone bodies
3. Increased stores of triacylglycerol in adipose tissue
4. Increased conversion of acetoacetate to acetone

381. A person with insulin-dependent diabetes mellitus failed to take 
insulin regularly and was found to have high VLDL levels. As a 
consequence, which of the following compounds in the blood would be 
elevated?

1. Triacylglycerols 
2. Cholesterol 
3. Both triacylglycerols and cholesterol 
4. Lipoprotein lipase

382. All are actions of glucagon except:
1. Stimulates release of glycerol
2. Stimulates gluconeogenesis
3. Inhibits insulin release
4. Inhibits synthesis of fatty acids

383. Parathyroid hormone:
1. Decreases Ca level
2. Increases Ca level 
3. Does not influence a calcium level

384. A dietary deficiency of iodine would:
1. Directly affect the synthesis of thyroglobulin on ribosomes
2. Result in increased secretion of thyroid stimulating hormone (TSH)
3. Result in decreased production of thyrotropin releasing hormone 
(TRH)
4. Result in increased heat production

385. Thyroid hormones are transported in blood:
1. In free form
2. By specific protein-carrier
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3. By albumin

386. Thyroid hormones:
1. Lower the basic exchange
2. Raise the basic exchange
3. Do not influence the basic exchange

387. Thyroid hormones:
1. Are growth and development hormones
2. Reduce glucose level in blood
3. Increases oxygen consumption
4. Steroid hormones

388. Cretinism is caused with:
1. Thyroid hormones deficiency 
2. Thyroid hormones excess

Vitamins

389. Which of the following is true regarding beta-carotene:
1. Active vitamin A 
2. Synthetic vitamin A
3. Pro-vitamin 
4. None of the above

390. Which of the following does not act as antioxidant?
1. Vitamin D
2. Vitamin A
3. Vitamin C
4. Vitamin E

391. The symptoms of a dietary deficiency of niacin (which results in 
pellagra) will be less severe if the diet has a high content of:

1. Tyrosine 
2. Tryptophan 
3. Thiamine 
4. Thymine

392. Deficiency of which of the following is assessed by measuring 
transketolase enzyme in RBC:

1. Niacin
2. Thiamine
3. Folic acid
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4. Vitamin D

393. Which of the following vitamin is necessary for the synthesis of 
tetrahydrofolate from folic acid?

1. Ascorbic acid 
2. РР
3. В12

394. The transport form of ascorbic acid is: 
1. Deketohulonic acid 
2. Treonic acid 
3. Dehydroascorbic acid

395. L- and D-amino acid oxidases contain coenzyme form of which 
vitamin: 

1. В1

2. В2

3. В6

396. Coenzyme form of which vitamin is cofactor of xantinoxidase: 
1. В1

2. В6

3. В2

397. What vitamin deficiency leads to various symptoms: stomatitis, 
cheilosis, glossitis, seborrhea, and photophobia? 

1. В1

2. В2

3. В3

398. Which of the following vitamin is necessary for the transamination
and decarboxylation of amino acids? 

1. В2

2. В1

3. В6

399. The main transport form of vitamin В6 in plasma is: 
1. Pyridoxine
2. Pyridoxal phosphate 
3. Pyridoxamine phosphate

400. Coenzyme form of which vitamin is necessary for formation of 
GABA from glutamic acid? 
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1. В3

2. В6

3. В2

401. Coenzyme form of which vitamin is necessary for the action of malate 
dehydrogenase: 

1. В1

2. В2

3. РР

402. Coenzyme form of which is necessary for the action of succinate 
dehydrogenase: 

1. В6

2. В2

3. РР

403. What is common between vitamin C and E?
1. Both are fat soluble          
2. Both are water soluble
3. Both are essential for wound healing   
4. Both are antioxidants

404. Transketolase is used in the metabolism of?
1. Pyridoxine
2. Thiamine
3. Biotine
4. Flavin

405. A dietary deficiency of which vitamin can cause pellagra:
1. Vitamin С
2. Niacin 
3. Vitamin D 
4. Biotin 

406. A dietary deficiency of which vitamin can cause scurvy:
1. Vitamin С
2. Niacin 
3. Vitamin D 
4. Biotin 

407. Production of which of the following proteins would be most directly 
affected in scurvy?

1. Myoglobin 
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2. Collagen 
3. Insulin 
4. Hemoglobin

408. In scurvy, defective collagen is produced because hydroxylation of 
procollagen does not occur at the normal rate. Hydroxylation of lysine 
residues on procollagen:

1. Is not required for polymerization of collagen 
2. Requires vitamin С occurs before incorporation of lysine into the 
polypeptide chain 
3. Occurs after the mature collagen molecule is secreted from the cell

409. A dietary deficiency of which vitamin can cause beriberi:
1. Vitamin С
2. Niacin 
3. Vitamin D 
4. Thiamine

410. A dietary deficiency of which vitamin can cause rickets:
1. Vitamin С
2. Niacin 
3. Vitamin D 
4. Biotin 

411. Which of the following best monitors thiamine level:
1. Transketolase level in blood
2. G-6-PD deficiency
3. Reticulocytosis
4. Thiamine level in blood 

412. What form of vitamin В12 is coenzyme of methyltransferase: 
1. Adenosylcobalamin 
2. Methylcobalamin 
3. Hydroxocobalamin 

413. What is coenzyme form of vitamin В12 in mutase: 
1. Adenosylcobalamin 
2. Methylcobalamin 
3. Hydroxycobalamin 

414. What form of THFA is necessary for the synthesis of purine 
nucleotides?

1. Methyl-THFA 
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2. Methylene-THFA 
3. Methenyl-THFA 
4. Formyl-THFA 

415. Each of the following vitamins is required for reactions in the 
oxidation of pyruvate to CO2 and H2O except:

1. Pantothenate 
2. Niacin 
3. Thiamine 
4. Biotin 

416. Absorption of vitamin B12 takes place in:
1. Duodenum
2. Stomach
3. Jejunum
4. Ileum

417. Cobalt is a component of:
1. Vitamin A
2. Biotine
3. Vitamin B12

4. Tocopherol

418. The conversion of propionylCoA to succinylCoA requires:
1. Biotin
2. Vitamin B12

3. Biotin and vitamin B12

4. Biotin, vitamin B12, and tetrahydrofolate

419. The activity of the following enzymes is affected by biotin deficiency:
1. Transketolase
2. Dehydrogenase
3. Oxidase
4. Carboxylase

420. Which of the following is required for carboxylation?
1. Tocopherol
2. Pyridoxine
3. Biotin
4. Ascorbic acid

421. Biotin, being part of enzymes, is: 
1. Prosthetic group
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2. Coenzyme

422. Which of the following vitamins are necessary for metabolism of short 
chain fatty acids and products of fatty acids degradation with odd number 
of carbon atoms?

1. Biotin and В12

2. Folic acid and В1

3. В6 and В1

423. At deficiency of which vitamin pyruvate is not converted to 
oxaloacetate?

1. Biotin
2. В6

3. В12

424. Pregnant women frequently suffer from folate deficiencies. A 
deficiency of folate would decrease the production of:

1. Creatine phosphate from creatine
2. All of the pyrimidines required for RNA synthesis
3. The thymine nucleotide required for DNA synthesis
4. Phosphatidyl choline from diacylglycerol and CDP-choline 

425. Compared to a healthy person, a person with pernicious anemia:
1. Produces less intrinsic factor
2. Excretes less methylmalonic acid in the urine
3. Requires less methionine in the diet
4. Has a higher rate of purine biosynthesis

426. Formiminoglutamate (FIGLU) excretion in urine is an index of which 
compound deficiency:

1. Thiamine
2. Folate
3. Niacin
4. Pyridoxine

427. A deficiency of pantothenic acid would directly affect the reaction 
catalyzed by:

1. Citrate synthase 
2. Isocitrate dehydrogenase 
3. Succinate dehydrogenase 
4. Fumarase 
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428. Which of the following is necessary for synthesis of coenzyme A?
1. Biotin
2. Pantothenic acid
3. Ascorbic acid
4. Pyridoxine

Biochemistry of blood and liver

429. Which of the following statements about adult hemoglobin (HbA) is 
true?

1. HbA is composed of two β and two γ subunits 
2. Four subunits combine to form the primary structure of HbA 
3. Each subunit of HbA contains one heme 
4. HbA binds 1 mole of O2 per mole of protein 

430. Which one of the following conditions causes hemoglobin to release 
oxygen more readily?

1. Metabolic alkalosis 
2. Increased production of 2,3-bisphosphoglycerate 
3. Hyperventilation, leading to decreased levels of CO2 in the blood 
4. Replacement of the β subunits with γ subunits

431. Which of the following plasma proteins binds to hemoglobin?
1. Albumin 
2. Hemopexin 
3. Haptoglobin 
4. Beta 1 globin

432. Energy is derived by RBC by:
1. Increased mitochondrial cristae
2. Glycolysis
3. Citric acid cycle
4. Oxidative phosphorylation 

433. Which of the following bile pigment is derived from the breakdown of 
RBC:

1. Urobilinogen
2. Biliverdin
3. Bilirubin
4. None of the above

434. In glucose-6-phosphate dehydrogenase deficiency patients, hemolysis 
is due to decrease in:
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1. UDP 
2. NADPH
3. NADH 
4. TPP

435. Intravascular hemolysis is not found in:
1. Pyruvate kinase deficiency
2. Transketolase deficiency
3. Glucose-6-phosphate dehydrogenase deficiency
4. Hexakinase deficiency

