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                                   EDO UNIVERSITY IYAMHO  
                                 Faculty of Basic Medical Sciences 

                                Department of Biochemistry      
                BCH 221: Introductory Biochemistry II (3 Credits) 
 
Instructor: Dr. Usunobun Usunomena 
Email: usunobun.usunomena@edouniversity.edu.ng 
Lectures: Tuesday 11-1pm, LT6 and Friday 2-3pm, LT6  
Phone: (+234) 8034174871 
Office hours: Mondays, Wednesdays and Thursdays, 11.00-3.00pm 
 
Co-Instructor: Prof. Campbell 
 
General overview of lecture:  

• Degradation and digestion of carbohydrate-( sugars), storage polysaccharides and cell 
walls. Introduction to metabolism. Metabolism of amino acids and proteins, including the 
formation of excretory products. Metabolism of lipids; fatty acids and triglyceride 
degradation; lipoproteins; membranes and membrane structure (elementary introduction).  

• Metabolism of carbohydrates: glycolysis, TCA cycle, pentose phosphate pathway. Cori 
cycle, Calvin pathway, glycogenesis/ Glycogenolysis. Entry of fructose, galactose and 
other hexoses into the glycolytic pathway. Uronic acid pathway with its biomedical 
importance. Regulation of blood sugar & biochemical basis of complications of diabetes, 
Metabolism of carbohydrates in fed & fasting state. Disorders of carbohydrate 
metabolism. Electron transport and oxidative phosphorylation.  

• Accessory food factors and trace elements: their importance in nutrition and role in 
metabolism.  

 
Learning outcomes: At the completion of this course, students are expected to: 

• Have vast and detail knowledge of various metabolic pathways such as Glycolysis, TCA 
cycle, pentose phosphate pathway, Cori cycle, Calvin pathway, glycogenesis/ 
Glycogenolysis,  Electron transport and oxidative phosphorylation. 

• Understand the Entry of fructose, galactose and other hexoses into the glycolytic 
pathway. 

• Acquire detail knowledge of the regulation of blood sugar & biochemical basis of 
complications of diabetes. 

• Understand the biochemistry behind Accessory food factors and their importance in 
nutrition and role in metabolism. 

• Have vast knowledge of trace elements and their importance in nutrition and role in 
metabolism  
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Assignments: We expect to have 3 homework assignments throughout the course in addition to 
a Mid-Term Test and a Final Exam. Term papers are to be given and submission made on the 
due date. Home works in the form of individual assignments, and group assignments are to be 
organized and structured as preparation for the midterm and final exam, and are meant to be a 
studying material for both exams.  
 
Grading: We will assign 10% of this class grade to home works, 10% for the student 
presentation, 10% for the mid-term test and 70% for the final exam. The Final exam is 
comprehensive. 
 
Textbook: The recommended textbook for this class are as stated: 
(i) Biochemistry by LubertStryer 
(ii) Biochemistry by Voet and Voet 
(iii) Lehninger, A. L. Principles of Biochemistry 
 (iv) Harper, H.A. Review of Physiological Chemistry   
(v) Karlson P. Introduction to Modern Biochemistry. 
 
 

MAIN LECTURE 

Glycolysis 
The major function of carbohydrates in metabolism is as a fuel to be oxidized and provide energy 
for other metabolic processes. The carbohydrate is utilized by cells mainly as glucose. The 3 
principal monosaccharides resulting from digestive processes are glucose, fructose and galactose.  
 
Much of the glucose is derived from starch which accounts for over half of the fuel in the diets of 
most humans. Glucose is also produced from other dietary components by the liver and, to a 
lesser extent, by the kidneys.  
 
Fructose results on large intake of sucrose while galactose is produced when lactose is the 
principal carbohydrate of the diet. Both fructose and galactose are easily converted to glucose by 
the liver. It is thus apparent that glucose is the major fuel of most organisms and that it can be 
quickly metabolized from glycogen stores when there arises a sudden need for energy. 
 
Bacteria can use the skeletal carbon atoms obtained from glucose to synthesize every amino acid, 
nucleotide, cofactor and fatty acid required for life. 
 
For higher plants and animals there are three major metabolic fates for glucose. 
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Glycolysis is the sequence of enzyme-catalyzed reactions that converts glucose into pyruvate 
with the   simultaneous production of ATP. 
 
Glycolysis occurs in the cytosol of cells and is essentially an anaerobic process since the 
pathway’s principle steps do not require oxygen. It is frequently referred to as Embden-
Meyerhof-Parnas or EMP pathway, in honour of these poineer workers in the field, and still 
represents one of the greatest achievements in the field of biochemistry. 
 
Glycolysis is an almost universal central pathway of glucose catabolism, the pathway with the 
largest flux of carbon in most cells. The glycolytic breakdown of glucose is the sole source of 
metabolic energy in some mammalian tissues and cell types (erythrocytes, renal medulla, brain, 
and sperm, for example).  
 
Some plant tissues that are modified to store starch (such as potato tubers) and some aquatic 
plants (watercress, for example) derive most of their energy from glycolysis; many anaerobic 
microorganisms are entirely dependent on glycolysis. 
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Two Phases of Glycolysis 
During glycolysis, the 6-carbon glucose is broken down into two moles of 3-carbon pyruvate via 
10 enzyme-catalyzed sequential reactions. These reactions are grouped under 2 phases, phase I 
and II 
 
A. Phase I or Preparatory Phase. It consists of the first 5 steps. In these reactions, glucose is 
enzymatically phosphorylated by ATP (first at carbon 6 and later at carbon 1) to yield fructose 
1,6-diphosphate which is then split in half to yield 2 moles of the 3-carbon compound, 
glyceraldehyde 3-phosphate. The first phase of glycolysis, thus, results in cleavage of the hexose 
chain. This phase requires an investment of 2ATP moles to activate (or prime) the glucose mole 
and prepare it for its cleavage into two 3- carbon pieces. Besides glucose, other hexoses such as 
D-fructose, D-galactose and D-mannose may also convert into glyceraldehyde 3-phosphate. 
 
B. Phase II or Payoff Phase. The last 5 reactions of glycolysis constitute this phase. This phase 
represents the payoff of glycolysis, in which the energy liberated during conversion of 3 moles of 
glyceraldehyde 3-phosphate to 2 moles of pyruvate is converted by the coupled phosphorylation 
of 4 moles of ADP to ATP. Although 4 moles of ATP are formed in phase II, the net overall 
yield is only 2 moles of ATP per mole of glucsoe oxidized, since 2 moles of ATP are invested in 
phase I. The phase II is, thus, energy conserving. 
 
Thus, net profit is 2ATPs and 2NADH per glucose. Overall reaction is:  
Glucose + 2ADP + 2NAD+ + 2Pi → 2pyruvate + 2ATP + 2NADH + 2H2O + 4H+ 
 

THE REACTIONS OF GLYCOLYSIS 
(A). Glucose → Glucose-6-phosphate (G6P), First ATP Utilization 
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Hexokinase transfers the phosphate of ATP to the C-6 hydroxyl group of glucose to yield 
glucose 6-phosphate. The phosphorylation of glucose commits it to the cell. A Kinase is an 
enzyme that catalyzes the transfer of the terminal phosphoryl group of ATP to some acceptor 
nucleophile. The acceptor in the case of hexokinase is the C-6 hydroxyl group of D-glucose, D-
mannose or D-fructose. Hexokinase requires Mg2+ for activity. 
 
Hexokinase is found in all cells of all organisms. Isozymes of hexokinase are found in yeast and 
mammals. Glucokinase is an isozyme of hexokinase sometimes called Hexokinase IV (other 
times called Hexokinase D). Glucokinase is found in hepatocytes (liver cells). 
 
Hexokinase is found in all tissues and exists in 4 isoenzyme forms, types I, II, III and IV. Brain 
contains chiefly type I and skeletal muscle, the type II. All the 3 types are present in human liver 
and fat. Type I is found in the cytosol or bound to the mitochondria, whereas type II exists 
primarily in the cytosol. Hexokinase, like all other kinases, requires Mg2+ (or other divalent 
metal ions such as Mn2+, Ca2+ etc) for activity. 
 
This step is irreversible. So the glucose gets trapped inside the cell. (Glucose transporters 
transport only free glucose, not phosphorylated glucose). 
 
Hexokinase not only acts on glucose but also on some other common hexoses such as fructose 
and mannose. The activity of hexokinase is inhibited by the product of the reaction (i.e., glucose 
6-phosphate). Hexokinase has a high affinity for its substrate, glucose.  
 
Glucokinase (often designated hexokinase IV) is found almost exclusively in the liver. 
Glucokinase differs from mammalian hexokinase in 3 respects : 
(a) It is specific for glucose and does not act on other hexoses. 
(b) It is not inhibited by glucose 6-phosphate. 
(c) It has a low affinity for glucose than hexokinase. 
The function of glucokinase is to remove glucose from the blood following a meal and to trap it 
in the liver cells, thereby allowing storage of glucose as glycogen or, after further metabolism, as 
fatty acids. 
 
(B). Glucose 6-phosphate (G6P) to Fructose 6-phosphate (F6P) 
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Enzyme: Phosphoglucose isomerase (PGI)  
Reaction: Isomerization of an aldose to ketose 
 
In the second reaction of glycolysis the aldose glucose-6-phosphate is isomerized into the ketose, 
fructo- 
6-phosphate. The carbonyl is shifted from the C1 of glucose to the C2 of fructose. 
 
©. Fructose 6-phosphate (F6G) to Fructose-1,6-bisphosphate (FBP) , Second ATP Utilization 

 

 
This is the second of the two priming reactions of glycolysis. The phosphorylation is catatyzed 
by the enzyme phosphofructokinase. This reaction is the first committed step of glycolysis. 
Phosphofructokinase commits the glucose towards glycolysis. This is the enzyme that regulates 
the flux of metabolites through the pathway. It is allosterically regulated. 
It is considered to be the committed step in glycolysis since the PFK action ‘commits’ the cell to 
metabolizing glucose rather than storing or converting it to some other hexose. In addition to 
being a key step, it is an important control point of glycolysis. 
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This enzyme is called PFK-1 to distinguish it from a second enzyme (PFK-2) that catalyzes the 
formation of fructose 2,6-bisphosphate from fructose 6-phosphate in a separate pathway. The 
PFK-1 reaction is essentially irreversible under cellular conditions, and it is the first “committed” 
step in the glycolytic pathway; glucose 6-phosphate and fructose 6-phosphate have other possible 
fates, but fructose 1,6-bisphosphate is targeted for glycolysis. 
 
The activity of phosphofructokinase is accelerated whenever the cell is deficient in ATP or there 
is an excess of ATP breakdown products (i.e., ADP and AMP). The activity is, however, 
inhibited whenever the cell has  plentiful ATP (and other fuels such as citrate or fatty acids) 
which lowers the affinity of the enzyme for fructose 6-phosphate. 
 
Phosphofructokinase-1 is a regulatory enzyme, one of the most complex known. It is the major 
point of regulation in glycolysis. The activity of PFK-1 is increased whenever the cell’s ATP 
supply is depleted or when the ATP breakdown products, ADP and AMP (particularly the latter), 
are in excess. The enzyme is inhibited whenever the cell has ample ATP and is well supplied by 
other fuels such as fatty acids. 
 
(D). Fructose-1,6-bisphosphate to two trioses, Glyceraldehyde-3-phosphate (GAP) and 

Dihydroxyacetone phosphate (DHAP) 
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Since fructose 1, 6-diphosphate is a molecule with phosphate group on both ends, it splits in the 
middle into two different triose phosphates, glyceraldehyde 3-phoshpate (an aldose) and 
dihydroxyacetone phosphate (a ketose). This reaction is catalyzed by the enzyme fructose 
diphosphate aldolase (often simply called aldolase) which cleaves the fructose 1, 6-diphosphate 
molecule between C3 and C4. Carbon atoms 4, 5 and 6 appear in glyceraldehyde 3-phosphate 
and 1, 2 and 3 in dihydroxyacetone phosphate. This is the “lysis” step that gives the pathway its 
name. 
 
E. Dihydroxyacetone phosphate (DHAP) to Glyceraldehyde-3-phosphate (GAP) 

  

 
 
Of the two products formed in the aldolase reaction, only glyceraldehydes goes on into the 
second phase of glycolysis. The other triose phosphate, dihydroxyacetone phosphate must be 
converted into glyceraldehydes 3-phosphate by the enzyme triose phosphate isomerase. So, 2 
molecules of GAP are formed from each molecule of glucose. 
 
Since there are 2 GAP molecules generated from each glucose, each of the remaining reactions 
occur twice for each glucose molecule being oxidized. 
 
(F). Glyceraldehyde 3-phosphate (GAP) to 1,3-Bisphophoglycerate (1,3-BPG), First “High-

Energy” Intermediate Formation 
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Enzyme: Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)  
Reaction: Oxidation and phosphorylation 
 
GAP is dehydrogenated by the enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 
In the process, NAD+ is reduced to NADH  +  H+ from NAD. Oxidation is coupled to the 
phosphorylation of the C1 carbon. The product is 1,3-bisphosphoglycerate. 
 
(G). 1,3-Bisphosphoglycerate (1,3-BPG) to 3-Phosphoglycerate (3PG): First ATP Generation 

 

 
This is the first ATP-generating reaction in glycolysis. It involves the transfer of high-energy 
phosphate group from 1, 3-diphosphoglycerate to ADP by the enzyme phosphoglycerate kinase, 
thus producing ATP and leaving 3-phosphoglycerate. The formation of ATP by phosphoryl 
group transfer from a substrate such as 1,3-bisphosphoglycerate is referred to as a substrate-
level phosphorylation. 
 
Since 2 moles of triose phosphate are produced per mole of glucose, 2 moles of ATP are 
generated at this stage per mole of glucose oxidized. 
 
(H). 3-Phosphoglycerate (3PG) to 2-Phosphoglycerate (2PG) 
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The 3-phosphoglycerate is converted into 2-phosphoglycerate due to the intramolecular shift of 
phosphoryl group from C3 to C2, by the enzyme phosphoglycerate mutase. Mg2+ is essential for 
this reaction. 
 
(I). 2-Phosphoglycerate (2PG) to Phosphoenolpyruvate (PEP) 

  
 
Enzyme: Enolase  
Reaction: Dehydration 
 
A water molecule is removed to form phosphoenolpyruvate which has a double bond between 
C2 and C3. 
Enolase requires Mg2+, Mn2+, or Zn2+ as cofactor in its active site which forms a complex with 
the enzyme before the substrate is bound. Enolase is inhibited by the simultaneous presence of 
fluoride and phosphate. In fact, the fluorophosphate ion, which binds with Mg2+ forming 
magnesium fluorophosphate, is the true 
inhibitor. 
 
(J). Phosphoenolpyruvate (PEP) to Pyruvate 
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This is the second ATP-generating reaction in glycolysis. Here, phosphoenolpyruvate (PEP) is 
converted into pyruvate by the enzyme pyruvate kinase (abbreviated as PK). The enzyme 
catalyzes the transfer of a phosphoryl group from PEP to ADP, thus forming ATP.  
 
Enolphosphate is a high energy bond. It is hydrolyzed to form the enolic form of pyruvate with 
the synthesis of ATP. The irreversible reaction is catalyzed by the enzyme pyruvate kinase. Enol 
pyruvate quickly changes to keto pyruvate which is far more stable. 
 
Pyruvate kinase is found in 3 major forms : muscle and brain contain the M type and liver the L 
type whereas most other tissues contain the A type. The enzyme is dependent on the 
concentration of K+ which increases the affinity of PEP for enzyme. The enzyme also requires 
Mg2+ as it forms a complex with ATP, Mg2+. 
 
There are 3 important routes taken by pyruvate after glycolysis, depending on the organism and 
the metabolic 
Conditions. 

 Some important 
fates of glucose 
 
AEROBIC FATE OF PYRUVATE 
(a) In aerobic organisms, the pyruvate so formed then enters mitochondria where it is oxidized, 
with the loss of its carboxyl group as CO2, to form the acetyl group of acetyl-coenzyme A. Later, 
the acetyl group is completely oxidized to CO2 and H2O by the citric acid cycle with the 
intervention of molecular oxygen. This pathway is followed by aerobic animal and plant cells. 
 
ANAEROBIC FATE OF PYRUVATE 
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      Amount of NAD+ in a cell is limited. Thus, NADH produced by GAPDH must be recycled in 
order to continue  
Glycolysis. Under anaerobic condition, the NAD+ is replenished by the reduction of pyruvate by 
two processes:  

• Homolactic fermentation (in muscle)  
• Alcoholic fermentation (in yeast) 

(a) Homolactic fermentation (in muscle) 
If the supply of oxygen is insufficient, as in vigorously contracting skeletal muscles, the pyruvate 
cannot be oxidized further for lack of oxygen. Under such conditions, it is then reduced to 
lactate, a process called anaerobic glycolysis. Lactate is also produced from glucose in anaerobic 
microorganisms that carry out lactic acid fermentation (Homolactic fermentation) 

 
(b)  Alcoholic Fermentation  
In some microorganisms (e.g., brewer's yeast), the pyruvate formed from glucose is transformed 
anaerobically into ethanol and CO2, a process called alcoholic fermentation. 
 
Yeast and other microorganisms ferment glucose to ethanol and CO2, rather than to lactate. 
Glucose is converted to pyruvate by glycolysis, and the pyruvate is converted to ethanol and CO2 
in a two-step process: 
 
1. Decarboxylation of pyruvate to form acetaldehyde.   
In the first step, pyruvate is decarboxylated in an irreversible reaction catalyzed by 
pyruvate decarboxylase. This reaction is a simple decarboxylation and does not 
involve the net oxidation of pyruvate. Pyruvate decarboxylase requires Mg2+ and 
has a tightly bound coenzyme, thiamine pyrophosphate, 
 
2. Reduction to ethanol by NADH. 
In the second step, acetaldehyde is reduced to ethanol through the action of alcohol 
dehydrogenase, with the reducing power furnished by NADH derived from the dehydrogenation 
of glyceraldehyde 3-phosphate. NAD+ is regenerated by reduction of acetaldehyde to ethanol. 
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Thiamine pyrophosphate (TPP), is a coenzyme derived from vitamin B1. Lack of vitamin B1 
in the human diet leads to the condition known as beriberi, characterized by an accumulation of 
body fluids (swelling), pain, paralysis, and ultimately death. 
 
Pyruvate decarboxylase is present in brewer’s and baker’s yeast and in all other organisms that 
ferment glucose to ethanol, including some plants. The CO2 produced by pyruvate 
decarboxylation in brewer’s yeast is 
responsible for the characteristic carbonation of champagne.  
 
