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NSC 224 MEDICAL BIOCHEMISTRY II

GENERAL INTRODUCTION

Like Medical Biochemistry 1, Medical Biochemistry is also a subset of general
biochemistry that focused on the essential compsnerquired for the basic
understanding of allied and health sciences, inefudursing sciences. The course deals
with intermediary metabolism and biological oxidati This course introduces the
students to different biochemical pathways thatakrdown complex set of ingested
molecules to functional materials and energy totntlee body's needs. These pathways
constitute what is known as Metabolism. Metabolismthe sum of all of the chemical
reactions that take place in an organism. Metabmmctions are either catabolic or
anabolic. Catabolic reactions break down large owés and release energy, while
anabolic reactions large molecules and releas@gnehile anabolic reactions synthesize
larger molecules and require energy. Clinical cbods that are associated with
impairment of the metabolic pathway were also dsed.

COURSE AIM

The aim of this course is to introduce studentth#&basic understanding of intermediary
metabolism and biological oxidation.

COURSE OBJECTIVES

At the end of this course, students should be @blenderstand the different metabolic
pathways that breakdown molecules and produce gnéhg different pathways that are
anabolic and those that are catabolic. The diftectinical conditions associated with
metabolic pathways.

WORKING THROUGH THE COURSE

The blended learning mode would be adopted in tegcthis course: 70% online and
30% face-to-face. Only students that have regidtéoe this course would be allowed
access to study materials and interactive sessions.

Study materials (hard and soft copies) would blred point-by-point to address the
scope of each module.

As part of the learning objectives, students arpeeted to attempt Tutor Marked
Assignments (TMA) and other Self-Assessment Quest(®AQ) provided at the end of
each module preparatory to in-tests and final ematiins to be undertaken at the end of
the semester. For periodical evaluation of learrang tutor-student interaction, students
are expected to keep a portfolio where all comgletsignments are stored.

COURSE MATERIALS
The following course materials would be provided:

Lecture notes
4
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Power point slides
Pre-recorded videos and
Logbooks for virtual laboratory demonstrations

STUDY UNITS
NSC 224 (Medical Biochemistry Il) is a 3 credit tsncourse comprising of
three (3) modules and 9 study units.

TEXT BOOKS AND REFERENCES
Murry, R. K., Bender, D. A., Bothan, K.M., Kennelly. J., Rodwell, V. W. and Well, P.
A. (2015). Harper's lllustrated Biochemistry {88dition) McGraw-Hill Medical.

Nelson, D. L. and Cox, M. M. (2012). Lehninger Riples of Biochemistry (6 edition)
WH Freeman.

Pamela, C. C., Richard, A. H. and Denise, R. F1820Lippincott’s lllustrated Reviews
Biochemistry (8 edition) Lippincott Williams & Wilkins.

Marks' Essentials of Medical Biochemistry: A cliaicapproach. 2nd Edition Copyright
2007 Lippincott Williams & Wilkins.

Garrett and Grisham Biochemistryd Edition. Harcourt College Pub
Lippincott Biochemistry Fourth Edition (2010).

Robert K. Murray, MD, PhD. ‘Harper’s Illustrateddhemistry’. Twenty-Eighth Edition.
2009

Devlin T.M. (2010) Textbook of Biochemistry with i@ical Correlation TEdition.
JohnWiley & Sonsinc.

ASSIGNMENT FILE
Assignments would be given at the end of each neodat submission time would be
spelt out accordingly.

TUTOR MARKED ASSIGNMENT
To be provided by tutor at the end of each moduladdition to the ones already spelt out
in the course material.
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FINAL EXAMINATION AND GRADING

The final written examination will come up at thedeof the semester comprising essay
and objective questions covering all the conterdsered in the course. The final
examination will amount to 60% of the total gradethe course.

GRADING CRITERIA
Grades will be based on the following Percentages

e Tutor Marked Individual Assignments 10%

e Computer marked Assignment 10%

e Group assignment 5%

e Discussion Topic participation 5%

e Laboratory practical 10%

e End of Course examination 60%
Total 100%

GRADING SCALE

e A=70-100

e B=60-69

e C=50-59

e F=<49

COURSE MARKING SCHEME
Course marking scheme would be provided by the.tuto

HOW TO GET THE MOST FROM THIS COURSE

e Students are expected to participate in all intevas with the tutor and ask
guestions during lectures

e Materials recommended for further reading shouldised to augment study guides
provided by the tutor.

e Importantly, timely submission of assignments agettinned marked scripts should
be used for self-evaluation

e Regular participation in online discussion forunmm astudy groups to compare
notes and share ideas

e Keep in touch with information outlets providedstidy centers, Department and
NOUN websites

FACILITATORS, TUTORS AND TUTORIALS

Information on Profile of facilitators and tutorgrfthe course would be provided at the
Department and NOUN websites. Schedule for tuterauld be arranged by facilitators
and tutors from time to time during the semester.
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SUMMARY

The Course NSC 224 (Medical Biochemistry Il) is @ampulsory course for Nursing
Science students. The course content is prepamubdules and units. It covers the basic
requirements for teaching medical biochemistry tardihg Science students. It is
expected that the foundation provided in NSC 224ildidind relevance as students
advance in their course of study. The minimum ggade is 50% made up of assignments
and examination components.
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Module 1: CARBOHYDRATE METABOLISM

This module introduces the students to the majoncept in the metabolism of

carbohydrates. Carbohydrates are the major sodrerengy for the living cells. Glucose

is the central molecule in carbohydrate metabolsnte all the major pathways of
carbohydrates metabolism are connected with it.iftp@rtant pathways of carbohydrates
metabolism and associated disorders will be digziss

Module Objectives

At the end of this module students should be able t
I.  Explain the concept of digestion and absorption
ii.  Outline the major pathways for carbohydrates médisitno
lii.  Discuss the regulation of the major metabolic patysv
iv.  Highlight the clinical conditions associated witretpathways.

MAIN CONTENTS

Unit 1: Glycolysis

Unit 2: Glycolysis 2

Unit 3: Tricarboxylic Acid Cycle

UNIT ONE- GLYCOLYSIS

CONTENT

1.0 Introduction

2.0 Objectives

3.0 Main Content

3.1 The glycolytic pathway

3.2 The stages of glycolytic pathway
4.0 Conclusion

5.0 Summary
6.0 Tutor Marked Assignments
6.1 Activity

6.2 Tutor Marked Tests
7.0 Reference and other resources

1.0 Introduction

Glycolysis is the sequence of reactions that cdevglucose into pyruvate with the
production of ATP. In aerobic organisms, glycolyisishe prelude to the citric acid cycle
and the electron transport chain, where most of éhergy contained in glucose is
released. Under aerobic conditions, pyruvate entbBes mitochondria where it is
completely oxidized to CO2 and H2O.If the supply adygen is insufficient, e.g. in
actively contracting muscle, pyruvate is converiatb Lactate. In some anaerobic
organisms, pyruvate is transformed into ethanok Td¢rmation of ethanol and Lactate
from Glucose are examples of fermentations. Reestaf glycolysis take place in the
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cytosol. Glycolysis is sometimes called the Embdésyerhof pathway, after Gustav
Embden and Otto Meyerhof who made significant gbations to its elucidation in 1940.

2.0 Objectives
At the end of this unit, you should be able to:
i.  Explain the concept of Glycolysis
i. State the importance of the glycolytic pathway
ii. Enumerate the different reactions which make upphtway and the enzymes
which catalyze these reactions

3.0 Main Content

3.1 Overview of digestion and absorption of Carlubhtes

Digestion is the hydrolysis of complex food molesilinto smaller water soluble
molecules that can easily be absorbed by the gatgstinal tract for utilization by the
cells. The organs of the digestive tract usuallyeha large reserve capacity. Pancreas for
example secretes enzymes five to ten folds higha&n required for digestion of foods
ingested.

Digestion of carbohydrates usually starts in theutmpwhere food material comes in
contact with saliva during mastication. Saliva @am$ a carbohydrate splitting enzyme
called salivary amylase (ptyalin). The enzyme hiydgres a- (1,4) glycosidic linkages in
starch, glycogen and dextrins, producing smalletemdes like maltose, glucose and
disaccharides maltotriose. Ptyalin action stopsstmmach when pH falls to 3.0. No
carbohydrate splitting enzymes are available intrgagiice. HCl may hydrolyze some
dietary sucrose to equal amounts of glucose andadse. Food reaches the duodenum
from stomach where it meets the pancreatic juicancReatic juice contains a
carbohydrate-splitting enzyme pancreatic amylaske Iptyalin it also requires CI- for
activity. The enzyme hydrolyzes-(1,4) glycosidic linkage situated well inside
polysaccharide molecule. Other criteria and endypets of action are similar of ptyalin.
The final digestion of di- and oligosaccharidesnonosaccharides primarily occurs at the
mucosal lining of the upper jejunum. This is cadrieut by oligosaccharidases and
disaccharidases. Lactase, maltase and sucraseaan@le of disaccharidases.

The principal monosaccharides produced by the tageprocess are glucose, fructose
and galactose. Glucose account for nearly 80% ef tital monosaccharides. The
absorption of sugars mostly takes place in the dooch and upper jejunum of small
intestine.

Two mechanisms are involved in absorption of sug&imple Diffusion and active
transport mechanism. Simple diffusion is dependmamntsugar concentration gradients
between the intestinal lumen, mucosal cells anddlplasma. All the monosaccharides
are probably absorbed to some extent by simplestpadiffusion.

On the other hand, Glucose and galactose are awkwodry rapidly and hence it has been
suggested that they are absorbed actively andutines energy. Glucose and ‘Nhare the
same transport system (symport) called sodium-digrenglucose transportéfructose

10
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absorption is also rapid but not so much as condptireglucose and galactose but it is
definitely faster than pentoses. Hence fructosaoisabsorbed by simple diffusion alone
and it is suggested that some mechanism facilitddetransport, called as” facilitated
transport”.

3.2 The glycolytic pathway

The word glycolysis is derived from the Greglkkys meaning sweet anlysis meaning
splitting. Glycolysis is a linear, 10-step pathwtnat converts glucose, a six-carbon
monosaccharide, to two molecules of pyruvate (CHG0O®Q").

Glycolysis takes place entirely in the cytosol, vdaes, pyruvate oxidation occurs in the
mitochondrial matrix where ATP is generated. Oxyge not required for glycolysis in

the cytosol (anaerobic) but it is necessary foolaier respiration in the mitochondrial

matrix where the @serves as the terminal electron acceptor.

Glycolysis is an ancient pathway that cleaves gacfzHi20¢) into two molecules of
pyruvate (GH30z). Under aerobic conditions, the pyruvate is congheoxidized by the
citrate cycle to generate GQvhereas, under anaerobic (lacking €onditions, it is either
converted to lactate, or to ethanol + g@rmentation).

The glycolytic pathway consists of ten enzymatiepst organized into two stages. In
Stage 1, two ATP are invested to “prime the pumgmd in Stage 2, four ATP are
produced to give a net ATP yield of two moles offAfber mole of glucose.

Three glycolytic enzymes catalyze highly exergomactions AG<<0) which drive
metabolic flux through the pathway; these enzymresregulated by the energy charge in
the cell (ATP requirements). The three enzymeshasekinase, phosphofructokinase 1,
and pyruvate kinase.

Glycolysis generates metabolic intermediates folarge number of other pathways,
including amino acid synthesis, pentose phosphattenay, and triacylglycerol synthesis.

3.3 The stages of glycolytic pathway
The glycolytic pathway can be divided into thresgsts.

Stage One
The conversion of Glucose to fructose 1,6 Biphosph#his stage comprises of 3
steps- a phosphorylation, an isomerization andhemngthosphorylation.
i. Glucose is phosphorylated by ATP to form glucoggh6sphate. This reaction is
catalyzed by Hexokinase (An enzyme that transfgghasphoryl group from ATP
to an acceptor is called a kinase) .
Glucose + ATP——  Glucose 6-phosphate + ADP + Pi

11
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i. Glucose 6-phosphate is isomerized to Fructose G6gitaie. The reaction is
catalyzed by Phospho glucose isomerase.
ii. Fructose 6-phosphate is phosphorylated by ATP tactése 1,6-biphosphate.
Fructose 6- phosphate + ATP Fructose pbdsphate +ADP + H+
This reaction is catalyzed by phesphofrmctokinase,allosteric enzyme. The pace of
glycolysis is critically dependent on the level this enzyme. Its catalytic activity is
controlled by ATP and other metabolites.

Stage Two
This stage of glycolysis consists of 4 steps, istgvith the splitting of Fructose 1,6
biphosphate to yield glyceraldehyde 3-phosphatedémgtiroxyacetone phosphate. The
remaining steps in glycolysis involve 3 carbon siméther than 6 carbon units.
(iva) Fructosel,6-biphosphate > Dihydroxyacetonephosphate+
Glyceraldehyde 3-phosphate
The reaction is catalyzed by aldolase. The 2 prsddormed are isomers.
Dihydroxyacetone phosphate is a ketose while gifdehydes 3-phosphate is an
aldose. The reaction proceeds readily from DAP Rd through the action of the
enzyme triose phosphate isomerase. Thus, 2 mosafleglyceraldehyde 3-
phosphate are formed from one molecule of Fructgg®diphosphate.

(v) Glyceraldehyde 3-phosphate Dihydroxyacetone
phosphate.

(vi) Conversion of glyceraldehydes 3-phosphate to lighesgphoglycerate,
catalysed by glyceraldehyde 3-phosphate dehydregena
GLY 3-P + NAD+ + PI — >  3IDPG + NADH + H+

(vii) 1,3 Diphosphoglycerate is converted to 3-phophaghie, and ATP is
generated. The rxn is catalyzed by phosphoglycéiatese.
1,3 Diphosphoglycerate + ADP- > Bphoglycerate + ATP

Stage Three
In this stage, three steps are involved leadinbeayeneration of pyruvate

(viiia) 3-phosphoglycerate is converted to 2-phaxsgficerate, through the action of
2-phosphoglyceromutase.

(ixa) 2-phosphoglycerate is converted to phosphipgnavate by Enolase
2-Phosphoglycerate Phosphoenol pyruvate + H20

(xa) PEP is converted to Pyruvate with the genenadif ATP, the rxn being

catalyzed by pyruvate kinase.