436. All decrease iron absorption except:
1. Oxalates 
2. Phytates
3. Ascorbic acid  
4. Phosphate

437. Which of the following increases iron absorption?
1. Oxalates 
2. Ascorbic acid
3. Phosphate 
4. Carbohydrate

438. Each of the following statements about heme and iron metabolism is 
correct except:

1. Iron is stored in the liver as ferritin
2. Iron (as Fe2+) is incorporated into protoporphyrin IX in the last step 
of heme synthesis
3. γ-aminolevulinate synthetase catalyzes the regulated and rate-
limiting step in heme biosynthesis
4. The iron produced by heme degradation is excreted in the feces

439. When excessive amounts of iron are present in the diet, the excess iron 
is stored as:

1. Hemoglobin 
2. Transferrin
3. Hemosiderin 
4. Ferritin

440. Choose the most exact answer: the liver performs the important role in 
an exchange of bile pigments which are formed as a result of disintegration 
of:

1. Heme
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2. Cytochromes
3. Vitamins

441. Which of the following metabolic process does not occur in liver?
1. Urea cycle
2. Gamma globulin synthesis
3. Glycogenesis
4. Albumin synthesis

442. Which of the following statements about bilirubin is true?
1. It is made more soluble in the liver by attachment of glucose residues 
2. It is excreted mainly in the urine
3. It is produced by oxidation of heme with loss of carbon monoxide 
4. It contains iron in the Fe2+ state

443. True regarding unconjugated bilirubin is all of the following except:
1. There is extensive enterohepatic circulation
2. The bilirubin is water soluble and polar
3. It does not cross blood-brain barrier in adults
4. Decrease in urine

444. In a liver 1/4 part of bilirubin contacts with UDP-glucuronic acid and 
is called:

1. Direct bilirubin
2. Indirect bilirubin
3. Haptoglobin
4. Free bilirubin

445. Each of the following changes occurs in hemolytic anemia except:
1. A decrease in the rate of formation of bilirubin diglucuronides in the 
liver 
2. An increase in the rate of secretion of bilirubin diglucuronides into 
the gallbladder 
3. An increase in the rate of conversion of bile pigments to stercobilins 
in the intestine 
4. A decrease in the amount of hemoglobin in the blood 

Metabolism of xenobiotics

446. The first phase of xenobiotic biotransformation is:
1. Conjugation
2. Enzymatic modification
3. Stabilization in lipid bilayer of membranes
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447. The second phase of xenobiotic biotransformation is: 
1. Conjugation
2. Enzymatic modification
3. Stabilization in lipid bilayer of membranes

448. The donor of acetyl groups in reactions of conjugation is:
1. FAD
2. NAD
3. AcetylCoA
4. AcylCoA

449. The active form of sulfuric acid in reactions of conjugation is:
1. UDP-glucuronic acid
2. UDP-galactose
3. PAPS

450. A source of glucuronic acids in reactions of conjugation is:
1. UDP-glucuronic acid
2. UDP-galactose
3. PAPS

Biochemistry of muscle, connective tissue and nervous tissue

451. The functional unit of muscle:
1. Fibre cell 
2. Myofibril 
3. H band 
4. Sarcomere

452. The immediate source of energy for muscle contraction:
1. ATP 
2. Creatine phosphate 
3. CTP 
4. Phosphoenolpyruvate

453. The connective tissue is characterized by presence of:
1. Lipoproteins
2. Proteoglycans
3. Chromoproteins

454. What component of connective tissue makes a scar?
1. Fibronectin
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2. Glycosaminoglycans
3. Collagen
4. Elastin

455. What vitamin stimulates scar formation in a healing wound?
1. D
2. A
3. K
4. C

456. Which of the following has triple helix?
1. Collagen 
2. Histones
3. Fibrinogen 
4. DNA

457. Collagen is the chief component of:
1. Bone
2. Synovial fluid
3. Blood
4. Plasma

458. What amino acids predominate as a part of collagen?
1. Glycine
2. Proline
3. Arginine
4. Cysteine

459. Durability of collagenic fibers is defined by:
1. Formation of a double spiral from polypeptide chains
2. Formation of a triple spiral from polypeptide chains
3. Hydrophobic interactions between tropocollagen molecules 

460. Which of the following statements about glycosaminoglycans is true?
1. They contain repeating disaccharides
2. They are usually positively charged
3. They contain short oligosaccharide chains
4. They contain branches of N-acetylneuraminic acid

461. Each of the following statements about glycoproteins is true?
1. They are usually positively charged
2. They never contain branched oligosaccharide chains
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3. They contain oligosaccharides that are synthesized from dolichol 
phosphate and transferred to serine residues
4. They are degraded by lysosomal enzymes

462. Which of the following statements about proteoglycans is true?
1. The polysaccharide chain is not covalently linked to the protein 
2. Short chains of disaccharide repeating units are usually present 
3. Sulfation occurs before the monosaccharides are incorporated into 
the mucopolysaccharide chain 
4. Deficiencies of lysosomal enzymes cause accumulation of partially 
degraded products

463. Each of the following statements about the carbohydrate structures of 
glycoproteins is correct except:

1. They do not contain N-acetylneuraminic acid (NANA)
2. They are degraded in vivo by lysosomal enzymes 
3. They require nucleoside diphosphate sugars for their synthesis 
4. They are synthesized in the endoplasmic reticulum and the Golgi 
complex 

464. Mediator of cholinergic synapses is:
1. Acetylcholine
2. Phosphatidylcholine 
3. Choline

465. Indicate the energy source for brain working in norm?
1. Ketone bodies
2. Glucose
3. Fatty acids

466. Which of the following is used by brain, in later days of starvation?
1. Fatty acids
2. Glycogen
3. Ketone bodies
4. Glucose

467. Which of the following is the major fuel for brain, after several weeks 
of starvation?

1. Glycerol
2. Glucose
3. Fatty acids
4. Beta hydroxybutyrate
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Biochemistry of kidney

468. Each of the following statements about the kidney is correct except:
1. It uses ammonia released from glutamine to buffer acids in the urine
2. It converts glutamine to α-ketoglutarate
3. It produces serine and alanine and releases them into the blood
4. It synthesizes most of the urea that is excreted into the urine 

469. All of the following are true statements about erythropoietin except:
1. Erythropoietin is released only from kidney
2. Causes conversion of pro-erythroblasts to erythroblasts
3. Levels increase in high altitude
4. Levels increased by catecholamine release

470. For renal failure select the blood or urine value that best distinguishes 
the condition from the others:

1. Increased MB fraction of serum creatine phosphokinase 
2. Increased blood ketone bodies 
3. Decreased creatinine in the urine 
4. Decreased blood lactate 

471. All substances of primary urine divide on:
1. Threshold
2. Nonthreshold
3. Penetrating
4. Not penetrating

472. By which ways of transmembrane transport occurs reabsorption in 
kidneys:

1. Simple diffusion
2. The facilitated diffusion
3. Active transport
4. Vesicular transport

473. During acidosis quantity of bicarbonates in urine:
1. Increases 
2. Decreases
3. Does not change

474. Sources of sulphates of urine are:
1. Asp, Glu
2. Lys, Arg, His
3. Cys, Met
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475. Daily excretion of creatinine depends from:
1. Character of nutrition
2. Muscular weight
3. Intensity of lypolysis

476. Normally creatine in urine is present in:
1. Adults
2. Children
3. Old men

Pharmaceutical biochemistry

477. Which of the following is not one of the four fundamental pathways of 
drug movement and modification in the body?

1. Distribution
2. Metabolism
3. Absorption
4. Dissolution

478. Which of the following factors has the potential to affect absorption of 
an orally administered drug?

1. Reduction in blood flow to the intestines
2. Increased GI transit time
3. Extremely low levels of stomach acid
4. All of the above

479. Choose the incorrect statement:
1. Most drugs reversibly bind to plasma proteins
2. Albumin is the most important drug binding plasma protein
3. Low albumin levels can lead to drug toxicity in the case of drugs that 
are highly protein bound
4. Only a drug that is protein bound can penetrate tissues

480. Elimination of drugs from the body is dependent on which of the 
following?

1. Biotransformation in the liver
2. Filtration or secretion in the kidney
3. Sufficient blood flow to the liver and kidney
4. Only 1 and 2

481. Most drugs and metabolites are excreted by:
1. Kidneys
2. Lungs
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3. Bile
4. Saliva

482. How many phases of hepatic metabolism are there?
1. 1
2. 2
3. 4
4. 10

Photosynthesis

483. Which of the following are products of the light reactions of 
photosynthesis that are utilized in the Calvin cycle? 