In baking, CO2 released by pyruvate decarboxylase when yeast is mixed with a fermentable 
sugar causes dough to rise. The enzyme is absent in vertebrate tissues and in other organisms that 
carry out lactic acid fermentation. 
 
Alcohol dehydrogenase is present in many organisms that metabolize ethanol, including humans. 
In human liver it catalyzes the oxidation of ethanol, either ingested or produced by intestinal 
microorganisms, with the concomitant reduction of NAD+ to NADH. 
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Regulation of Hexokinase 

• Hexokinase catalyzed phosphorylation of glucose is the first irreversible step of 
glycolysis 

• Regulated only by excess glucose-6-phosphate. If G6P accumulates in the cell, there is 
feedback inhibition of hexokinase till the G6P is consumed. 

• Glucose-6-phosphate is required for other pathways including the pentose phosphate 
shunt and glycogen synthesis. So hexokinase step is not inhibited unless G-6-P 
accumulates. (no regulation by downstream intermediates /products of metabolism) 

• Actually, liver, the site of glycogen synthesis, has a homologous enzyme called 
glucokinase. This has a high KM for glucose. This allows brain and muscle to utilize 
glucose prior to its storage as glycogen 

 
Regulation of Phosphofructokinase 

• The phosphofructokinase step is rate-limiting step of glycolysis. 
• High AMP/ADP levels are activators of this enzyme, while high ATP levels are 

inhibitory (energy charge). In addition, 
• Feed-back inhibition by Citrate, an intermediate of the TCA cycle. 
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Regulation of pyruvate kinase 
• If glycolysis gets past the phosphofructokinase step, then regulation is at the pyruvate 

kinase step. 
• Pyruvate kinase activity is inhibited under low glucose conditions by covalent 

phosphorylation 
• If fructose 1,6 bisphosphate is formed, it acts a allosteric feedforward activator and drives 

the pyruvate kinase reaction forward. 
• Other positive effectors are AMP and ADP while ATP is a negative effector. 
• Alanine, an aminoacid derived from pyruvate, is a negative effector of catabolism. 

Alanine levels signal the anabolic state of a cell. High alanine levels indicate that the cell 
has enough starting material for anabolic reactions. 

 
OTHER MONOSACCHARIDES ENTER THE GLYCOLYTIC PATHWAY AT 
SEVERAL POINTS 
In most organisms, hexoses other than glucose can undergo glycolysis after conversion to a 
phosphorylated derivative.  
 
FRUCTOSE 
Fructose, present in free form in many fruits and formed by hydrolysis of sucrose in the small 
intestine of vertebrates, is phosphorylated by hexokinase: 

 
 
This is a major pathway of fructose entry into glycolysis in the muscles and kidney. In the liver, 
however, fructose enters by a different pathway. The liver enzyme fructokinase catalyzes the 
phosphorylation of fructose at C-1 rather than C-6: 

 
 
The fructose 1-phosphate is then cleaved to glyceraldehydes and dihydroxyacetone phosphate by 
fructose 1-phosphate aldolase: 
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Dihydroxyacetone phosphate is converted to glyceraldehydes 3-phosphate by the glycolytic 
enzyme triose phosphate isomerase. Glyceraldehyde is phosphorylated by ATP and triose kinase 
to glyceraldehyde 3-phosphate: 

 
Thus both products of fructose 1-phosphate hydrolysis enter the glycolytic pathway as 
glyceraldehyde 3-phosphate. 
 
MANNOSE 
Mannose, released in the digestion of various polysaccharides and glycoproteins of foods, can be 
phosphorylated at C-6 by hexokinase: 

 
Mannose 6-phosphate is isomerized by phosphomannose isomerase to yield fructose 6-
phosphate, an intermediate of glycolysis. 
 
GALACTOSE 
Galactose, a product of hydrolysis of the disaccharide lactose (milk sugar), passes in the blood 
from the intestine to the liver, where it is first phosphorylated at C-1, at the expense of ATP, by 
the enzyme galactokinase: 

 
 
The galactose 1-phosphate is then converted to its epimer at C-4, glucose 1-phosphate, by a set 
of reactions in which uridine diphosphate (UDP) functions as a coenzyme-like carrier of 
hexose groups. The epimerization involves first the oxidation of the C-4 OOH group to a ketone, 
then reduction of the ketone to an OOH, with inversion of the configuration at C-4. NAD is the 
cofactor for both the oxidation and the reduction. 
 
Defects in any of the three enzymes in this pathway cause galactosemia in humans. In 
galactokinase deficiency galactosemia, high galactose concentrations are found in blood and 
urine. Infants develop cataracts, caused by deposition of the galactose metabolite galactitol in the 
lens 
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Conversion of Galactose to Glucose 1-phosphate 
. 
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THE CITRIC ACID CYCLE 
We know that glucose can be metabolized to pyruvate anaerobically to synthesize ATP through 
the glycolytic pathway. Glycolysis, however, harvests but a fraction of the ATP available from 
glucose. We now begin an exploration of the aerobic processing of glucose, which is the source 
of most of the ATP generated in metabolism. The aerobic processing of glucose starts with the 
complete oxidation of glucose derivatives to carbon dioxide. This oxidation takes place in the 
citric acid cycle. 
 
Glycolysis has both an aerobic and an anaerobic mode, whereas the citric acid cycle is strictly 
aerobic. Glycolysis can proceed under anaerobic conditions because NAD+ is regenerated in the 
conversion of 
pyruvate into lactate. 
 
Under aerobic conditions, the pyruvate generated from glucose is oxidatively decarboxylated to 
form acetyl CoA. In eukaryotes, the reactions of the citric acid cycle take place inside 
mitochondria, in contrast with those of glycolysis, which take place in the cytosol. 
 
The citric acid cycle (Krebs cycle, tricarboxylic acid cycle) is a series of reactions in 
mitochondria that oxidize acetyl residues (as acetyl-CoA) and reduce coenzymes that upon 
reoxidation are linked to the formation of ATP. 
 
The citric acid cycle is the final pathway for the oxidation of carbohydrate, lipid, and protein 
whose common end-metabolite, acetyl-CoA, reacts with oxaloacetate to form citrate. By a series 
of dehydrogenations and decarboxylations, citrate is degraded, releasing reduced coenzymes and 
2CO2 and regenerating oxaloacetate. 
 
The citric acid cycle is the final common pathway for the aerobic oxidation of carbohydrate, 
lipid, and protein because glucose, fatty acids, and most amino acids are metabolized to acetyl-
CoA or intermediates of the cycle. It also has a central role in gluconeogenesis, lipogenesis, and 
interconversion of amino acids. Many of these processes occur in most tissues, but the liver is the 
only tissue in which all occur to a significant extent. 
 
Following the production of pyruvate from glycolysis in the cytosol of cell, a next cycle of 
events necessary for further energy production must take place within the mitochondrial 
correctly delineated powerhouse of the cell.  
 
Hence there is transport of pyruvate from the cytosol into the matrix of the mitochondria via 
special carriers, where it is then oxidatively decarboxylated in a series of steps to yield acetyl 
CoA, reaction catalysed by the multi enzyme complex called pyruvate dehydrogenase which is 
made up of pyruvate dehydrogenase ( E1), dihyrolipoate transactylase (E2) and dihyrolipoate 
dehydrogenase (E3). Co factors involved in this reaction are Mg2+, thiamine pyrophosphate. 
Lipoic acid, coenzyme A (CoA-SH). 
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The Citric Acid Cycle has dual roles catabolic and anabolic. The catabolic role involves 
oxidation of acetyl coA produced from carbohydratye, lipid and protein metabolism to produce 
ATP. While for the synthetic role involves the production of intermediates for synthesis of 
various compounds for example synthesis of non-essential amino acids from transamination of 
alanine, aspartate and glutamate to produce pyruvic acid, oxaloacetate and ketoglutarate 
respectively.; formation of glucose in the gluconeogenesis pathway via pyruvate., 
 
The cycle starts with reaction between the acetyl moiety of acetyl-CoA and the four-carbon 
dicarboxylic acid oxaloacetate, forming a six-carbon tricarboxylic acid, citrate. 
 
The citric acid cycle begins with acetyl CoA transferring its two-carbon acetyl group to the four-
carbon acceptor compound (Oxaloacetate) to form a six-carbon compound (citrate). 
 
Oxaloacetate first condenses with acetyl CoA to form citryl CoA, which is then hydrolyzed to citrate and 
CoA. 
 

 
 
In the subsequent reactions, two molecules of CO2 are released and oxaloacetate is regenerated. 
Only a small quantity of oxaloacetate is needed for the oxidation of a large quantity of acetyl-
CoA; oxaloacetate may be considered to play a catalytic role. 
 
The citric acid cycle is an integral part of the process by which much of the free energy liberated 
during the oxidation of fuels is made available. During oxidation of acetyl-CoA, coenzymes are 
reduced and subsequently reoxidized in the respiratory chain, linked to the formation of ATP 
(oxidative phosphorylation). This process is aerobic, requiring oxygen as the final oxidant of the 
reduced coenzymes. The enzymes of the citric acid cycle are located in the mitochondrial 
matrix, either free or attached to the inner mitochondrial membrane, where 
the enzymes of the respiratory chain are also found. 
 
The initial reaction between acetyl-CoA and oxaloacetate to form citrate is catalyzed by citrate 
synthase which forms a carbon-carbon bond between the methyl carbon of acetyl-CoA and the 
carbonyl carbon of oxaloacetate. The thioester bond of the resultant citryl- CoA is hydrolyzed, 
releasing citrate and CoASH—an exergonic reaction. 
 
Citrate is isomerized to isocitrate by the enzyme aconitase (aconitate hydratase); the reaction 
occurs in two steps: dehydration to cis-aconitate, some of which remains bound to the enzyme; 
and rehydration to isocitrate. 
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Although citrate is a symmetric molecule, aconitase reacts with citrate asymmetrically, so that 
the two carbon atoms that are lost in subsequent reactions of the cycle are not those that were 
added from acetyl-CoA. This asymmetric behavior is due to channeling— transfer of the 
product of citrate synthase directly onto the active site of aconitase without entering free 
solution. 
 

 
 
This provides integration of citric acid cycle activity and the provision of citrate in the cytosol as 
a source of acetyl-CoA for fatty acid synthesis. The poison fluoroacetate is toxic because 
fluoroacetyl-CoA condenses with oxaloacetate to form fluorocitrate, which inhibits aconitase, 
causing citrate to accumulate. 
 
Isocitrate undergoes dehydrogenation catalyzed by isocitrate dehydrogenase to form, initially, 
oxalosuccinate, which remains enzyme-bound and undergoes decarboxylation to α-ketoglutarate. 
The decarboxylation requires Mg2+ or Mn2+ ions. There are three isoenzymes of isocitrate 
dehydrogenase. One, which uses NAD+, is found only in mitochondria. The other two use 
NADP+ and are found in mitochondria and the cytosol.  

 
 
Respiratory chain-linked oxidation of isocitrate proceeds almost completely through the NAD+-
dependent enzyme. α-Ketoglutarate undergoes oxidative decarboxylation in a reaction 
catalyzed by a multi-enzyme complex similar to that involved in the oxidative decarboxylation 
of pyruvate. The α-ketoglutarate dehydrogenase complex requires the same cofactors as the 
pyruvate dehydrogenase complex—thiamin diphosphate, lipoate, NAD, FAD, and CoA—and 
results in the formation of succinyl-CoA. The equilibrium of this reaction is so much in favor of 
succinyl-CoA formation that it must be considered physiologically unidirectional. 
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As in the case of pyruvate oxidation, arsenite inhibits the reaction, causing the substrate, α-
ketoglutarate, to accumulate. 
 
Succinyl-CoA is converted to succinate by the enzyme succinate thiokinase (succinyl-CoA 
synthetase). 
This is the only example in the citric acid cycle of substrate-level phosphorylation. Tissues in 
which gluconeogenesis occurs (the liver and kidney) contain two isoenzymes of succinate 
thiokinase, one specific for GDP and the other for ADP. The GTP formed is used for the 
decarboxylation of oxaloacetate to phosphoenolpyruvate in gluconeogenesis and provides a 
regulatory link between citric acid cycle activity and the withdrawal of oxaloacetate for 
gluconeogenesis. 
 
This is the only step in the citric acid cycle that directly yields a compound with high phosphoryl transfer 
potential through a substrate-level phosphorylation. Some mammalian succinyl CoA synthetases are 
specific for GDP and others for ADP. 
 
Non-gluconeogenic tissues have only the isoenzyme that uses ADP. 
 

 
 
 
The onward metabolism of succinate, leading to the regeneration of oxaloacetate, is the same 
sequence of chemical reactions as occurs in the β-oxidation of fatty acids: dehydrogenation to 
form a carbon-carbon double bond, addition of water to form a hydroxyl group, and a further 
dehydrogenation to yield the oxo- group of oxaloacetate. 
 

 
 
The first dehydrogenation reaction, forming fumarate, is catalyzed by succinate dehydrogenase, 
which is bound to the inner surface of the inner mitochondrial membrane. The enzyme contains 
FAD and iron-sulfur (Fe:S) protein and directly reduces ubiquinone in the respiratory chain. 
Fumarase (fumarate hydratase) catalyzes the addition of water across the double bond of 
fumarate, yielding malate. Malate is converted to oxaloacetate by malate dehydrogenase, a 
reaction requiring NAD+. Although the equilibrium of this reaction 
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strongly favors malate, the net flux is toward the direction of oxaloacetate because of the 
continual removal of oxaloacetate (either to form citrate, as a substrate for gluconeogenesis, or to 
undergo transamination to aspartate) and also because of the continual reoxidation of NADH. 
 
•For each acetyl group that enters the citric acid cycle, three molecules of NADH are produced. 
•Electrons are also transferred to the electron acceptor FAD, forming FADH2. 
•At the end of each cycle, the four-carbon Oxaloacetate has been regenerated, and the cycle 
continues. 
 
The net reaction of the citric acid cycle is: 

 
 
In citric acid cycle, two carbon atoms enter the cycle as an acetyl unit and two carbon atoms 
leave the cycle in the form of two molecules of carbon dioxide (CO2). Three hydride ions are 
transferred to three molecules of nicotinamide adenine dinucleotide (NAD+), whereas one pair of 
hydrogen atoms is transferred to one molecule of flavin adenine dinucleotide (FAD).  
 
Also in citric acid cycle, one compound with high phosphoryl transfer potential, usually GTP, is 
generated from the cleavage of the thioester linkage in succinyl CoA. 
 
Also, two molecules of water are consumed: one in the synthesis of citrate by the hydrolysis of 
citryl CoA and the other in the hydration of fumarate. 
 
The function of the citric acid cycle is the harvesting of high-energy electrons from carbon fuels.  
Note that the citric acid cycle itself neither generates a large amount of ATP nor includes oxygen 
as a reactant. Instead, the citric acid cycle removes electrons from acetyl CoA and uses these 
electrons to form NADH and FADH2. In oxidative phosphorylation, electrons released in the re-
oxidation of NADH and FADH2 flow through a series of membrane proteins (referred to as the 
electron-transport chain) to generate a proton gradient across the membrane. These protons then 
flow through ATP synthase to generate ATP from ADP and inorganic phosphate.  
 
Oxygen is required for the citric acid cycle indirectly inasmuch as it is the electron acceptor at 
the end of the electron-transport chain, necessary to regenerate NAD+ and FAD. 
 
As we saw earlier, glucose can be formed from pyruvate. However, the formation of acetyl CoA 
from pyruvate is an irreversible step in animals and thus they are unable to convert acetyl CoA 
back into glucose. The oxidative decarboxylation of pyruvate to acetyl CoA commits the carbon 
atoms of glucose to two principal fates: oxidation to CO2 by the citric acid cycle, with the 
concomitant generation of energy, or incorporation into lipid. 
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Regulation or Control of Citric Acid Cycle 
The rate of the citric acid cycle is precisely adjusted to meet an animal cell's needs for ATP. The 
primary control points are the enzymes isocitrate dehydrogenase and α-ketoglutarate 
dehydrogenase. 
 
Isocitrate dehydrogenase is allosterically stimulated by ADP, which enhances the enzyme's 
affinity for substrates. The binding of isocitrate, NAD+, Mg2+, and ADP is mutually cooperative. 
In contrast, NADH inhibits iso-citrate dehydrogenase by directly displacing NAD+. ATP, too, is 
inhibitory. It is important to note that several steps in the cycle require NAD+ or FAD, which are 
abundant only when the energy charge is low. 
 
A second control site in the citric acid cycle is a-ketoglutarate dehydrogenase. Some aspects of 
this enzyme's control are like those of the pyruvate dehydrogenase complex, as might be 
expected from the homology of the two enzymes. α-Ketoglutarate dehydrogenase is inhibited by 
succinyl CoA and NADH, the products of the reaction that it catalyzes. In addition, α-
ketoglutarate dehydrogenase is inhibited by a high energy charge. Thus, the rate of the cycle is 
reduced when the cell has a high level of ATP. 
 
In many bacteria, the funneling of two-carbon fragments into the cycle also is controlled. The 
synthesis of citrate from oxaloacetate and acetyl CoA carbon units is an important control point 
in these organisms. ATP is an allosteric inhibitor of citrate synthase. Thus, as the level of ATP 
increases, less of this enzyme is saturated with acetyl CoA and so less citrate is formed. 
 

The Citric Acid Cycle Must Be Capable of Being Rapidly 
Replenished 

The important point now is that citric acid cycle intermediates must be replenished if any are 
drawn off for biosyntheses. Suppose that much oxaloacetate is converted into amino acids for 
protein synthesis and, subsequently, the energy needs of the cell rise. The citric acid cycle will 
operate to a reduced extent unless new oxaloacetate is formed, because acetyl CoA cannot enter 
the cycle unless it condenses with oxaloacetate.  
 