PEP + ADP + Pi » Pyruvate + ATP

The net reaction in the conversion of Glucose pyavate is

Glucose + 2Pi + 2ADP + 2NAD— 2Pyruvate + 2ATP + 2NADH + 2H+ 2H20

12
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Glucose

ATP

ADP 4 Hexose Kinase

L~ Glucose-6-Phosphate

4 PhosphoGlucose Isomerase

Fructosc-6-Phosphatc

ATP
ADP 4 PhosphoFructose Kinase

Fructosc-1,6-BisPhosphatc

1 AldoLase
GLAP = DHAP

Triose Phosphate lsorm o rosc

2MNADT + 2Pi

FNADH 4 GLAP Hydrogenase

1,2-BisPhosphoGlycerate

2ADP )
SATE Jr PhosphoGlycerate Kinase

3-PhosphoGlycerate

, PhosphoGlycerate Mutase
2-PhosphoGlycerate

Enolase
Tl

PhosphoEnolPyruvate
2ADP

ZATP 4 Pyruwvate Kinase

Pvruwvate

Simplified Glycolysis diagram. Molecule names contain extra capitals to illustrate
componants. 21022010 followchemistry wordpress .com

Fig 1.1: The Glycolytic Pathway
Self-Assessment Exercises

1. Ouitline the steps where ATP hydrolysis and synthiedies place in glycolysis.
2. Write down the net reaction of glycolysis,

4.0 Conclusion

Glycolysis is an ancient pathway that cleaves gaq@H120g) into two molecules of
pyruvate (GHsOz). This reaction take plaace in the cytosol. Glys@ generates
metabolic intermediates for a large number of offeghways, including amino acid
synthesis, pentose phosphate pathway, and trigc@igll synthesis

5.0 Summary:In this unit, you have been exposed to:
i. The basic concept of the digestion and absorpti@adbohydrates.
i. The key concepts of Glycolysis
ii.  The stages of glycolysis reactions

13
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6.0 Tutor Marked Assignments

i. Explain the basic concept of Glycolysis

i. State the importance of the glycolytic pathway

ii.  Enumerate the different reactions which make ugp#ttbway and the enzymes
which catalyze these reactions

7.0 References and Further Reading

Katherine, M. A. Rogers and William N. Scott (2018urses! Test yourself in
anatomy and physiology

Kathryn, A. Booth, Terri. D. Wyman (2008). Anatonphyysiology, and
pathophysiology for allied health

Keith L.M, Persuade T.V.N (2006). The Developingnkan Clinically Oriented
Embryology; 8th Edition Lippincott Williams & Wilkis

Kent, M. Van De Graff, R.WardRhees, Sidney P. (30$@haum’s outline of human
anatomy and physiology 3rd edition.

Philip, T. (2012). Seeley’s principles of anatomy#&ysiology 2nd edition.
Sadler, T.W (2004). Langman’s Medical Embryologly 8dition.
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UNIT TWO- GLYCOLYSIS lI

CONTENT

1.0 Introduction

2.0 Objectives

3.0 Main Content

3.1 Consumption and generation of ATP in Glycolysis
3.2 Regulation of Glycolysis

3.3 Regulation of Glycolysis

3.4 Clinical conditions associated with impaired Glysi$
4.0 Conclusion

5.0 Summary

6.0 Tutor Marked Assignments

7.0 Reference and other resources

1.0 Introduction

We continue our discussion of the glycolytic patihwa ATP molecules are produced in
the course of the pathway. However, more ATP islpced when pyruvate is completely
oxidized to CO2 and H20 in the mitochondria. Thgcglytic pathway is regulated
through the activities of 3 enzymes that catalyzarreversible reactions. However, the
most important control element of glycolysis is #rezyme phosphofrctokinase (PFK),
the enzyme catalyzing the first irreversible steyique to the pathway. Pyruvate has 3
fates- It may be converted to acetyl coA, ethanollLactate. Clinical conditions
associated with impaired glycolysis include Lactcidosis and Pyruvate kinase
deficiency.

2.0 Objectives
At the end of this unit, you should be able to:
i. Give the gross and net ATP yield of glycolysis
i. Listthe glycolytic regulatory enzymes and theirresponding effectors.
ii.  Explain the fates of Pyruvate
iv.  List and explain some disorders of Glycolytic paslyw

3.0 Main Content

3.1 Consumption and generation of ATP in Glycolysis

The following table provides an outline of how AT$?consumed and produced during
glycolysis, with a net production of 2 ATP moleailéost of the energy contained in
glycolysis is harvested in the TCA cycle and trecebn transport chain.

Reaction ATP charmgr glucose
Glucose Glucose 6-Phosphate -1
Fructose6-phosphate fructose 1,6-biphosphate -1
2 1,3-Biphosphoglycerate 2 3-phosphoglycerate +2

15
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2 PEP 2 Pyruvate +2
Net= +2
3.2 Regulation of Glycolysis
The glycolytic pathway has a dual role (i) It dedga glucose to generate ATP and (ii) It
provides building blocks for synthetic reactionsieTrate of conversion of glucose into
pyruvate is regulated to meet these 2 major celhgads. Enzymes catalyzing essentially
irreversible reactions are potential sites of aantin glycolysis, the reactions catalyzed
by Hexokinase ( HK), phosphofructokinase ( PFK) Byduvate kinase (PK) are virtually
irreversible, and so these enzymes play regula®myell as catalytic roles.
However, PFK is the most important control elementglycolysis. The enzyme is
inhibited by
() High levels of ATP. ATP binds to to a highly spexifegulatory site that is
distinct from the catalytic site. The inhibitorytaa is reversed by AMP.The
activity of the enzyme increases when the ATP/AM#oris lowered.

(i) High levels of Citrate, which indicates that biogetic precursors are abundant.

Citrate inhibits PFK by enhancing the inhibitoryest of ATP. Hexokinase and Pyruvate
kinase also participate in regulating the rate bfcgysis. In general, the enzyme
catalyzing the committed step (the first irrevelesibeaction unique to a pathway) in a
metabolic sequence is the most important conterneht in the pathway. PFK is most
active when the cell needs both energy and buildiogks. It is moderately active when
either energy or a carbon skeleton is needed. Tkgnee is almost switched off when
both are abundant.

Hexokinase and Pyruvate kinase also participateegulating the rate of glycolysis.
Pyruvate kinase from muscle and liver is allostdhc inhibited by ATP, so the
conversion of PEP to pyruvate is blocked when tiergy charge is high. Hexokinase is
allosterically inhibited by glucose 6 —phosphatae Tevel of F6P increases when PFK is
blocked, and so there is a corresponding increasthe level of G6P, which is in
equilibrium with F6P.Hence, inhibition of PFK leaidsthe inhibition of HK.

3.3 Regulation of Glycolysis
The fate of pyruvate in the generation of metabetiergy in different organisms and
different kinds of cells varies.
1. Pyruvate can be converted to Ethanol, Lactatscetyl CoA.
Ethanol is formed from pyruvate in yeast and sdwafreer microorganisms in 2 steps as
follows
(i) Pyruvate + H ——» Acetaldehyde + CO2
(i) (i) Acetaldehyde + NADH + H+—>  Ethanol + NAD+
The conversion of glucose into ethanol is callexbhblic fermentation. The
net reaction is
Glucose + 2Pi + 2ADP + 2H 2Ethanol + 2CO2 + 2ATP + 2H20

16
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2. Lactate is formed from pyruvate in many micra@mgms as well as in cells of
higher organisms when the amount of oxygen is iigie.g in muscle during intense
activity.

Pyruvate + NADH + H+ L-Lactate + NAD+

The net reaction for the conversion of glucosatdte is

Glucose + 2Pi + 2ADP 2Lactate + 2ATP + 2H20

3. A lot of energy is derived aerobically by meanlsTCA cycle and electron
transport chain. The entry point to this oxidatpathway is acetyl coenzyme A
(Acetyl CoA), which is formed inside mitochondrig the oxidative decarboxylation
of Pyruvate:

Pyruvate + NAD + + COA——» AcetyA + CO2 + NADH

The reaction is catalyzed by the Pyruvate dehyaragge complex

3.4 Clinical conditions associated with impaired Gicolysis

Lactic Acidosis

This is the most frequent form of metabolic acidodt can occur as a result of
overproduction of lactate, underutilization of Laet or inhibition of pyruvate
dehydrogenase. It may also be as a result of rargenital disorders where the
mitochondria do not function at full capacity oradetic ketoacidosis as well as
liver/kidney disease. It is characterized by Lazlavels> 5mM/L and serum pH<7.35
Symptoms: Nausea, Vomiting, Hyperventilation, lukg heart rate.

Pyruvate Kinase deficiency

A rare genetic defect of glycolysis causes haenualgbemia. Glycolytic intermediates
close to the pyruvate kinase step accumulate, wbgrgruvate and Lactate
concentrations decrease. Lysis of the RBCs mayecausidice from increased Bilirubin.
4.0 Conclusion

Two molecules of ATP molecules are produced ingllyeolytic pathway. However, more
ATP is produced when pyruvate is completely oxidizem CQ and HO in the
mitochondria. Regulation of glycolytic pathway ish&ved through the activities of 3
enzymes that catalyze its irreversible reactioriee ost important control element of
glycolysis is the enzyme phosphofrctokinase (PRKE enzyme catalyzing the first
irreversible step unique to the pathway. Pyruvaie Jhfates- It may be converted to acetyl
COA, ethanol or Lactate. Clinical conditions asatai with impaired glycolysis include
Lactic acidosis and Pyruvate kinase deficiency.

5.0 Summary:In this unit, you have learnt about the following:
i. Consumption and generation of ATP in Glycolysis
i. Regulation of Glycolysis
ii.  Clinical conditions associated with impaired Glysi$

17
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6.0 Tutor Marked Assignments
I.  Give the gross and net ATP vyield of glycolysis
ii. List the glycolytic regulatory enzymes and theirresponding effectors.
iii.  Explain the fates of Pyruvate.
Iv. List and explain some disorders of Glycolytic pasiyw

7.0 References and Further reading

Katherine, M. A. Rogers and William N. Scott (2018urses! Test yourself in
anatomy and physiology

Kathryn, A. Booth, Terri. D. Wyman (2008). Anatonphyysiology, and
pathophysiology for allied health

Keith L.M, Persuade T.V.N (2006). The Developingnkn Clinically Oriented
Embryology8th Edition Lippincott Williams & Wilkins

Kent, M. Van De Graff, R.WardRhees, Sidney P. (30%@haum’s outline of human
anatomy and physiology 3rd edition.

Philip, T. (2012). Seeley’s principles of anatomyB&ysiology 2nd edition.

Sadler, T.W (2004). Langman’s Medical Embryologly 8dition.
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UNIT THREE- TRICARBOXYLIC ACID CYCLE

CONTENTS
1.0 Introduction
2.0 Objective

3.0 Main Content

3.1 Description of TCA cycle

3.2 The Amphibolic Nature of the TCA Cycle

3.3 The Anaplerotic Nature of the TCA Cycle

3.4 The relationship between TCA cycle and Beriberi
3.5 Summary of oxidative phosphorylation

3.6 Inhibitors of electron transport chain

4.0 Conclusion

5.0 Summary
6.0 Tutor Marked Assignments
6.1 Activity

6.2 Tutor Marked Tests

7.0 Reference and other resources

1.0 Introduction

The citric acid cycle was discovered by Hans krieb$937 and received Nobel prize for
the discovery in 1953. The cycle was therefore rthafter him as kreb’s cycle. The cycle
is also known as citric acid cycle or tricarboxyéicid cycle. The citric acid cycle is the
final common pathway for the oxidation of fuel mulées (protein, fatty acids and
carbohydrates) to energy, carbon dioxide and watthout this cycle, most of the food
we eat cannot be converted to energy. Most of tifieslemolecules are metabolized to
acetyl Coenzyme A (acetyl CoA) or intermediateshaf cycle. The acetyl CoA generated
is then fed into the cycle and condenses with @adtate. Two molecules of CO2 is
liberated, the energy released is conserved inrébdaced electron carriers NADH and
FADH2. In the final stage the conserved energglisased and stored as ATP.

2.0 Objectives
At the end of this unit, you should be able to:
i. Describe TCA cycle in detail
ii. Explain the Amphibolic nature of the TCA cycle
iii. Explain the Anaplerotic nature of the TCA cycle
iv. Describe the relationship between this cycle andbB& (a neurological disease)
v. Give the summary of oxidative phosphorylation
vi. Give examples and describe the inhibition of et@ctransport chain

3.0 Main Content

3.1  Description of TCA cycle

In eukaryotes, TCA cycle takes place in the mitoxh@a because all the enzymes of the
cycle are located inside the mitochondria matrixe TCA cycle is an important source of
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precursors or building blocks for the synthesisrmilecules such as amino acids, purine
bases, cholesterol and porphyrins.

The cycle starts when a four-carbon compound (@catate) condenses with a two
carbon acetyl unit of acetyl coA to yield a sixlwam tricarboxylic acetate (citrate). In a
cyclic series of reactions (figure 2.1) the isomef citrate (isocitrate) is
oxidativelydecarboxylated (one molecule of CO2dakased). The resulting five carbon
compoundgp-ketoglutarate is also oxidativelydecarboxylatealotaer molecule of CO2 is
also released) to yield a four-carbon compound cjsate). Oxaloacetate, the starting
material is eventually regenerated through the &ion of fumarate and malate.
Oxaloacetate’s function in kreb’s cycle can be dbed as catalytic in nature because the
compound participates in the oxidation reaction @nd regenerated at the end of the
cycle. Carboxylation of pyruvate is the major seumf oxaloacetate as the starting
materials for the cycle.
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Figure 3.1: The TCA cycle showing the enzymes and the interatedi(source google
images).

3.2 The Amphibolic Nature of the TCA Cycle

The citric acid cycle functions as catabolic patiiwadnen it is used to break down acetyl
CoA to two molecules ofoz, water and energy. Whenever the energy level otélleis
low, catabolic pathway is favoured. The sole puepo$ the TCA cycle when it is
operating as catabolic pathway is the oxidationaoétate to CO2, with concomitant
conservation of the energy of oxidation as redwmeehzymes and eventually as ATP.
The cycle also functions as anabolic pathway winemet is sufficient energy reserve in
the cell. The pathway is used to supply buildingckk for the synthesis of various
biological molecules. The function of the cycleaaparticular time is determined by the
energy conditions of the cell, because of its diuactions,it is referred to as an
amphibolicpathway.

3.3 The Anaplerotic Nature of the TCA Cycle

Basically, the TCA cycle has a single substratel #r@ substrate is acetylcoA. In most
cells, however, there is considerable withdrawal addition of intermediates into and out
of the cycle, which occurs in addition to the prisndunction of the cycle. Such side
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reactions serve two main purposes: one, to providethe synthesis of compounds
derived from any of several intermediates of theleyand to replenish the supply of
intermediates in the cycle as needed to prevergtith#ting down of the cycle

Oxaloacetate and-ketoglutarate are used in the synthesis of sewenato acids. Citrate
is the source of the acetyl coA in the cytosol,akhis used for the synthesis of fats, other
lipids and some amino acids. These are some oh#jer drains on the TCA cycle.
Reactions that replenish the intermediates in G4 Tycle are termednaplerotic. One

of such reactions is the conversion of pyruvatexaloacetate. It is not necessary to
replenish the intermediate that is used in a bibsgc pathway directly, as the
replenishment of any intermediate will occur byeading-in process at any point in the
cycle. For example, when carbohydrates are beingabokzed, the TCA cycle
intermediates are replenished by production of@a@dtate from pyruvate.

3.4  The relationship between TCA cycle and Beriberi

Beriberi, a neurological and cardiovascular disoidecaused by a dietary deficiency of
thiamin also called vitamin B1. Beriberi is alsocasionally seen in alcoholics who are
severely malnurished and thus thiamine deficient.