1. CO2 and glucose 
2. H2O and O2

3. ADP, Pi, and NADP+

4. ATP and NADPH

484. What are the products of the light reactions that are subsequently used 
by the Calvin cycle? 

1. Oxygen and carbon dioxide 
2. Carbon dioxide and RuBP 
3. Water and carbon 
4. ATP and NADPH

485. Where does the Calvin cycle take place? 
1. Stroma of the chloroplast 
2. Thylakoid membrane 
3. Cytoplasm surrounding the chloroplast 
4. Outer membrane of the chloroplast

486. When oxygen is released as a result of photosynthesis, it is a by-
product of which of the following? 

1. Reducing NADP+

2. Splitting the water molecules 
3. Electron transfer system of photosystem I 
4. Electron transfer system of photosystem II

487. In the thylakoid membranes, what is the main role of the antenna 
pigment molecules? 

1. Split water and release oxygen to the reaction-center chlorophyll 
2. Harvest photons and transfer light energy to the reaction-center 
chlorophyll 
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3. Synthesize ATP from ADP and Pi 
4. Transfer electrons to ferredoxin and then NADPH 

488. The reaction-center chlorophyll of photosystem I is known as P700 
because:

1. There are 700 chlorophyll molecules in the center
2. This pigment is best at absorbing light with a wavelength of 700 nm
3. There are 700 photosystem I components to each chloroplast
4. Plastoquinone reflects light with a wavelength of 700 nm

489. Which of the events listed below occur in the light reactions of 
photosynthesis? 

1. NADP is produced
2. NADPH is reduced to NADP+

3. ATP is phosphorylated to yield ADP 
4. Light is absorbed and funneled to reaction-center chlorophyll a

490. Which statement describes the functioning of photosystem II? 
1. Light energy excites electrons in the electron transport chain in a 
photosynthetic unit
2. The excitation is passed along to a molecule of P700 chlorophyll in 
the photosynthetic unit
3. The P680 chlorophyll donates a pair of protons to NADPH, which is 
thus converted to NADP+

4. The electron vacancies in P680 are filled by electrons derived from 
water

491. Which of the following are directly associated with photosystem I? 
1. Harvesting of light energy by ATP 
2. Receiving electrons from plastocyanin 
3. P680 reaction-center chlorophyll 
4. Extraction of hydrogen electrons from the splitting of water 

492. What are the products of linear photophosphorylation? 
1. Heat and fluorescence 
2. ATP and P700 
3. ATP and NADPH 
4. ADP and NADP 

493. What does the chemiosmotic process in chloroplasts involve? 
1. Establishment of a proton gradient 
2. Diffusion of electrons through the thylakoid membrane 
3. Reduction of water to produce ATP energy 
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4. Movement of water by osmosis into the thylakoid space from the 
stroma 

494. In a plant cell, where are the ATP synthase complexes located? 
1. Thylakoid membrane 
2. Plasma membrane 
3. Inner mitochondrial membrane 
4. 1 and 3

495. In mitochondria, chemiosmosis translocates protons from the matrix 
into the intermembrane space, whereas in chloroplasts, chemiosmosis 
translocates protons from:

1. Stroma to the photosystem II
2. Matrix to the stroma
3. Stroma to the thylakoid space
4. Intermembrane space to the matrix

496. Where are the molecules of the electron transport chain found in plant 
cells? 

1. Thylakoid membranes of chloroplasts
2. Stroma of chloroplasts 
3. Inner membrane of mitochondria 
4. Matrix of mitochondria 

497. P680+ is said to be the strongest biological oxidizing agent. Why?
1. It is the receptor for the most excited electron in either photosystem
2. It is the molecule that transfers electrons to plastoquinone of the 
electron transfer system
3. NADP reductase will then catalyze the shift of the electron from 
plastoquinone to NADP+ to reduce it to NADPH
4. This molecule results from the transfer of an electron to the primary 
electron acceptor of photosystem II and strongly attracts another 
electron

498. Which of the following statements best represents the relationships 
between the light reactions and the Calvin cycle? 

1. The light reactions provide ATP and NADPH to the Calvin cycle, 
and the cycle returns ADP, Pi, and NADP+ to the light reactions
2. The light reactions provide ATP and NADPH to the carbon fixation 
step of the Calvin cycle, and the cycle provides water and electrons to 
the light reactions
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3. The light reactions supply the Calvin cycle with CO2 to produce 
sugars, and the Calvin cycle supplies the light reactions with sugars to 
produce ATP
4. The light reactions provide the Calvin cycle with oxygen for electron 
flow, and the Calvin cycle provides the light reactions with water to 
split

499. Where do the enzymatic reactions of the Calvin cycle take place? 
1. Stroma of the chloroplast 
2. Thylakoid membranes 
3. Outer membrane of the chloroplast 
4. Electron transport chain 

500. What is the primary function of the Calvin cycle? 
1. Use ATP to release carbon dioxide 
2. Use NADPH to release carbon dioxide 
3. Split water and release oxygen 
4. Synthesize simple sugars from carbon dioxide

501. Produces molecular oxygen (O2):
1. Light reactions alone 
2. Calvin cycle alone 
3. Both the light reactions and the Calvin cycle 
4. Neither the light reactions nor the Calvin cycle 

502. Requires ATP:
1. Light reactions alone 
2. Calvin cycle alone 
3. Both the light reactions and the Calvin cycle 
4. Neither the light reactions nor the Calvin cycle 

503. Produces NADPH:
1. Light reactions alone 
2. Calvin cycle alone 
3. Both the light reactions and the Calvin cycle 
4. Neither the light reactions nor the Calvin cycle 

504. Produces three-carbon sugars:
1. Light reactions alone 
2. Calvin cycle alone 
3. Both the light reactions and the Calvin cycle 
4. Neither the light reactions nor the Calvin cycle 
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505. The light reactions of photosynthesis supply the Calvin cycle with:
1. Light energy
2. CO2 and ATP
3. H2O and NADPH
4. ATP and NADPH

506. In mechanism, photophosphorylation is most similar to:
1. Substrate-level phosphorylation in glycolysis
2. Oxidative phosphorylation in cellular respiration
3. Calvin cycle
4. Carbon fixation

507. Which process is most directly driven by light energy? 
1. Creation of a pH gradient by pumping protons across the thylakoid 
membrane 
2. Reduction of NADP+ molecules 
3. Removal of electrons from chlorophyll molecules 
4. ATP synthesis

508. Which of the following does not occur during the Calvin cycle? 
1. Carbon fixation 
2. Oxidation of NADPH 
3. Release of oxygen 
4. Regeneration of the CO2 acceptor 

Biochemistry of teeth

509. Which of the following is true?
1. Enamel is the weakly mineralized tissue
2. Enamel is the highly mineralized tissue
3. Enamel is the highly permeable tissue
4. Enamel is a non-brittle tissue

510. Enamel is formed of:
1. 76% minerals and 24% organic materials and water
2. 96% minerals and 4% organic materials and water
3. 86% minerals and 14% organic materials and water
4. 99% minerals and 1% organic materials and water

511. The predominant inorganic portion of enamel is:
1. Calcium
2. Carbonate
3. Phosphate
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4. Fluoride

512. Which of the following is a true statement about the organic matrix of 
the newly synthesized enamel?

1. It represents 30% by weight of the organic content
2. It has a high content of amelogenins
3. It contains collagen fibers
4. It has a high inorganic content

513. Which of the following organic components are present in enamel?
1. Carbohydrates
2. Fat
3. Proteins
4. All of the above

514. Extracellular matrix of the connective tissue of the pulp is composed 
of:

1. Collagen fibers only
2. Ground substance only
3. Both 1 and 2
4. None of the above

515. Which of the following is not universal component of all hard tissues
in man?

1. Collagen
2. Calcium
3. Phosphorous
4. Water
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ANSWERS

1 2 39 1,3,4 77 3 115 2 153 3 191 3,4
2 4 40 2,4 78 2 116 3 154 4 192 1,2
3 3 41 2 79 2 117 2,3,4 155 4 193 1,3,4
4 4 42 1 80 1 118 3 156 4 194 2
5 1 43 4 81 3 119 1 157 2 195 1
6 3 44 1 82 1,2 120 4 158 1 196 1
7 3 45 1 83 1 121 3 159 3 197 3
8 2 46 4 84 2 122 2 160 4 198 4
9 3 47 1,2 85 1 123 3 161 3 199 1
10 3 48 2,4 86 2 124 1 162 2 200 3,4
11 2 49 3 87 1 125 3 163 4 201 2
12 1 50 1,3 88 1,2,3 126 4 164 2 202 2,4
13 3 51 1 89 4 127 4 165 1 203 1
14 2 52 1 90 3 128 1 166 1 204 1,2
15 3 53 1 91 2,3 129 3 167 4 205 2
16 2 54 4 92 4 130 2 168 2 206 1
17 2 55 4 93 3 131 2 169 2 207 3
18 4 56 4 94 3 132 4 170 3 208 3
19 4 57 1 95 4 133 2 171 3 209 3
20 3 58 2 96 3 134 4 172 2 210 1
21 4 59 4 97 2,3 135 2 173 1 211 1
22 3 60 1 98 2 136 3 174 1 212 3
23 3 61 1 99 4 137 2 175 1 213 3
24 2 62 2 100 1 138 3 176 1 214 2
25 1 63 1 101 3 139 3 177 1,2,4 215 3
26 3 64 1 102 2 140 1 178 1,2 216 3
27 2 65 4 103 3 141 4 179 1 217 4
28 1 66 2 104 3 142 3 180 1,2,3 218 3
29 2 67 2 105 3 143 1 181 3 219 1
30 4 68 1 106 4 144 4 182 4 220 2
31 3 69 3 107 2 145 4 183 1 221 3
32 2 70 3 108 2 146 2 184 4 222 1
33 1,2,4 71 2 109 2 147 4 185 3 223 3
34 1,4 72 3 110 3 148 3 186 4 224 3
35 2 73 2,3 111 2 149 1 187 4 225 1
36 2 74 2 112 2 150 1 188 4 226 4
37 4 75 4 113 2 151 2 189 3 227 2
38 3 76 1 114 2 152 2 190 2 228 2
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229 2 270 3 311 4 352 1 393 1 434 2
230 3 271 2 312 3 353 4 394 3 435 2
231 3 272 4 313 3 354 3 395 2 436 3
232 1 273 1 314 4 355 3 396 3 437 2
233 4 274 2 315 1 356 1 397 2 438 4
234 1,2,3 275 2 316 3 357 2 398 3 439 3
235 4 276 3 317 1 358 2 399 1 440 1
236 3 277 4 318 1 359 1 400 2 441 2
237 3 278 3 319 3 360 3 401 3 442 3
238 2 279 3 320 2 361 1 402 2 443 2
239 3 280 2 321 4 362 1,2 403 4 444 1
240 3 281 1 322 1 363 3 404 2 445 1
241 3 282 3 323 2 364 2 405 2 446 2
242 1 283 2 324 3 365 3 406 1 447 1
243 4 284 2 325 4 366 2 407 2 448 3
244 4 285 1,2,4 326 3 367 1,4 408 2 449 3
245 1 286 3,4 327 4 368 1 409 4 450 1
246 4 287 2 328 2 369 1 410 3 451 4
247 1 288 2,3 329 3 370 2 411 1 452 1
248 4 289 2,3,4 330 3 371 3 412 2 453 2
249 2 290 2 331 4 372 1 413 1 454 3
250 1 291 1 332 2 373 2 414 3 455 4
251 3 292 4 333 1 374 3 415 4 456 1
252 3 293 3 334 1 375 2 416 4 457 1
253 4 294 3 335 4 376 3 417 3 458 1,2
254 2 295 4 336 4 377 1 418 3 459 2
255 1 296 4 337 2 378 4 419 4 460 1
256 3 297 3 338 3 379 2 420 3 461 4
257 1 298 4 339 3 380 4 421 1 462 4
258 3 299 4 340 4 381 3 422 1 463 1
259 3 300 4 341 2 382 3 423 1 464 1
260 4 301 1 342 3 383 2 424 3 465 2
261 1 302 1 343 4 384 2 425 1 466 3
262 1 303 3 344 2 385 2 426 2 467 4
263 3 304 2 345 1 386 2 427 1 468 4
264 4 305 3 346 4 387 1,3 428 2 469 1
265 4 306 1 347 1 388 1 429 3 470 3
266 2 307 3 348 3 389 3 430 2 471 1,2
267 1 308 3 349 1 390 1 431 3 472 1,3
268 4 309 2 350 3 391 2 432 2 473 2
269 2 310 3 351 2 392 2 433 3 474 3
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475 2 482 2 489 4 496 1 503 1 510 2
476 2,3 483 4 490 4 497 4 504 2 511 1
477 4 484 4 491 2 498 1 505 4 512 2
478 4 485 1 492 3 499 1 506 2 513 4
479 4 486 2 493 1 500 4 507 3 514 3
480 4 487 2 494 4 501 1 508 3 515 1
481 1 488 2 495 3 502 2 509 2
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PRACTICAL SKILLS