Even though oxaloacetate is recycled, a minimal level must be maintained to allow the cycle to 
function. 
How is oxaloacetate replenished? Mammals lack the enzymes for the net conversion of acetyl 
CoA into oxaloacetate or any other citric acid cycle intermediate. Rather, oxaloacetate is formed 
by the carboxylation of pyruvate, in a reaction catalyzed by the biotin-dependent enzyme 
pyruvate carboxylase. 
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Pyruvate carboxylase is active only in the presence of acetyl CoA, which signifies the need for 
more oxaloacetate. If the energy charge is high, oxaloacetate is converted into glucose. 
If the energy charge is low, oxaloacetate replenishes the citric acid cycle. The synthesis of 
oxaloacetate by the carboxylation of pyruvate is an example of an anaplerotic reaction (of Greek 
origin, meaning to "fill up"), a reaction that leads to the net synthesis, or replenishment, of 
pathway components. Note that, because the citric acid cycle is a cycle, it can be replenished by 
the generation of any of the intermediates. 
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Review 
of pathway and regulatory sites 
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The citric acid cycle: the major catabolic pathway for acetyl-CoA in aerobic organisms. Acetyl-CoA, the product of 
carbohydrate, protein, and lipid catabolism, is taken into the cycle, together with H2O, and oxidized to CO2 with the 
release of reducing equivalents 
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(2H). Subsequent oxidation of 2H in the respiratory chain leads to coupled phosphorylation of ADP to ATP. For one 
turn of the cycle, 11~_P are generated via oxidative phosphorylation and one ~_P arises at substrate level from the 
conversion of succinyl-CoA to succinate. 
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Glycogen Metabolism - An Overview 
Glycogen is the storage form of glucose in mammalian tissues. All tissues are able to store 
glycogen to a greater or lesser extent. Liver and skeletal muscle are the major sites of glycogen 
storage. The kidney ranks third. Heart muscle, platelets, and adipose tissue store a small but 
measurable amount.  
 
Liver and kidney store glycogen in times of high blood glucose concentrations, in times of 
plenty. When blood glucose begins to drop below normal levels the glycogen is broken down 
and the resulting is glucose released into the blood. Muscle stores glycogen as a quick source of 
glucose for prolonged or rapid muscle contraction. 
 
Glycogen metabolism includes glycogen synthesis (glycogenesis) and glycogen breakdown 
(glycogenolysis). 
 

GLYCOGENOLYSIS 
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GLYCOGENOLYSIS is the metabolic breakdown of glycogen. Glycogen is broken down into 
glucose-6-phosphate and glucose by the action of three enzymes. The enzyme Glycogen 
Phosphorylase A (or more simply Phosphorylase A {“A” indicates the “active” form}) catalyzes 
the PHOSPHOROLYSIS of glycogen at the numerous nonreducing ends of the molecule.  
 
Phosphorylase A belongs to the hydrolysis class of enzymes. Hydrolysis is the cleavage of a 
chemical bond by adding HO-H across the bond; phosphorolysis is similar, except HO-PO3

–2 is 
added across the chemical bond. Each time Phosphorylase A catalyzes its reaction, a glucose-1-
phosphate and glycogen molecule one residue shorter is produced. 
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Phosphorylase A is forced to stop the phosphorolysis process four glucose residues from an α1 
→ 6 branch point. Glycogen phosphorylase A is non reactive toward the last four glucose 
residues of a glycogen branch; this structure does not fit into its substrate/active site. This 
shortened “branch” of the glycogen “tree” is called the Limit Dextrin.  
 
Before Phosphorylase can continue its action, the branch point of the limit dextrin must be 
removed. This is accomplished by the action of Debranching Enzyme or Oligo (1,6 → 1,4) 
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Glucantransferase. This enzyme catalyzes a two step reaction. First, it moves 3 of the 4 
remaining glucose residues from the limit dextrin to the non reducing end of a nearby glycogen 
branch. Second, it hydrolytically cleaves the α1 → 6 branch point releasing a molecule of 
glucose. 
 
When four glucose residues are left around the branch point, another enzyme, α-1:4 
Glucantransferase transfers a “trisaccharide” unit from one side to other thus exposing α-1:6 
branching point. 

 
The glucose-1-phosphate that is formed by the action of glycogen phosphorylase is converted to 
glucose-6-phosphate by the reversible action of Phosphoglucomutase. In liver and kidney, the 
stored glycogen is used to maintain blood glucose levels. The glucose-6-phosphate coming from 
glycogen is converted to glucose by Glucose-6-Phosphatase.  
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Only liver, kidney, and the small intestine contain Glucose-6-Phosphatase. Once in the blood 
stream, the glucose is used by other tissues, especially nervous tissue, red blood cells, and the 
adrenal medulla. In all other tissues, especially skeletal muscle cells the glucose-6-phosphate 
enters glycolysis for energy generation. 
 
Ø In liver and kidney, a specific enzyme glucose-6-phosphatase present that removes PO4 

from glucose-6-P enabling “free glucose” to form and diffuse from the cells to 
extracellular spaces including blood. This is the final step in hepatic glycogenolysis, 
which is reflected by a rise in blood glucose.  

 
Ø In muscles, enzyme glucose-6-phosphatase is absent. Hence glucose-6-P enters into 

glycolytic cycle and forms lactate. Muscle glycogenolysis does not contribute to blood 
glucose directly. But indirectly, lactic acid can go to glucose formation in liver.  
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Glycogenesis 
The process of biosynthesis of glycogen from glucose is known as glycogenesis. This occurs in 
all the tissues of the body but the major sites are liver and muscles. A considerable amount is 
synthesized in kidney also. 
 
Glycogenesis is a very essential process since the excess of glucose is converted and stored up as 
glycogen which could be utilized at the time of requirement. In the absence of this process the 
tissues are exposed to excess of glucose immediately after a meal and they are starved of it at 
other times. 
 
Glycogen is the storage form of carbohydrate in the animal body especially in the liver and 
muscles from where it is mobilized as glucose whenever tissue requires. 
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Glycogen is insoluble and does not diffuse from its storage sites. It is also readily broken down 
under the influence of hormones and enzymes to either glucose (in the liver) and lower 
intermediates in skeletal muscles and other tissues for energy. 
 
Liver glycogen is the only immediately available source of glucose to the blood, glycogen is 
broken down to glucose -1-phophate and then glucose for maintenance of blood glucose levels, 
and also serves as protection of liver from toxic substances in high concentration. 
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The following are the various reactions of glycogenesis. 
 
Step 1 
Glucose is phosphorylated to glucose 6-phosphate, a reaction that is common to the first reaction 
in the pathway of glycolysis from glucose. This reaction is catalysed by hexokinase in muscle 
and glucokinase in liver in the presence of ATP. 

 
 
Step 2 
Glucose 6-phosphate is then reversibly converted to glucose 1-phosphate in a reaction catalysed 
by enzyme phosphogluco mutase. This process requires Mg2+

 as coenzyme. 
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Step 3 
The glucose 1-phosphate is then activated by the energy produced by the hydrolysis of uridine 
triphosphate (UTP) in the presence of uridine diphosphate glucose pyrophophosrylase. This is a 
key reaction in glycogen biosynthesis. 

    

 
 
Glucose-1- phosphate is then coupled to UTP by the action of UDP-Glucose pyrophosphorylase 
forming UDP-Glucose and P2O7 (pyrophosphate). This reaction is energy expensive since the 
release of pyrophosphate from UTP and its subsequent hydrolysis into phosphate ions by 
Inorganic pyrophosphatase liberates the same amount of energy as the hydrolysis of two ATP to 
ADP.  
 
Step 4 
UDP-glucose is the immediate donor of glucose residues in the reaction catalyzed by glycogen 
synthase, which promotes the transfer of the glucose residue from UDP-glucose to a nonreducing 
end of a branched glycogen chain. 
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De novo glycogen synthesis (GLYCOGENESIS) starts on a protein called Glycogenin. 
Glycogenin forms a tight complex with Glycogen Synthase, and once this complex is formed a 
glucose from UDP-glucose is transferred to a specific Tyrosine residue on Glycogenin. The 
anomeric carbon of glucose, the reducing end of glucose, is attached to the tyrosine of 
glycogenin. Glycogenin now catalyzes the formation of a short polysaccharide by transferring 
seven (7) additional glucose residues from UDP-glucose to the glucose residues previously 
attached to glycogenin. All of the glycosidic bonds in this short polymer are α1 → 4. 

Glycogen Synthase catalyzes the transfer of glucose from UDP-glucose to the C-4 hydroxyl 
group at the non reducing end(s) of the growing glycogen molecule. 
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Step 5 
When the chain has become long with more than 8 glucose units, a second enzyme, namely 
branching enzyme amylo 1-4 to 1-6 transglycosylase acts on the glycogen and helps in joining of 
1,4 glycogen chain with a similar neighbouring chain to form a 1-6 linkage, thus forming a 
branching point in the molecule. Glycogen thus formed may be stored in liver, muscles and 
tissues. 
 
Branching Enzyme or Amylo (1,4 → 1,6) Transglycosylase removes the last 6 or 7 glucose 
residues from the nonreducing end of a growing branch at least 11 residues long and transfers 
them to the C-6 hydroxyl of a glucose residue of the same chain or another chain forming the α1 
→ 6 branch point. Each branching reaction adds a new non reducing end at which growth can 
occur. 
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Pentose Phosphate Pathway (Hexose Monophosphate 
Shunt Or Phosphogluconate Pathway) 

In most animal tissues, glucose is catabolized via the glycolytic pathway into two molecules of 
pyruvate. Pyruvate is then oxidized via the citric acid cycle to generate ATP. There is another 
metabolic fate for glucose used to generate NADPH and specialized products needed by the cell. 
This pathway is called the pentose phosphate pathway. Some text books call it the hexose 
monophosphate shunt, still others call it the phosphogluconate pathway. 
 
The pentose phosphate pathway is an alternate route for the oxidation of glucose without direct 
consumption or generation of ATP. 
 
The pentose phosphate pathway takes place entirely within the cytoplasm and is also known as 
the hexose monophosphate shunt or phosphogluconate pathway. It is basically used for the 
synthesis of NADPH and D-ribose. 
 

The pentose phosphate pathway produces NADPH which is the universal reductant in anabolic 
pathways. In mammals the tissues requiring large amounts of NADPH produced by this pathway 
are the tissues that synthesize fatty acids and steroids such as the mammary glands, adipose 
tissue, adrenal cortex and the liver. Tissues less active in fatty acid synthesis such as skeletal 
muscle are virtually lacking the pentose phosphate pathway. 
 

The second function of the pentose phosphate pathway is to generate pentoses, particularly 
ribose which is necessary for the synthesis of nucleic acids. 
 
Glucose 6-phosphate is metabolized by both the glycolytic pathway and the pentose phosphate 
pathway. How is the processing of this important metabolite partitioned between these two 
metabolic routes? The cytoplasmic concentration of NADP+ plays a key role in determining the 
fate of glucose 6-phosphate. 
 

The pentose phosphate pathway meets the need of all organisms for a source of NADPH to use 
in reductive biosynthesis. This pathway consists of two phases: the oxidative generation of 
NADPH and the nonoxidative interconversion of sugars. 
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Pentose Phosphate Pathway. The pathway consists of (1) an oxidative phase that generates NADPH and 
(2) a nonoxidative phase that interconverts phosphorylated sugars.  
 
In the oxidative phase, NADPH is generated when glucose 6-phosphate is oxidized to ribose 5-
phosphate. This five-carbon sugar and its derivatives are components of RNA and DNA, as well 
as ATP, NADH, FAD, and coenzyme A. 
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In the non-oxidative phase, the pathway catalyzes the interconversion of three-, four-, five-, six-, 
and seven-carbon sugars in a series of non-oxidative reactions that can result in the synthesis of 
five-carbon sugars for nucleotide biosynthesis or the conversion of excess five-carbon sugars 
into intermediates of the glycolytic pathway. All these reactions take place in the cytosol. 
 
The oxidative phase of the pentose phosphate pathway starts with the dehydrogenation of 
glucose 6-phosphate at carbon 1, a reaction catalyzed by glucose 6-phosphate dehydrogenase 
and its irreversible. This enzyme is highly specific for NADP+. The product is 6-
phosphoglucono-d-lactone, which is an intramolecular ester between the C-1 carboxyl group and 
the C-5 hydroxyl group. This part produces NADPH and involves the important rate-limiting 
enzyme glucose 6-phosphate dehydrogenase (G6PDH). G6PDH is induced by insulin, inhibited 
by NADPH, and activated by NADP. 

 
 
The next step is the hydrolysis of 6-phosphoglucono-d-lactone by a specific lactonase to give 6-
phosphogluconate. The gluconolactone produced in step 1 is hydrolytically unstable and readily 
undergoes a spontaneous ring-opening hydrolysis, although the enzyme accelerates the reaction.  
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This six-carbon sugar (6-phosphogluconate) is then oxidatively decarboxylated by 6-
phosphogluconate dehydrogenase to yield ribulose 5-phosphate. NADP+ is again the electron 
acceptor.  
 

 
 
The final step in the synthesis of ribose 5-phosphate is the isomerization of ribulose 5-phosphate 
by phosphopentose isomerase. 
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The oxidative reactions yield two molecules of NADPH and one molecule of ribose 5-phosphate 
for each molecule of glucose 6-phosphate oxidized. However, many cells need NADPH for 
reductive biosyntheses much more than they need ribose 5-phosphate for incorporation into 
nucleotides and nucleic acids. In these cases, ribose 5-phosphate is converted into 
glyceraldehyde 3-phosphate and fructose 6-phosphate by transketolase and transaldolase. In 
nonoxidative phase, ribulose 5-P is converted back to G-6-P by a series of reactions involving 
especially two enzymes 
1. Transketolase 
2. Transaldolase 

Epimerase inter-converts stereoisomers ribulose-5-P and xylulose-5-P. Isomerase converts the 
ketose ribulose-5-P to ribose-5-P which is used in nucleotide, nucleic acid. Both reactions are 
reversible. 
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Transketolase transfers a 2-C fragment containing ketone group from xylulose-5-P to ribose-5-P. 
Transketolase requires thiamine pyrophosphate (TPP), a derivative of vitamin B1 as coenzyme 
and Mg2+ as cofactor. Transfer of the 2- C fragment to the 5-C ribose-5-P yields 
sedudoheptulose-7-P and glyceraldehyde-3-P. G-3-P can enters the glycolytic pathway.  

 
 
Transaldolase catalyzes transfer of a 3-C from sedoheptulose-7-phosphate to glyceraldehyde-3-
phosphate to form erythrose-4 P and fructose- 6-p. 
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Transketolase transfer 2-C fragment (containing ketone group) from xylulose-5-P to erythrose-4-
Pto yields fructose-6-P and glyceraldehyde-3-P. 

 
The Flow of Glucose 6-phosphate Depends on the Need for 

NADPH, Ribose 5- phosphate, and ATP 
 

Mode 1. Much more ribose 5-phosphate than NADPH is required. For example, rapidly dividing 
cells need ribose 5-phosphate for the synthesis of nucleotide precursors of DNA. Most of the 
glucose 6-phosphate is converted into fructose 6-phosphate and glyceraldehyde 3-phosphate by 
the glycolytic pathway. Transaldolase and transketolase then convert two molecules of fructose 
6-phosphate and one molecule of glyceraldehyde 3-phosphate into three molecules of ribose 5-
phosphate by a reversal of the reactions. 

 
Mode 2. The needs for NADPH and ribose 5-phosphate are balanced. The predominant reaction 
under these conditions is the formation of two molecules of NADPH and one molecule of ribose 
5-phosphate from one molecule of glucose 6-phosphate in the oxidative phase of the pentose 
phosphate pathway. 

 
Mode 3. Much more NADPH than ribose 5-phosphate is required. For example, adipose tissue 
requires a high level of NADPH for the synthesis of fatty acids (Table 20.4). In this case, glucose 
6-phosphate is completely oxidized to CO2. 
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Three groups of reactions are active in this situation. First, the oxidative phase of the pentose 
phosphate pathway forms two molecules of NADPH and one molecule of ribose 5-phosphate. 
Then, ribose 5-phosphate is converted into fructose 6-phosphate and glyceraldehyde 3-phosphate 
by transketolase and transaldolase. Finally, glucose 6-phosphate is resynthesized from fructose 
6-phosphate and glyceraldehyde 3-phosphate by the gluconeogenic pathway. 

 
Mode 4. Both NADPH and ATP are required. Alternatively, ribose 5-phosphate formed by the 
oxidative phase of the pentose phosphate pathway can be converted into pyruvate. Fructose 6-
phosphate and glyceraldehyde 3-phosphate derived from ribose 5-phosphate enter the glycolytic 
pathway rather than reverting to glucose 6-phosphate. In this mode, ATP and NADPH are 
concomitantly generated. 
 
Pyruvate formed by these reactions can be oxidized to generate more ATP or it can be used as a 
building block in a variety of biosyntheses. 
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Highlight the importance of pentose phosphate pathway 
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Ribulose-5-P may be converted to ribose-5-phosphate, a substrate for synthesis of nucleotides, 
nucleic acids and coenzymes 
Glyceraldehyde-3-P and fructose-6-P may be converted to glucose-6-P, via enzymes of 
gluconeogenesis, for reentry to Pentose Phosphate Pathway, maximizing formation of NADPH, 
which is need for reductive biosynthesis. 
Glyceraldehyde-3-P and 6-C fructose-6-P, formed from 5-C sugar phosphates, may enter 
Glycolysis for ATP synthesis. 
Thus the Pentose Phosphate Pathway serves as an entry into Glycolysis for both 5-carbon & 6-
carbon sugars. 
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When erythrocytes are exposed to chemicals that generate high levels of superoxide radicals, 
GSH (Reduced Glutathione) is required to reduce these damaging compounds.  
Glutathione Peroxidase catalyzes degradation of organic hydroperoxides by reduction, as two 
glutathione molecules are oxidized to a disulfide GSSG 
The PPP is responsible for maintaining high levels of NADPH in red blood cells for use as a 
reductant in the glutathione reductase reaction. The major role PPP in RBCs is the production of 
NADPH which protect these cells from oxidative damage by providing GSH for removal of 
H2O2. 
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Regulation 
The first step of the phosphopentose pathway is the irreversible committed step. This reaction is 
catalyzed by glucose-6-phosphate dehydrogenase. This step is allosterically regulated. The 
product of this reaction NADPH is a strong inhibitor. So when the cytosol concentration of 
NADPH is high, the enzyme’s activity is low. 

 

GLUCOSE 6-PHOSPHATE DEHYDROGENSE DEFICIENCY 
Mutations present in some populations causes a deficiency in glucose 6‐phosphate 
dehydrogenase, with consequent impairment of NADPH production. 
 
Detoxification of H2O2 is inhibited, and cellular damage results ‐ lipid peroxidation leads to 
erythrocyte membrane breakdown and hemolytic anemia. 
 