The disease is characterized by neurologic andiamgymptoms such as pain in the
limbs and distorted skin sensation. The heart neagridarged and may eventually lead to
paralysis. Which biochemical processes might becedtl by a deficiency of thiamine?
Thiamine pyrophosphate is the prosthetic groupnaf important TCA cycle enzymes;
pyruvate dehydrogenase aneketoglutatrate dehydrogenase. In beriberi, thelewf
pyruvate andi-ketoglutarate in the blood are higher than normal.

The reason why vitamin Bl deficiency leads to nkgical disorders is because the
nervous system relies essentially on glucose asntg fuel. In contrast, most other
tissues can use fat as a source of fuel (Acetyl)doRthe citric acid cycle. The pyruvate
dehydrogenase complex is required to convert pyeufthe end product of glycolysis) to
Acetyl CoA. When the enzymes are inactivated dudhiamine deficiency, energy
production in the nervous system is shut down. Thasequence of this are the
symptoms of beriberi listed above.

3.5 Summary of oxidative phosphorylation

The reduced coenzymes (NADH is called the reduced bf nicotinamide adenine
dinucleotide and FADH?2 is called the reduced forfrflavine adenine dinucleotide)
derived from the TCA cycle are themselves oxidiagen they released their protons
and electrons. The electrons are transferred tgexythe final electron acceptor through
a complex chain of electron-carrying molecules kn@s the electron transport chain.
During the electron transferring process, large@amof energy is released and it is
conserved in the form of ATP. This process is cadigidative phosphorylation.

3.6 Inhibitors of electron transport chain

Inhibitors of electron transport chain were fouadé useful asbarbiturate drugs,

antibiotics and insecticides especially those #hhatselective. Examples include: Amytal
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(a barbiturate drug), rotenone (a plant productroomly used as an insecticide) and
piericidin A and oligomycin (antibiotics) block tiedectron flow through the respiratory
chain and thereby shut down energy productioneir tiespective targets.

4.0 Conclusion

Carbohydrates are the major source of energy #®@ilitting cells. Glucose is the central
molecule in carbohydrates metabolism. Glucose isdived in glycolysis either
anaerobically or aerobically. Acetyl CoA is prodddeom pyruvate which is completely
oxidized in the TCA cycle. Thus, complete oxidat@frone mole of glucose generates 38
ATP molecules.

5.0 Summary
In this unit, you have learnt about the following:
i. Description of TCA cycle
i.  Amphibolic Nature of the TCA Cycle
ii.  Anaplerotic Nature of the TCA Cycle
iv.  Relationship between TCA cycle and Beriberi
v.  Summary of oxidative phosphorylation
vi. Inhibitors of electron transport chain

6.0 Tutor Marked Assignments

i. Explain the Amphibolic nature of the TCA cycle

i. Explain the Anaplerotic nature of the TCA cycle

ii. Describe the relationship between this cycle andbBe (a neurological disease)
iv. Give the summary of oxidative phosphorylation

v. Give examples and describe the inhibition of et@ctransport chain
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Module-2: FATTY ACID OXIDATION

Module Objective: At the end of this module, you should be able tecdss the
following:

I.  The concept of Fatty Acid Oxidation.

ii. How fatty acids are activated for oxidation
lii.  Entry of fatty acyl coA into mitochondria.

Contents
Unit 1: Fatty Acid Oxidation
Unit 2: Fatty Acid Oxidation Il

UNIT ONE- FATTY ACID OXIDATION

CONTENT

1.0 Introduction

2.0 Objectives

3.0 Main Content

3.1 Fatty Acid Activation

3.2 B-Oxidation of Fatty Acids

3.3 Net ATP Yield from Palmitate Oxidation
4.0 Conclusion

5.0 Summary
6.0 Tutor Marked Assignments
6.1 Activity

6.2 Self-assessment Question
7.0 References and other resources

1.0 Introduction

Fatty acids serve as a more efficient source ofggnthan carbohydrates. This is because
they are reduced and anhydrous. The energy yiefd f g of fatty acids is approximately
9Kcal, compared to 4Kcal for CHOs. Since the hydrbon portion of FAs is
hydrophobic, these molecules can be stored inadively anhydrous environment. CHOs
are more highly hydrated. If the human body releed CHOs to store energy, then a
person will need to carry 31kg of hydrated glycogeimave the energy equivalent to 5kg
of fat. Hibernating animals provide a good examipleutilizing fat reserves as fuel e.g
bears hibernate for about 7 months, during whidertves its energy from fat stores.
Utilization of fatty acids for energy productionres significantly from tissue to tissue
and depends on the metabolic status of the tisggeh i.e fed or fasted, exercising or at
rest. They are a major source of energy in cardrat skeletal muscle, while the brain
utilizes them poorly due to limited transport asrdee blood-brain barrier. Red blood
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cells cannot oxidize fatty acid because they lagochondria. During prolonged fasting,
the liver converts acetyl coA generated by FA ott@aand amino acid breakdown to
ketone bodies which become a major fuel.
2.0 Objectives
At the end of this unit, you should be able to:

i. Describe the activation of fatty acids and the spamt of fatty acyl coAs into the

mitochondria, and list the stepsfbxidation
ii. Outline the steps involved froxidation
iii. Calculate the net ATP yield from Palmitate oxidatio

3.0 Main Content

3.1  Fatty Acid Activation

When hormones such as epinephrine or glucagoreareted in response to low levels of
glucose, it triggers an intracellular second megsencascade that phosphorylates
hormone — sensitive lipase to break triglyceridgs iglycerol and free fatty acids. The
free fatty acids move into the blood stream whéegy/ tare bound by serum albumin and
transported to the tissue in which fatty acid okmla is to take place. They are then
released by albumin and they move into the cytdsatty acids that are to be oxidized
for energy are first activated in the cytosol, th&muttled into the mitochondria for
oxidation. In the mitochondria,FA are broken downatetylcoA with the production of
NADH & FADH2. These 3 products are then used inrthtachondria matrix for energy
production via the TCA cycle and oxidative phospfetion

O
[
R - COOH + CoA + ATP R-C-S-CoA+ AMP PiP

Note that the ATP is hydrolyzed to AMP and pyropttete. The pyrophosphate is
subsequently hydrolyzed to 2 Pi. Therefore, théevanbn of a fatty acid consumes two
high energy phosphate bonds.

The enzymes of fatty acid oxidation are locatedhi mitochondrial matrix. Therefore,
fatty acyl CoAs generated in the cytosol must kangported into the mitochondrial
matrix. The inner mitochondrial membrane is impeabie to CoA and its derivatives, so
fatty acyl CoA enters the mitochondria via a spleciachanism.

Entry of Fatty Acyl CoAs into Mitochondria
Fatty acyl groups enter the mitochondria bydamitine fatty acyl carrier system

i. Carnitine acyl transferase 1 located on the outsiti¢ghe inner mitochondrial
membrane catalyzes the reaction
Acyl CoA + carnitine  Acyl carnitine + CoA-SH
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ii. Carninitine acyl translocase transports the acylnitee across the inner
mitochondrial membrane into the matrix, and simmgtausly transports free carnitine
to the cytosol.

ii. In the matrix, carnitine acyl transferase Il refgdizes the fatty acyl CoA and
releases free carnitine.
e Acyl carnitine + CoA Acyl CoA + carnitine
Thus, the carnitine fatty acyl carrier system delseon the presence of CoA on both sides
of the inner mitochondrial membrane.
3.2 B-Oxidation of Fatty Acids
In the mitochondrial matrix, fatty acyl CoAs areidixed to acetyl CoA by a recurring 4
step reaction sequence that cleaves successiveason units off of the fatty acid chain.
This process is known as f3-oxidation. The reastiohf3-oxidation are as follows:

1. Oxidation
The fatty acyl CoA is oxidized by the appropriatgleaCoA dehydrogenase. FAD is
reduced in the process:

FAD FADH,
0 ; , 0
R\/\_)L 0A R \)J\ CoA
s . Acyl-CoA- NN N
Dehydrogenase
Acyl-CoA trans-A>-Enoyl-CoA
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The mitochondrion contains at least 4 dehydrogenggecific for fatty acyl CoAs of
different chain lengths. They are very long chéamg chain, medium chain and short
chain acyl-CoA dehydrogenases (VLCAD, LCAD, MCADda®CAD).

VL CAD - oxidizes straight chain acyl-CoA from C £2C 24.

M CAD has broad chain length specificity but is mastive with C6 and C8 substrates.
S CAD order of preferred C4 > C6 > C8

LCAD is involved in initiating the oxidation of bmahed chain FA .

2. Hydration
The unsaturated fatty acyl CoA is hydrated by anywrCoA hydratase to yield
the f3- hydroxyacyl derivative: The hydratases alsow chain length specificity.

0 OH O
+ H,0 S
R~ _Coa ———= Rr_AN__co
\/\ S/ “H,0 S/
trans-A%-Enoyl-CoA i‘;&;&i‘;‘ L-3-Hydroxyacyl-CoA

3. Oxidation
The 3-hydroxy derivative is oxidized b§-hydroxyacyl CoA dehydrogenase to
the correspondingketoacyl CoA, with the reduction of an NAD

4. Thiolysis
The final reaction is the thiolytic cleavage of thend in the3-ketoderivative by an
NAD* NA}—?H
+ +
OH O O O
R\_/\_)'I\ CoA R\)K/”\ CoA
s~ Hydroxyacyl-CoA- s~
Dehydrogenase
L-3-Hydroxyacyl-CoA 3-Ketoacyl-CoA

incoming CoA to yield acetyl CoA and the shorteriadly acyl CoA. This reaction is
catalyzed by thiolase:

O O 0] 0O
A S Ao
R CoA —_— R A +
g” 0 Thiolase S/CO Hac” 8”7 €
3-Ketoacyl-CoA Acyl-CoA Acetyl-CoA
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The shortened fatty acid chain is now ready forméxt cycle oB-oxidation.

A feature unique to the oxidation of a long chah iB that the enoyl CoA hydratase, 3-
hydroxyacyl. CoA DH and@-ketothiolase steps are all cat by a membrane lbontplex
of the 3 enzymes called a trifunctional proteinisitomplex is different from the enzyme
that catalyzes oxidation of medium and short cleeiyl CoAs, all of which are soluble
proteins in the mitochondria matrix.

3.3 Net ATP Yield from Palmitate Oxidation

Each cycle oB-oxidation produces oneADH2, oneNADH, and one acetyl CoA. During
the last3-oxidation cycle, two acetyl CoAs are formed. Thilng products of complete
oxidation of palmitate are 8 acetyl CoA,7 FADH2 ahNADH.

Oxidation of FADH2, and NADH by electron transpamd oxidative phosphorylation
yield respectively 1.5 and 2.5 ATPs, while oxidatiof acetyl CoA by the TCA cycle
coupled to electron transport and oxidative phosghtion yields 10 ATPs. Therefore,
the total yield of oxidation of palmitate to CO2dakl20 is 108 ATPs. However, two
high-energy phosphate bonds (the equivalent ofAWBs) are consumed in the activation

of palmitate. Thus, the net yield of palmitate @tidn is 106 ATPs.
B-oxidation pathway
8]

i
R-CH - CH-CH -C-SC0A

i Dehydrogenation
R-CH,-CH =CH-L-SCoA
i Hydration
{PH
R-CH,-C-CH ,-C-SCoA
H
AL —*xi Oxidation
R-CH,-C-CH z-é?—scm
. —mi Thiolysis

R-CH,-C-SCOA  CH,-C-SCOA
Figure 1.1: p-Oxidation Pathway

4.0 Conclusion

Fatty acids serve as a more efficient source ofggnemnan carbohydrates. Utilization of

fatty acids for energy production varies signifitgrirom tissue to tissue and depends on
the metabolic status of the tissue/ organ i.e fedasted, exercising or at rest. The
enzymes of fatty acid oxidation are located infigchondrial matrix. Fatty acyl groups

enter the mitochondria by tlearnitine fatty acyl carrier system.
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5.0 Summary
In this unit, you have learnt about the following:

i. The process of Fatty Acid Activation
ii. p-Oxidation of Fatty Acids
ii. Net ATP Yield from Palmitate Oxidation

6.0 Tutor Marked Assignment
i. Explain why fatty acids are more efficient thanbzdrydrates as fuel molecules
ii. Write balanced equations for the fifsbxidation cycle of palmitate.
ii. Describe the activation of fatty acids and thegpamt of fatty acyl coAs
into the mitochondria.

7.0 References and Further Reading

Katherine, M. A. Rogers and William N. Scott (2018urses! Test yourself in anatomy
and physiology

Kathryn, A. Booth, Terri. D. Wyman (2008). Anatonpyysiology, and pathophysiology
for allied health

Keith L.M, Persuade T.V.N (2006). The Developingnitan Clinically Oriented
Embryology 8th Edition Lippincott Williams & Wilkis

Kent, M. Van De Graff, R.WardRhees, Sidney P. (30$5@haum’s outline of human
anatomy and physiology 3rd edition.
Philip, T. (2012). Seeley’s principles of anatomyB&ysiology 2nd edition.
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UNIT TWO- FATTY ACID OXIDATION 2
CONTENT

1.0 Introduction

2.0 Objectives

3.0 Main content

3.1 Oxidation of Unsaturated Fatty Acids

3.2 Oxidation of Fatty Acids Containing an Odd NumbéCarbons
3.3 a- andw-Oxidation of Fatty Acids

3.4 Regulation of fatty acid oxidation

3.5 Ketone Bodies

3.6  Clinical Aspects

4.0 Conclusion

5.0 Summary
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6.1 Activity

6.2 Tutor Marked Tests

1.0 Introduction

Although p-oxidation is the major pathway of fatty acid oxida, it is limited to the
oxidation of even numbered saturated fatty acidseffatty acids (Unsaturated FA, those
with odd no of carbon atoms) require modificatidrihee Beta oxidation pathway.

Also, Animal tissues contain minor pathways thatine oxidation of fatty acids at the
a- and o- carbons. The products of and o oxidation can enteg-oxidation. Ketone
bodies serve as alternate sources of fuel durimgpgbe of fasting or starvation and in
conditions when the body is unable to utilize glksoas occurs in Diabetes mellitus.
Disorders of fatty acid oxidation include -carnitirdeficiency, Refsum’s disease,
Jamaican vomiting sickness, Zellweger;s diseasekatuhcidosis.

Other Mechanisms of Fatty Acid Oxidation

Most fatty acids (especially saturated fatty acidaip be oxidized by th& oxidation
pathway described in the previous study. Howe\aty facids that contain an odd number
of carbon atoms, certain unsaturated fatty aciasl mnethylated fatty acids require
modifications of the&-oxidation sequence.