BLOOD BIOCHEMICAL ANALYSIS RESULTS OF PATIENTS 
WITH VARIOUS PATHOLOGIES

RESULT №1
Biochemical analysis of blood

Surname, name of patient    Volkonskaya P.N.
Sex. w Age       68
Growth   158 cm Weight 85 kg Index of Ketle 34,0

Cholesterol 4,15 mM/l CPK 107 U/l
Triacylglycerols 1,12 mM/l Total protein 79 g/l
Urea 6,32 mM/l Uric acid 0,23 mM/l
Total bilirubin 13,8 µM/l Glucose 4,0 mM/l
Direct bilirubin 3,2 µM/l LDG 265 U/l
Potassium 3,8 mM/l AST 33 U/l
Sodium 138 mM/l ALT 32 U/l
Serum amylase 22 g/(h*l) Albumin 49 g/l
Urine amylase 104 g/(h*l) Hemoglobin 130 g/l
Electrophoresis of total proteins:
Albumins 58 %
Globulins: α1 4,5 %

α2 8,5 %
β 9,4 %
γ 19,6 %

The conclusion and comments.
Changes in the submitted parameters are not revealed, hence, it is 

possible to assume, that it is the result of a healthy person.

RESULT №2
Biochemical analysis of blood

Surname, name of patient    Bagrova V.I.
Sex. w Age  60
Growth  165 cm Weight  90 kg Index of Ketle 33,1

Cholesterol 9,12 mM/l CPK 900 U/l
Triacylglycerols 3,02 mM/l Total protein 68 g/l
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Urea 7,32 mM/l Uric acid 0,23 mM/l
Total bilirubin 16,8 µM/l Glucose 5,11 mM/l
Direct bilirubin 4,21 µM/l LDG 615 U/l
Potassium 3,95 mM/l AST 139 U/l
Sodium 137 mM/l ALT 20 U/l
Serum amylase 21 g/(h*l) Albumin 36 g/l
Urine amylase 84 g/(h*l) Hemoglobin 135 g/l
Electrophoresis of total proteins:
Albumins 44 %
Globulins: α1 7,5 %

α2 14,2 %
β 13,8 %
γ 20,5 %

The conclusion and comments.
Expressed hypercholesterolemia, hypertriacylglycerolemia are 

observed. The increase in α1 and α2 fractions of globulin, substantial 
increase in activity of creatine phosphokinase, lactate dehydrogenase and 
aspartate transaminase.

Hyperlipidemia is considered as an independent risk factor in 
development of atherosclerosis and cardiac ischemia. Proteinemia is 
characteristic of sharp inflammation. Increased enzyme activity is organ 
specific for cardiac muscle, besides the mechanism of increased of their 
activity is also damage of cells. Hence, it is possible that the patient has 
heart disease; most likely is myocardial infarction.

RESULT №3
Biochemical analysis of blood

Surname, name of patient    Galova S.S.
Sex. w Age 55
Growth  162 cm Weight  80 kg Index of Ketle 30,5

Cholesterol 5,9 mM/l CPK 175 U/l
Triacylglycerols 0,88 mM/l Total protein 78,3 g/l
Urea 1,32 mM/l Uric acid 0,21 mM/l
Total bilirubin 25,8 µM/l Glucose 5,13 mM/l
Direct bilirubin 4,2 µM/l LDG 525 U/l
Potassium 4,15 mM/l AST 39,3 U/l
Sodium 141 mM/l ALT 250 U/l
Serum amylase 21,2 g/(h*l) Albumin 25,2 g/l
Urine amylase 79,5 g/(h*l) Hemoglobin          134 g/l
Electrophoresis of total proteins:
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Albumins 41,5 %
Globulins:      α1 3,5 %

α2 4,5 %
β 18,3 %
γ 32,2 %

The conclusion and comments.
Slight hypercholesterolemia, insignificant hyperbilirubinemia are

observed, mainly due to indirect bilirubin; decrease in urea concentration 
and albumin; at electrophoresis of total proteins increase in γ- and β 
fractions of globulin and decrease in α2 fraction of globulin and albumin; 
increase of lactate dehydrogenase and alanine transaminase activity. 

Increased enzyme activity is organ specific for liver, besides the 
mechanism of increased of their activity is also damage of cells. Increase in 
bilirubin concentration due to indirect bilirubin shows inability of liver to 
conjugate bilirubin; decrease in urea level and albumin reveals decrease in 
synthetic function of liver. Revealed proteinemia is characteristic of 
cirrhosis. Hence, patient it is possible has liver disease.

RESULT №4
Biochemical analysis of blood

Surname, name of patient    Каdirectаlov С.С.
Sex. m Age 52
Growth  178 cm Weight 76 kg Index of Ketle 24,0

Cholesterol 7,29 mM/l CPK 102 U/l
Triacylglycerols 3,25 mM/l Total protein 75,3 g/l
Urea 10,3 mM/l Uric acid 0,19 mM/l
Total bilirubin 14,8 µM/l Glucose 16,9 mM/l
Direct bilirubin 3,28 µM/l LDG 198 U/l
Potassium 4,32 mM/l AST 27,3 U/l
Sodium 143 mM/l ALT 28,0 U/l
Serum amylase 22,6 g/(h*l) Albumin 42,5 g/l
Urine amylase 110 g/(h*l) Hemoglobin 150 g/l
Electrophoresis of total proteins:
Albumins 59,9 %
Globulins: α1 4,5 %

α2 8,3 %
β 11,7 %
γ 15,6 %
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The conclusion and comments.
Hyperglycemia, expressed hypercholesterolemia, 

hypertriacylglycerolemia, increase in urea concentration are observed. 
Expressed hyperglycemia reveals presence of diabetes mellitus. 

Increase in urea concentration is also typical of this disease owing to the 
raised degradation of total proteins. Hyperlipidemia is caused by formation 
of lipoproteins and on the other hand due to their catabolism infringement, 
owing to decrease in lipoprotein lipase activity. 

RESULT №5
Biochemical analysis of blood

Surname, name of patient    Кosolapova I.V.
Sex. w Age  58
Growth 165 cm Weight 68 kg Index of Ketle 25,0

Cholesterol 5,78 mM/l CPK 115 U/l
Triacylglycerols 1,28 mM/l Total protein 69,9 g/l
Urea 6,0 mM/l Uric acid 0,21 mM/l
Total bilirubin      92,3 µM/l Glucose 4,95 mM/l
Direct bilirubin 72,2 µM/l LDG 188 U/l
Potassium             5,5 mM/l AST 23 U/l
Sodium 147 mM/l ALT 26 U/l
Serum amylase 26,9 g/(h*l) Albumin 45,3 g/l
Urine amylase 86,5 g/(h*l) Hemoglobin         132 g/l
Electrophoresis of total proteins:
Albumins 40,3 %
Globulins: α1 2,2 %

α2 14,5 %
β 17,9 %
γ 25,1 %

The conclusion and comments.
Slight hypercholesterolemia, hyperbilirubinemia are observed mainly 

due to direct bilirubin; at electrophoresis of total proteins there is increase 
in α2-, γ- and β fractions of globulin and decrease in albumin concentration. 

Increase of bilirubin concentration mainly due to direct bilirubin is 
obstructive jaundice. Proteinemia is also characteristic of jaundice.



Practical skills.