Most G6PD‐deficient individuals are asymptomatic ‐ only in combination with certain 
environmental factors (sulfa antibiotics, herbicides, antimalarials, divicine) do clinical 
manifestations occur. 
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Cori cycle 
The Cori cycle (also known as Lactic acid cycle), named after its discoverers, Carl 
Cori and Gerty Cori, refers to the metabolic pathway in which lactate produced by 
anaerobic glycolysis in the muscles moves to the liver and is converted to glucose, which then 
returns to the muscles and is converted back to lactate 
 

In an actively contracting muscle, only about 8% of the pyruvate is utilized by the citric acid 
cycle and the remaining is, therefore, reduced to lactate. The lactic acid thus generated should 
not be allowed to accumulate in the muscle tissues. The muscle cramps, often associated with 
strenuous muscular exercise are thought to be due to lactate accumulation. This lactate diffuses 
into the blood. During exercise, blood lactate level increases considerably. Lactate then reaches 
liver where it is oxidized to pyruvate. It is then taken up through gluconeogenesis pathway and 
becomes glucose, which can enter into blood and then taken to muscle. This cycle is called cori's 
cycle, by which the lactate is efficiently reutilized by the body. 

 
In the glucose–lactate cycle, pyruvate formed in skeletal muscle (and in a number of other tissues) is reduced to lactate, which is 
released into the blood, taken up by the liver, used to form glucose, then released to the blood and taken up by skeletal muscle 
and other peripheral tissues. 
 
When oxygen supply is insufficient, typically during intense muscular activity, energy must be 
released through anaerobic metabolism. Lactic acid fermentation 
converts pyruvate to lactate by lactate dehydrogenase. Most 
important, fermentation regenerates NAD+, maintaining the NAD+ concentration so that 
additional glycolysis reactions can occur. The fermentation step oxidizes the NADH produced 
by glycolysis back to NAD+, transferring two electrons from NADH to 
reduce pyruvate into lactate.   
 

Instead of accumulating inside the muscle cells, lactate produced by anaerobic fermentation is 
taken up by the liver. This initiates the other half of the Cori cycle. In the 
liver, gluconeogenesis occurs. From an intuitive perspective, gluconeogenesis reverses 
both glycolysis and fermentation by converting lactate first into pyruvate, and finally back 
to glucose. The glucose is then supplied to the muscles through the bloodstream; it is ready to be 
fed into further glycolysis reactions. If muscle activity has stopped, the glucose is used to 
replenish the supplies of glycogen through glycogenesis. 
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The plasma membrane of most cells is highly permeable to lactate and pyruvate. Both substances 
diffuse out of active skeletal muscle into the blood and are carried to the liver. Much more lactate 
than pyruvate is carried because of the high NADH/NAD+ ratio in contracting skeletal muscle. 
The lactate that enters the liver is oxidized to pyruvate, a reaction favoured by the low 
NADH/NAD+ ratio in the cytosol of liver cells. Pyruvate is then converted into glucose by the 
gluconeogenenic pathway in liver. 
 

Thus, liver furnishes glucose to contracting skeletal muscle, which derives ATP from the 
glycolytic conversion of glucose into lactate. Glucose is then synthesized from lactate by the 
liver. These reactions constitute the CORI CYCLE.  
 

The anaerobic metabolism of glucose by red blood cells, skeletal muscle and other peripheral 
tissues leads to the formation of lactate. The amount of lactate formed depends on the balance 
between aerobic and anaerobic metabolism. Lactate released from the tissues moves through the 
blood where it is taken up by the liver, converted to pyruvate and, through the gluconeogenic 
pathway, converted to glucose. This cycling of glucose from the liver to skeletal muscle and of 
lactate from skeletal muscle back to the liver, where it is resynthesized to glucose, is called the 
glucose–lactate or Cori cycle. The cycle was discovered by Carl and Gertrude Cori. 
 

The glucose–lactate cycle is particularly important in overnight fasting because, under these 
conditions, liver glycogen stores become depleted and the only source of glucose for red blood 
cells and brain is the gluconeogenic pathway. This functions in collaboration with the elements 
of the glucose–lactate cycle that deliver lactate, the major substrate for gluconeogenesis, to the 
liver. The function of this cycle is particularly important in fasting rodents as, under these 
conditions, glucose is not available from glycogen, and hence the Cori cycle and 
gluconeogenesis are the only means of providing glucose. However, larger animals, including 
humans, appear to mobilize their glycogen reserves less urgently, and indeed coordinate 
glycogenolysis and gluconeogenesis in a more complementary manner. 
 

The activity of the glucose–lactate and glucose–alanine cycles is regulated by hormones. Insulin 
and glucagon are particularly important in regulating the glucose–lactate cycle during the 
transition from the fed to the fasted state. 
 

The cycle's importance is based on the prevention of lactic acidosis in the muscle under 
anaerobic conditions. However, normally before this happens the lactic acid is moved out of the 
muscles and into the liver.[2] 
 

The cycle is also important in producing ATP, an energy source, during muscle activity. The 
Cori cycle functions more efficiently when muscle activity has ceased. This allows the oxygen 
debt to be repaid such that the Krebs cycle and electron transport chain can produce energy at 
peak efficiency.  
 

http://en.wikipedia.org/wiki/Lactic_acidosis
http://en.wikipedia.org/wiki/Cori_cycle


A Biochemistry lecture by DR. USUNOBUN USUNOMENA, Dept of Biochemistry, Edo University, Iyamho, Edo 
State, Nigeria usunsquare@yahoo.com, usunobun.usunomena@edouniversity.edu.ng, 08034174871 Pg 61 
 

The drug Metformin can precipitate lactic acidosis in patients with renal failure 
because metformin inhibits the cori cycle. Normally, the excess lactate would be cleared by the 
kidneys, but in patients with renal failure, the kidneys cannot handle the excess lactic acid. 
 

Calvin cycle 
 

The Calvin cycle is a metabolic pathway found in the stroma of the chloroplast in which carbon 
enters in the form of CO2 and leaves in the form of sugar. The Calvin cycle, Calvin–Benson-
Bassham (CBB)cycle, reductive pentose phosphate cycle or C3 cycle is a series 
of biochemical redox reactions that take place in the  stroma  of 
 chloroplasts in photosynthetic organisms. It is also known as the dark reactions. 
The cycle was discovered by Melvin Calvin, James Bassham, and Andrew Benson at 
the University of California, Berkeley by using the radioactiveisotope carbon-14. It is one of 
the light-independent reactions used for carbon fixation. 

 
 
Photosynthesis proceeds in two parts: the light reactions and the dark reactions. The light 
reactions transform light energy into ATP and biosynthetic reducing power, NADPH. The dark 
reactions, which constitute the Calvin cycle, named after Melvin Calvin, the biochemist who 
elucidated the pathway, reduce carbon atoms from their fully oxidized state as carbon dioxide to 
the more reduced state as a hexose.  
 
The components of the Calvin cycle and called the dark reactions because, in contrast with the 
light reactions, these reactions do not directly depend on the presence of light. 
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Calvin cycle synthesizes hexoses from CO2  
Three stages: 
a) fixation of CO2 by ribulose 1,5-bisphosphate to form two molecules of 3-phosphoglycerate. 
b) Reduction of 3-phosphoglycerate to form hexoses. 
c) regeneration of ribulose 1,5-bisphosphate. 
 
The cycle spends ATP as an energy source and consumes NADPH as reducing power for adding 
high energy electrons to make the sugar. There are three phases of the cycle. 
 
In phase 1 (Carbon Fixation), CO2 is incorporated into a five-carbon sugar named ribulose 
bisphosphate (RuBP). The enzyme which catalyzes this first step is RuBP carboxylase or 
rubisco. It is the most abundant protein in chloroplasts and probably the most abundant protein 
on Earth. The product of the reaction is a six-carbon intermediate which immediately splits in 
half to form two molecules of 3-phosphoglycerate.  
 

 
 
 

This highly exergonic reaction [D G°´ = 12.4 kcal mol 1 ( 51.9 kJ mol 1)] is catalyzed by 
ribulose 1,5-bisphosphate carboxylase/oxygenase (usually called rubisco), an enzyme located on 
the stromal surface of the thylakoid membranes of chloroplasts. Rubisco requires a bound 
divalent metal ion for activity, usually magnesium ion. 
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The reactive intermediate generated on the Mg2+ ion sometimes reacts with O2 instead of CO2. 
Thus, rubisco also catalyzes a deleterious oxygenase reaction. The products of this reaction are 
phosphoglycolate and 3-phosphoglycerate 
 

 
Phosphoglycolate is not a versatile metabolite. A salvage pathway recovers part of its carbon 
skeleton. A specific phosphatase converts phosphoglycolate into glycolate, which enters 
peroxisomes (also called microbodies). Glycolate is then oxidized to glyoxylate by glycolate 
oxidase, an enzyme with a flavin mononucleotide prosthetic group. The H2O2 produced in this 
reaction is cleaved by catalase to H2O and O2. Transamination of glyoxylate then yields glycine. 
Two glycine molecules can be used to form serine, a potential precursor of glucose, with the 
release of CO2 and ammonia (NH4

+). 
 
In phase 2 ( Reduction), ATP and NADPH2 from the light reactions are used to convert 3-
phosphoglycerate to glyceraldehyde 3-phosphate, the three-carbon carbohydrate precursor to 
glucose and other sugars.  
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In phase 3 (Regeneration), more ATP is used to convert some of the pool of glyceraldehyde 3-
phosphate back to RuBP, the acceptor for CO2, thereby completing the cycle.  
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What is the energy expenditure for synthesizing a hexose? Six rounds of the Calvin cycle are 
required, because one carbon atom is reduced in each round. Twelve molecules of ATP are 
expended in phosphorylating 12 molecules of 3-phosphoglycerate to 1,3-bisphosphoglycerate, 
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and 12 molecules of NADPH are consumed in reducing 12 molecules of 1,3-
bisphosphoglycerate to glyceraldehyde 3-phosphate. An additional six molecules of ATP are 
spent in regenerating ribulose 1,5-bisphosphate. 
 

 
 
Thus, three molecules of ATP and two molecules of NADPH are consumed in incorporating a 
single CO2 molecule into a hexose such as glucose or fructose. 
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RESPIRATORY CHAIN OR ELECTRON TRANSPORT CHAIN (ETC) AND 
OXIDATIVE PHOSPHORYLATION 

Mitochondria are ovate organelles, about 2 μm in length and 0.5 μm in the diameter. 
 
Prokaryotes do not have organelles such as mitochondria. Bacteria have a plasma membrane 
surrounded by a rigid cell wall. In prokaryote systems, electron transport and oxidative 
phosphorylation are carried out across the plasma membrane. 
 
Eukaryotes have organelles including mitochondria. Mammalian cells have 800 to 2,500 
mitochondria per cell. Remember that red blood cells do not contain mitochondria. 
 
Mitochondria are remarkably mobile organelles. They are constantly moving and changing 
shape. In some cells they are anchored by attachment to the cell’s cytoskeleton so that they 
remain fixed at one cellular location to target a site of high ATP utilization. In heart muscle for 
example the mitochondria are anchored close to the contractile muscle, in sperm they are 
wrapped tightly around the motile flagellum. 
 
Electron microscopic studies have revealed that each mitochondrion has two membrane systems 
: an outer membrane and an extensive inner membrane, which is highly-folded into a series 
of internal ridges called cristae.  
 
Obviously, there are two compartments in mitochondria : the intermembrane space between 
the outer and inner membranes and the matrix, which is bounded by the inner membrane. 
 
The outer membrane is freely permeable to most small molecules and ions and contains some 
enzymes. In contrast, the inner membrane is impermeable to nearly all ions and most uncharged 
molecules and contains the electron-transport chains, succinate dehydrogenase and ATP-
synthesizing enzymes.  
 
The inner membrane of a single liver mitochondrion may have over 10,000 sets of electron-
transport chains and ATP synthetase molecules. The heart mitochondria have profuse cristae and 
therefore contain about 3 times more sets of electron-transport chains than that of liver 
mitochondria. 
 
The intermembrane space contains adenylate kinase and some other enzymes whereas the 
matrix compartment contains most of the citric acid cycle enzymes, the pyruvate dehydrogenase 
system and the fatty acid oxidation system. It also contains ATP, ADP, AMP, phosphate, NAD, 
NADP, coenzyme A and various ions such as K+, Mg2+ and Ca2+. 
 
The mitochondrial inner membrane contains the ATP synthesizing enzyme complex called ATP 
synthetase or FoF1 ATPase. This enzyme complex has 2 major components F0 and F1 (F for 
factor).  
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The F1 component is like a doorknob protruding into the matrix from the inner membrane. It is 
attached by a stalk to Fo component, which is embedded in the inner membrane and extends 
across it. 
 
The spheric F1 component contains 9 polypeptide chain subunits of five kinds (designated as α, 

∈β, γ, δ and ) arranged into a cluster. It has many binding sites for ATP and ADP. 
 
The cuboidal F0 component is a hydrophobic segment of 4 polypeptide chains. It acts as a base 
piece and normally extends across the inner membrane. Fo is the proton channel of the enzyme 
complex. 
 
FoF1 ATPase is called an ATPase because, in isolated form, it hydrolyzes ATP to ADP plus Pi. 
However, since its major biological role in intact mitochondria is to produce ATP from ADP and 
Pi, it is better called ATP synthestase. 
 

 

 
Biochemical anatomy of a mitochondrion. The base piece of ATP synthetase molecules are located with 
the inner membrane. ATP is made in the matrix, as shown. 
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Sonication of the mitochondrial inner membrane 
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In each turn of citric acid cycle, 4 pairs of hydrogen atoms are eliminated, one each from 
isocitrate, α-ketoglutarate, succinate and malate, by the action of specific dehydrogenases. These 
hydrogen atoms donate their electrons to the electron transport chain and become H+ ions, which 
escape into the aqueous medium. These electrons are transported along a chain of electron-
carrying molecules to ultimately reach cytochrome aa3 or cytochrome oxidase, which promotes 
the transfer of electrons to oxygen, the final electron acceptor in aerobic organisms. As each 
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atom of oxygen accepts two electrons from the chain, two H+ are taken up from the aqueous 
medium to form water. 
 
The electron transport chain is a series of electron transfer from NADH and FADH2 to oxygen 
occurring in the inner mitochondrial membrane and coupled to the generation of proton motive 
force., the energy stored in the electrochemical proton gradient is then used for ATP synthesis by 
the F0F1 ATPase complex or ATP synthase. 
 
Chemical reactions in which electrons are transferred from one molecule to another are called 
oxidation-reduction reactions or oxidoreductions or redox reactions. In fact, the electron 
transferring reactions are oxidation-reduction reactions. The electron-donating molecule in such 
a reaction is called the reducing agent (= reductant) and the electron-accepting molecule as the 
oxidizing agent (= oxidant). The reducing or oxidizing agents function as conjugate reductant-
oxidant pairs ( = redox pairs).  
The general equation can be written as : 

Electron donor ↔ e– + Electron acceptor 
 
A specifie example is the reaction, 
Fe2+ ↔ e– + Fe3+ 

 
where ferrous ion (Fe2+) is the electron donor and the ferric ion (Fe3+) the electron acceptor. Fe2+ 
and Fe3+ together constitute a conjugate redox pair. 
 
Components of the ETC are located on the inner mitochondrial membrane and are 4 distinct 
multiprotein complexes;  
Complex I (NADH-Co Q reductase or NADH dehydrogenase), 
Complex II (succinate-Q-reductase),  
Complex III (cytochrome reductase , cytochrome b-c-1 complex or coenzyme Q-cytochrome c 
reductase) 
Complex IV (cytochrome oxidase) as well as two mobile elements coenzyme Q and cytochrome 
C.  
Terminally there is the ATP synthase complex sometimes called Complex V. 
 
Electrons flow through the respiratory chain from NAD+/NADH to O2/2H2O, passing through 
three large protein complexes: NADH-Q oxidoreductase (Complex I), where electrons are 
transferred from NADH to coenzyme Q (Q) (also called ubiquinone); Q-cytochrome c 
oxidoreductase (Complex III), which passes the electrons on to cytochrome c; and 
cytochrome c oxidase (Complex IV), which completes the chain, passing the electrons to O2 and 
causing it to be reduced to H2O.  
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Some substrates with more positive redox potentials than NAD+/NADH (eg, succinate) pass 
electrons to Q via a fourth complex, succinate-Q reductase (Complex II), rather than Complex 
I. The four complexes are embedded in the inner mitochondrial membrane, but Q and 
cytochrome c are mobile.  
 
Q diffuses rapidly within the membrane, while cytochrome is a soluble protein. The flow of 
electrons through Complexes I, III, and IV results in the pumping of protons from the matrix 
across the inner mitochondrial membrane into the intermembrane space 
 
Flavoproteins are important components of Complexes I and II. The oxidized flavin nucleotide 
(FMN or FAD) can be reduced in reactions involving the transfer of two electrons (to form 
FMNH2 or FADH2), but they can also accept one electron to form the semiquinone.  
 
Iron–sulfur proteins (nonheme iron proteins, Fe–S) are found in Complexes I, II, and III. 
These may contain one, two, or four Fe atoms linked to inorganic sulfur atoms and/or via 
cysteine-SH groups to the protein. The Fe–S take part in single electron transfer reactions in 
which one Fe atom undergoes oxidoreduction between Fe2+ and Fe3+. 
 
Many enzymes in the mitochondria, including those of the citric acid cycle and pyruvate 
dehydrogenase, produce NADH, all of which can be oxidized in the electron transport chain and 
in the process, capture energy for ATP synthesis by oxidative phosphorylation. NADH produced 
in the cytoplasm can be transferred into the mitochondria for delivery to the ETC. Once NADH 
has been oxidized, the NAD can again be used by enzymes that require it. 
 
O2 is delivered to tissues by hemoglobin. The majority of oxygen required in a tissue is 
consumed in the ETC. Its function is to accept electrons at the end of the chain, and the water 
formed is added to the cellular water. 
 
Complex I: It contains about 25 different proteins and contains a flavoprotein (FMN prosthetic 
group) and seven or more Fe-S clusters.  This complex binds NADH, transfers two electrons in 
the form of a hydride to FMN to produce NAD+ and FMNH2. NADH donates 2 electrons to the 
FMN moiety which gets reduced to FMNH2. The 2 electrons are then transferred from the 
FMNH2 to Fe-S from where the e-s are transferred to coenzyme Q (ubiquinone), in this process 
protons are driven out of the mitochondria matrix into the intermembrane space. The prosthetic 
group FMN is absolutely required for activity. 
 