2.0 Objectives
At the end of this unit, you should be able to:

i. Describe pathways for oxidation of unsaturated/fatids and fatty acids with an
odd number of carbon atoms

i. Describea andw oxidation of fatty acids

ii.  Outline the process by which fatty acid oxidatiemegulated
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iv.  Explain how ketone bodies are utilized for energydpiction
v. Describe some disorders of Fatty acid oxidation

3.1  Main Content

3.1 Oxidation of Unsaturated Fatty Acids

While the double bond that is generated betweem tir@p carbons in the first step §f
oxidation is in the trans configuration,the doubtad in most unsaturated fatty acids are
cis, and yield the D-isomer when hydrated by thelratase. These D isomers are
converted to the L-isomers by a racemdseoxidation then proceeds normally. If a
double bond in an unsaturated fatty acid is locdtetiveen théy andy carbon atoms
instead of between the andp carbons, the fatty acid cannot directly erfieyxidation.
Instead, ansomerase moves the double bond to the correct position, pauckidation
proceeds. If a double bond in an unsaturated fatig is located between tifeandy
carbon atoms instead of between ¢handf carbons, the fatty acid cannot directly enter
B-oxidation. Instead, arsomerase moves the double bond to the correct position, and
oxidation proceeds.

3.2 Oxidation of Fatty Acids Containing an Odd Numler of Carbons

Fatty acids that contain and odd number of carlamasoxidized by-oxidation, with the
successive removal of two-carbon units, until aalfithree-carbon propionyl CoA is
obtained. Propionyl CoA is utilized as shown in Ufig 7-15. First, propionyl CoA is
carboxylated to D-methylmalonyl CoA by propionyl £@arboxylase. Methylmalonyl
CoA. racemase then converts D-methylmalonyl CoA 4methylmalonyl CoA. Finally,
L-methyl CoA undergoes rearrangement by methimal@oA mutase to yield succinyl
CoA. As a result of entering the TCA cycle, sucti@pA may be oxidized to CQand
H-O or used as a precursor for glconeogenesis.
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Figure: Metabolism of propionylcoA

3.3 0- and o -Oxidation of Fatty Acids
Animal tissues contain minor pathways that invobwedation of fatty acids at the-
andw-carbons. The products afandw oxidation can entgy-oxidation.

a-Oxidation

During their metabolism, some fatty acids are hysliated on C-2 (ther carbon). The
resulting a-hydroxy derivatives may be further oxidized tolgi€CO2 and fatty acids
consisting of one less carbon atom, which may themetabolized b$-oxidation. a -
Oxidation, which occurs in the endoplasmic retioojus especially important in the
oxidation of methylated fatty acids. It is a mettaddyenerating odd-chain fatty acids.
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a-oxidation of phytanic acid
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Figure: a-oxidation of phytanic acid

o-Oxidation

Fatty acids that are hydroxylated on the termirsabon can underge-oxidation. The
o-hydroxy group is converted to am-carboxy group, yielding aw, o-dicarboxylic
fatty acid. If this dicarboxylic fatty acid entessoxidation, it can be oxidized from both
ends. o-Oxidation of fatty acids has been detected ondhdoplasmic reticulum of
liver cells.
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Figure 2.3: o-Oxidation pathway

3.4 Regulation of fatty acid oxidation

The rate of fatty acid oxidation in Mitochondriaaentrolled by regulating the entry of
substrate into this organelle. The key enzyme iFXRn the fed state, malonylcoA,
whose formation is the commitment step of FA sys)einhibits CPT1, while the
enzyme is made very active in the fasted statexkdation in muscle is also regulated by
malonylcoA, even though this tissue does not s\gitleeFas. Muscle contains an isozyme
os acetyl coA carboxylase, which produces maloylswlely for the purpose of
regulation of CPT1. The enzyme is activated byatitrand inhibited by phosphorylation.
It is phosphorylated by both protein kinase A andViFAdependent Kkinase.
Phosphorylation by the former enzyme allows fattyd aoxidation to be regulated by
dietary status. In the fed state, high conceninatiof insulin results in low levels of
phosphorylation. The enzyme produces malonylcoAhicl inhibits CPT1 and blocks
fatty acid oxidation. The second kinase, whicregulated by AMP, limks the rate of fatty
acid oxidation to the energy status of the mudaleesting muscle, AMP levels are low.
As a result, the AMP-dependent kinase is inacthoetyl —coA carboxylase is active, and
the malonylcoA that is generated inhibits CPT1 &aarhe resulting inhibition of acetyl
COA carboxylase results in low levels of malonylcad the activation of both CPT1 and
fatty acid oxidation.

3.5 Ketone Bodies

Ketone bodies are water-soluble products of lipitation that are formed in liver and
kidney mitochondria during prolonged fasting. Tretdne bodies, acetoactic acid and its
reduction product- hydroxybutyric acid , are madent acetyl coA that is produced by
fatty acid and amino acid catabolism. Ketone boghtleesis occurs in the mitochondrial
matrix and begins with condensation of two acetyh enolecules to form acetoacetylcoA
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, In a reaction that is the reverse of the finapsdf f3 - oxidation.The enzyme involved,
f3-ketothiolase is an isozyme of the enzyme thaictions in f3-oxidation.HMG-coA
synthase catalyzes the condensation of acetoacgétylsth another molecule of acetyl
COA to form 3-hydroxy- 3-methyl glutayl coenzyme A(HMG-coA). HMGcoAlyaseethn
cleaves HMGCOA to yield acetoacetic acid and acetl. Some of the acetoacetate is
reduced to D- 3-hydroxybutyrate in lever mitochondria by-hydroxybutyrate
dehydrogenase. The extent of this reaction depeonds the intramitochondrial
[NADH]/[NAD+] ratio.During fasting, the oxidationfdatty acids generates NADH. Part
of this is used in the reduction of acetoacetate fhydroxybutyrate and acetoacetate
are released from liver and kidney for use by otlssues.

Some aceto-acetate continually undergoes slow, tapeaus nonenzymatic
decarboxylation to acetone. Acetone formation igligdle under normal conditions,
but at high cobncentrations of acetoacetate, whielm ocur in severe diabetic
ketoacidosis, acetone can reach levels highenoudpe etectable in the breath. HMG
CoA is also an intermediate in cholesterol synthedowever, the HMG-coA used for
ketone body and cholesterol synthesis are presetifferent metabolic pools.While the
HMG-CoA used for ketogenesis is synthesized in hepaitochondria by an isozyme of
HMG-CoA synthase that is expressed at high levetsnd prolonged fasting, Moreover,
HMG-CoA lyase, which converts HMG CoA to acetoatetand acetyl CoA is
expressed only in hepatic mitochondria. In contrie81G-CoA for cholesterol synthesis
iIs made at low levels in the cytosol of many tissbg a cytosolic isozyme of HMG-
CoA synthase.

Acetoacetate an@ hydroxybutyrate are excellent fuels for many repatic tissues
including cardiac muscle, skeletal muscle and bnaamticularly when glucose is in short
supply or inefficiently used. The brain begins tilize ketone bodies after 2-3 days of
fasting. This reduces the requirement for glucaselyction by gluconeogeesis during a
prolonged fast, thus sparing muscle proteins. Tdley serve as precursors for cerebra
lipid synthesis during the neonatal period. They aretabolized in the mitochondria of
non hepatic tissuesB-hydroxybutyrate dehydrogenase conve3teydroxybutyrate to
acetoacetate by an NAD-linked oxidation. Acetoaeeta the converted to its CoA
derivative by acetoacetate:succinyl-CoAtransferagi@ich is present in tissue that use
ketone bodies but is not present in liver. SucclyA serves as the source of the CBA.
ketothilase converts thaacetoacetyl CoA into 2yhd@bAs, which enter the TCA cycle
for energy production.

Thus, the key enzymes of ketone body synthesis, HBOB synthase and HMG-CoA
lyase are present in liver (and kidney cortex) itin other tissues. The key enzymes of
ketone body utilization, acetoacetate:succinyl-CaAsferase is found in many tissues,
but not in liver. These differences ensure thabketbodies are made in the liver and
utilized in other tissues.
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36 30

MEDICAL BIOCHEMISTRY II



NSC 224 MEDICAL BIOCHEMISTRY Il

O
| [
HyC—C—SCoA  + HyC—C—SCoA
acetyl-CoA acetyl-CoA
B CoASH

0
I Hz |
HyG—C—C—C—SCoA

acetoacetyl-CoA

H:0 Hﬁc—g— SCoA
2. | HMG-CoA
" | synthase acetyl-CoA
CoASH

OH

0 o
| H? |
©o0— c— —SCoA
Ha

p-hydroxy-f-methylglutaryl-CoA

HMG-CoA
3, |HMG-CoAl @
lyase HsC—C—SCoA
T
acetyl-CoA
8]
|| Hz ||

© 0—C—C—C—CH;

acetoacetate acetoacetate  NADH

decarboxylase NAD* + H*
5, D-p-hydroxybutyrate
dehydrogenase

Q H OH
z2
H-;C—é) CH5 @O—g—{:—’»CHB
acetone H

D-p-hydroxybutyrate
Figure 2.4Db: Utilization of ketone bodies for energy production

3.6 Clinical conditions associated with fatty aci@xidation

Carnitine deficiency
Occurs particularly in the new-born and preternamt$ due to inadequate biosynthesis or

renal leakage. Symptoms include hypoglycemia, ligidcumulation and muscular

weakness.
Treatment is by oral supplementation with carnitine
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Refsum’s disease

An autosomal recessive neurologic disorder of limidtabolism which occurs due to a
metabolic defect that results in accumulation ofytphic acid and phytol (dietary
lipids derived from chlorophyll.) Affected individls may display retinitis pigmentosa,
diminished deep tendon reflexes and incoordination.

Zellweger’'s syndrome

Occurs in individuals with a rare inherited abseontgeroxisomes in all tissues. They
accumulate C26-C38 polyenoic acids in brain tismue also exhibit a generalized loss of
peroxisomal functions. The disease causes sevanelagical symptoms, and most
patients die in the first year of life.

Jamaican Vomiting Sickness

Caused by eating the unripe fruit of the akee whe&h contains the toxin hypoglycin.
This inactivates medium and short chain acyl-CoAhydeogenase, inhibiting 3-
oxidation and causing hypoglycemia and is caused lack of mitochondrial medium
chain acyl CoA dehydrogenase.

Ketoacidosis

Higher than normal quantities of ketone bodies gmesn blood or urine constitute
ketonemia and ketonuriarespectively.The overall ddmon is called ketosis. It is
pathologic in Diabetes Mellitus. Non pathologic fe of ketosis are found under
conditions of high fat feeding and after severer@se in the post absorptive phase.

4.0 Conclusion

In conclusion, oxidation of fatty acids involvegiaation of the fatty acid which occurs in
the cytosol. The activated fatty acid is then tpmmted to the mitochondrid-oxidation
proper takes place in the mitochondrial matrix. §hiatty acids are oxidized by most
tissues in the bodyrhe ketone bodies supplies energy to certain orgaagicularly
thebrain heartandskeletal muscleunder specific conditions includirgsting caloric
restrictionor sleep.

5.0 Summary
In this unit, you have learnt about the following:
i. Oxidation of Unsaturated Fatty Acids
ii. Oxidation of Fatty Acids Containing an Odd Numbg&Carbons
ii. o- and w-Oxidation of Fatty Acids
iv. Regulation of fatty acid oxidation
v. Ketone Bodies
vi. Clinical Aspects
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6.0 Tutor Marked Assignments
i. Describe pathways for oxidation of unsaturated/fatids and fatty acids with an
odd number of carbon atoms
i. Describea and w oxidation of fatty acids
ii. Outline the process by which fatty acid oxidatiemegulated
iv. Explain how ketone bodies are utilized for energydpiction
v. Describe some disorders of Fatty acid oxidation
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MODULE- THREE-VITAMINS AND TRACE ELEMENTS

Introduction

Vitamins are group of organic nutrients that agureed in minute (small) quantities for
normal metabolism. Generally they cannot be syimtkdsby the body and therefore be
supplied in the diet. Vitamins are classified basedheir solubility as water soluble or fat
soluble. Water Soluble include the B complex vitaspiVitamin C, Biotin, Folic acid and

Pantothenic acid. The fat soluble vitamins includamins A, D, E and K. Most of these
vitamins act as coenzymes. A coenzyme is a nonejpratomponent of an enzyme
(cofactor) which is organic in nature. Many of cegmes are vitamins derivatives, and
are essential in the activity of the enzyme.

Module Objective: At the end of this module, you should be able to dis¢he following
in details:

i. The types of Fat Soluble Vitamins

i The sources of Fat Soluble Vitamins

ii.  The functions of Fat Soluble vitamins

iv.  The deficiency associated with Fat Soluble vitamins

V. Trace elements and their biological functions

CONTENTS

Unit 1: The Fat Soluble Vitamins
Unit 2: The Fat Soluble Vitamins
Unit 3: Trace Elements

UNIT ONE- THE FAT SOLUBLE VITAMINS

CONTENT

1.0 Introduction

2.0 Objectives

3.0 Main Content

3.1 Vitamin A or Retinol

3.2  Description of Vitamin D
3.3 Description of Vitamin E
3.4 Description of Vitamin K
4.0 Conclusion

5.0 Summary

6.0 Tutor Marked Assignments
6.1 Activity

7.0 References and other resource
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1.0 Introduction

Vitamins are organic molecules that are requiredsnmall quantity for a variety of
biochemical functions and which generally cannosyethesized in the body but must be
supplied in the diet or as supplement. These mtdecserve the same roles in nearly all
forms of life. Some are synthesized by intestinalrsnorganisms but in quantity that are
not sufficient to meet our need. Human beings megai least 12 vitamins in the diet for
various biochemical activities. Deficiency of vitare can generate diseases in all
organisms requiring them for important biochemiesctions. Vitamins can be grouped
according to whether they are soluble in watermonen polar solvents. Water soluble
vitamins function as coenzyme, while fat solublawiins participate in diverse processes
such as blood clotting and vision.

2.0 Objectives
At the end of this unit, you should be able to:
i.  Define fat soluble vitamins (FSV) and list all th8V
i. Describe vitamin A
ii. Describe vitamin D
iv. Describe vitamin E
v. Describe vitamin K
vi. Give a detail description of Fat soluble vitamins

3.0 Main Content

3.1 Vitamin A (Retinol)

Two groups of compounds have vitamin A activitye first group is called retinoid which
comprises retinol, retinal and retinoic acid. Tlaeg preformed vitamin A, found only in
foods of animal origin. The second group is caroignfound only in plants; they are
composed op-carotenes and related compounds. Carotenoiddemreed in the intestinal
mucosa by carotene dioxygenase to yield retinakhis reduced to retinol. Retinol is
stored in the liver of animals as lipid ester. Yhta A is heat stable but sensitive to
ultraviolet light (UV). This is why it is not goo put your palm oil in the sun when you
want to liquefy it; application of little heat istier. This is a common practice in many
African communities; it is not a good practice hesa the ultraviolet rays in the sun
destroy the vitamin A present in the oil. Next timeu see anyone doing this, please
correct the person.

Sources of Vitamin A

The richest dietary sources of preformed vitami(r&tinol) are fish liver oils also known
as cod liver oil. Other sources include liver ofnaals, milk and dairy products, dark
green vegetables, yellow or red fruits, carrot tordatoes. Palm-oil is the richest dietary
source of carotenoids.