433

RESULT №6
Biochemical analysis of blood

Surname, name of patient    Кosova N.N.
Sex. w Age  58
Growth  165 cm Weight 68 kg Index of Ketle 25,0

Cholesterol 5,78 mM/l CPK 115 U/l
Triacylglycerols 1,28 mM/l Total protein 69,9 g/l
Urea 6,0 mM/l Uric acid 0,21 mM/l
Total bilirubin 102,3 µM/l Glucose 4,95 mM/l
Direct bilirubin 12,2 µM/l LDG 588 U/l
Potassium 6,5 mM/l AST 53 U/l
Sodium 147 mM/l ALT 26 U/l
Serum amylase 26,9 g/(h*l) Albumin 45,3 g/l
Urine amylase 86,5 g/(h*l) Hemoglobin          92 g/l
Electrophoresis of total proteins:
Albumins 40,3 %
Globulins: α1 2,2 %

α2 14,5 %
β 17,9 %
γ 25,1 %

The conclusion and comments.
Slight hypercholesterolemia, hyperbilirubinemia are observed mainly 

due to indirect bilirubin; hyperkalemia, slight increase of aspartate
transaminase and lactate dehydrogenase activity; at electrophoresis of total 
proteins there is increase in α2-, γ- and β fraction of globulins and decrease 
in albumin concentration. 

Increase in bilirubin concentration due to indirect bilirubin is hemolytic 
jaundice. Hyperkalemia, slight increase of aspartate transaminase and 
lactate dehydrogenase activity is due to their exit from erythrocytes to 
blood. Proteinemia is also characteristic of jaundice.

RESULT №7
Biochemical analysis of blood

Surname, name of patient    Маlik I.I.
Sex. m Age  49
Growth   179 cm Weight 98 kg Index of Ketle 30,6

Cholesterol 5,18 mM/l CPK 125 U/l
Triacylglycerols 12,4 mM/l Total protein 78,2 g/l
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Urea 6,5 mM/l Uric acid 0,20 mM/l
Total bilirubin        14,7 µM/l Glucose 6,51 mM/l
Direct bilirubin 3,2 µM/l LDG 329 U/l
Potassium 4,2 mM/l AST 27 U/l
Sodium 145 mM/l ALT 29 U/l
Serum amylase 126 g/(h*l) Albumin 48,3 g/l
Urine amylase 374 g/(h*l) Hemoglobin         156 g/l
Electrophoresis of total proteins:
Albumins 57,2 %
Globulins: α1 3,5 %

α2 9,9 %
β 10,1 %
γ 19,3 %

The conclusion and comments.
Expressed hypertriacylglycerolemia, insignificant hyperglycemia, 

increase of amylase activity of serum and urine are observed.
Increase of the resulting enzymes activity is organ specific for damage 

of pancreas. Hyperglycemia is caused by decrease in insulin production
owing to defeat of -cells of pancreas. The level of triacylglycerols more 
than 11 mM/l reveals pancreatitis. Hence, it is possible that patient has 
sharp pancreatitis.

RESULT №8
Biochemical analysis of blood

Surname, name of patient    Маrkin S.S.
Sex. m Age  38
Growth  181 cm Weight 85 kg Index of Ketle 25,9

Cholesterol 4,69 mM/l CPK 125 U/l
Triacylglycerols 1,62 mM/l Total protein 69,8 g/l
Urea 7,32 mM/l Uric acid 0,86 mM/l
Total bilirubin       18,8 µM/l Glucose 5,16 mM/l
Direct bilirubin 3,2 µM/l LDG 253 U/l
Potassium 4,15 mM/l AST 25,2 U/l
Sodium 144 mM/l ALT 24,6 U/l
Serum amylase 25,3 g/(h*l) Albumin 46 g/l
Urine amylase 124 g/(h*l) Hemoglobin 160 g/l
Electrophoresis of total proteins:
Albumins 56,0 %
Globulins: α1 3,8 %

α2 8,2 %
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β 13,5 %
γ 18,5 %

The conclusion and comments.
Expressed hyperuricemia is observed, all other parameters are normal.

Hence, it is possible that patient has gout.

RESULT №9
Biochemical analysis of blood

Surname, name of patient    Volkov I.I.
Sex. __ m _ Age 55 
Growth  180 cm Weight 94 kg Index of Ketle 29,0

Cholesterol 10,10 mM/l CPK 156 U/l
Triacylglycerols 5,2 mM/l Total protein 55 g/l
Urea 22,4 mM/l Uric acid 0,23 mM/l
Total bilirubin 16,3 µM/l Glucose 5,05 mM/l
Direct bilirubin 3,7 µM/l LDG 228 U/l
Potassium 2,13 mM/l AST 33,0 U/l
Sodium 126 mM/l ALT 21,9 U/l
Serum amylase 24,6 g/(h*l) Albumin 28 g/l
Urine amylase 100,1 g/(h*l) Hemoglobin 130 g/l
Electrophoresis of total proteins:
Albumins 45 %
Globulins: α1 5,1 %

α2 16,4 %
β 25,3 %
γ 8,2 %

The conclusion and comments.
Expressed hypercholesterolemia, hypertriacylglycerolemia, increase in 

urea concentration and decrease in level of albumin, potassium and sodium 
is observed; at electrophoresis of total proteins there is increase in α2 and β 
of globulin and decrease in γ fraction of globulin and albumin.

Substantial increase of urea level can be connected to infringement of 
secretory function of kidneys. Decrease in albumin concentration, 
potassium and sodium is because kidneys remove these substances. 
Hyperlipoproteinemia develops due to damage of kidneys, owing to 
hyperproduction of lipoproteins and their infringements of catabolism due 
to decrease in lipoprotein lipase activity. This type of proteinemia is a 
characteristic of nephritic syndrome. 

Hence, it is possible that the patient has kidneys disease.
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RESULT №10
Biochemical analysis of blood

Surname, name of patient    _Volokitina K.D.
Sex. w Age  68
Growth  158 cm Weight  85 kg Index of Ketle 34,0

Cholesterol 4,15 mM/l CPK 107 U/l
Triacylglycerols 1,12 mM/l Total protein 79 g/l
Urea 6,32 mM/l Uric acid 0,23 mM/l
Total bilirubin 13,8 µM/l Glucose 4,0 mM/l
Direct bilirubin 3,2 µM/l LDG 265 U/l
Potassium 3,8 mM/l AST 33 U/l
Sodium 138 mM/l ALT 32 U/l
Serum amylase 22 g/(h*l) Albumin 49 g/l
Urine amylase 104 g/(h*l) Hemoglobin 84 g/l
Electrophoresis of total proteins:
Albumins 58 %
Globulins: α1 4,5 %

α2 8,5 %
β 9,4 %
γ 19,6 %

The conclusion and comments.
Decrease in hemoglobin level, other biochemical parameters is norm. 

Hence, it is possible that the patient has anemia.
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1. QUANTITATIVE DETERMINATION OF TOTAL PROTEIN 
BY THE BIURET METHOD IN THE SERUM

Principle of method: Peptide bonds (-CO-NH) of proteins react with 
cupric ions in alkaline medium to form a purple colour complex. The 
intensity of the color is proportional to the total protein concentration. 

Diagnostic significance: 
A. Physiologic basis: Concentration of protein determines colloidal 

osmotic pressure of plasma. The concentration of protein in plasma is 
influenced by the nutritional state, hepatic function, renal function, 
occurrence of disease such as multiple myeloma, and metabolic errors. 
Variations in the fractions of plasma proteins may signify specific disease.

B. Interpretation:
Increased level of total protein (hyperproteinemia) observed in cases 

of dehydration. An increase in total protein concentration in a serum 
specimen is usually due to an increase in the globulin fraction and may 
indicate the presence of a paraprotein. 

Decreased level of total protein (hypoproteinemia) is usually due to 
hypoalbuminemia. Measurement of a number of specific proteins gives 
useful information in the diagnosis and management of disease.
Characteristic changes in the concentration of certain plasma proteins are 
seen following surgery or trauma, or during infection or tumor growth. The 
proteins involved are called acute phase reactants. These acute phase 
proteins may be used to monitor progress of the condition or its treatment.

Total protein, Serum: Normal – SI: 65-85 g/L, in children – 56-
85 g/L.

Reagents: 1. Biuret reagent (10% NaOH + l% CuSO4, 10:1); 2. Protein 
standard solution; 3. Blood serum.

Practical procedure:
Take 3 test tubes and label as test (T), standard (S) and blank (B) as 

shown in the table below:

Pipette
Test-tube 1

Test
Test-tube 2
Standard

Test-tube 3
Blank

Blood serum 0.02 ml - -
Protein standard solution - 0.02 ml -
Biuret reagent 1.0 ml 1.0 ml 1.0 ml

Add 0.02 ml of researched serum and 1 ml of biuret reagent in a test-
tube 1, 0.02 ml of a protein standard solution and 1.0 ml of biuret reagent in 
a test-tube 2 and 1.0 ml of biuret reagent in a test-tube 3. Mix thoroughly 
the contents of the test-tubes and incubate at a room temperature for 30 
minutes to let the colors develop. The coloured solutions (test-tubes 1 or 2) 
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are placed in cuvettes (the layer thickness = l cm) and analyzed on a
photoelectric colorimeter against blank (test-tube 3) at 546 nm wavelength. 
Determine the optical densities of standard and test.

Calculation 
Determine the concentration of blood protein using the formula:

Сt = (Еt × Сs) / Еs,
Where Сt – concentration of the protein in test-tube 1 (Test), Еt –

optical density of test in test-tube 1 (Test), Сs – concentration of the protein 
standard solution in test-tube 2 (Standard), Еs – optical density of standard 
in test-tube 2 (Standard).

2. QUANTITATIVE DETERMINATION OF ALBUMIN BY THE 
BROMOCRESOL GREEN DYE IN THE SERUM

Principle of method: Bromocresol dye reacts with albumin to form an 
intense blue-green coloured complex in succinate buffer (pH 4,2). Intensity 
of the color is proportional to albumin concentration in serum. 