Electrons are transferred from NADH to FMN initially, then to a series of Fe–S centers, and 
finally to Q.  
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The process of transferring electrons from NADH to CoQ by complex I results in the net 
transport of protons from the matrix side of the inner mitochondrial membrane to the inter 
membrane space where the H+ ions accumulate generating a proton motive force. The 
intermembrane space side of the inner membrane is referred to as the P face (P standing for 
positive). The matrix side of the inner membrane is referred to as the the N face. The transport of 
electrons from NADH to CoQ is coupled to the transport of protons across the membrane. This is 
an example of active transport. 
 
Complex II: here electrons from FADH2 enter the ETC (FADH2 by passes the complex I, hence 
less ATP is generated from this, 2 instead of 3). It also receives the 2 electrons carried by 
coenzyme Q, 
 
In Complex II (succinate-Q reductase), FADH2 is formed during the conversion of succinate to 
fumarate in the citric acid cycle and electrons are then passed via several Fe–S centers to Q.  
 
FADH2 is produced by succinate dehydrogenase in the citric acid cycle. Succinate 
dehydrogenase located in the inner membrane can reoxidize FADH2 directly by transferring 
electrons into the ETC. Once FADH2 has been oxidized, the FAD can be made available once 
again for use by the enzyme. 
 
Glycerol-3-phosphate (generated in the breakdown of triacylglycerols or from glycolysis, and 
acyl-CoA also pass electrons to Q via different pathways involving flavoproteins. 
 
Ubiquinone (UQ), a name reflecting its ubiquitous nature, as it occurs virtually in all cells. It 
was formerly called as coenzyme Q (Q for quinone) and abbreviated as CoQ or simply Q.  
 
Ubiquinone is the only electron carrier in the respiratory chain that is not tightly bound or 
covalently attached to a protein. In fact, it serves as a highly mobile carrier of electrons between 
the flavoproteins and the cytochromes of the electron-transport chain. 
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Coenzyme Q is reduced to semiquinone (QH) and then to quinol (QH2), these coenzymes can 
diffuse through the lipid layer, accepts electrons from complex I and complex II and transfers 
them to complex III. 

 
When reduced NADH dehydrogenase (E–FMNH2) donates its reducing equivalents via the Fe—
S centres to ubiquinone, the latter becomes reduced to ubiquinol (QH2) and the oxidized form of 
NADH dehydrogenase is regenerated. 
 
E—FMNH2 + Q  ↔ E–FMN + QH2 
 
The function of ubiqunione is to collect reducing equivalents not only from NADH 
dehydrogenase but also from other flavin-linked dehydrogenases of mitochondria. 
 
Ubiquinone is the connecting link between complexes I , II and III, and cytochrome c connects 
the complexes. III and IV. 
 
The cytochromes are electron-transferring, red or brown proteins that contain a heme prosthetic 
group and act in sequence to carry electrons from ubiquinone to molecular oxygen. They are, 
thus, heme proteins (or hemoproteins) like hemoglobin but, unlike hemoglobin, their iron atoms 
are oxidized and reduced to transfer electrons between other compounds. 
 
There are 5 types of cytochromes between ubiquinol (QH2) and oxygen in the electron-transport 
chain. Each type is given a letter designation— a, b, c and so on, 
 
Complex III: It is a multiprotein complex having a Cyt b and Cyt c1 component, electrons are 
transferred from the quinol compound to the Cyt b and Cyt c1 respectively with shuttle of the 
iron in heme between Fe2+ and Fe3+ forms and the electrons are finally transferred to cytochrome 
c (the second mobile constituent). Protons are pumped out of the matrix too. 
 
Cytochrome c is the best known of cytochromes. It is the only electron-transport protein that can 
be separated from the inner mitochondrial membrane by gentle treatment. It is a small protein 
with an iron-porphyrin group (or heme C) covalently attached to its single polypeptide chain, 
containing about 100 amino acid residues. The iron atom is bonded to the sulfur atom of a 
methionine residue and to the nitrogen atom of a histidine residue. 
Cytochrome c is a single electron carrier and collects electrons from complex III and delivers it 
to complex IV. It has only one heme prosthetic group. 
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Complex IV (also known as cytochrome c oxidase) contains  cytochrome a and cytochrome a3 (2 
heme groups) and two copper proteins. Each of the protein bound coppers are associated with 
one of the cytochromes. It accepts 4 electrons from Cyt c and passes it to molecular oxygen to 
yield 2 molecules of water. Protons are pumped out of matrix. 
 
It is quite important for the cell that the O2 molecule be completely reduced to 2 molecules of 
H2O by accepting 4 electrons. If, however, O2 is only partially reduced by accepting 2 electrons, 
hydrogen peroxide (H2O2) is formed and if O2 accepts only one electron, the product formed is 
the superoxide radical (: O2

– ).  
 
Hydrogen peroxide and superoxide are extremely toxic to cells as they attack the unsaturated 
fatty acid components of membrane lipids, thus damaging severely the membrane structure. 
Superoxide is especially 
dangerous. It does not itself react readily with most cellular constituents, but it will 
spontaneously combine with peroxides to form hydroxyl radicals (OH) and singlet oxygen (1O2), 
which are disruptively reactive. 
 
ATP synthase complex/F0F1 ATPase: it is sometimes referred to as the fifth complex. It has 
two units F0 and F1. The F0 unit serves as a proton channel that channels the H+ back into the 
matrix of the mitochondria. The F1 unit catalyzes the synthesis of ATP from ADP and Pi. It has 
several chains that have binding sites for ATP, ADP and Pi and also catalytic sites. 
 
The accumulated protons in the inter-membrane space produce a gradient and an electrochemical 
potential difference, this proton motive force drives the synthesis of ATP when the protons are 
channeled back into the matrix through the ATP synthase. 
 
Hence the oxidation of coenzymes or electrons in the chains is coupled to phosphorylation of 

ADP to yield ATP hence the term oxidative phosphorylation. 
 
OXIDATIVE PHOSPHORYLATION 
The Chemiosmotic Coupling Hypothesis by Peter Mitchell, a British biochemist, in 1961 
provides simpler and novel mechanism and understanding of oxidative phosphorylation. He 
proposed that electron trasnsport and ATP synthesis are coupled by a proton gradient. 
According to this model, the transfer of electrons through the respiratory chain results in the 
pumping of protons (H+) from the matrix side (M-side) to the cytosol or cytoplasmic side (C-
side) of inner mitochondrial membrane. The concentration of H+ becomes higher on the 
cytoplasmic side, thus creating an electrochemical potential difference. This consists of a 
chemical potential (difference in pH) and a membrane potential, which becomes positive on the 
cytoplasmic side. The hypothesis further proposes that the H+ ions, ejected by electron transport, 
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flow back into the matrix through a specific H+ channel or ‘pore’ in the FoF1 ATPase molecule, 
driven by the concentration gradient of H+. The free energy released, as proton (H+) flows back 
through the ATPase, causes the coupled synthesis of ATP from ADP and phosphate by ATP 
synthetase. 
 
Thus, as the high-energy electrons from the hydrogens of NADH and FADH2 are transported 
down the respiratory chain in the mitochondrial inner membrane, the energy released as they 
pass from one carrier molecule to the next is used to pump protons (H+) across the inner 
membrane from the mitochondrial matrix into the inner-membrane space. This creates an 
electrochemical proton gradient across the mitochondrial inner membrane, and the backflow of 
H+ down this gradient is, in turn, used to drive the membrane-bound enzyme ATP synthase, 
which catalayzes the conversion of oxidative phosphorylation. 
 
According to chemiosmotic theory, electron - transport and oxidative phosphorylation are 
coupled by proton-gradient as follows. As electrons from NADH or FADH2 flow down the 
respiratory chain to O2, free energy is released. The free energy released is captured at three sites 
to pump protons against concentration gradient from matrix to inter membrane space generating 
proton gradient across inner mitochondrial membrane. As a result of this, pH gradient is also 
formed, more positive (acidic) on the outer side, more negative (basic) on the inner side of 
mitochondria. In this process a proton motive force of 0.22Volts is created across inner 
mitochondrial membrane. Now the kinetic energy of electrons is transformed into the proton –
motive force. This force drives later ATP synthesis. This happens when protons are back 
translocated into matrix through the channel portion of ATP synthase (Fo) which is activated by 
electrochemical potential difference across the membrane. Catalytic portion of ATP synthase 
(F1) synthesizes ATP from ADP and Pi as protons are back translocated. 
 
ATP synthesis by oxidative phosphorylation uses the energy of the proton gradient and is carried 
out by the FoFI ATP synthase complex, which spans the inner membrane. As protons flow into 
the mitochondria through the Fo component, their energy is used by the FI component (ATP 
synthase) to phosphorylate ADP using Pi.  
 
On average, when an NADH is oxidized in the ETC, sufficient energy is contributed to the 
proton gradient for the phosphorylation of 3 ATP by FoFI ATP synthase. FADH2 oxidation 
provides enough energy for approximately 2 ATP. 
 
 

INHIBITORS OF ELECTRON TRANSPORT CHAIN (ETC) AND 
OXIDATIVE PHOSPHORYLATION 

The ETC is coupled to oxidative phosphorylation so that their activities rise and fall together. 
 

Inhibitors of any step effectively inhibit the whole coupled process, resulting in: 
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• Decreased oxygen consumption 
• Increased intracellular NADH/NAD and FADH/FAD ratios 
• Decreased ATP 

 

Important inhibitors include cyanide and carbon monoxide. 
 

Cyanide 
Cyanide is a deadly poison because it binds irreversibly to cytochrome al a3 preventing electron 
transfer to oxygen, producing many of the same changes seen in tissue hypoxia.  
 

Sources of cyanide include: 
. Burning polyurethane (foam stuffing in furniture and mattresses) 
. Byproduct of nitroprusside (released slowly; thiosulfate can be used to destroy the cyanide) 
 

Nitrites may be used as an antidote for cyanide poisoning if given rapidly. They convert 
hemoglobin to methemoglobin, which binds cyanide in the blood before reaching the tissues. 
 

Oxygen is also given if possible. 
 
CarbonMonoxide 
Carbon monoxide binds to cytochrome al a3 but less tightly than cyanide. It also binds to 
hemoglobin, displacing oxygen. Symptoms include headache, nausea, tachycardia, and 
tachypnea. Lips and cheeks turn a cherry-red color. Respiratory depression and coma result in 
death if not treated by giving oxygen.  
 

Sources of carbon monoxide include: 
• Propane heaters and gas grills . Vehicle exhaust 
• Tobacco smoke 
• House fires 
• Methylene chloride-based paint strippers 

 

Other inhibitors include antimycin (cytochrome blc1), doxorubicin (CoQ), and oligomycin (Fo)' 
 

Barbiturates such as amobarbital inhibit electron transport via Complex I by blocking the 
transfer from Fe–S to Q. At sufficient dosage, they are fatal in vivo.  
 

Antimycin A and dimercaprol inhibit the respiratory chain at Complex III.  
 

The classic poisons H2S, carbon monoxide, and cyanide inhibit Complex IV and can therefore 
totally arrest respiration. 
 

Malonate is a competitive inhibitor of Complex II. 
 

Atractyloside (toxic glycoside is extracted from the rhizomes of Atractylis gummifera, a plant 
native to Italy) inhibits oxidative phosphorylation by inhibiting the transporter of ADP into and 
ATP out of the mitochondrion.  
 



A Biochemistry lecture by DR. USUNOBUN USUNOMENA, Dept of Biochemistry, Edo University, Iyamho, Edo 
State, Nigeria usunsquare@yahoo.com, usunobun.usunomena@edouniversity.edu.ng, 08034174871 Pg 79 
 

The antibiotic oligomycin completely blocks oxidation and phosphorylation by blocking the 
flow of protons through ATP synthase. 
 

Oligomycins (antibiotics are obtained from various species of Streptomyces) inhibit the transfer 
of high-energy phosphate to ADP and, therefore, also inhibit electron transfers coupled to 
phosphorylation. However, they do not affect those redox reactions that are not coupled. The Fo 
component of ATP synthetase binds oligomycin, which is a potent inhibitor of this enzyme and, 
thus, of oxidative phosphorylation. Apparently, oligomycin appears to block one of the primary 
phosphorylation steps. 
 

Uncoupling agents are compounds which dissociate (or ‘uncouple’) the synthesis of ATP from 
the transport of electrons through the cytochrome system. This means that the electron transport 
continues to function, leading to oxygen consumption but phosphorylation of ADP is inhibited. 
In the intact mitochondria, these two processes are intimately associated. When they are 
uncoupled, the transport of electrons speeds up, thereby pointing out that the phosphorylation of 
ADP has been a rate limiting process. In the presence of uncouplers, the free energy released by 
electron transport appears as heat, rather than as newly-made ATP. 
 
Uncoupling can be distinguished from inhibition. Uncoupling causes an increased oxygen 
consumption in the absence of increased utilization of ATP, whereas inhibition of 
phosphorylation (or inhibition of ADP—ATP antiport) diminishes oxygen consumption in 
normal coupled mitochondria. 
 
Uncouplers dissociate oxidation in the respiratory chain from phosphorylation. These 
compounds are toxic in vivo, causing respiration to become uncontrolled, since the rate is no 
longer limited by the concentration of ADP or Pi. The uncoupler that has been used most 
frequently is 2,4-dinitrophenol, but other compounds act in a similar manner. Dicoumarol is 
also another uncoupler 
 
Thermogenin (or the uncoupling protein) is a physiological uncoupler found in brown adipose 
tissue that functions to generate body heat, particularly for the newborn and during hibernation in 
animals. 
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ROLES OF ELECTRON TRANSPORT ENERGY 
The main function of electron transport in mitochondria is to provide energy for the synthesis of 
ATP during oxidative phosphorylation. But the energy generated during electron transport is also 
used for other biological purposes, which are listed below : 

 
Some key roles of the transmembrane proton gradient 
 
1. The proton gradient generated by electron transport can be used to generate heat. For example, 
human infants, other mammals born hairless and some hibernating animals have a special type of 
brown fat in the neck and upper back. The brown fat is so named because it contains profuse 
mitochondria which, in turn, are rich in the red-brown cytochromes. These specialized brown-fat 
mitochondria do not usually produce ATP, rather they dissipate the free energy of electron 
transport as heat in order to maintain the body temperature of the young ones. This is because the 
brown-fat mitochondria have special proton pores in their inner membrane 
that allow the protons, pumped on by electron transport, to flow back into the matrix, rather than 
through the FoF1 ATPase or ATP synthetase. Consequently, the free energy of electron transport 
is diverted from ATP synthesis into heat production. 
 
2. The electron transport energy is also used to transport Ca2+ from the cytosol into the matrix of 
animal mitochondria. In fact, the inner membrane contains two transport systems for Ca2+ : one 
transports Ca2+ inward and the other transports Ca2+ outward. The concentration of external Ca2+ 
is maintained at a very low level (about 10–7 M). This is due to a balance between the rates of 
Ca2+ influx and efflux. Thus, the inward transport of Ca2+  is counterbalanced by Ca2+ efflux 
whose rate is regulated. High Ca2+ concentrations initiate or promote many cell functions such as 
muscle concentration, glycogen breakdown and the oxidation of pyruvate ; low Ca2+ 
concentrations have inhibitory effects on these functions. 
 
3. Rotation of bacterial flagella is also controlled by the proton gradient generated across the 
membrane. 
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4. Transfer of electrons from NADH to NADPH is also powered by the proton gradient. 
5. The entry of some amino acids and sugars is also governed by the energy generated during 
electron transport. 
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BLOOD GLUCOSE  

Under normal condition, glucose is the only sugar present in blood. In man, glucose is 
equally distributed between red cells and plasma. It is freely diffusible into Extracellular fluids. 

Glucose is the major carbohydrate presented to the cell for energy production and many other 
anabolic requirements. Glucose and other monosaccharides are transported across the intestinal 
wall to the hepatic portal vein and then to liver cells and other tissues. There they are converted 
to fatty acids, amino acids, and glycogen, or are oxidized by the various catabolic pathways of 
cells. 

Most tissues and organs, such as the brain, need glucose constantly, as an important source of 
energy. The low blood concentrations of glucose can causes seizures, loss of consciousness, and 
death. On the other hand, long lasting elevation of blood glucose concentrations, can result in 
blindness, renal failure, vascular disease, and neuropathy. Therefore, blood glucose 
concentrations need to be maintained within narrow limits. The process of maintaining blood 
glucose at a steady-state level is called glucose homeostasis. 

This is accomplished by the finely hormone regulation of peripheral glucose uptake, hepatic 
glucose production and glucose uptake during carbohydrate ingestion. 

Regulation and maintenance of Blood Glucose levels ( BGL ) : 

The BGL at any given time is determined by the balance between  

1) The amount of glucose entering the blood stream, and  
2) The amount leaving it. 
Some tissues of the body, such as brain and red blood cells, depend on glucose for energy. Most 
other tissues require glucose for synthetic reactions, e.g. ribose moiety of nucleotides or the 
carbohydrate portion of glucoproteins.  

Therefore, in order to survive, humans must have mechanisms for maintaining BGL .  

1) After a meal containing carboyhydrates , blood glucose levels rise. Some of the glucose 
from the diet is stored in the liver as glycogen (5%) or is converted to fat (30-40%) . The 
remainder is metabolized in muscle and other tissues e.g. for energy production.  

2) After 2 or 3 hours of fasting , this glycogen begins to be degraded by the process of 
glycogenolysis, and glucose is released into the blood. 

3) As glycogen stores decrease, adipose triacylglycerate (fat) are also degraded, providing 
fatty acids as an alternative fuel and glycerol for the synthesis of glucose by 
gluconeogenesis. Amino acids are also released from muscle to serve as gluconeogenesis 
precursor.  
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4) During an overnight fast, blood glucose levels are maintained by both glycogenolysis and 
glyconeogenesis. However after 18-30 hours fasting, liver glycogen stores are completely 
depleted and gluconeogenesis is the only source of blood glucose. 

5) Blood glucose levels are maintained not only during fasting, but also during exercise 
when muscle cells take up glucose from the blood and oxidize it for energy. During 
exercise, the liver supplies glucose to the blood by process of glycogenolysis and 
gluconogenesis. 

6) Muscle, although it stores glycogen , does not contribute glucose to the blood , because of 
the absence of glucose 6-phosphatase in muscle. 

 

Thus, the liver plays an important role in the regulation of blood glucose, because it functions 
both in the removal of glucose from the blood, and in the addition of glucose to the blood.  

The activity of liver in maintaining normal blood glucose is influenced by various hormones: 

ROLE OF HORMONES IN THE REGULATION OF BLOOD GLUCOSE : 

Insulin : is the principal hormone affecting blood glucose levels, and an understanding of its 
actions is an important prerequisite to the study of diabetes mellitus. Insulin is small protein 
synthesized in the beta cells of the islels of langerhans of the pancreas. It acts through membrane 
receptors and its main target tissues are liver, muscle and adipose tissue. The overall effect of 
insulin is to promote cellular uptake and storage of metabolic fuels.  