Functions of Vitamin A
Roles of vitamin a in vision- The role of vitaminiA vision was discovered by George
Wald, who received the Nobel Prize in 1943 for tHiscovery. Vision is based on the
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absorption of light by photoreceptor cells in tlye.eThese cells are sensitive to light in a
relatively narrow region of the electromagneticdpem, with wavelengths between 300
and 850nm. Vertebrates have two kinds of photottecegells, called rods and cones
because of their distinctive shapes. Cones funatidoright light and are responsible for
colour vision, whereas rods function in dim lighttlwlo not perceive colour. A human
retina contains about 3 million cones and 100 omllrods. Rods are slender elongated
structures densely packed with phtoreceptors mtdect’he photosensitive molecule is
often called a visual pigment because it is higtdioured owing to its ability to absorb
light. The photoreceptor molecule in rods is rhaglopwhich consists of the protein opsin
covalently linked to 11-cis-retinal that serves agrosthetic group. lodopsin is the
photoreceptor molecule present in the cones

Gene expression and tissue differentiation

Another important function of vitamin A is the camitof cell differentiation. All-trans-
retinoic acid and 9-cis-retinoic acid regulate gitovdevelopment and tissue
differentiation; they have different actions infdrent tissues. Retinoic acid binds to
nuclear receptor and regulates the transcriptiapetific genes. There are two
families of nuclear retinoid receptors: the retmacid receptors (RAR) bind All-trans-
retinoic or 9-cis-retinoic acid and the retinoidéceptors (RXR) bind only 9-cis-
retinoic acid.

Deficiency of Vitamin A

Vitamin A deficiency is the most important prevdsieacause of blindness in the world.
The earliest sign of deficiency is a loss of sewigit to green light, followed by
impairment to adapt to dim light followed by nidhitndness. More prolonged deficiency
leads to xerophthalmia (dry and keratinization loé tcornea and blindness). Growth
retardation, dermatitis, anorexia and hypogeusiamn A also has an important role in
differentiation of immune system cells. Mild de&aocy of vitamin A leads to increased
susceptibility to infectious diseases.

Toxicity Vitamin A

Human body has a limited capacity to metabolizamit A, and excessive intakes leads
to accumulation beyond the capacity of binding @rof{opsin), so that unbound vitamin
A causes tissue damage. Excess vitamin A is tezatodo pregnant women (it can cause
congenital deformity in the fetus).

Symptoms of toxicity affect the central nervousteys and this include headache, nausea,
anorexia (lack of appetite) and ataxia (defectiwesonlar control leading to staggering).
Liver and bones are also affected. Excessive dsyngskin is also a symptom of vitamin
A toxicity.
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3.2  Description of Vitamin D

Vitamin D is also known as cholecalciferol. Vitanincould be thought of as a hormone
rather than vitamin because it can be synthesizelke body; it is released into the blood
circulation like hormones and has biochemical effemn target organs. Vitamin D is
included in the list of vitamins, as it becomeseasential dietary factor when endogenous
synthesis is inadequate to meet the physiologeglirements. This condition is common
in the temperate region where there may not begmsunlight for greater part of a year.
It is also common among women in some Arab natighere virtually all the parts of a
woman’s body is covered thereby preventing vitamisynthesis in the skin. There are
two forms of vitamin D: The naturally produced witsn D3 or cholecalciferol is the form
obtained from animal sources in the diet or madéhenskin. It is produced in the skin
from ultraviolet activation of 7-dehydrocholesterdlrtificially produced vitamin D2 or
ergocalciferol, is the form made in the laboratoyyirradiating the plant sterol, ergosterol
and it is the form most readily available for phagmutical use. In the temperate regions,
the plasma concentration of vitamin D is highesthatend of summer and lowest at the
end of winter. In the tropical regions, vitamin Rfidiency is not common due to
availability of sunlight for most part of the year.

Dietary sources of vitamin D

The most reliable dietary sources of vitamin D fangified foods. Milk for example is
fortified to a level of 400 international units pgmart. The recommended daily intake of
vitamin D is 400 IU, irrespective of age. Other sms include the liver, cod liver oil and

egg yolk.

Functions of vitamin D

Its main function is the regulation of calcium niEithbsm and absorption. Vitamin D is

converted to calcitriol (1,25-dihydrxycholecalciidy; the active hormone by

hydroxylation reactions in the liver and kidneyshihds to receptor, structurally similar to
the steroid receptors to form a complex that fuumdias a transcription factor thereby
regulating gene expression.

Vitamin D deficiency

Vitamin D deficiency in childhood produces ricketsgdisease characterized by inadequate
calcification of cartilage and bone as a resultpobr absorption of calcium. Similar
problems occur in adult as a result of deminerabnaof bone, especially in women who
have little exposure to sunlight. In adults, vitanid deficiency leads to softening and
weakening of bones, a condition called osteomal&séeoporosis is another bone disease
associated with old age. It is described as the @dsdbone density caused by excessive
absorption of calcium and phosphorus from the bone.

Toxicity of vitamin D

High concentration of vitamin D in the plasma caad to contraction of blood vessels
and calcinosis, i.e. the calcification of soft tiss such as the liver and kidneys. This has
serious consequences on health and can lead to. deat
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3.3  Description of Vitamin E

Vitamin E, also known as tocopherol is the geneame for two families of compounds.
Tocopherolsd, B, y andé type) differ in the number and position of the hyggroups on
the ring. Thea-tocopherol is the most potent and it is usualbdaress vitamin E intake in
terms of milligramsa-tocopheerol equivalent. Tocotrienols are strudiyireelated to
tocopherols but they are less potent and also ouatesaturated hydrocarbon side chains.

Dietary sources of vitamin E

The major dietary sources of vitamin E are fats aitglwith different tocopherol content.
The richest sources are: Soya and corn oils (50+#§0.00gm) and Palm oil (20-70
g/100gm), Coconut and olive oils are relatively low vitamin E content (1-
10mg/100gm). The major site of vitamin E storagethis adipose tissue. Synthetic
vitamins E are also available as dietary supplement

Functions of vitamin E

Vitamin E does not have a precisely defined met&bfunction. It acts as lipid-
soluble antioxidant in cell membranes. Its antiaxitlfunctions include radical chain-
breaking and free radical trapping in cell membrand plasma lipoprotein by reacting
with the lipid peroxide radicals formed by peroxida of poly unsatureated fatty acids.

Vitamin E deficiency
Vitamin E deficiency in human is rare. The only kmosymptom of vitamin E
deficiency is haemolytic anaemia due to an incréasd blood cell fragility and damage

Toxicity of vitamin E

There is no record of vitamin E toxicity but becautss fat soluble, too much of it may be
toxic. Unlike the other fat soluble vitamins suchwat A, K and D, vit E does not seem to
have any known toxic effects.

3.4  Description of Vitamin K

Vitamin K derived its name from German wddhgulation. The most important function
of vitamin K is its role in the synthesis of bloobbtting proteins, hence it is called blood
clotting vitamin. There are two naturally occurriigrms of vitamin K, the first is
phylloquinone; the normal dietary source found iee; vegetables. The second is known
as menaquinones, synthesized by the intestinalebacbf children but adult cannot
synthesize vitamin K. Menadiones and menadiold&eeare synthetic compounds that
can be metabolized to phylloquinone.

Dietary sources of vitamin K

Excellent sources of vitamin K are cabbage andrgvegetables, other sources are
tomatoes, cheese, meat and egg yolk.
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Functions of vitamin K

Synthesis of blood clotting proteins- vitamin K hasen known for many years to be
essential for the synthesis of prothrombin and is¢vaher clotting factors. Vitamin K
participates in the carboxylation of glutamate dass toy-carboxyglutamate, which
makes modified glutamic acid a much stronger cbelat C&*. The results of studies of
the abnormal prothrombin synthesized in the absericeit K or in the presence of
vitamin K antagonists (these are the compoundspteatent vitamin K from performing
its functions) such as dicoumarol, revealed theemafdaction of this vitamin. Dicoumarol
is found in spoiled sweet clover leaves and caadasal hemorrhagic disease in cattle fed
on this hay. This coumarin derivative is used chifly as an anticoagulant to prevent
thromboses in patients prone to clot formation.oDmoarol and such related vitamin K
antagonists as warfarin also serve as effectivpa@bns.

Deficiency of vitamin K
The clinical manifestation of a Vitamin K deficiens hemorrhage, when there is
little cut, bleeding may continue for a very lonme.

Toxicity of vitamin K

High doses of the naturally occurring fat solulder of Vitamin K (K1) appear to be
non-toxic, but the water-soluble forms of menadi@K®) have produced serious side
effects in high doses, especially in newborn irdabtirge doses of menadione given to
newborns or their mothers during labour have redutt hemolytic anemia. Premature
infants have less tolerance to exces Vitamin K tlodirterm infants do. Adult toxicity
signs are primarily circulatory and involve a véyief cardiac and pulmonary signs.

4.0 Conclusion

In conclusion, vitamins play a very important rolein the body. The fat soluble
vitamins are obtained from animal and plant sources Deficiency of one vitamin may
be associated with a particular disease conditiomithe body.

5.0 Summary:In this unit, you have been taken through the foitmy:
i.  Vitamin A or Retinol
ii. Description of Vitamin D
ii. Description of Vitamin E
iv. Description of Vitamin K

6.0 Tutor Marked Assignments
i.  Define fat soluble vitamins (FSV) and list all th8V
i. Describe vitamin A
iii. Describe vitamin D
iv. Describe vitamin E
v. Describe vitamin K
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1.0 Introduction

All water soluble vitamins are readily soluble irater and are absorbed without the
involvement of fat. Excess intakes are excretethéurine but some of them have some
side effects. Some of the vitamins are stored feh@t period while many are stored in
the body for up to 2 months. These water solubti@mins function as co-enzymes; they
must be metabolically converted to their activenferfor them to be functional but

vitamins C and biotin are used directly without zersion.

2.0 Objectives
At the end of this unit, you should be able to:
i. List the biochemical functions, deficiency and matsources of vitamin B1
(Thiamine).
ii. List the biochemical functions, deficiency and maltsources of vitamin B2
ii. Describe the biochemical functions, deficiency aadlral sources of vitamin B3
(Niacin)
iv. List the biochemical functions, deficiency and matusources of vitamin B5
(Panthotenic acid)
v. Enumerate the biochemical functions, deficiency aatliral sources of vitamin B6

(Pyridoxine)

vi. List the biochemical functions, deficiency and matusources of vitamin H
(Biotin)

vii. Itemise the biochemical functions, deficiency aradumal sources of vitamin B9
(Folic acid)

viii. Describe the biochemical functions, deficiency aatural sources of vitamin B12
ix. List the biochemical functions, deficiency and matsources of vitamin C

3.0 Main Content
3.1 Vitamin B1 (Thiamine)
Functions of vitamin B1
i. ~ Thiamine reacts with ATP to form Thiamine pyrophlogie (TPP), the active form
of vitamin B1 in biochemical reactions.
i. TPP is a co-enzyme in the decarboxylation of pyenando-ketoglutarate and
also in transketolase and transaldolase reactions.
ii. Decarboxylation of pyruvate is a crucial reaction nervous system, this was
explained in section 2.4.

Deficiency of vitamin B1
i. Thiamine deficiency is associated with elevate@llewf pyruvate and lactate.
ii. Its deficiency also causes a clinical disorder kn@s Beriberi, Oedema and an
array
of other abnormalities.
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Natural sources of vitamin B1
i. Thiamine is available in a wide variety of foodsking its deficiency very rare.
Some of the sources include unpolished rice, wigodens such as maize, yeast,
nuts and potatoes.
ii. It is easily destroyed by heat, so the thiamineteinof foods is lowered by
cooking.
Since Vitamin B1 functions in the release of endrgyn fuel molecules, its requirement
is linked to caloric intake. The recommended dallgwance (RDA) of Thiamine is 1.0-
1.5mg for most individuals. However higher quanistyequired during pregnancy.
Dietary deficiency is common in people with Anomexiliarrhea, alcoholics and post-
operative patients

3.2 Vitamin B2 (Riboflavin)
Functions of vitamin B2
i.  Riboflavin is the electron carrier co-enzymes #vast as FAD and FMN.
i. They function in a variety of redox reactions cgdall by oxidases, reductases and
dehydrogenases (fatty acid synthesis, TCA cycleaanitho acid synthesis)
ii. They are necessary for aerobic respiration anddigsaintenance.

Deficiency of Riboflavin

Riboflavin deficiency is widespread but not fatakficiency is characterized by cheilosis,
desquamation and inflammation of the tongue, wines happen the person will not be
able to take food containing pepper.

Natural sources of Riboflavin

Riboflavin is found in a wide variety of foods, esmlly liver, kidney and green leafy
vegetables. The major sources are milk and dawgymts. Because of its intense yellow
colour, it is used as food additives. The RDA fimoflavin is 1.2mg, but pregnant and
lactating mother may require more.

3.3 Vitamin B3 (Niacin)

Functions of vitamin B3

Niacin (also known as Nicotinic acid) and its amdbkivative nicotinamide are the
precursor of the co-enzymes NAD+ and NADP+. Theyessential coenzymes in
numerous

cellular reactions such as lipid  biosynthesis,gaptose phosphate pathway and amino
acid metabolism.

Deficiency of vitamin B3

Niacin deficiency causes the disease pellagrani&jer symptoms are photosensitive
dermatitis

on the skin, impaired digestion, diarrhea and memafusion.
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Natural sources of Vitamin B3

Sufficient quantity can be synthesized endogenofisin tryptophan. (Take note of the
vitamins that are synthesized in sufficient quantite have mentioned vitamin D). It is
present in meats, fish and nuts. The RDA for Niasii3mg. Excess niacin can cause
liver damage.

3.4  Vitamin B5 (Pantothenic acid)
Functions of vitamin B5
i. Pantothenate is a precursor of co-enzyme A, thaicgeates in acyl transfer
reactions.
i. Coenzyme A is the carrier for acetyl groups obtaiftem the degradation of
carbohydrates and lipids.
ii. Coenzyme A also carries the acetyl and malonyl gsaised in fatty acid
synthesis.
Deficiency
i.  Vitamin B5 deficiency has not been observed in msn&lo RDA has been set for
Vitamin B5 yet. Most individuals ingest betweenridl@0mg of pantothenate per
day. 7.4.3 Natural sources
ii. Beef liver, peanuts, Soybeans and wheat germ brelain pantothenate.
3.5 Vitamin B6 (Pyridoxine)
Functions of vitamin B6
i.  The biologically active forms of pyridoxine are mwxamine phosphate and
pyridoxal phosphate and are mostly involved in ananid metabolism.
ii.  They function in various transamination and oxidiatieactions. Some women use
it for premenstrual pain.

Deficiency of vitamin B6
I. The deficiency symptoms include irritability, mal confusion, convulsions
(in infants),
peripheral neuropathy and inflammation of the mouth

Natural Sources
I. Since the pyridoxine coenzymes are involved pritg with amino acid
metabolism their daily requirement varies with thaily protein intake. The
vitamin is present in meat, fish and fruits. The/ARB 2.2mg for men and 2.0mg
for women.