Diagnostic significance:
A. Physiologic basis: Albumin makes the biggest contribution to the 

plasma oncotic pressure. If the albumin concentration falls very low, 
oedema is the result. Albumin functions as a transport protein for long-
chain fatty acids, bilirubin, drugs (sulfonamides, penicillin G, dicoumarol, 
aspirin), and some steroid hormones and vitamins. In addition, serum 
albumin binds Ca2+ and Mg2+ ions.

B. Interpretation:
1. Increased level of albumin (hyperalbuminemia) observed in

dehydration, shock, hemoconcentration, and administration of large 
quantities of concentrated albumin "solution" intravenously.

2. Decreased level of albumin (hypoalbuminemia) observed in 
malnutrition, malabsorption syndrome, acute or chronic 
glomerulonephritis, nephrosis, acute or chronic hepatic insufficiency, 
neoplastic disease, leukemia, nephrotic syndrome, alcoholic cirrhosis, 
inflammatory bowel disease, metastatic cancer, Hodgkin's disease.

There are main reasons for the occurrence of a low plasma albumin 
concentration:

1. Decreased synthesis. This may be due to malnutrition or 
malabsorption. Decreased synthesis is also a feature of advanced chronic 
liver disease.

2. Abnormal distribution or dilution. Hypoalbuminaemia can be 
induced by overhydration or if there is increased capillary permeability as 
occurs in septicaemia.
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3. Abnormal excretion or degradation. The causes include the nephrotic 
syndrome, protein losing enteropathies, burns, hemorrhage and catabolic 
states. 

Albumin, Serum: Normal – SI: 35-52 g/L.
Reagents: 1. Bromocresol green reagent; 2. Albumin standard solution; 

3. Blood serum.
Practical procedure:
Take 3 test tubes and label as test (T), standard (S) and blank (B) as 

shown in the table below:

Pipette
Test-tube 1

Test
Test-tube 2
Standard

Test-tube 3
Blank

Blood serum 0.01 ml - -
Albumin standard solution - 0.01 ml -
Bromocresol green reagent 1.0 ml 1.0 ml 1.0 ml

Add 0.01 ml of researched serum and 1 ml of bromocresol green 
reagent in a test-tube 1, 0.01ml of albumin standard solution and 1.0 ml of 
bromocresol green reagent in a test-tube 2 and 1.0 ml of bromocresol green 
in a test-tube 3. Mix thoroughly the contents of the test-tubes and incubate 
at 370C for 10 minutes to let the colors develop. The coloured solutions 
(test-tubes 1 or 2) are placed in cuvettes (the layer thickness = l cm) and 
analyzed on a photoelectric colorimeter against blank (test-tube 3) at 630-
690 nm wavelength. Determine the optical densities of standard and test.

Calculation
Determine the concentration of blood albumin using the formula:

Сt = (Еt × Сs) / Еs,
Where Сt – concentration of the albumin in test-tube 1 (Test), Еt –

optical density of test in test-tube 1 (Test), Сs – concentration of the 
albumin standard solution in test-tube 2 (Standard), Еs – optical density of 
standard in test-tube 2 (Standard).

3. QUALITATIVE TEST FOR PRESENCE OF PROTEIN IN 
URINE BY SULFOSALICYLIC ACID

Diagnostic significance: Proteinuria – the presence of abnormal 
quantities of protein in the urine. Proteinuria may be a sign of renal 
(kidney) damage. Since serum proteins are readily reabsorbed from urine, 
the presence of excess protein indicates either an insufficiency of 
absorption or impaired filtration. Diabetics may suffer from damaged 
nephrons and develop proteinuria. Conditions causing proteinuria are of 
three types: 1) Prerenal conditions – dehydration, heart diseases, etc.; 
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2) Renal conditions – all forms of renal diseases; 3) Post renal conditions –
lesions of pelvis, bladder, prostate and urethra, etc. With severe proteinuria, 
general hypoproteinemia can develop which results in diminished oncotic 
pressure. Symptoms of diminished oncotic pressure may include ascites, 
edema, and hydrothorax.

Reagents: 1. Acetic acid solution, 10 g/L; 2. Sulfosalicylic acid
solution, 200 g/L; 3. Urine, containing protein and normal urine.

Practical procedure:
Place 1 ml of urine in the test-tube by pipette. Then add 0,5 ml of 

sulfosalicylic acid solution. White precipitates are observed when protein is 
present.

4. QUANTITATIVE DETERMINATION OF GLUCOSE BY THE 
ENZYMATIC METHOD IN THE SERUM

Principle of method: Glucose gets oxidized by glucose oxidase to 
gluconic acid and hydrogen peroxide. The enzyme peroxidase converts 
hydrogen peroxide to water and oxygen. The oxygen in turn reacts with 4-
amino antipyrine in the presence of phenol to form a red coloured complex.
Concentration of coloured product is measured on photoelectric 
colorimeter. The intensity of the color is proportional to the glucose 
concentration in solution.

Glucose oxidase
Glucose + H2O + O2 gluconic acid + H2O2

Peroxidase
H2O2 + phenol + 4-amino antipyrine                    dyed complex

(red coloured)
Diagnostic significance: 
A. Physiologic basis: The glucose concentration in extracellular fluid is 

normally closely regulated, with the result that a source of energy is 
available to tissues, and no glucose is excreted in the urine. Hyperglycemia 
and hypoglycemia are nonspecific signs of abnormal glucose metabolism. 

B. Interpretation:
1. Increased level of glucose (hyperglycemia) observed in diabetes 

mellitus, hyperthyroidism, adrenocortical hyperactivity (cortical excess –
Cushing's syndrome), hyperpituitarism, feochromocytoma, pancreas 
diseases and hepatic disease (occasionally), thiazide diuretics.

2. Decreased level of glucose (hypoglycemia) observed in 
hyperinsulinism, adrenal insufficiency, hypopituitarism, hepatic 
insufficiency (occasionally), functional hypoglycemia, and by 
hypoglycemic agents, malnutrition, sepsis, endocrine tumors.

Glucose, Serum: Normal – 3.65-6.11 mmol/L (65-110 mg/dL).
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Reagents: 1. Glucose reagent; 2. Glucose standard solution; 3. Blood 
serum.

Practical procedure:
Take 3 test tubes and label as test (T), standard (S) and blank (B) as 

shown in the table below:

Pipette
Test-tube 1

Test
Test-tube 2
Standard

Test-tube 3
Blank

Blood serum 0.01 ml – –

Glucose standard solution – 0.01 ml –

Glucose reagent 1.0 ml 1.0 ml 1.0 ml

Add 0.01 ml of researched serum and 1 ml of glucose reagent in a test-
tube 1, 0.01 ml of glucose standard solution and 1.0 ml of glucose reagent 
in a test-tube 2 and 1.0 ml of glucose reagent in a test-tube 3. Mix 
thoroughly the contents of the test-tubes and incubate at 370C for 15 
minutes to let the colors develop. The coloured solutions (test-tubes 1 or 2) 
are placed in cuvettes (the layer thickness = l cm) and analyzed on a 
photoelectric colorimeter against blank (test-tube 3) at 500 nm wavelength. 
Determine the optical densities of standard and test.

Calculation 
Determine the concentration of blood glucose using the formula:

Сt = (Еt × Сs) / Еs,
Where Сt – concentration of the glucose in test-tube 1 (Test), Еt –

optical density of test in test-tube 1 (Test), Сs – concentration of the 
glucose standard solution in test-tube 2 (Standard), Еs – optical density of 
standard in test-tube 2 (Standard).

5. QUALITATIVE TEST FOR PRESENCE OF SUGAR IN 
URINE (NILANDER`S TEST)

Principle of method: The Nilander`s reagent containing bismuth 
nitrate for qualitative detection of sugar in urine is used. Bismuth oxide 
hydrate in the alkaline medium is produced, which is reduced by glucose to 
the bismuth tincturing a liquid in black-brown colour.

Reaction according to Nilander is used specifically for sugar detection 
in urine since bismuth nitrate is not reduced by uric acid (a normal 
component of urine).

Diagnostic significance: Glucose is normally not present in urine. 
Small amount of glucose (2-20 mg or 0.3-1.1 mmol) may be present in 
fasting urine which cannot be detectable by chemical methods. Condition 
of presence of chemically detectable quantities of glucose in urine is called 
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as glycosuria. Glycosuria occurs in hyperglycaemia with values above 
renal threshold for glucose (7.99-9.99 mmol/l or 160-180 mg/dl).
Glycosuria is the good first line screening test-line for diabetes mellitus.

Renal glycosuria: Renal glycosuria is a benign condition due to a 
reduced renal threshold for glucose. It is unrelated to diabetes and, 
therefore, should not be mistaken as diabetes. Further, it is not 
accompanied by the classical symptoms of diabetes.

Alimentary glycosuria: In certain individuals, blood glucose level 
raises rapidly after meals resulting in its spill over into urine. This 
condition is referred to as alimentary glycosuria. It is observed in some 
normal people, and in patients of hepatic diseases, hormonal disorders, 
medications, pregnancy, hyperthyroidism and peptic ulcer.

Reagents: 1. Urine 1; 2. Urine 2; 3. The Nilander`s reagent.
Practical procedure:
Prepare 2 test tubes as shown in the table below:

Pipette Test- tube 1 Test-tube 2
Urine 1 20 drops –
Urine 2 – 20 drops
The Nilander`s reagent  20 drops 20 drops

Add 20 drops of Urine 1 and 20 drops of the Nilander`s reagent in the 
test-tube 1. Then add 20 drops of Urine 2 and 20 drops of the Nilander`s 
reagent in the test-tube 2. Boil two test-tubes 1-2 minutes.