1. Insulin increases the uptake of glucose in muscle and adipose tissue. However, insulin 
activates the enzymes of glycolysis and glycogenesis in the liver .  

2. It activates hexokinase . 
3. Insulin stimulates glycogenesis, and lipogenesis.  
4. It inhibits hepatic production of glucose (glucogenolysis) . 
5. Insulin stimulates phosphatase enzyme so converts inactive glycogen synthase into 

active one and converts active phosphonylase enzyme into inactive one → stimulation of 
glycogenesis and inhibition of glycogenolysis.  

Insulin , therefore, promotes the reduction of blood glucose by increasing the rate of glucose 
utilization And decreasing the rate of delivery of glucose to blood by the liver. 

The major function of insulin is to counter the concerned action of a number of hyperglycemia-
generating hormones to maintain low blood glucose levels. It also plays an important role in the 
regulation of glucose metabolism. This hormone regulates glucose metabolism at many sites 
reducing hepatic glucose output, via decreased gluconeogenesis and glycogenolysis, facilitates 
the transport of glucose into striated muscle and adipose tissue, and inhibits glucagon secretion.  

Insulin is not secreted if the blood concentration is ≤ 3 mmol/L, but is secreted in increasing 
amounts as glucose concentrations increase beyond this threshold. When blood glucose levels 
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increase over about 5 mmol/L the beta-cells increase their output of insulin. The glucagon 
producing alpha-cells of the pancreatic islets of Langerhans remain quiet, and hold on their 
hormone. 

Glucagon : The hormone of the alpha cells of pancreas. Its secretion is stimulated by 
hypoglycemia . It increases the blood glucose through the following action : 

1, glucagon accelerates glycogenolysis in the liver by activating phosphorylase. It has no effect 
on muscle glycogen .  

1. Glucagon stimulates gluconeogenesis from amino acids and lactate .  
During periods of hypoglycemia, the alpha-cells of the pancreatic islets of Langerhans secrete 
more glucagon. It is the principal hormone responsible for maintaining plasma glucose at 
appropriate levels during periods of increased functional demand. This hormone counteracts 
hypoglycemia and opposes insulin actions by stimulating hepatic glucose production. It induces 
a catabolic effect, mainly by activating liver glycogenolysis and gluconeogenesis, which results 
in the release of glucose to the bloodstream, thereby increasing blood glucose levels. 

DISEASES/DISORDERS OF CARBOHYDRATE METABOLISM 

• Diabetes mellitus; 
• Hyperinsulinism 
• Hypoglycemia 
• Glycogen storage diseases (GSD). 

 
DIABETES MELLITUS ( DM )  

Diabetes mellitus is an important disorder of carbohydrate metabolism. However, fat and protein 
metabolism are also affected in diabetic condition. Diabetes means excretion of excessive 
volume of urine and mellitus means sweet. So the word diabetes mellitus refers to chronic 
excretion of large volume of urine containing glucose. 

Diabetes mellitus, caused by a deficiency in the secretion or action of insulin, is a relatively 
common disease. Insulin is an endocrine hormone which is secreted by -cells of islets of 
Langerhans of pancreas. The abnormality in glucose metabolism is indicative of diabetes or a 
tendency towards the condition. Diabetes mellitus is really a group of diseases in which the 
regulatory activity of insulin is defective. 

Diabetes mellitus is the commonest endocrine disorder encountered in clinical practice. It may be 
defined as a syndrome characterized by hyperglycemia due to an absolute or relative lack of 
insulin and/or insulin resistance. 

The most obvious symptom of diabetes, hyperglycemia, is caused by indequate uptake of 
glucose from the blood.  
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Diabetes mellitus is generally subclassified into :  

a) Type 1 or Insulin dependent Diabetes mellitus (IDDM ) . 
b) Type II or Non-insulin dependent diabetes mellitus (NIDDM ) . 
(A) Type-I or Insulin dependent diabetes mellitus ( IDDM) 

Type 1 diabetes mellitus (previously known as juvenile or insulin-dependent diabetes) results 
due to autoimmune progressive destruction of insulin-producing beta-cells. 

IDDM accounts for approximately 15% of all diabetes. It can occur at any age but is most 
common in the young, with a peak incidence between 9 and 14 years of age. The absolute lack of 
insulin is a consequence of the autoimmune destruction of insulin-producing beta cells. There 
may be an environmental precipitating factor such as a viral infection.  

The most serious acute symptom of IDDM is ketoacidosis. The odour of acetone on patient’s 
breath is a characteristic of ketoacidosis. Elevated concentrations of ketones in the blood 
(ketosis) and a lowered blood PH along with hyperglycemia cause excessive water loss. 
ketoacidosis & dehydration , if left untreated , can lead to coma & death . 

Type 1 diabetes is observed in approximately 10% of patients with diabetes mellitus. Type 1 
diabetes is a complex polygenic disorder. It cannot be classified strictly by dominant, recessive, 
or intermediate inheritance, making identification of diseases susceptibility or resistant gene 
difficult. The lifetime of type 1 diabetes risk for a number of the general population is often 
quoted as 0.4%. Eight-five percent of cases of type 1 diabetes occur in individuals with no family 
of the disease. 

Differences in risk also depend on which parent has diabetes. The risk increases to 1 – 2% if the 
mother has diabetes and intriguingly to 3 – 7% if the father has diabetes. 

IDDM patients are treated with injections of insulin obtained from animals or from recombinant 
DNA technology. 

Type 1 requires insulin therapy and careful, life long control of the balance between glucose 
intake and insulin dose. The decreased or defective production of insulin is characterised by the 
following symptoms. 

1. Decreased permeability of the cell membrane for glucose resulting in the accumulation of 
glucose in the blood. This condition is known as hyperglycemia. Glucose concentration increases 
as high as 500 mg/100 ml of blood. 

2. Polyuria: This means excretion of increased quantity of urine. This is to excrete the additional 
quantity of glucose in urine (glucosuria). 

3. Polydipsia: The excessive thirst which leads to increased consumption of water. This 
condition is known as polydipsia. This is to replace the volume of water excreted due to polyuria. 
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4. Polyphagia: Excessive appetite leads to polyphagia and increased intake of food. This is to 
replace the lost nourishment. The diabetic has voracious appetite, but inspite of over eating, they 
lose weight and become lean and emaciated. 

5. As glucose is not enough for energy production, increased mobilisation of fat from adipose 
tissue occurs. But the metabolism of fat is incomplete resulting in the production of large 
amounts of the intermediary products of fat metabolism namely ketone bodies (eg. Acetoacetate 
and -hydroxybutarate). This condition is known as 'ketosis' and excess ketone bodies cause 
severe acidosis, ultimately resulting in 'coma'. 

6. Deposition of lipids in the walls of the blood vessels resulting "atherosclerosis". 

(B) Type - II or Non insulin dependent diabetes mellitus ( NIDDM )  

NIDDM ACCOUNTS FOR 85 % OF all diabetes and can occur at any age. It is most common 
between 40 and 80 years. In this condition there is resistance of peripheral tissues to the actions 
of insulin, so that the insulin level may be normal or even high. The most common cause of 
insulin resistance is the down-regulation or defect of insulin receptors . 

Obesity is the most commonly associated clinical feature. Approximately 85% of NIDDM are 
obese. Obesity promotes tissue intensitivity to insulin . 

When the failure of NIDDM to control hyperglycemia is accompanied by other serious medical 
conditions (e.g. renal insufficiency , myocardial infraction, or infection), a serious metabolic 
state referred to as  

Hyperosmolar hyperglycemia non ketosis can result. [The level of insulin is sufficient to prevent 
ketosis but does not prevent hyperglycemia and osmotic diuresis]. The high blood glucose level 
accompanied by severe dehydration in life-threatening. 

Treatment of NIDDM usually consists of diet control & exercise. Often, obese patients become 
more sensitive to insulin when they lose weight . 

Because sustained muscular activity increases the uptake of glucose without requiring insulin, 
exercise also decreases hyperglycemia . In some cases, oral hypoglycemia drugs are used. 

Current theories of type 2 diabetes include a defect in insulin-mediated glucose uptake in muscle, 
a dysfunction of the pancreatic beta-cells, a disruption of secretory function of adipocytes, and an 
impaired insulin action in liver.  

The etiology of human type 2 diabetes is multifactorial with genetic background and 
environmental factors of the modern world which favor the development of obesity. Several 
findings indicate that genetics is an important contributing factor.  
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It has been estimated that 30 – 70% of type 2 diabetes risk can be attributed to genetics. The 
lifetime risk of type 2 diabetes is about 7% in a general population, about 40% in offspring of 
one parent with type 2 diabetes, and about 70% if both parents have type 2 diabetes. 

Patterns of inheritance suggest that type 2 diabetes is both polygenic and heterogeneous – i.e. 
multiple genes are involved and different combinations of genes play a role in different subsets 
of individuals. Genetic research effort have led to the identification of at least 27 type 2 diabetes 
susceptibility genes. 

DIAGNOSIS OF DIABETES MELLITUS  

Blood samples may be taken according to any of the following ways : 

i- Random blood glucose ( RBG ) : 

RBG is the only test required in an emergency. An RBG of less than 140 mg/dl (8mmol/l) 
should be expected in non-diabetics . RBG higher than 200 mg/dl (11 mmol/l ) usually indicates 
diabetes mellitus. 

1- Fasting blood glucose ( FBG ) : 
FBG is measured after an overnight fast (at least 10 hours). An FBG is better than RBG for 

diagnostic purposes. In non-diabetes it is usually lower than 6 mmol/l. fasting values of 6-8 
mmol/l should be interpreted as borderline. FBG equal to or above 8 mmol/l on two occasions is 
diagnostic for diabetes mellitus . 

2- Postprandial : 2 hours after a mixed meal ( 120-140 mg/dl ) . 
3- Glucose Tolerance Test (GTT) 
After a night without food, the patient drinks a test dose of 100 g of glucose dissolved in a glass 
of water. The blood glucose concentration is measured before the test dose and at 30 min 
intervals for several hours thereafter. A normal individual assimilates the glucose readily, the 
blood glucose rising to no more than about 80 to 120 mg/100 ml; little or no glucose appears in 
the urine. Diabetic individuals assimilate the test dose of glucose poorly; their blood glucose 
level far exceeds the kidney threshold (about 180 mg/100ml), causing glucose to appear in their 
urine. 

HYPERGLYCEMIA 

Hyperglycemia is the technical term for high blood glucose (sugar). It develops when there is too 
much sugar in the blood. High blood glucose happens when the body has too little insulin or 
when the body cannot use insulin properly. Hyperglycemia is a serious health problem for those 
with diabetes. In people with diabetes, there are two specific types of hyperglycemia that occur.  

Fasting hyperglycemia is defined as a blood sugar greater than 90 – 130 mg/dL (5 – 7.2 mmol/L) 
after fasting for at least 8 hours.  
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Postprandial (after-meal hyperglycemia) is defined as a blood sugar usually greater than 180 
mg/dL (10 mmol/L). 

Hyperglycemia in diabetes may be caused by: skipping or forgetting insulin or oral glucose 
lowering medicine, eating too many grams of carbohydrates for the amount of insulin 
administered, eating too much food and having too many calories, infection, illness, increased 
stress, decreased activity or exercising less than unusual, strenuous physical activity.  

Early signs and symptoms of hyperglycemia include the following: increased thirst, headaches, 
difficulty concentrating, blurred vision, frequent urination, fatigue (weak, tired feeling), weight 
loss, blood sugar more than 180 mg/dL (10 mmol/L), high levels of sugar in the urine.  

Prolonged hyperglycemia in diabetes may result in: vaginal and skin infections, slow-healing 
cuts and sores, decreased vision, nerve damage causing painful cold or insensitive feet, stomach 
and intestinal problems.  

Persistently high blood glucose levels (above 15 mmol/L; 270 mg/dL) for more than 12 – 24 
hours can result in the symptoms of hyperglycemia. 

HYPOGLYCEMIA 

Normally, the body maintains the levels of sugar in the blood within a range of about 70 to 110 
mg/dL, depending on when a person last ate. In the fasting state, blood sugar can occasionally 
fall below 60 mg/dL and even to below 50 mg/dL and not indicate a serious abnormality or 
disease. This can be seen in healthy women, particularly after prolonged fasting.  

Hypoglycemia, also called low blood glucose or low blood sugar, occurs when glucose drops 
below normal levels. Hypoglycemia is defined arbitrarily as blood glucose of less than 50 mg/dL 
(2.8 mmol/L) with neuroglycopenic symptoms or less than 40 mg/dL (2.2 mmol/L) in the 
absence of symptoms.  

The clinical manifestations of hypoglycemia are nonspecific. Therefore, clinically significant 
hypoglycemia is characterized by Whipple’s triad:  

1) symptoms of neuroglycopenia,  

2) simultaneous blood glucose lower than 40 mg/dL (2.2 mmol/L),  

3) relief of symptoms with the administration of glucose.  

All 3 criteria should be met to establish a diagnosis of hypoglycemia. 

Asymptomatic hypoglycemia with glucose levels as low as 30 mg/dL (1.7 mmol/L) can be seen 
during fasting in normal women and during pregnancy 
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If left untreated, hypoglycemia can get worse and cause confusion, clumsiness, or fainting. 
Severe hypoglycemia can lead to seizures, coma, and even death. General symptoms of 
hypoglycemia are: nausea, dizziness, collapse, weight gain. Neurogenic symptoms result from 
sympathoadreanl discharge triggered by hypoglycemia. They include sweating, tremor, 
palpitations, tachycardia, agitation, nervosity, hunger. 

Coma may result from values below 40 - 50 mg/dL, and death in extreme cases. Hypoglycemia 
can also happen during sleep. Some signs of hypoglycemia during sleep include crying out or 
having nightmares, finding pajamas or sheets damp from perspiration, feeling tired, irritable, or 
confused after waking up. 
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ACCESSORY FOOD FACTORS ( VITAMINS) 
The vitamins are a disparate group of compounds; they have little in common either chemically 
or in their metabolic functions. Nutritionally, they form a cohesive group of organic compounds 
that are required in the diet in small amounts (micrograms or milligrams per day) for the 
maintenance of normal health and metabolic integrity. They are thus differentiated from the 
essential minerals and trace elements (which are inorganic) and from essential amino and fatty 
acids, which are required in larger amounts. 
 
The discovery of the vitamins began with experiments performed by Hopkins at the beginning of 
the twentieth century; he fed rats on a defined diet providing the then known nutrients: fats, 
proteins, carbohydrates, and mineral salts. The animals failed to grow, but the addition of a small 
amount of milk to the diet both permitted the animals to maintain normal growth and restored 
growth to the animals that had previously been fed the defined diet. 
 
He suggested that milk contained one or more “accessory growth factors” – essential nutrients 
present in small amounts, because the addition of only a small amount of milk to the diet was 
sufficient to maintain normal growth and development. 
 
The first of the accessory food factors to be isolated and identified was found to be chemically an 
amine; therefore, in 1912, Funk coined the term vitamine, from the Latin vita for “life” and 
amine, for the prominent chemical reactive group. 
 
When it was realized that milk contained more than one accessory food factor, they were named 
A and B. This division into fat- and water-soluble vitamins is still used. 
 
As can be seen a number of compounds were assigned vitamin status, and were later shown 
either not to be vitamins, or to be compounds that had already been identified and given other 
names. 
 

 
Water soluble vitamins are not accumulated in the body , but are readily excreted while fat 
soluble vitamins are stored in the body. For this reason excessive intake of fat soluble vitamins, 
especially Vitamin A and D can prove toxic. Excessive intake leads to the condition called 
hypervitaminosis. 
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• Many vitamins are absorbed by active transport; this is a saturable process, and, 
therefore, the percentage that is absorbed will decrease as the intake increases. 
 

• The fat-soluble vitamins (A, D, E, and K) are absorbed dissolved in lipid micelles, and, 
therefore, absorption will be impaired when the meal is low in fat. Gastrointestinal 
pathology that results in impaired fat absorption and steattorhea (e.g., untreated celiac 
disease) will also impair the absorption of fat-soluble vitamins, because they remain 
dissolved in the unabsorbed lipid in the intestinal lumen. Lipase inhibitors used for the 
treatment of obesity and fat replacers (e.g., sucrose polyesters such as OlestraTM) will 
similarly impair the absorption of fat-soluble vitamins. 

 
• Many of the water-soluble vitamins are present in foods bound to proteins, and their 

release may require either the action of gastric acid (as for vitamin B12) or specific 
enzymic hydrolysis [e.g., the action of conjugase to hydrolyze folate conjugates and the 
hydrolysis of biocytin to release biotin ]. 

 
• The state of body reserves of the vitamin may affect the extent to which it is absorbed (by 

affecting the synthesis of binding and transport proteins) or the extent to which it is 
metabolized after uptake into the intestinal mucosa [e.g., the oxidative cleavage of 
carotene to retinaldehyde is regulated by vitamin A status]. 
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• Compounds naturally present in foods may have antivitamin activity. Many foods contain 
thiaminases and compounds that catalyze nonenzymic cleavage of thiamin to biologically 
inactive products. 

 
• Both drugs and compounds naturally present in foods may compete with vitamins for 

absorption. Chlorpromazine, tricyclic antidepressants, and some antimalarial drugs 
inhibit the intestinal transport and metabolism of riboflavin; carotenoids lacking vitamin 
A activity compete with β-carotene for intestinal absorption and metabolism; and alcohol 
inhibits the active transport of thiamin across the intestinal mucosa. 

 
• Some vitamins are present in foods in chemical forms that are not susceptible to enzymic 

hydrolysis during digestion, although they are released during the preparation of foods 
for analysis. Much of the vitamin B6 in plant foods is present as pyridoxine glycosides, 
which are only partially available, and may also antagonize the metabolism of free 
pyridoxine; excessive heating can lead to nonenzymic formation of pyridoxyllysine in 
foods, rendering both the vitamin and the lysine unavailable; and most of the niacin in 
cereals is present as niacytin (nicotinoyl-glucose esters in oligosaccharides and nonstarch 
polysaccharides), which is only hydrolyzed to a limited extent by gastric acid 

 

FAT SOLUBLE VITAMINS 
VITAMIN A 

Vitamin A was the first fat soluble vitamin to be recognized. Three forms of Vitamin A are 
active in the body, 
retinol, retinal and retinoic acid. They are collectively called as retinoids . 
 