3.6  Vitamin H (Biotin)

Functions of Biotin
i.  Biotin which is used by cells without modificatios the coenzyme for cellular
carboxylation reactions.
i. The carboxylation of acetyl CoA to malonyl CoA imeparation for fatty acid
synthesis is an example of biotin dependent calbtry.
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Deficiency of Biotin
i. Its deficiency has not been observed in humans arranal diet. Raw egg
contains a protein called avidin that binds bietmy tightly. Biotin deficiency can
occur in a person who takes raw eggs regularly.
ii. Itis synthesized by the intestinal flora in amaubtlieved sufficient to meet the
daily needs of man (This is the third vitamin thatsynthesized in sufficient
guantity by man).

Natural Sources
e The intake of the average healthy adult is 1000@u3)/day. Sources include liver,
peanuts etc.

3.7  Vitamin B9 (Folic acid)
Functions of Folic acid
I. Folic acid, also called folicin is convertedtatrahydrofolate, which is the
primary carrier of one carbon units in the cell.
Deficiency

Symptoms associated with folic acid deficiency megaloblastic and macrocylic anemia,

growth failure. All the symptoms disappear upon sudstration of folic acid.

Natural sources

I. Folic acid is synthesized by the intestinal laet, so the daily dietary requirement is

difficult to measure. The RDA for healthy individadas been set at 400ug with
higher allowances for pregnant and lactating wont&mod sources of folic acid
include Beef, Chicken, liver, peanuts and brewgeast.

3.8 Vitamin B12

Functions of vitamin B12
i. Vitamin B12 consists of cobalamin and its activerigdives, including
cyanocobalamin and methyl cobalamin.
i. Cobalamin is an essential cofactor in the convarsad homocysteine to
methionine and in the conversion of methyl maloagl¢o succinyl-coA.

Deficiency
i.  Vitamin B12 deficiency impairs the metabolism ofidcacid and this disturbs red
blood cell synthesis.
i. The clinical symptoms of vitamin B12 deficiency aemllectively called
pernicious anemia and include megaloblastic anenhanges in the intestinal
mucosa and in extreme cases, neuropathy.

Natural Sources
i. The vitamin B12 RDA for healthy individuals has heset at 3ug. The actual
daily intake for most individuals is from 5 to 15dagy.
ii. Mostvitamin B12 in the body is concentrated in lilier.
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ii. In general foods derived from animals contain mokrevitamin B12 than foods
derived from plants.

3.9 Vitamin C (Ascorbic acid)
Functions of vitamin C
i.  The active forms of Vitamin C are ascorbic and debgscorbic acids. It is known
as antiscurvy agent.
i. The symptoms of scurvy are swollen gum, loss othieskin lesions, pain and
weakness (legs).
ii. Vitamin C participates in hydroxylation reactionsdaalso promotes intestinal
absorption of iron. They participate in amino aoiétabolism, the synthesis of
norepinephrine and the synthesis of collagen.

Deficiency of vitamin C
i. Vitamin C deficiency causes scurvy. Other symptarhscurvy include impaired
wound healing and changes in bone development iavaig
i. Many of these symptoms appear to be the resulthef defective collagen
synthesized in the absence of Vitamin C.
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iv.

Deficiency of vitamin C can also cause impairedagdioin children. In severe
cases, skin becomes rough, dry and develop hy@otier (scaly) changes in the
hair follicles.

Drugs known to increase the urinary excretion cbdsate include aspirin and
barbiturates. Chronc diarrhea may contribute tamvih C deficiency.

Natural Sources

4.0

Water-soluble vitamins are soluble in aqueous swistand are often used as cofactors by

Good sources of vitamin C are peppers, papayacaitnus fruits. The RDA for

vitamin C is 60mg, based on the amount requirgaréwent or cure scurvy. More
Vitamin C can be required during pregnancy ancakaan.
Conclusion

many enzymes. The water soluble vitamins also lemmemon properties besides their
solubility property. Since they are water solubleass can be excreted through urine.
Hypervitaminosis may not cause toxicity. Most aégb vitamins act as coenzymes.

5.0 Summary
In this study unit, you have been exposed to tHewing in details:

I.

il.
iii.
V.
V.
VI.
Vii.
Viil.

Vi.
Vil.

viii.

Vitamin B1 (Thiamine)
Vitamin B2 (Riboflavin)
Vitamin B3 (Niacin)
Vitamin B5 (Pantothenic acid)
Vitamin B6 (Pyridoxine)
Vitamin H (Biotin)
Vitamin B9 (Folic acid)
Vitamin B12
Vitamin C (Ascorbic acid)
Tutor Marked Assignments
List the biochemical functions, deficiency and matsources of vitamin B1
(Thiamine).
List the biochemical functions, deficiency and matsources of vitamin B2
Describe the biochemical functions, deficiency aatural sources of vitamin B3
(Niacin)
List the biochemical functions, deficiency and matsources of vitamin B5
(Panthotenic acid)
Enumerate the biochemical functions, deficiency aatlral sources of vitamin
B6 (Pyridoxine)
List the biochemical functions, deficiency and matusources of vitamin H
(Biotin)
Itemise the biochemical functions, deficiency aatunal sources of vitamin B9
(Folic acid)
Describe the biochemical functions, deficiency aatural sources of vitamin B12
List the biochemical functions, deficiency and matsources of vitamin C
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UNIT THREE- TRACE ELEMENTS
CONTENT

1.0 Introduction

2.0 Obijectives

3.0 Main Content

3.1 Macro vs Microminerals

3.2 Trace Elements

4.0 Conclusion

5.0 Summary
6.0 Tutor Marked Assignments
6.1 Activity

6.2 Tutor Marked Tests
7.0 References and other resources

1.0 Introduction

Dietary minerals are the chemical elements requirgdiving organisms, other than the
four elements_carbon, hydrogen, nitrogen, and axygeesent in common_organic
molecules.

For any nutrient, there is a range of intake betwtbat which is clearly inadequate, leading
to clinical deficiency disease, and that whichasnsuch in excess of the body's metabolic
capacity that there may be signs of toxicity. Betweahe 2 extremes, there is a level of
intake that is adequate for normal health and tlentanance of metabolic integrity.
Individuals do not have the same requirement fdrients, even when calculated on the
basis of body size or energy expenditure. Thereforeorder to assess the adequacy of
diets, it is necessary to set a reference leveéhtake high enough to ensure that no one
either suffers from deficiency or is at risk of twky. Many of the essential minerals are
widely distributed in foods, and most people eatmngnixed diet are likely to receive
adequate intakes, although supplements can be wked some requirements are not
adequately met by the diet, or when chronic or eddficiencies arise from pathology or
injury, etc.

2.0 Objectives
At the end of this unit, you should be able to:
I.  Distinguish between Macro and Microminerals
ii. List important microminerals (Trace Elementsidaenumerate the functions, food
sources, required daily allowance, deficiency aaxlicity symptoms of each
trace mineral studied.

3.0 Main Content

3.1  Macro vs Microminerals

Dietary Minerals include the macro and micromingerdacrominerals are required in the
diet in large amounts (>100mg/day). They represémiut 80% of body organic matter
and include calcium, phosphorus, potassium, sudfontium, chlorine, and magnesium.
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Microminerals or Trace elements are needed in desE30mg per day. Important "trace"”
or minor minerals, include_iron, cobalt, coppenczimolybdenum, iodine, selenium and
cobalt. . Some minerals are necessary for the Hodytheir exact functions are unknown.
Such include Chromium, Nickel, Bromine, Lithium aBdrium. Non essential minerals
found as contaminants in foodstuffs include rulndjwsilver, gold and bismuth. Toxic
minerals include Al, Pb, Cd and Hg.

3.2  Trace Elements

Zinc

Total zinc content of the body is about 2g, outwbiich 60% is in skeletal muscles and
30% in bones. The highest concentration of Zinsesn in Hippocampus area of brain
and prostate fluid. More than 300 enzymes are dempendent, including RNA and DNA
polymerases, alkaline phosphatase and carbonicdaag. It also forms what is known
as zinc fingers (Zi )coordinated to four amino acid side chains), Whjrovide
structural stability to many proteins and are int@ot for protein-protein interactions .
These are found in many signal transduction pretesim is also involved in DNA and
protein synthesis as well as transport of vitamjriaste perception, wound healingnc
plays a vital role in fertility. In males, it praies theprostate gland from infection
(prostates) and ultimately from enlargement (prosthypertrophy). It also helps
maintain sperm count and mobility and normal lewd#lserum testosterone.

Zinc is important during pregnancy, for the growifmetus whose cells are rapidly
dividing. Zinc also helps to avoid congenital abnalities and pre-term delivery. Zinc is
vital in ensuring proper growth and developmenfants, children and teenagers.
Sources:Meat, Shellfish, Poultry, Whole grains, Vegetalilagese
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Figure 3.1: Food Soureof Zinc

RDA: 11mg for men, 8mg for women

Deficiency: Zn deficiency in children is marked by poor growatind impairment of sexual

development. In both children and adults, it resuitpoor wound healing and dermatitis
as well as impaired immune function. Toxicity etleiclude loss of appetite, impaired
immunity, decreased HDL, iron and copper deficieaciToxicity is common in welders

due to inhalation of zinc oxide fumes.

Iron

Total body content is 3-5g, 75% of this is foundblvod and the rest in liver, bone
marrow and muscles. Iron is present in almost @llscBlood contains 14.5g of Hb per
100ml. About 75% of total iron is in hemoglobin, 5%n myoglobin and 15% in ferritin.
Iron carries oxygen as part of haemoglobin in bloodhyoglobin in muscles.It is required
for cellular energy metabolism. Transferrin is tinensport form while Ferritin is the
storage form of iron. Transferrin is a glycoprotemth a molwt of 76,500 Daltons. Total
iron binding capacity(TIBC) is a measure of thedda® capacity to bind iron with
transferring. The ref range is about 400mg/100nme @hird of this capacity is saturated
with iron. Transferrin has a half-life of 7-19 dayand is a useful index of nutritional
status. One molecule of transferrin can bind twadaons. In blood, ceruloplasmin is the
ferroxidase, which oxidizes ferrous to ferric stafeansferrin receptors are present on
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most of the body cells, especially on cells whightsesize heme. The iron-transferrin
complex is taken up by the body cells by the remeptechanism.

RDA: for men 8mg, women (19-50yrs), 18mg, women > 8@yng.

Sources:Red meat, fish, poultry, eggs, dried fruits, leafgetables,

pulses.

Deficiency. Includes anaemia characterized by weaknessufgtigeadache and impaired
mental and physical performance. It also impaireamunity and pale skin. In iron
deficiency anaemia, TIBC is increased but serum ievel is reduced. Deficiency is
caused by poor nutrition, hookworm infection, repdapregnancies, chronic blood loss,
and lead poisoning. Excess iron is called hemossierHemosiderin pigments are golden
brown granules, seen in spleen and liver. It ocearpersons having repeated blood
transfusions. Prussian blue tests are +ve for thggrents. Toxicity leads to Gl distress,
infections, fatigue, joint pain, skin pigmentatiand organ damage.
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Fig 3.2:Iron deficiency anaemia Fig 3.3.3.2.1b Hemosidddposit
showing pale RBCs varying in shapes & sizes

Copper

Total body copper is about 100mg. It is found inselas, liver, bone marrow, brain,
kidney, heart and hair.lt is a required componehtmany redox enzymes. Copper
containing enzymes are ceruloplasmin, cytochroméase, tyrosinase, superoxide
dismutase and others. Required for iron absorpaod incorporation of iron into
hemoglobin. Only about 10% dietary copper is absoriExcretion is mainly through bile.
Sources Legumes, nuts and seeds, whole grains, orgarsptratking water.

Fig 3.3: Food sources of copper

RDA: 900ug

Deficiency: Results in microcytic normochromic anaemia, cardsoular diseases,
defective cross-linking of connective tissue angdipigmentation of hair. Toxicity is
manifested as diarrohea and blue-green discoloraifosaliva. Copper poisoning may
result in hemolysis, hemoglobinuria, proteinurial aenal failure. Toxicity could occur
from eating acid foods cooked in uncoated coppekware or exposure to excess copper
in drinking water or other environmental sourcesul@ result from Copper poisoning, or
Wilson’s disease Results in vomiting, hematemegmmtension, coma, Gl distress,
jaundice.
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Fi‘-g 3.3b:-Kayser-FIeischer ring due to Cu deposition as alre$ Wilson’s disease

Fluoride

Fluoride is known to prevent caries. In the pitd dissures of premolar and molar teeth,
bacterial fermentation of residual food leads tml groduction .The acid removes enamel
and dentine to expose the pulp, leading to inflatlonaand toothache. Presence of
fluoride will result in a fluoroapatite layer onettenamel, which protects it from decay.
The safe limit of F is about 1ppm in water (= 1mdLj000mI of water)

RDA: 4mg for men, 3mg for women. Toxicity leads to flasis (pitting and discoloration
of teeth with alternate areas of osteoporosis,ossterosis and brittle bones), intestinal
upset, loss of appetite and loss of weight.

Selenium

Selenium intake depends on the nature of soil inchvifood crops are grown. In
mammals, glutathione peroxidase is the most imporsa containing enzyme. 5”-de-
lodinase, which converts thyroxin to T3 also camtabe. Se Concentration in testis is the
highest in adult tissue. It is necessary for nordwtelopment of spermatozoa. Se also
acts as a non specific intracellular anti oxid#@staction being complementary to that of
Vitamin E.

RDA: 50-100ug/ day.

Deficiency: Causes Liver necrosis, cirrhosis, aardiyopathy and muscular dystrophy.

Se Toxicity is called selenosis. Symptoms includé hoss, falling of nails, diarrhea,
weight loss and garlicky odour in breath.

lodine

Dietary iodine is efficiently absorbed and tran$pdrto the thyroid gland, where it is
stored and used for the synthesis of triiodothymenand thyroxine. These hormones
function in regulating the basal metabolic rateadifilts and the growth and development
of children. Also functions as antioxidant for ettryroidal organs such as mammary and
salivary glands and for gastric juice production.

Sources seafood, dairy products, iodized SRDA: 150ug
Deficiency. Very common results in an enlargement of thediuygland (Goitre)
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Fig 3.4: Polynodulargoitre

Glossary

Tetany: A syndrome of sharp flexion of wrist and ankle jsificarpopedal spasm),
muscle

twisting, cramps and convulsions due to hyperekditg of nerves and muscles.

Microcytic, normochromic anaemia: A type of anaemia characterized by small rbcs.
Here, the RBCs are not pale as opposed to hypodbhiamaemia.
OstesclerosisElevation in bone density, normally detected byagea of whiteness.

Cirrhosis: Scarring of the liver as a consequence of chrovee Hisease.

Cardiomyopathy: Heart muscle disease. Deterioration of the funstiointhe

myocardium.

Muscular Dystrophy: Weakening of musculoskeletal system. Charactebzed
progressive skeletal muscle weakness, defects stiemprotein and death of muscle cells
and tissue.