6. QUANTITATIVE DETERMINATION OF TOTAL 
CHOLESTEROL BY THE ENZYMATIC METHOD

IN THE SERUM

Principle of method: Cholesterol is product of cholesterol esters 
hydrolysis by cholesterol esterase. It is oxidized by air oxygen by 
cholesterol oxidase. Hydrogen peroxide is product of this reaction resulting 
in chromogenous substrate oxidation catalyzed by peroxidase with pink 
coloured compounds appearance. The intensity of the colour is proportional 
to the cholesterol concentration in plasma.

Cholesterol esterase
Cholesterol esters + H2O Cholesterol + fatty acids

Cholesterol oxidase
Cholesterol + O2                                                  4-cholestenone + H2O2

Peroxidase
2 H2O2 + chromogenous substrate               coloured compound + 2 H2O
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Diagnostic significance: Cholesterol is transported in the blood as a 
component of VLDL and LDL, 60-70% – in a form of cholesterol esters 
and 30-40% – as free cholesterol. Total blood serum cholesterol contains 
cholesterol and its esters. Cholesterol level increases during the life.

A. Physiologic basis: Cholesterol concentrations are determined by 
metabolic functions, which are influenced by heredity, nutrition, endocrine 
function, and integrity of vital organs such as the liver and kidney. 
Cholesterol metabolism is intimately associated with lipid metabolism.

B. Interpretation:
1. Increased level of cholesterol (hypercholesterolemia) observed in 

in familial hypercholesterolemia (xanthomatosis), hypothyroidism, poorly 
controlled diabetes mellitus, nephrotic syndrome, chronic hepatitis, biliary 
cirrhosis, obstructive jaundice, hypoproteinemia (idiopathic, with nephrosis 
or chronic hepatitis), and lipidemia (idiopathic, familial).

2. Decreased level of cholesterol (hypocholesterolemia) observed in 
acute hepatitis and Gaucher's disease. Occasionally decreased in 
hyperthyroidism, acute infections, anemia, malnutrition, apolipoprotein 
deficiency, carcinoma, and acute pancreatitis.

Hypercholesterolemia
Norm – at the 3.65-5.2 mmol/L or 140-200 mg/dL
Low risk – at the 5.2-6.5 mmol/L or 200-250 mg/dL
Moderate risk – at the 6.5-7.8 mmol/L or 250-300 mg/dL
High risk – at the greater than 7.8 mmol/L or 300 mg/dL
Cholesterol, Serum: Normal – 3.65- 5,2 mmol/1 or 140-200 mg/dL.
Reagents: 1. Working reagent 1; 2. Cholesterol standard solution –

5,17 mmol/L (200mg/100ml); 3. Blood serum.
Practical procedure:
Take 3 test tubes and label as test (T), standard (S) and blank (B) as 

shown in the table below:

Pipette
Test-tube 1

Test
Test-tube 2
Standard

Test-tube 3
Blank

Blood serum 0.01 ml - -

Cholesterol standard solution - 0.01 ml -

Reagent 1 1.0 ml 1.0 ml 1.0 ml

Add 0.01 ml of researched serum and 1 ml of Reagent 1 in a test-tube 1, 
0.01 ml of cholesterol standard solution and 1.0 ml of Reagent 1 in a test-
tube 2 and 1.0 ml of Reagent 1 in a test-tube 3. 

Mix thoroughly the contents of the test-tubes and incubate at 370C for 
10 minutes to let the colors develop. The coloured solutions (test-tubes 1 or 
2) are placed in cuvettes (the layer thickness = l cm) and analyzed on a 



Practical skills

444

photoelectric colorimeter against blank (test-tube 3) at 500 nm wavelength. 
Determine the optical densities of standard and test.

Calculation 
Determine the concentration of blood cholesterol using the formula:

Сt = (Еt × Сs) / Еs,
Where Сt – concentration of the cholesterol in test-tube 1 (Test), Еt –

optical density of test in test-tube 1 (Test), Сs – concentration of the 
cholesterol standard solution in test-tube 2 (Standard), Еs – optical density 
of standard in test-tube 2 (Standard).

7. QUANTITATIVE DETERMINATION OF 
TRIACYLGLYCEROLS BY THE ENZYMATIC METHOD

IN THE SERUM

Principle of method: Triacylglycerols are hydrolyzed by the action of 
lipoprotein lipase to glycerol and fatty acids. Glycerol is oxidized by 
glycerol kinase, after that by glycerophosphate oxidase. Hydrogen peroxide 
is product of this reaction resulting in 4-chlorphenol and 4-aminephenazon 
oxidation catalyzed by peroxidase with red coloured compounds 
appearance. The intensity of colouring is proportional to the triacylglycerol 
concentration in plasma.

Diagnostic significance:
A. Physiologic basis: Dietary fat is hydrolyzed in the small intestine, 

absorbed and resynthesized by the mucosal cells, and secreted into lacteals 
in the form of chylomicrons. Triglycerides in the chylomicrons are cleared 
from the blood by tissue lipoprotein lipase (mainly adipose tissue), and the 
split products are absorbed and stored. Free fatty acids derived mainly from 
adipose tissue are precursors of the endogenous triglycerides produced by 
the liver. Transport of endogenous triglycerides is in association with β-
lipoproteins, the very low density lipoproteins. In order to ensure 
measurement of endogenous triglycerides, blood must be drawn in the 
postabsorptive state.

B. Interpretation: Concentration of triglycerides, cholesterol, and 
lipoprotein fractions (VLDL, LDL, and HDL) is interpreted collectively. 
Disturbances in normal relationships of these lipid moieties may be 
primary or secondary in origin.

1. Elevated (hyperlipoproteinemia):
a. Primary – type I hyperlipoproteinemia (exogenous hyperlipidemia), 

type II hyperbetalipoproteinemia, type III broad beta hyperlipoproteinemia, 
type IV hyperlipoproteinemia (endogenous hyperlipidemia), and type V 
hyperlipoproteinemia (mixed hyperlipidemia).
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b. Secondary – hypothyroidism, diabetes mellitus, nephrotic syndrome, 
chronic alcoholism with fatty liver, ingestion of contraceptive steroids, 
biliary obstruction, and stress.

2. Decreased (hypolipoproteinemia):
a. Primary – Tangier disease (α-lipoprotein deficiency), 

abetalipoproteinemia, and a few rare, poorly defined syndromes.
b. Secondary – malnutrition, malabsorption, and, occasionally, with 

parenchymal liver disease.
Hypertriacylglycerolemia
Norm – at the 0.5-1.8 mmol/L
Low risk – at the 1.81-2.25 mmol/L 
Moderate risk – at the 2.26-4.50 mmol/L 
High risk – at the greater than 4.50 mmol/L
Triacylglycerol, Serum: Normal – 0.5 -1.8 mmol/L.
Reagents: 1. Reagent 1; 2. Glycerol standard solution; 3. Blood serum.
Practical procedure:
Take 3 test tubes and label as test (T), standard (S) and blank (B) as 

shown in the table below:

Pipette
Test-tube 1

Test
Test-tube 2
Standard

Test-tube 3
Blank

Blood serum 0.01 ml - -

Glycerol standard solution - 0.01 ml -

Reagent 1 1.0 ml 1.0 ml 1.0 ml

Add 0.01 ml of researched serum and 1 ml of Reagent 1 in a test-tube 1, 
0.01 ml of glycerol standard solution and 1.0 ml of Reagent 1 in a test-tube 
2 and 1.0 ml of Reagent 1 in a test-tube 3. 

Mix thoroughly the contents of the test-tubes and incubate at a room 
temperature for 10 minutes to let the colors develop. The coloured 
solutions (test-tubes 1 or 2) are placed in cuvettes (the layer thickness = 
l cm) and analyzed on a photoelectric colorimeter against blank (test-tube 
3) at 500 nm wavelength. Determine the optical densities of standard and 
test.

Calculation 
Determine the concentration of blood triacylglycerol using the formula:

Сt = (Еt × Сs) / Еs,
Where Сt – concentration of the triacylglycerol in test-tube 1 (Test), Еt 

– optical density of test in test-tube 1 (Test), Сs – concentration of the 
glycerol standard solution in test-tube 2 (Standard), Еs – optical density of 
standard in test-tube 2 (Standard).
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8. QUALITATIVE TEST FOR PRESENCE OF KETONE 
BODIES IN URINE

Principle of method: The method is based on the tendency of acetone 
and acetoacetic acid to form, when allowed to react with sodium 
nitroprusside in an alkaline medium, complexes coloured orange-red which 
turn to cherry-red products in an acidified medium.

Diagnostic significance:
In normal individuals, there is a constant production of ketone bodies 

by liver and their utilization by extrahepatic tissues. The concentration of 
ketone bodies in blood is maintained around 1 mg/dl. Their excretion in 
urine is very low and undetectable by routine tests. When the rate of 
synthesis of ketone bodies exceeds the rate of utilization, their 
concentration in blood increases, this is known as ketonemia. This is 
followed by ketonuria – excretion of ketone bodies in urine. The overall 
picture of ketonemia and ketonuria is commonly referred to as ketosis. 
Smell of acetone in breath is a common feature in ketosis. Ketosis is most 
commonly associated with starvation and severe uncontrolled diabetes 
mellitus.

Starvation: Starvation is accompanied by increased degradation of 
fatty acids (from the fuel reserve triacylglycerol) to meet the energy needs 
of the body. This causes an overproduction of acetylCoA which cannot be 
fully handled by citric acid cycle. Furthermore, citric acid cycle is impaired 
due to deficiency of oxaloacetate, since most of it is diverted for glucose 
synthesis to meet the essential requirements (often unsuccessful) for tissues 
like brain. The result is an accumulation of acetylCoA and its diversion for 
overproduction of ketone bodies.