Vitamin A is present in vegetable foods which contain yellow pigment called carotenes. It was 
isolated from carrots hence called carotenoids which are provitamins of Vitamin A. 
 
Functions. 
1) A well understood function of retinol is in the visual process. The retina of the human eye 
contains two distinct photo receptors of which one is sensitive to light intensities . Vitamin A is 
essential for the formation of rhodopsin and normal functioning of the retina for clear vision in 
dim light. Lack of Vitamin A leads to impaired adaptation to darkness. 
 
2) Participates in protein synthesis and cell differentiation and thereby maintaining the health of 
the epithelial tissues and skin. 
3) Supports reproduction and growth 
4) Vitamin A regulates the antibodies and cellular immune response. It is essential for 
maintaining the epithelial tissue which is the first line of defence against invading 
microorganism. 
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5) Beta carotene acts as an antioxidant capable of protecting the body against disease like cancer, 
cardiovascular diseases and cataract. 
 
Sources 
Vitamin A in the human diet exist as retinol or as retinal or beta carotene which has to be 
converted to Vitamin A. Foods of animal origin contain retinol. 
 
Plant sources are rich in Beta carotene. Only one third of the dietary beta Carotene is absorbed. 
Beta Carotene from green leafy vegetables is well utilized than from carrots and papayas. Good 
sources of Vitamin A are sheep liver, butter, ghee, egg, milk, curds, liver oils of shark and 
halibut. Good sources of beta carotene are agathi, amaranth, drumstick leaves, green leafy 
vegetables, mango, papaya, carrot and jack fruit. 
 
Effects of Deficiency 
Deficiency of Vitamin A is manifested as nutritional blindness and increased susceptibility to 
infection. Nutritional blindness is an important public health problem among young children in 
India . 
 
Night blindness is an early symptom of Vitamin A deficiency. The individual cannot see in dim 
light. This can be corrected with adequate supply of Vitamin A. In the absence of adequate 
Vitamin A intake the outer lining of the eye ball loses its usual moist, white appearance and 
becomes dry and wrinkled called xerosis. 
 
This condition is followed by raised muddy dry triangular patches on the conjunctiva called the 
bitots spots. 
Redness and inflammation of the eye and gradual loss of vision may follow. The central portion 
of the eye loses its transparency and becomes opaque and soft if not treated and leads to total 
blindness termed Xeropthalmia.  
 
Xeropthalmia encompasses all ocular manifestations of Vitamin A deficiency. Increased 
susceptibility to infection occurs because the mucous membrane lining becomes dry and rough 
which is easily invaded by the micro – organism. 
 
Hypervitaminosis 
Intake of large amount of Vitamin A for prolonged periods can lead to toxic symptoms which 
include irritability, headache, nausea and vomitting. 
 

VITAMIN D 
Vitamin D can be synthesized in the body in adequate amounts by simple exposure to sunlight, 
even for 5 minutes per day is sufficient. It is essential for bone growth and calcium metabolism. 
It acts as a hormone in the body by facilitating calcium absorption and deposition in the bone. 
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Functions 
1. Vitamin D helps in the absorption of calcium and phosphorous by increasing the synthesis of 
calcium 
binding protein. 
2. Vitamin D helps to maintain the calcium and phosphorous levels in the body by stimulating, 
a) Absorption in the gastro intestinal tract. 
b) Retention by the kidney 
3. Vitamin D helps in deposition of calcium in the bones. 
The bones grow denser and stronger. 
 
Food Sources 
The Vitamin D content of food sources from animals varies with the diet, breed and exposure to 
sunlight of the 
animal. The good sources of Vitamin D are cod liver oil, shrimp, liver, butter, yolk, cheese, milk, 
spinach and cabbage. 
 
Deficiency 
Deficiency of Vitamin D leads to decreased absorption of calcium which is manifested as 
muscular tetany, rickets in children and osteomalacia in adults. 
 
Due to faulty calcification of bones the following deformities is manifested in children which is 
called rickets. It is a disease in which there is weakness and abnormalities in bone formation. 
Rickets primarily affects children. 
 
Manifestations: 
a) faulty deposition of calcium on the bones. 
b) Bowing of legs 
c) Enlargement of ends of long bones 
d) Deformities of ribs – beading of ribs 
e) Delayed closing of frontanel 
f) Slow erruption of teeth. 
g) Malformed, decay – prone teeth 
 
Osteomalacia in Adults 
Osteomalacia is a condition where the quality of the bone is reduced. It occurs in women who are 
not exposed to sunshine and who have depleted mineral reserves resulting from successive 
pregnancies and prolonged lactation. 
 
Osteomalacia is associated with low phosphorous level but low blood calcium level is the most 
frequent cause. 
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The following symptoms occur 
1. softening of the bones 
2. deformities of the limbs, spine, thorax and pelvis 
3. demineralization of the bones 
4. pain in pelvis, lower back and legs 
5. frequent bone fractures. 
 
Hypervitaminosis 
As in the case of Vitamin A intake of excessive amounts of Vitamin D leads to toxic symptoms 
which include irritability, nausea , vomiting and constipation. 
 

VITAMIN E 
Vitamin E is known as antisterility vitamin because it is required for normal reproduction in 
animals and men. 
 
Functions 
1. Vitamin E is the primary antioxidant in the body and serves to protect polyunsaturated fatty 
acids (PUFA) from oxidation in cells and maintain integrity of the cell membrane. It also 
prevents the oxidation of beta carotene and Vitamin A. Vitamin E helps to maintain cell 
membrane integrity and protect RBC against hemolysis. 
 
2. Vitamin E reduces platelet aggregation 
3. Vitamin E is essential for the iron metabolism and the maintenance of nervous tissues and 
immune function. 
4. Vitamin E is been promoted as an anti-aging vitamin, because as cells age they accumulate 
lipid breakdown 
products. Vitamin E prevents this accumulation in maintaining cell health. 
 
Food Sources 
Vitamin E is widely distributed in foods. It is present in high concentration in vegetable oils and 
in cereal grains. Wheat gum, sunflower seeds, almonds, safflower oil, eggs, butter are good 
sources. Meat, fruits and vegetables contain small amounts. Sesame oil and mustard oil are good 
sources of Vitamin E. 
 
Deficiency 
1. Prolonged intake of Vitamin E deficient diets produces uncoordinated movement, weakness 
and sensory 
disturbances. 
2. It causes haemolytic anaemia in low birth weight infants 
3. Defective functioning of the retina leading to permanent blindness in premature infants occurs. 
4. It leads to reproductive failure in humans 
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5. Vitamin E deficiency is associated with decreased ability of the lymphocytes. 
 

VITAMIN K 
Vitamin K is recognized as the anti-haemorrhagic factor owing to its vital role in blood clotting 
mechanism. 
 
Functions 
Synthesis of blood clotting proteins. Vitamin K is essential for the activation of prothrombin. 
This gets converted to thrombin, which in turn activates fibrinogen to form fibrin. 
The process of blood clotting occurs as follows: Injured tissue releases thromboplastin, which 
catalyses prothrombin formation. Vitamin K catalyses, conversion of prothrombin to thrombin. 
This in turn causes conversion of fibrinogen to fibrin which forms the clot. 
 
Food Sources: 
Dark green leafy vegetables are good sources of vitamin K. Fruits, tubers, seeds, dairy and meat 
products contain Vitamin K. 
 
Effects of Deficiency: 
Primary deficiency arises in infants resulting in delayed blood clotting and hemorrhage. This is 
because the new born babies have a sterile intestinal tract thus lack in the colonic bacterial 
colonies which produces Vitamin K. Vitamin K deficiency does not occur in adults. 
 
WATER SOLUBLE VITAMINS: 

VITAMIN C 
Vitamin C (Ascorbic Acid) The chemical name for Vitamin C is ascorbic acid. It was discovered 
in 1747 by the British physician Lind and demonstrated that citrus fruit juices prevented and 
cured scurvy. 
 

Functions : 
1. Ascorbic Acid is essential for formation of cement substances and collagen which is found in 
blood vessels teeth and bones. 
2. It helps in the biosynthesis of non-essential amino acids (eg) hydroxy proline, tyrosin. 
3. It is required for absorption of iron as it reduces ferric to ferrous form which is easily 
absorbed. 
4. Vitamin C is essential for the formation of collagen a major structural protein of connective 
tissues. 
5. It is required for normal wound healing because it helps in the formation of connective tissue. 
6. Vitamin C is required for carnitine synthesis which aids in the transport of fatty acids in the 
cell. 
7. Vitamin C is essential for the synthesis of norepinephrine a neurotransmitter. 
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8. It activates hormones (eg) growth hormone, gastrin releasing peptide, calcitonin, gastrin 
oxytocin. 
9. Drug detoxifying metabolic systems in the body require Vitamin C for its optimal activity. 
10. Vitamin C is an excellent anti-oxidant. It combines with free radicals oxidizing them to 
harmless substances that can be excreted. 
 

Food Sources: 
guava, cashew fruit, agathi, cabbage, bitter gourd, oranges, tomatoes are good sources of 
ascorbic acid. Cereals and pulses are poor sources. Vitamin C content of pulses increases on 
germination. 
 

Effects of Deficiency: 
Prolonged deficiency of ascorbic acid produces a disease condition called as ‘ scurvy’ in both 
infants and adults. 
 

Infantile scurvy: 
There is loss of appetite, failure to gain weight, irritability, palor, defective growth of bones. 
Haemorrhage occurs under the skin. There is defective formation of teeth and gums are swollen. 
The ends of the ribs become prominent resulting in beaded appearance called scorbutic rosary. 
 
Adult Scurvy: 
1. General manifestation are fever, susceptibility to infection, and delayed wound healing. 
2. Anaemia: Microcytic hypochromic anaemia develops due to failure of absorption of iron. 
3. Gums become spongy and bleed easily. Gums become swollen and ulcerated. 
4. The blood vessels become fragile and porous due to defective formation of collagen. Joints 
become swollen and tender. 
5. Clinical symptoms appear when total body pool of ascorbic acid decreases. Skin becomes 
rough and dry. There are small petechial hemorrhages around hair follicles. 
 

THIAMINE 
Thiamine is known as Vitamin B1. Deficiency of thiamine leads to beri – beri. This condition is 
widely prevalent among population whose diet contains more of polished cereals. 
 

Functions 
1. Thiamine is converted to thiamine pyrophosphate (TPP), which is an important co enzyme in 
the carbohydrate metabolism. 
2. It is involved in transmission of nerve impulses across the cells 
3. Thiamine as TPP is an essential cofactor for the conversion of amino acid tryptophan to 
niacin. 
 

Sources: Yeast, whole wheat, millets, hand pounded rice, parboiled rice are good sources of 
thiamine. groundnut, soyabean, cashewnuts, organ meats, pork, liver and eggs supply thiamine. 
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Effects of Deficiency 
Deficiency of thiamine is associated with low calorie intake. Severe deficiency of thiamine 
produces a disease known as beri – beri. It is manifested as 
a. Dry beri – beri 
b. Wet beri – beri 
c. Infantile beri – beri 
 

a. Dry beri – beri 
There is loss of appetite, tingling numbness and burning sensation in hands and feet. Calf 
muscles are tender. 
Knee and ankle jerks are sluggish. In later stages complete loss of sensation in hands and legs 
occur. It is characterized by foot and waist drop. Mental depression and confusion occurs. 
b. Wet beri – beri 
In this case there is enlargement of heart and the cardiac output is high. Oedema or accumulation 
of fluid in legs, face and trunk is observed. palpitations are marked. 
 

c. Infantile beri – beri 
It occurs in first few months of life if the diet of the mother is deficient in thiamine. Symptoms 
are restlessness, sleeplessness, constipation, enlargement of the heart and breathlessness. 
 

RIBOFLAVIN 
Riboflavin or Vitamin B2 is the yellow enzyme which is heat stable unlike other B Vitamins. 
Riboflavin in the 
combined form with proteins form flavo proteins or yellow enzymes.  
This enzyme is of two types FAD – Flavin-di-nucleotide. 
FMN- Flavin mono-nucleotide. 
a. These substances act as coenzymes in many biological reactions primarily in oxidation –
reduction, and dehydrogenation reaction 
i) Release of energy from glucose, fatty acids and amino acids. 
ii) Conversion of vitamin B6 and folate to active coenzymes. 
c) It is essential for the formation of red blood cells 
d) It is required for the synthesis of glycogen 
 

Food Sources: 
Rich sources are liver, dried yeast, egg, milk , meat, fish, whole cereals, legumes, and green leafy 
vegetables. 
 
Effects of Deficiency 
Riboflavin deficiency is prevalent mainly among the low income groups particularly the 
vulnerable group and the elderly adults. Riboflavin deficiency is characterized by 
1. Soreness and burning of the mouth and tongue. 
2. Lesions at the angles of the mouth called Angular Stomatitis. 
3. The inflammation of the tongue called glossitis 
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4. Dry chapped appearance of the lip with ulcers termed cheilosis. 
5. The skin becomes dry and results in seborehoeic dermatitis. 
6. Photophobia, lacrimation, burning sensation of the eyes and visual fatigue. 
7. Decreased motor co-ordination 
8. Normocytic anaemia 
 

NIACIN 
Niacin or Nicotinamide (amide form) is required by all the cells of our body. Like thiamine and 
riboflavin it plays a vital role in the release of energy from carbohydrates , protein, fat and 
alcohol. 
 

Functions 
1) Nicotinamide is essential for tissue metabolism. The active forms of nicotinanide are NAD – 
Nicotinamide adenine dinucleotide and NADP - Nicotinamide adenine dinucleotide phosphate. 
2) NAD and NADP are involved as coenzymes in large number of reversible oxidation reduction 
reactions. 
3) Nicotinic acid enhances stomach secretion 
4) NAD is involved in catabolic reactions and NADP is involved in anabolic reaction in our 
body. 
 

Food Sources 
Dried yeast, liver, rice polishing, peanut, whole cereals, legumes, meat, fish, are good sources. 
Tryptophan present in dietary protein is converted to niacin in humans. 60 mg of tryptophan 
yields 1 mg of niacin. 
 

Effects of Deficiency 
Deficiency of nicotinic acid causes a disease known as pellagra. It is characterized by three D's 
à Dermatitis, 
Diarrhoea and Dementia. 
1. Dermatitis – Name pellagra comes from pelle-skin and agra-rough. Marked changes occur in 
the skin especially in the skin exposed to sun and friction areas like elbows, surfaces of arms, 
knees. Lesions are symmetrically distributed, in the affected parts. At first there is reddening, 
thickening and pigmentation of the skin. Later on there is exfoliation leading to ultimately 
parchment of skin – butterfly like appearance. 
 

2. Diarrhoea – Diarrhoea enhances the deficiency state. There are structural and absorptive 
defects in the small intestine. Tongue appears raw, and mucous membrane of the tongue is 
inflammed. 
 

3. Dementia – There is irritability, depression, poor concentration and loss of memory. Delirium 
is a common mental disturbance. 
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FOLIC ACID 
Folic acid was first extracted from dark green leafy vegetables. It forms yellow crystals and is a 
conjugated substance made up of three acids namely pteroic, para amino benzoic acid and 
glutamic acid. 
 
Functions 
1. Folic acid coenzyme is essential in bringing about transferring single carbon units for many 
interconversions. A number of key compounds are formed by these reactions like (i) Purines 
which are essential constituents of living cells. 
(ii) Thymine – this essential compound forms a key part of DNA. 
(iii) the formation of haem group of haemoglobin. 
 

2. The conversion of phenylalanine into tyrosin. 
 

Food Sources: 
Green leafy vegetables, liver, kidney, gingelly seeds, cluster beans, are rich sources of folic acid. 
 
Deficiency 
1. Simple folate deficiency results in the bone marrow producing immature cells (megaloblasts 
cells) and few matured red blood cells. This results in reduced oxygen –carrying capacity 
causing anaemia termed -Megaloblastic anaemia. 
2. Folate deficiency during pregnancy causes neural tube disorders of the foetus. 
3. Folate deficiency impairs the ability of the immune system to fight infection. 
 

PYRIDOXINE (B6) 
Pyridoxine is unique among B – complex Vitamins in that it functions primarily in protein 
metabolism. 
Pyridoxine denotes related substances such as Pyridoxine, Pyridoxal and Pyridoxamine are three 
forms in which it is present in our body. 
 
Functions 
Vitamin B6 in the form of pyridoxal phosphate functions as a co-enzyme in many biological 
reactions 
1. Pyridoxine is essential for the process of 
a. Transamination : transfer of amino group from one aminoacid to another. 
b. Deamination : Removal of the amino group 
c. Decarboxylation: Removal of the carboxyl group 
 

2. Vitamin B6 is involved in several biochemical steps for the conversion of the amino acid 
tryptophan to niacin 
3. It aids in the formation of elastin, synthesis of messenager RNA and haem part of 
haemoglobin. 
4. It aids in the conversion of linoleic acid to arachidonic acid. 
5. In the carbohydrate metabolism it aids in the release of glycogen from liver and muscle. 
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Food sources: 
Meat and wheat are rich sources. Other Cereals are fair sources of this vitamin. Fruits and 
vegetables are poor 
sources. Cooking and processing of food causes loss of this vitamin. 
 
Deficiency 
Vitamin B6 deficiency leads to abnormalities in protein metabolism which is manifested as poor 
growth, convulsions, anaemia, decreased antibody formation and skin lesions. Severe deficiency 
leads to microcytic hypochromic anaemia. Symptoms such as weakness, nervousness, irritability, 
insomnia and difficulty in walking is predominant. 
 

VITAMIN B12 (CYANOCOBALAMIN) 
Until 1926, pernicious anaemia was a fatal disease of unknown origin with an unknown cure. In 
1926 Minot and Murphy found that pernicious anaemia could be cured by feeding a patient at 
least 0.3 kg of raw liver per day.  
Also in 1926 Castle noted that patients with pernicious anaemia had a low level of gastric 
secretion. He suggested that the anti-pernicious anaemia factor had two components.; an ‘ 
extrinsic factor’ found in food and an ‘ intrinsic factor’ within normal gastric secretions. The 
extrinsic factor is now known as vitamin B12 – cobalamine. 
 
Functions : 
Vitamin B12 is necessary for normal growth and maintenance of healthy nervous tissue and 
normal blood 
formation. Vitamin B12 is involved in DNA synthesis and thus in cell replication. In the bone 
marrow the Vitamin B12 co-enzymes are essential for the formation of red blood cells. 
It facilitates the formation of folate co-enzymes needed for nucleic acid synthesis. 
Vitamin B12 is also required for the synthesis of myelin sheath that surrounds the nerve fiber. 
 