4.0 Conclusion

Mineral elements are required by the body for ndmmetabolism. Many of the essential
minerals are widely distributed foods, and mostpbeeating a mixed diet are likely to
receive adequate intakes, although supplementbearsed when some requirements are
not adequately met by the diet, or when chroniacute deficiencies arise from pathology
or injury,

5.0 Summary
In this unit, you have been exposed to the follguoncepts:
I. Trace Elements
il. Macro and Microminerals
ili. Disease conditions associated with deficiency sésstial elements.
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6.0 Tutor Marked Assignments
i. Distinguish between Macro and Microminerals
ii.  List important microminerals (Trace Elements) andraerate the functions, food
sources, required daily allowance, deficiency andcity symptoms of each trace
mineral studied.

7.0 References and further reading
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anatomy and physiology
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Embryology 8th Edition Lippincott Williams & Wilkis
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MODULE 4- AMINO ACID METABOLISM

Introduction

Amino acids are the monomeric units of proteinstdielism of amino acids involves the
breakdown of amino acids and how amino acids an¢hsgized. Breakdown of amino
acids involves the removal of amino group and zdtion of carbon skeleton for the
production of other essential biological moleculeshe cell. Part of this is also used in
the synthesis of other amino acids required.

Module Objective: At the end of this module, you should be able szdss the following
in details:

i. Sources of Amino Acids

i. Digestion and adsorption of proteins

ii. Disorders of Amino acid Metabolism

iv. Diabetes Mellitus

CONTENTS

Unit 1 Sources of Amino Acids

Unit 2 Disorders of Amino acid Metabolism
Unit 3 Diabetes Mellitus

UNIT ONE- SOURCES OF AMINO ACIDS

CONTENTS

1.0 Introduction

2.0 Objectives

3.0 Main Content

3.1 Sources of Amino Acids
3.2 Fate of Free Amino Acids
3.3 Digestion of Dietary Protein
3.4 Degradation of endogenous proteins
3.5 Catabolism of amino acids
4.0 Conclusion

5.0 Summary

6.0 Tutor Marked Assignments
6.1 Activity

7.0 Tutor Marked Tests
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1.0 Introduction

2.0 Objectives
At the end of this unit, you should be able to:
i. Discuss the sources and Metabolism of Amino Acids
i. Describe the fate of free amino acids
ii.  Explain the digestion of dietary protein
iv.  Explain the degradation of endogenous amino acid

3.0 Main Content

3.1 Sources of Amino Acids

Amino acids are obtained from dietary proteins (irned). They are also derived from
the breakdown of endogenous enzymes, receptoreitued cellular proteins. The third
source of amino acids is through direct synthél@iss is limited to essential amino acids
only. Human diets contain proteins and amino acits; amino acids that cannot be
synthesized must be supplied through the dietss@laenino acids are called essential
amino acids while those that can be synthesizedcalled non-essential amino acids;
that is, it is not necessary to include them in diret. When sufficient quantity of the
non-essential amino acids are in the diet, it malybe necessary to synthesize them,
synthesis of these amino acids takes place whea theleficiency.

3.2 Fate of Free Amino Acids

The primary source of free amino acids in the bisdthe breakdown of dietary protein.
Free amino acids are used mainly to synthesizeeiptbut they also serve as precursors
for a variety of nitrogenous compounds. Amino aqussent in amount exceeding the
guantities needed by the body cannot be storededdsthey are degraded to yield
ammonia and intermediates of carbohydrate and lignhbolism (synthesis). The
intermediates can be converted to glucose or fatigs or oxidized to yield energy.
Ammonia is used to synthesize glutamine (The ppmicifate of free ammonia) and
glutamate. Free excess ammonia is used to makeunieh is excreted in the urine.

3.3 Digestion of Dietary Protein
Protein digestion begins in the stomach. Gastricaosa cells secrete HCI and pepsinogen,
(the zymogen precursor of the proteolytic enzymespg. Pepsin requires the acid
environment of the stomach for optimal activity (2Hto 3). In addition, the acidity of
gastric juice probably denatures the proteins imesaincooked foods, rendering them
more susceptible to proteolytic attack. Pepsindigmttacks the peptide bonds involving
the carbonyl group of phenylalanine, tyrosine aiygtophan. It also shows some activity
towards peptide bonds involving aliphatic and acidisidues.
The pancrease secretes an alkaline mixture intarttedl intestine; the mixture contains a
number of proteases in inactive form: trypsonogeeveral chymotripsinogens,
proelastase and pro-carboxypeptidase A and B. frggsn in converted to active trypsin
by enteropeptidase. The resulting trypsin thenvatds the other zymogens to the
corresponding active enzymes. The pancreatic erzydegrade oligopeptides and
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polypeptide to free amino acids and short oligojkgst which are transported into the
intestinal mucoasa cells. Trypsin cleaves the gegbonds involving the carboxyl group
of lysine or arginine. Chymotrypsins are most acton peptide bonds involving the
carboxyl groups of phenylalanine, tyrosine and tophban. Elastase is active toward
peptide bonds involving neutral aliphatic aminodaci Carboxypepetidase A releases
aliphatic and aromatic amino acids one at a tiramfthe c-terminus. Carboxypeptidase B
releases c-terminal lysine or arginine residues.

The digestion of small peptides is completed witthie intestinal mucosal cells which
contain aminopeptidase and dipeptidases. Aminogages release one amino acid at a
time from the N-terminus. Prolidase is a dipeptiapecific for dipeptides containing
proline in the carboxyl position.

Protein turnover

Most intra-cellular proteins are undergoing cordihbireakdown and synthesis. The rate
of turnover of these proteins is variable and Uguaill vary depending on the nature of
the protein and the metabolic state of the indialddissues with high rate of protein
degradation are the uterine tissue during pregnandyskeletal muscle during starvation
Two major pathways are involved in protein turngwate is carried out by proteases in
lysosomes and a second major pathway involves guitini dependent pathway working
in conjunction with a macromolecular protease caxmalled aproteosome. The amino
acids released in this process can then enterth@tcsame pathways as the amino acids
derived from the diet.

Nitrogen balance

The major dietary source of N is protein.

Excess amino acids are not stored, rather degradédheir N is disposed of in Urea,
ammonia, uric acid or creatinine in urine with shaahounts in fecal matter.

Thus, Nitrogen balance: Nitrogen intake = Nitrogeeretion

Nitrogen balance can either be positive or negatitregen balance.

Positive nitrogen balance: intake > excretion

Negative nitrogen balance: excretion > intake

Situations associated with positive nitrogen batainclude growth of children, pregnancy
and wound healing. While negative nitrogen balanckides starvation, malnutrition and
disease conditions like burns and surgery.

3.4  Degradation of endogenous proteins

Endogenous proteins contribute to the supply & &mino acid in two ways. Proteins are
degraded in cells by free lysosomal proteases;dutitian proteins in the gastric and
pancreatic secretions are digested and absorlibd same way as dietary proteins.
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Essential amino acids Non essential amino acids
Phenylalanine Glycine
Tryptophan Alanine
Hisidine Proline
Valine Tyrosine
Isoleucine Serine
Arginine Cysteine
Threonine Glutamic acid
Methionine Glutamine
Lysine Aspartic acid
Leucine Asparagines

Tissue Distribution of amino acid metabolism

The principal site of amino acid metabolism is liker, which is able to take up all the
amino acids from the circulation. Muscle shows efgrence for the uptake of valine,
isoleucine and leucine, brain preferentially tabpsvaline. Therefore, muscle and brain
contribute significantly to the metabolism of braed chain amino acids. Ammonia
produced as a result of amino acids degradatidmeiissues is excreted in the urine but
alanine and serine are transported to the livefuidher metabolism.

3.5 Catabolism of amino acids

Amino acids are degradation in two steps: Remov#i®a-amino group and conversion
of the

carbon chain to an intermediate of lipid and cagloloate metabolism.

Removal of thea-amino group (Nitrogen).

Removal of the amino group from amino acids is agaished by variety of processes
such as transamination, oxidative and non oxidateamination.
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_I_|r . J(”) \
H-N—C—C-OH

Amino Carboxylic Acid
Group ‘R| Group

Side (ol = ecbon

Figure 1.1a:The structure of amino acid (source- google images)
Transamination
Transamination is the transfer of amino group framamino acid to an-keto acid or
other amino acids.
Aspartate + a-ketoglutarate — oxaloacetate + glutamate

This reaction is catalysed by aminotransferases #ne dependent on the cofactor
pyridoxal phosphate, a derivative of vitamine BtheTimportance of transmination
reaction is to collect the amino groups from defer amino acid in the form of L-
glutamate. The glutamate molecules channel amirmaupgr either into biosynthetic
pathway or into sequence of reaction to form n#romus compounds. Therefore,
transamination reactions are particularly importanthe eventual removal of the amino
group from amino acids.

The oxidative deamination reaction is catalysedjloyamate dehydrogenase. This is the
major reaction in mammal cells through which ammoisi synthesizedx-ketoglutarate
acts as a sink for amino groups by accepting amioaps from various amino acids, with
the resultant formation of glutamate. In mammals, ca amino acids can undergo
transamination, except lysine and threonine. Theagiate dehydrogenase (GDH) in
animal tissues occurs in the inner matrix of mitmalria and will utilize NAD or
NADP*. GDH system use NAD or NADP but not both. The dmgpof transamination
and deamination reactions; catalysed by glutamit éehydrogenase account for most of
the ammonia production in animals. The combinedoacbf amino transferase and
glutamate dehydrogenase is referred to as transdatom and provide a common route
for removing and producing nitrogen.

(i) Toxicity of Ammonia
Ammonia is a gas which exists in tissue fluids,dorainantly as NH4 + (Ammonium).
Urea is the main nitrogenous excretory productmiin@ acids and protein metabolism in

66



NSC 224 MEDICAL BIOCHEMISTRY Il

most terrestrial vertebrates; these animals aegresef to as ureotelic organisms. Birds and
reptiles eliminate excess nitrogen by converting mric acid which is excreted with little
loss of water. These animals are called unicoteti@nisms.

Ammonium is absorbed from the upper and lower Qlfie larger quantity of NH3 is
produced in the hepatic cells of the liver primarlly oxidative or non-oxidative
deamination of amino acids. The ammonia is absoirbt&m portal venous blood and
rapidly removed from circulation by the liver anoheerted to urea. Urea is non-toxic and
highly water soluble, thus only traces are presergeripheral blood. This is essential,
since ammonia is toxic to the central nervous syst8hould portal blood bypass the
liver, systemic blood ammonia levels may attainidobevels. This occurs in severely
impaired hepatic function. Symptoms of ammonia xidation include tremor, slured
speech, blurred vision, coma and ultimately deatnmonia may also be toxic to the
brain because it reacts withketoglutarate to form glutamate. The resultinglegpn of
levels ofa-ketoglutarate impairs function of the TCA cycleneurons.

BIOSYNTHESIS OF SOME NUTRITIONALLY NON ESSENTIAL AMNO ACIDS

Glutamate Biosynthesis

Glutamate is synthesized from its' widely distrdalié-keto acid precursor by a simple 1-
step transamination reaction catalyzed by glutand#bydrogenase. The glutamate
dehydrogenase reaction plays a central role inabiv@trogen homeostasis.

NADPH + H* NADP®
\ H

N i

b P

NH' + aketoglutarate = > glutamate

4 - ol
m\
f '
' \
+ +
NADH + H NAD
Aspartate Biosynthesis
Aspartate is formed in a transamination reactiotalgaed by aspartate transaminase,

AST, using oxaloacetate, and glutamate as the adunor. Aspartate can also be formed
by deamination of asparagine catalyzed by aspaaagin
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e OH
o-¢ OH OH O=C
HC—NH, o=C 0-=C C=0
CH, __AsT _ | |
CH, ¥t o-C PR C-NHy + CH,
f_|‘,H2 CH CH,
o-C 0=C
0=C . . 0=C
S OH OH OH
glutamate oxaloacetate aspartate a-ketoglutarate
I‘rIH 3 . f.;)H
O=C H20 WHat 0=C
I I
CI: HQ \ / Cl: Hg
-
C|"_NH2 asparaginase T_NHE
O=C O=C
OH OH
asparagine aspartate

Glutamine Biosynthesis
Glutamine is synthesised by amination of glutamatech is catalyzed by glutamine
synthetase
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]

Q! O NH,
O=C 0=C 0=C

CH, ATP ADP CH, NH3 Pi CH

| 2

CH, . CH, L _ CH,
HC—NHQ glutamine synthetase HC—NH2 glutamine synthetase HC|3—NH2
o 0-¢ 0

OH OH OH
glutamate v-glutamyl phosphate glutamine

(intermediate)

GLUCOSE-ALANINE CYCLE

Aside from its role in protein synthesis, alanisealso one of the prominent circulating
amino acid. It serves a unique role in the transfaritrogen from peripheral tissue to the
liver. Alanine is transferred to the circulation many tissues, but mainly by muscle, in
which alanine is formed from pyruvate at a ratepprtional to intracellular pyruvate
levels.

Liver accumulates plasma alanine, reverses thadraimation that occurs in muscle, and
proportionately increases urea production. The yatelis either oxidized or converted to
glucose via gluconeogenesis. When alanine tramisfar muscle to liver is coupled with
glucose transport from liver back to muscle, thecpss is known as the glucose-alanine
cycle.

The key feature of the cycle is that in 1 molecwdignine, peripheral tissue exports
pyruvate and ammonia (which are potentially rat@ting for metabolism) to the liver,
where the carbon skeleton is recycled and mosigetr eliminated.

There are 2 main pathways to production of musddmime: directly from protein
degradation, and via the transamination of pyruvstelanine transaminase, ALT (also
referred to as serum glutamate-pyruvate transamir&SPT).
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Glucose-Alanine Cycle

- Glucose

2 ATP
(2) Pyruvate (2) Lactate

glutamate
oa-ketoglutarate

(2) Alanine

(2) Pyruvate

{2] =NH:
gl utamate
oL- ketogluta rate

(2) Alanine

Blood

Liver Muscle
Figure: The glucose alanine cycle (© The medicalbmistrypage.org)

Degradation of carbon chain of Amino Acids

The first phase of amino acid degradation is theoneal of amino group through
deamination or transamination reactions. The segirakbe is the conversion of carbon
chains to intermediates of carbohydrate or lipidabelism. All amino acids give rise to
one or more of the following substances; pyruvaxaloacetate, fumarate, succinyl COA,
o-ketoglutarate, acetyl COA and acetoacetyl COA.

Amino acids whose degradation products make passibhet synthesis of glucose are
called glycogenic or glucogenic, whereas amino acids whose products can be use fo
net synthesis of fatty acids or ketone bodies alieaketogenics. Products of glycogenic
amino acids are; Pyruvate, oxaloacetate, fumamatecinyl COA ando-ketoglutarate
products of ketogenic amino acids are acetyl COA aocetoacetyl COA. Some amino
acids generate products of both groups and areftrerglycogenic and ketogenic.