Diabetes mellitus: Diabetes mellitus is associated with insulin 
deficiency. This results in impaired carbohydrate metabolism and increased 
lipolysis, both of them ultimately leading to the accumulation of acetylCoA 
and its conversion to ketone bodies. In severe diabetes, the ketone body 
concentration in blood plasma may reach 100 mg/dl and the urinary 
excretion may be as high as 500 mg/day.

Reagents: 1. Urine; 2. Sodium nitroprusside solution, 100 g/L; 
3. Acetate solution; 4. NaOH solution, 100 g/L.

Practical procedure:
Add 1 drop of 10% sodium nitroprusside solution and 2 drops of 10% 

NaOH solution to 5 drops of urine. The orange-red colour is produced. Add 
3 drops of acetate solution. The cherry colour is produced.
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9. QUANTITATIVE DETERMINATION OF UREA BY THE 
ENZYMATIC METHOD IN THE SERUM

Principle of method: Urea in the blood is converted to ammonia and 
CO2 by the action of urease enzyme. Ammonia reacts with chromogen in 
the presence of sodium hypochlorite to form coloured complex. 
Concentration of coloured product is measured on photoelectric 
colorimeter. Concentration of blood urea is directly proportional to the 
colour intensity.

Diagnostic significance:
A. Physiologic basis: Urea, an end product of protein metabolism, is 

excreted by the kidney. The urea concentration in the glomerular filtrate is 
the same as in the plasma. Tubular reabsorption of urea varies inversely 
with rate of urine flow. Thus, urea is a less useful measure of glomerular 
filtration than is creatinine, which is not reabsorbed. Blood urea nitrogen 
varies directly with protein intake and inversely with the rate of excretion 
of urea.

B. Interpretation:
1. Increased level of urea (uremia) observed in
a. Extra-renal conditions are due to increased nitrogen metabolism 

associated with diminished renal blood flow or impaired renal function –
dehydration (from any cause) and upper gastrointestinal bleeding 
(combination of increased protein absorption from digestion of blood plus 
decreased renal blood flow), diabetic coma, thyrotoxicosis.

b. Pre-renal conditions are due to decreased renal blood flow – shock, 
adrenal insufficiency, diabetes mellitus, dehydration, cardiac failure, etc. 

c. Renal conditions are due to renal insufficiency – nephritis, acute and 
chronic; acute renal failure (tubular necrosis). 

d. Post-renal conditions are due to enlargement of prostate, urinary tract 
obstruction, due to tumors, stones, etc.

2. Decreased level of urea observed in hepatic failure, nephrosis not 
complicated by renal insufficiency, cachexia, pregnancy, malnutrition and 
starvation.

Urea, Serum: Normal – 2.5-8.3 mmol/l (8-25 mg/dL), 
Urea, Urine: Normal – 333.0-587.7 mmol/L (21-53 mg/dL).
Reagents: 1. Reagent 1 (enzymatic reagent), Reagent 2 (chromogen), 

Reagent 3 (sodium hypochlorite); 2. Urea standard solution; 3. Blood 
serum.

Practical procedure:
Take 3 test tubes and label as test (T), standard (S) and blank (B) as 

shown in the table below:
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Pipette
Test-tube 1

Test
Test-tube 2
Standard

Test-tube 3
Blank

Blood serum 0.01 ml - -
Urea standard solution - 0.01 ml -

Reagent 1 0.25 ml 0.25 ml 0.25 ml

incubation at 370C for 10 min

Reagent 2 (chromogen) 0.5 ml 0.5 ml 0.5 ml

Reagent 3 (sodium hypochlorite) 0.5 ml 0.5 ml 0.5 ml

incubation at 370C for 5 min 

Add 0.01 ml of researched serum and 0.25 ml of Reagent 1 in a test-
tube 1, 0.01 ml of urea standard solution and 0.25 ml of Reagent 1 in a test-
tube 2 and 0.25 ml of Reagent 1 in a test-tube 3. Mix thoroughly the 
contents of the test-tubes and incubate at 370C for 10 minutes.

After incubation add 0.5 ml of Reagent 2 and Reagent 3 in all test-tubes 
(test- tube 1, test-tube 2, and test-tube 3) sequentially, incubate at 370С for 
5 minutes. The coloured solutions (test-tubes 1 or 2) are placed in cuvettes 
(the layer thickness = l cm) and analyzed on a photoelectric colorimeter 
against blank (test-tube 3) at 590 nm wavelength. Determine the optical 
densities of standard and test.

Calculation 
Determine the concentration of blood urea using the formula:

Сt = (Еt × Сs) / Еs,
Where Сt – concentration of the urea in test-tube 1 (Test), Еt – optical 

density of test in test-tube 1 (Test), Сs – concentration of the urea standard 
solution in test-tube 2 (Standard), Еs – optical density of standard in test-
tube 2 (Standard).

10. QUALITATIVE TEST FOR PRESENCE OF 
PHENYLPYRUVATE IN URINE (FEHLING'S TEST)

Principle of method: Phenylpyruvate reacts with ferric ions to form 
the blue-green color complex.

Diagnostic significance: Phenylketonuria (PKU) is inherited as an 
autosomal recessive trait (both parents must pass on the defective gene for 
the child to be affected). 

In PKU phenylalanine cannot be used in a normal fashion because of 
the missing enzyme called phenylalanine hydroxylase. Subsequently, high 
levels of phenylalanine, and 2 closely-related phenylalanine derivatives, 
build up in the body. These compounds are toxic to the central nervous 
system and cause brain damage. Damage to the brain causes marked mental 
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retardation by the end of the first year of life if the offending proteins are 
not scrupulously avoided. Older children may develop movement disorders 
(athetosis), rocking, and hyperactivity. 

PKU is a treatable disease that can be easily detected by a simple blood 
test. Most states require a screening test for all newborns, generally done 
with a heel stick shortly after birth. Blood is routinely drawn from newborn 
infants for testing. Blood is obtained by "heel stick" and collected on a 
special blotter paper. 

Because phenylalanine is involved indirectly in the production of 
melanin, children with PKU often have lighter complexions than their 
unaffected siblings. There is a characteristic "mousy" odor that results from 
the accumulation of phenylacetic acid. This odor may be detected on the 
breath, skin, and urine if the condition has not been treated immediately 
from birth or if foods containing phenylalanine are consumed.

Reagents: 1. Urine 1 and 2; 2. Ferric chloride solution; 3. Filter papers.
Practical procedure:
Put several urine drops on 2 filter papers; add 8-10 drops of ferric

chloride solution. 

11. BENZIDINE TEST

Principle of method: Blood can be detected by preparing derivatives 
of hemoglobin like hemochromogen and hemin crystals. Hemoglobin 
decomposes hydrogen peroxide to liberate nascent oxygen (O-) which 
oxidizes benzidine to deeply greenish-blue coloured complex. This is due 
to the catalytic effect of hemoglobin-haptoglobin complex which has 
peroxidase activity. 

Diagnostic significance:
Reaction is very sensitive and detects the presence of blood. This 

reaction is taken as a principle detection of the latent blood in feces, and 
also for control of presterilization clearing of toolkit and ware in clinical 
practice.

Reagents: 1. Defibrinated blood diluted by water; 2. Benzidine 
solution, 50 g/L; 3. Hydrogen peroxide solution, 30 g/L.

Practical procedure:
Place 5 drops of blood and 5 drops of benzidine in the test-tube 1. Then 

add 5 drops of hydrogen peroxide. In the test-tube 2 place 5 drops of 
distilled water, 5 drops of benzidine and 5 drops of hydrogen peroxide. 
Compare received results.
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12. GLUCOSE AND PROTEIN DETERMINATION IN URINE 
BY TEST STRIPS

A plastic test strip is used, which contains pads that have incorporated 
within them the reagents for chemical reactions for the detection of a 
number of urine constituents. Urine is added to the pads for reaction by 
dipping the plastic strip into the urine and then slowly withdrawing it. The 
subsequent colorimetric reactions are timed to an endpoint; the extent of 
colors formation is directly related to the level of the urine constituent. The 
colors can be read manually by comparison with color charts.

Strips test simultaneously are used for the presence of glucose, ketones, 
blood, protein, nitrite, pH, urobilinogen, bilirubin, leucocytes in urine.

Clinical significance:
Proteins. Reagent-strip test for protein is a semi-quantitative screening 

procedure for proteinuria. Most of the urine protein is albumin, which has 
crossed the glomerular membrane. Smaller-molecular-weight proteins such 
as globulins may also be present in urine. Once filtered at the glomerulus, 
proteins are almost completely reabsorbed in the proximal tubule. 
Proteinuria, therefore, can be the result of either increased filtration at the 
glomerulus or decreased tubular reabsorption. Glomerular proteinuria is 
associated with the presence of larger molecular weight proteins and larger 
protein losses, usually > 2 g/day. The nephrotic syndrome is associated 
with very large losses of protein, usually > 2-3 g/day. Tubular proteinuria is 
associated with smaller amounts (1-3 g/day) of lower molecular weight 
protein molecules. Small losses of protein in urine can be seen with 
vigorous exercise and pregnancy. Normal  a healthy person will excrete 
up to approximately 100 mg/day, a very small fraction of the plasma 
protein that is filtered at the glomerulus.

Sugars: Glucose is the predominant sugar in urine. It is not detectable 
by reagent strips in the urine of healthy individuals. Temporary elevation of 
glucose excretion measurable by test strips can occur after treatment with 
some drugs, cases of shock and during pregnancy. Repeated positive 
testing is almost always diagnostic for diabetes or pancreatitis. Normal -
health individuals normally will have no detectable sugars in their urine.

Practical procedure:
Place 10-15 ml of urine in the test tube. Dip a strip in urine and wait 

five minutes. If the test color appears somewhat mottled at higher 
concentrations, match the darkest color to the color on the reagent pad. The 
results can be read by visual comparison with a color chart printed on the 
side of each vial.
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