Food sources 
Vitamin B12 is present only in foods of animal origin. Liver sheep, shrimp, mutton , egg, milk are 
good sources of Vitamin B12.Vitamin B12 is synthesized by the colonic bacteria. 
 
Deficiency 
Pernicious anaemia is the major problem arising from an inadequate amount of vitamin B12. 
Pernicious anaemia is a condition characterized by very large, immature red blood cells with 
normal amounts of haemoglobin. 
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TRACE ELEMENTS 
Trace Elements (TE‟s) are those nutrients required in extremely small quantities (less than 
100ppm in plant dry weight). They are essential for the correct functioning of many plant, animal 
and human biological systems. 
 
An element, which is required in amounts smaller than 0.01% of the mass of the organism, is 
called a trace element. Trace metals function mostly as catalysts for enzymatic activity in human 
bodies. However, all essential trace metals become toxic when their concentration becomes 
excessive. Usually this happens when the levels exceed by 40-200 fold those required for correct 
nutritional response. the high concentrations may prove toxic, as also, depletion in the 
concentration of the essential trace elements may cause various metabolic instabilities due to 
enzyme dysfunction. 
 
Trace elements are essential to the normal functioning of an animal’s metabolism, so that if there 
is a deficiency or an oversupply, health problems can arise. Trace elements such as copper, zinc, 
selenium, iron and manganese play an integral role in the immune system. 
 
Other important functions of trace elements include growth, fertility, red blood cell production, 
hair coat growth and pigmentation, and energy, fat and protein metabolism. 
 
Trace elements are vital for human body to maintain normal yet complex physiological functions 
related to body’s growth & development. They are called trace elements because of their body 
concentration, which is few milligrams per kg or less. They are also known as micronutrients 
 
Trace elements  are categorized as: Essential,  probably essential or  non-essential.  This is based 
upon their biological effect, diseases that occur due to their deficiency and toxicity due to 
overdose. 
 

          Essential Trace Elements: iron, zinc, copper, cobalt, chromium, fluorine, iodine, manganese, 
molybdenum and selenium 

          Probably essential: nickel, tin, vanadium, silicon, boron 
Non-essential: aluminum, arsenic, barium, bismuth, bromine, cadmium, germanium, gold, lead, 
lithium, mercury, rubidium, silver, strontium, titanium and zirconium is all found in plant and 
animal tissue. 
 

IRON 
Iron is one of the most essential trace elements with body content of 4-6g. 
 
Iron is found in four classes of proteins: Fe-heme proteins (e.g. hemoglobin (2/3 body iron), 
myoglobin, catalase, cytochromes); Fe–sulfur enzymes (e.g. aconitase, fumarate reductase); 
proteins for Fe storage and transport (transferrin, lactoferrin, ferritin, hemosiderin), and other Fe 
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containing or Fe-activated enzymes (e.g. NADH dehydrogenase, succinate dehydrogenase, 
alcohol dehydrogenase, cyclooxygenases).  
 
Iron content in an adult man is about 4 g, decreasing to about 3 g in menstruating women. Fe 
deficiency causes anemia. Sources of heme Fe (15% of consumption) are hemoglobin and 
myoglobin from animals. Sources of non-heme Fe are cereals, seeds of leguminous plants, fruits, 
vegetables, and dairy products. One of the most serious forms of Fe overload is acute Fe 
poisoning. 
 
Chronic Fe intoxication occurs frequently associated to genetic and metabolic diseases, repeated 
blood transfusions, or excessive intake. 
 
Iron dependent enzymes (enzymes that require iron as cofactor) includes Cytochrome oxidase, 
Xanthine oxidase and peroxidase, Catalase 
 
Iron loss also increases during bleeding and hemorrhage 
 
Dietary Source: Liver, kidneys, heart and spleen, egg yolk, fish and oyster 
 
Body conserves iron very well. Only ~1.3 mg/day is absorbed from digested food however the 
absorption increases during growth and pregnancy. In case of iron deficiency the iron absorption 
from food increases to 4 mg/day. 
 
 

ZINC 
          Zinc (Zn) is Second most abundant trace element. It acts in the body mainly as a cofactor for 

100 diverse zinc-dependant enzymes such as DNA polymerase, alkaline phosphatase, 
carboxypeptidase etc. 
 
These enzymes mainly regulate normal growth, immune system, cell growth, collagen synthesis, 
wound healing, bone metabolism, reproduction, taste, smell and vision. 
 
Zn is involved in the activity of about 100 enzymes, e.g. RNA polymerase, carbonic anhydrase, 
Cu–Zn superoxide dismutase, angiotensin I converting enzyme. Also it is present in Zn-fingers 
associated with DNA.  
 
Zn is mainly transported by ceruloplasmin. There are 2–3 g of Zn present in the human body 
(second to Fe in body content). Zn deficiency is common in underdeveloped countries and is 
mainly associated with malnutrition, affecting the immune system, wound healing, the senses of 
taste and smell, and impairing DNA synthesis. Zn seems to support normal growth and 
development in pregnancy, childhood, and adolescence.  
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Zn is found in red meat and poultry, beans, nuts, seafood (oysters are extremely rich in Zn), 
whole grains, fortified breakfast cereals, and dairy products.  
 
Zn toxicity has been seen in both acute and chronic forms. Intakes of 150–450 mg of Zn per day 
have been associated with low Cu status, altered Fe function, reduced immune function, and 
reduced levels of HDL. 
 
Body content is 2.5g and is distributed as 60% in muscle, 30% in bone and remaining 10% in 
other body tissues and organs. 
 
Daily requirement is 3-14mg, age and sex dependant (infants and children require as little as 3-
5mg where as adult males require more than adult females however during lactation demand in 
females increases to 14mg/day). 
 
Diet rich in zinc includes: red meat, fish and sea food. 20-30% of the dietary zinc is absorbed 
mainly by small intestine. Zinc is mainly excreted through GIT in the stool and to a lesser extent 
in urine. 
 
Zinc levels will decrease substantially in: leukemia, liver cirrhosis, hepatitis, sickle cell anemia, 
Infection, pernicious anemia and malnutrition. 
 
Common symptoms of zinc deficiency that must be noted include:  
In children: growth retardation and skeletal abnormalities are typical symptoms in which zinc 
deficiency should be considered.  
In adults: reduced sense of taste and smell, loss of appetite, development of abnormal skin 
lesions and excessive hair loss. 
  
Zn toxicity occurs due to: 
Excessive ingestion of Zn. Some toxic compounds such as ZnCl2 if ingested may cause 
generalized necrosis, burns and ulcers if applied excessively on skin. This compound is found 
mostly in deodorants. 
Prolonged exposure to industrial compounds such as ZnO may lead to pneumonitis and 
sometimes even cancers. 
 
Absorption of zinc occurs by a saturable mechanism that is carrier mediated. A number of 
ligands facilitate uptake by the mucosal cells. Zinc attached to transferrin travels from the 
mucosal enterocytes to the liver in the portal circulation. In the systemic circulation 
approximately two-thirds of plasma zinc is loosely bound to albumin and the remainder to 
globulin. In the tissues highest known concentrations of zinc occur in the eye, bone and hair, and 
to a lesser extent in muscle and kidney.  
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The primary route of excretion is by way of the gastro-intestinal tract with desquamation of 
mucosal cells. 
 
Physiological role: Zinc is involved in nucleic acid synthesis, protein metabolism, carbohydrate 
metabolism, bone metabolism, oxygen transport and protection against free radical damage. Such 
a large variety of functions is possible because zinc is a constituent of several hundred metallo-
enzymes. In some of these enzymes zinc is present at the active site; in others and in some non-
enzyme proteins the function of zinc is structural. Zinc helps to stabilise the structures of DNA, 
RNA, and ribosomes. It is involved in normal chromatin restructuring, and in gene expression. 
Zinc also seems to have an important role in the structure and function of membranes. It also 
plays an important role in the immune system especially T-cell function. 
 
Many of the features of zinc deficiency like, for example, growth retardation, poor wound 
healing, abnormalities in the immune system, are attributable to disturbance in nucleic acid 
metabolism and protein synthesis. Sodium transport across cell membrane is affected by zinc 
deficiency which explains the diarrhoea characteristic of zinc deficiency. 
 

COPPER 
          Copper is the third most abundant trace element in the human body. The daily dietary 

requirement is between 2-6mg which is mainly obtained from red meat, cocoa, shell-fish, water 
pumped through copper pipes and chocolates. 

                   
In humans Cu is necessary for the development of connective tissue, nerve coverings, and bone. 
Cu also participates in both Fe and energy metabolism. Cu acts as a reductant in the enzymes 
superoxide dismutase, cytochrome oxidase, lysil oxidase, dopamine hydroxylase, and several 
other oxidases that reduce molecular oxygen.  
 
Some 40% of ingested copper is absorbed in the stomach and small intestine. Absorbed copper 
travels bound to albumin in the portal circulation to the liver. Ceruloplasmin is formed in the 
liver and most copper circulates in the blood bound to ceruloplasmin. 
 
Good sources of dietary Cu are liver and other organ meats, oysters, nuts, seeds, dark chocolate, 
and whole grains. 
 
Cu deficiency in humans is rare, but when it occurs leads to normocytic, hypochromic anemia, 
leucopenia and neuropenia, and inclusive osteoporosis in children. Excessive dietary Zn can 
cause Cu deficiency.  
 
Chronic Cu toxicity is rare in humans, and mostly associated with liver damage. Acute Cu 
intoxication leads to gastrointestinal effects characterized by abdominal pain, cramps, nausea, 
diarrhea, and vomiting 
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Typically 40-60% copper is absorbed by the duodenum and is transported via metalloenzymes 
e.g. ascorbic acid oxidase. 
 
In plasma 90% is bound to a conjugated metalloenzyme known as ceruloplasmin, 9% is bound to 
carrier proteins such as albumin and only 1% is free Cu²+. 
 
Copper is involved in the process of erythropoiesis, erythrocyte function and regulate erythrocyte 
survival 
Copper is critical for energy production in the cells. It is also involved in nerve conduction, 
connective tissue, the cardiovascular system and the immune system.  
Copper is closely related to estrogen metabolism, and is required for women's fertility and to 
maintain pregnancy.  
Copper stimulates production of the neurotransmitters epinephrine, norepinephrine and 
dopamine.  
Acts as a catalyst for copper-containing enzymes such as; ceruloplasmin, ascorbic acid, 
dopamine-β-hydroxylase, cytochrome oxidase and tyrosinase. 
 
Copper toxicity may occur due to ingestion of excess copper or as a result of environmental 
exposure and this is characterize by increased tissue and serum levels 
 

          SELENIUM 
          SELENIUM (Se) is the least abundant however the most toxic of all the essential elements. 

Dietary source is meat, fish and grains 
 
It’s widely distributed in the human body however highest levels are found in the liver, kidney, 
heart, spleen, pancreas and lungs. 
 
Human milk contains 15 – 20 μg/litre. Thus the intake in a young breast fed infant is about 3 
μg/kg body weight per day. The concentration in foods varies with geographical region and soil 
content. Sea food (0.5 μg/g), kidney, liver, meat (approximately 0.2 μg/g), and whole grains are 
good sources. Vegetables and fruits provide little selenium. 
 
Se is incorporated into proteins to make selenoproteins, which are important antioxidant 
enzymes. Se is found in glutathione peroxidase, thioredoxins, and selenoprotein P.  
 
Se is obtained from grains, cereals, red meats and seafood. Some nuts are also sources of 
selenium (Brazil nuts may contain as much as 20 mg of Se per g). Human Se deficiency is rare in 
the US but is seen in other countries, most notably China, where soil concentration of selenium is 
low.  
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There is evidence that Se deficiency may contribute to a form of heart disease, hypothyroidism, 
and a weakened immune system. There is also evidence that Se deficiency does not usually cause 
illness by itself. Rather, it can make the body more susceptible to illnesses caused by other 
nutritional, biochemical or infectious stresses. 
 
High blood levels of Se (>1 mg/L) can result in selenosis. Symptoms of selenosis include 
gastrointestinal upsets, hair loss, white blotchy nails, garlic breath odor, fatigue, irritability, and 
mild nerve damage. Se toxicity is rare in the US, being the few reported cases being associated 
with accidental exposure 
 
Selenium has an important role as an essential component of glutathione peroxidase in which it 
provides the active site. This enzyme utilizes two molecules of reduced glutathione to reduce 
hydrogen peroxide and convert it to two molecules of water. It also catalyzes the reduction of 
fatty acid hydro peroxides to hydroxy acids in the tissues and thus helps to protect the lipids of 
cell membranes fro peroxidation. Selenium is thus important for maintaining membrane stability 
and for controlling free radical damage. Glutathione peroxidase is present in a wide variety of 
tissues and accounts for 90 per cent of the selenium in erythrocytes. 
 
Selenium is incorporated in the enzyme Glutathione peroxidase (GTH-Px), that plays important 
role in normal immune system function, also plays a crucial role in the control of oxygen 
metabolism. 
 
It catalyzes the break down of H2O2 and liquid hydroperoxides in body tissues and fluids, hence 
protects body from oxidative damage. 
 
Absorption of selenium depends on the chemical form, the organic form being better absorbed 
than the inorganic. Intestinal absorption can be as much as 80 per cent. Principal route of 
excretion is by way of the kidney. Highest tissue concentrations are found in the liver, tooth 
enamel, and nails. 
 

MANGANESE 
Manganese (Mn) plays important role in regulating metabolic processes which mainly include 
lipid and carbohydrate metabolism, bone and tissue formation, skeletal growth and reproduction. 
 
Mn is associated with bone development, and with amino acid, lipid, and carbohydrate 
metabolism. Mn is found in different enzymes, e.g. mitocondrial Mn superoxide dismutase, 
glutamine synthetase, arginase, and activates several hydrolases, transferases and carboxylases. 
 
Mn is transported in the body by transferrin and by macroglobulins and albumin.  
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Sources of dietary Mn include grain, rice, tea, and nuts. Nuts and unrefined grain are rich sources 
of manganese. Vegetables and fruits contain moderate amounts. Animal products and sea foods 
are relatively low in manganese. 
 
Mn is toxic in excess; in brain it can cause a Parkinson-type syndrome 
 
Over 50 Manganese dependent enzymes have been identified and these include: catalase, 
peroxidase, super oxide dimutase, 5’nucleotidase, R Nase and glucosyl-and glactosyl-transferase 
 
Major excretion is through bile and pancreas into GIT. 
 
Deficiency of Manganese is rare however its etiology is not well known. Several defects have 
yet been associated with it; such as hair color and growth alterations, loss of weight, inhibition of 
vit-K dependant clotting and altered cholesterol transport and utilization. 
 
Manganese toxicity occurs due to inhalation of manganese dust, where minors are known to 
suffer from headaches, sterility, loss of appetite and speech difficulties. Excessive manganese 
have also been associated with psychological and neurological disturbances• 
 

CHROMIUM  
Chromium acts as a cofactor for insulin by facilitating attachment of insulin to receptors on the 
surface of the target cell as well as within the cell. It forms a complex compound made up of 
chromium-amino acid-nicotinic acid which is referred to as the glucose tolerance factor. It is believed 
that chromium crosses the placenta only as the glucose tolerance factor.  
 
A large proportion of chromium is absorbed from organic chromium complexes present in food. 
Major excretory route is the kidney. The urine contains 80 per cent of excreted chromium.  
 
Food sources of chromium are yeast, liver, and kidney. Small quantities are present in fish, 
vegetables, and fruits. Major losses of chromium occur during milling of wheat and refining of sugar.  
 

IODINE 
Iodine is an essential part of the thyroid hormones, thyroxin (T4) and tri-iodothyronine (T3), 
which are necessary for cellular metabolism and maintenance of metabolic rate. 
 
Iodine is necessary for the synthesis of the thyroid hormone. Enlargement of the thyroid gland 
occurs when iodine intake is less than 15 μg/day. Most goiterous persons are clinically euthyroid. 
Of the two types of thyroid hormones circulating in the blood of such persons T4 decreases but 
T3 remains normal. The levels of thyroid stimulating hormone are raised causing enlargement of 
the thyroid gland, hence the goitre. 
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Maternal iodine deficiency during pregnancy gives rise to cretinism, of which two types have 
been described, “neurologic” and “myxoedematous”. The neurologic type prevails in most 
regions. In goitre endemic areas 1 to 10 per cent of newborns show effects of neonatal 
hypothyroidism compared with only 0.025 per cent in iodine sufficient regions.  
 
Iodine deficiency during the foetal and early neonatal period adversely affects the growing brain. 
The parts most affected are the cerebral neocortex, the cochlea, and the basal ganglia all of which 
grow rapidly during the second trimester and are vulnerable to iodine deficiency. This explains 
the combination of mental deficiency, deaf-mutism and motor rigidity found in cretinism. 
 
Supplementation with iodine through salt has been used as the main plank of the strategy of 
prevention. Even then marginal areas are likely to be missed out. Health education of the public 
and vigilance in the enforcement of using iodized salt are additional aspects of prevention. 
 

INTERACTIONS AND QUESTIONS 
1a). Discuss the formation of NADPH using glucose 6-phosphate as the starting material?  
1b). Of what importance is NADPH and Ribose 5-phosphate? 
 
2a). Show the irreversible steps of glycolytic pathway? 
2b). Show the ATP synthesizing steps of glycolysis. 

2c). Show the ATP utilization steps of glycolysis. 
2d). Discuss the Anaerobic fate of Pyruvate  
 

3a). Using structures, show the steps in Citric acid cycle where NADH, CO2, GTP and FADH2    

          are released? 
3b). How is oxaloacetate replenished for krebs cycle? 

4a). Highlight the role of insulin and Glucagon in regulation of blood glucose. 
4b). List the 2 types of Diabetes mellitus and explain any one of them. 
4c). Write briefly on Hyperglycemia and Hypoglycemia 
 

5a). Expantiate on the stages involved in Glycogen breakdown. 
5b). Expantiate on the stages involved in Glycogen synthesis 

6a). Write briefly on the following: (i) Iron (ii) Zinc (iii) Manganese (iv) Iodine 
6b). Highlight the inhibitors of electron transport chain and oxidative phosphorylation? 
 

7). Write briefly on the following accessory food factors: (i) Vitamin C  (ii) Vitamin A  
      (iii) Riboflavin (iv) Thiamin (v) Vitamin E (vi) Vitamin K (vii) Vitamin D. 
 

8). Discuss in great details on any one of the following: (a) Cori cycle (b) Calvin cycle  

 