Glycogenic amino acids are:-
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Alamine Methionine
Asparagines Proline
Aspartate Serine
Arginine Thronine
Cysteine Tyrosine
Glutamate Tryptophan
Glutamine Valine
Histidine Phenylalanin
Isoleucine e
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Ketogenic amino acids are leucine and lysine

Glycogenic and ketogenic amino acids are: isolengahenytalanine, tyrosine and
tryptophan. Historically, an amino acid was classlifas glycogenic or ketogenic
depending whether its administration to diabeticrats resulted in an increase in urinary
excretion of glucose or of ketone bodies respelgtive animals that are neither fasted nor
diabetic, intermediates of amino acid degradati@oaidized by the TCA cycle to
produce energy.

4.0 Conclusion
Protein digestion begins in the stomach. Gastricana cells secrete HCI| and pepsinogen,
The amino acids and small peptides are transportedhe intestinal cells of the brush
border by a family of amino acid specific trangpanany of which require Nalhe first
phase of amino acid degradation is the removairoha group through deamination or
transamination reactions. The second phase isotimeecsion of carbon chains to
intermediates of carbohydrate or lipid metabolism.
5.0 Summary:in this unit, you have been taken through the foihg:

i. Sources of Amino Acids

i. Fate of Free Amino Acids

ii. Digestion of Dietary Protein

iv. Degradation of endogenous proteins

v. Catabolism of amino acids

6.0 Tutor Marked Assignments
i. Discuss the sources and Metabolism of Amino Acids
ii. Describe the fate of free amino acids
ii. Explain the digestion of dietary protein
iv. Explain the degradation of endogenous amino acid
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JohnWiley & Sonsinc.

e Nelson, D.L. and Cox M.M., (2009) Lehninger Prideg of Biochemistry
4%edition
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e Kathryn, A. Booth, Terri. D. Wyman (2008). Anatomyhysiology, and
pathophysiology for allied health

e Keith L.M, Persuade T.V.N (2006). The Developingnitan Clinically Oriented
Embryology 8th Edition Lippincott Williams & Wilkis
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1.0 Introduction

Disorder of amino acid metabolism results from defcy or complete absence of a
particular enzyme required to complete the metabolhf some amino acids. All of them
are genetically inherited diseases. Some of thediss are as follows:

2.0 Objectives
At the end of this unit, you should be able to explthe following Amino acid
metabolism
disorders in details.
i. Phenylketonuria (PKU)
i. Albinism
ii.  Alkoptonuria
iv. Maple syrup Urine disease

3.0 Main Content

3.1  Phenylketonuria (PKU)—- PKU occurs when phenylalanine hydroxylase agtivit
Is absent or significantly reduced (this enzymerasponsible for the degradation of
phenylalanine). Phenylalanine (PA) accumulatesclvistimulates the metabolism of PA
by alternative pathways resulting in urinary exioretof high amounts of phenyllactate,
phenylpyruvate, o-hydroxylphenylacetate, and pheagetylglutamine as well as
phenylalanine. It may lead to neurological problems

3.2 Albinism — Melanin is the black pigment of human skin, isysthesized inside the
melanocytes from tyrosine. In the first 2 stepsn@lanin formation, tyrosine is converted
to dihydroxy phenylalanine (DOPA) and then to DORéinone by tyrosinase. DOPA
quinone is then converted to melanin. If thergisginase deficiency, DOPA quinine will
not be converted to melanin. Therefore, deficieatyyrosinase is the cause of certain
types of albinism. It is also responsible for ghayr; hair becomes grey in the absence of
melanin. Albinism is an example of inborn errorsyedtabolism.

74



NSC 224 MEDICAL BIOCHEMISTRY II

3.3  Alkoptonuria— In alkaptonuria, the enzyme homogentisate oxidageired for
tyrosine metabolism is deficient. High amounts omwogentisate are excreted in the urine
which causes the urine to darken gradually or tgmide to oxidation of homogenetisate.
Clinical conditions resulting from this disorder ¢glled ochronosis and in later years
arthritis.

3.4 Maple syrup Urine disease- The first 2 steps in the degradation of branched
chain amino acids such as valine, leucine and usale are identical (Transamination
followed by oxidative decarboxylation). The decatydation reaction is catalysed by the
branched chaim-keto acid dehydrogenase complex. A genetic defayieof this enzyme
causes elevated levels of valine, isoleucine andne and thein-keto acids in the blood
and urine. The high concentrationmeketo acids gives the urine of these patients aenap
syrup odour, leading to the name maple syrup udisease for the disorder. Clinical
symptoms are poor feeding after the 1st week ef Momiting, muscular hypertonicity
and sometimes convulsion.

4.0 Conclusion

5.0 Summary: In this unit, you have been taken through the foillgg Amino acid
Metabolism disorders.

i. Phenylketonuria (PKU)

ii. Albinism

ii. Alkoptonuria

iv. Maple syrup Urine disease

6.0 Tutor Marked Assignments

Discuss in details the following Amino acid metabwi disorders.
i. Phenylketonuria (PKU)
ii. Albinism
ii. Alkoptonuria
iv. Maple syrup Urine disease

7.0 References and further reading

e Murray, R.K., Bender, D.A., Botham, K., M., KenngllP.J., Rodwell V.W. and
Well, P.A., (2012). Harper's lllustrated Biochemyjs{29" Edition) McGraw-Hill
Medical

e Devlin T.M. (2010) Textbook of Biochemistry with i@ical Correlation PEdition.
JohnWiley & Sonsinc.

e Nelson, D.L. and Cox M.M., (2009) Lehninger Prideg of Biochemistry
4%edition

e Katherine, M. A. Rogers and William N. Scott (201Nurses! Test yourself in
anatomy and physiology
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e Kathryn, A. Booth, Terri. D. Wyman (2008). Anatomyhysiology, and
pathophysiology for allied health

e Keith L.M, Persuade T.V.N (2006). The Developingnitan Clinically Oriented
Embryology 8th Edition Lippincott Williams & Wilkig

e Kent, M. Van De Graff, R.Ward Rhees, Sidney P. ®05chaum’s outline of
human anatomy and physiology 3rd edition.

e Philip, T. (2012). Seeley’s principles of anatomyR&ysiology 2nd edition.

e Sadler, T.W (2004). Langman’s Medical Embryologly édition.

e The Medical Biochemistry Page. themedicalbiocheaypsige.org
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1.0 Introduction

Diabetes mellitus is a complex disease that affesgtgeral hundred million people. Diabete
characterized by an elevated level of glucose enlttvod and in the urine. Glucose is excreted @
urine when the blood glucose level exceeds tlabgerptive capacity of the renal tubules. W
accompanies the excreted glucose, and so an wedrdabetic in the acute phase of the diseasenigr
and thirsty. The loss of glucose depletes the ¢aih@te stores, which leads to the breakdown todirfie
protein. The mobilization of fats results in thenf@tion of large amounts of acetyl CoA. Ketone s
(acetoacetate, acetone, and hydroxybutyrate) areefb when acetyl CoA cannot enter the citric
cycle because there is insufficient oxaldate( oxaloacetate is derived from glucose andesamin
acids). The excretion of ketone bodies impairs dbielbase balance and causes further dehydr
which may lead to coma and death in the acute pbfabe disease in an untreated diabetic.

2.0 Objectives
At the end of this unit, you should be able to:
i. Describe the metabolic changes that accompany Rialhdellitus
i. Explain the classification of Diabetes Mellitus agiidtinguish the different types of Diabete:
terms of metabolic features, symptoms and timenseb
ii. Describe how Diabetes mellitus is diagnosed andntiogle of action of medications usec
treatment of Diabetes.

3.0 Main Content

3.1 Diabetes Mellitus

Diabetes mellitus, caused by a deficiency in thaet®n or action of insulinis a relatively commc
disease: nearly 6% of the United States populasibows some degree of abnormality in glu
metabolism that is indicative of diabetes or a &1y toward the condition. There are two majoricél
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classes of diabetes mellitugpe | diabetes,or insulin dependent diabetes mellitus (IDDM), ayge I
diabetes,or non-insulin-dependent diabetes mellitus (NIDD#Iso called insulin-resistant diabetes.

Type | Diabetes

In type | diabetes, the disease begins early endrid gickly becomes severe. This disease respor
insulin injection, because the metabolic defecimstefrom a paucity of pancreatic _ cells ar
consequent inability to produce sufficient insuliDDM requires insulin therapy and careful, lifeg
control of the balance between dietary intake and insutised Characteristic symptoms of type | |
type 1) diabetes are excessive thirst and frequeimation (polyuria), leading to the intake ofde
volumes of water (polydipsia) (“diabetes mellituskars “excessive excretion of sweet urine”). Tl
symptoms are due to the excretion of large amoahtglucose in the urine, a condition knowr
glucosuria.

Type |l Diabetes

Type Il diabetes is slow to develop (typically ilder, obese individuals), andetlsymptoms are mild
and often go unrecognized at first. This is reallgroup of diseases in which the regulatory agtiof
insulin is defective: insulin is produced, but sofeature of the insulimesponse system is defect
These individuals are insuliesistant. The connection between type Il diabatek obesity (discuss
below) is an active area of research.

Individuals with either type of diabetes are undold¢ake up glucose efficiently from the blood; al
that insulin triggers the moweent of GLUT4 glucose transporters to the plasmanbrane of musc
and adipose tissue. Another characteristic metabdiange in diabetes is excessive but incorr
oxidation of fatty acids in the liver. The acetyb:& produced by _ oxidation cannot lsempletel
oxidized by the citric acid cycle, because the HIJADH]/[NAD_] ratio produced by f3 -oxidatior
inhibits the cycle (recall that three steps coni&kD_ to NADH). Accumulation of acetyGoA leads t
overproduction of the ketone bodies acetoacetate famydroxybutyrate, which cannot be used
extrahepatic tissues as fast as they are madeeidiver. In addition to - f3 hydroxybutyrate ar
acetoacetate, the blood of diabetics also contaiostone, which results from the spontan
decarloxylation of acetoacetate: Acetone is volatile amdexhaled, and in uncontrolled diabetes,
breath has a characteristic odor sometimes mistd&enethanol. A diabetic individual who
experiencing mental confusion due to high bloodtgée is occasnally misdiagnosed as intoxicated
error that can be fatal. The overproduction of ketbodies, calle#etosis, results in greatly increas
concentrations of ketone bodies in the blood (ketmia) and urine (ketonuria).
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3.2 Classification of Diabetes

Type 1 DM

About 10% of all diabetic persons are classifiedya® I. It usually appears in childhood or

teenage, but it is not limited to young people.

In this disease, there is very low or complete abseof insulin production by the pancreas,

because of defective f3-cell function, the resdltan autoimmune process. There is severe
derangement of carbohydrate, lipid and protein bwism, leading to

i. Hyperglycemia :As a result of inability of insuldependent tissues to take up
glucose and from accelerated hepatic gluconeogefresnh amino acids derived
from muscle protein

ii. Hypertriglyceridemia: Because VLDL and Chylomicrozennot be cleared from
the blood by lipoprotein lipase, whose expresssotiependent upon insulin.

ii. Severe episodes of Ketoacidosis: This results frereased lipolysis in adipose
tissue which increases plasma fatty acid levelskatone body production by the
liver.

In type 1 DM, every tissue plays the catabolic ridlat it was designed to play in
starvation, in spite of adequate or even exceddrua the gut. This results ultimately in
death unless insulin is administered. Administaredilin promotes glucose uptake and
inhibits gluconeogenesis, lipolysis and proteolysiewever, it is necessary to adjust the
insulin dose to variable dietary intake and physamivity. tight control of blood sugar
requires several injections of insulin per day a&twke blood sugar monitoring by the
patient.

Type 2 Diabetes mellitus

Nearly 90% of diabetic persons are of type 2.Hl#® called adult-onset diabetes because
it usually occurs in middle aged to elderly people.

Aging, physical inactivity, western culture lifekty obesity and family history of
diabetes are risk factors. It typically occurs he tsetting of metabolic syndrome, which
also includes abdominal obesity, hypertension aypettipidemia

Type 2 diabetics are resistant to insulin and hiagefficient production of insulin to
overcome the resistance. The majority of patiemsadese, and although their insulin
levels are high, they are not as high as thos@wfdmbetic but similarly obese persons.
Recent work implicate increased level of tumor ner factos (TNFa) and resistin as
well as reduced secretion of adiponectin as a catigesulin resistance.The greater the
adipose tissue mass, the greater the productioPNét. which impairs insulin action.
Uncontrolled glucose production by the liver andvlaptake by the skeletal muscle
results in hyperglycemia.. Hypertriglyceridemiaalkso seen, as a result of increased
VLDL.

Ketoacidosis is rare in this type of diabetes.

Diet alone can control the disease in the obedseti@mas insulin receptors increase and
post — receptor abnormalities improve, which wiltrease tissue sensitivity to insulin
and glucose tolerance.
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Variable

Insulin deficiency

Onset of symptoms

Ketoacidosis

Type 1
Always present
Often total
Usually abrupt

Common

MEDICAL BIOCHEMISTRY Il

Type 2
Variable
Never absolute
Usually insidious

Rare
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Need for exogenous Necessary for life Not necedsarife
insulin
Obesity Usually absent Very common
Micro vascular Develop in nearly all  Not a majoolplem
complications
Macro vascular Develop early in life Major causelefith and
morbidity

complications

Table 3.1: Type 1 & Type 2 Diabetes

Gestational Diabetes

This is a condition in which women without previbudiagnosed diabetes exhibit high
blood glucose levels during pregnancy (especialljndy the 3' trimester). It is caused by

abnormal function of insulin receptors due to hamalanterference. Such women are at

risk of developing Type 2 DM. Babies born are lafgegestational age and may develop
low blood sugar and jaundice.

3.3 Diagnosis of Diabetes

Table 3.2
Criteria for diagnosis of diabetes using oral glucose test
(2lucose in plasma , mg/dl, measured before and after a 75g
oral glucose load)

Time  Normal Impaired Diabetic Gestational Diabetic

adults glucose adults diabetic patients children
tolerance

Fasting <115 <140 >140 >105 >140

| hour <200 <200 >200 >195 >200

2 hours <140 140-200 >200 >165 >200

3 hour: <14C 14C-20C >20C >14¢ >20C
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Measurement of glycated haemoglobin (Hemoglabinis also used for

diagnosis of Diabetes. The reaction occurs by a ermymatic reaction

between glucose and the amino-terminal valine efHib oo chain and is

favoured by high glucose levels. The concentratbrHblc is a good

index of glucose level control. Glycation of prateimay contribute to the
development of complications in Diabetes. An HbA&t 6.5% is
recommended as the cut off point for diagnosingeties.

Medications are usually targeted at controlling drgbycemia. These Medications
include

i. Thiazolidinediones Sensitizes peripheral tissues to insulin action
i. Metformin: Reduces hepatic gluconeogenesis
iii. Sulfonyl Ureas Stimulate insulin secretion frofhcells.

Insulin administration is essential for treatmehtype 1 DM and is often used in selected

patients with type 2 diabetes.

4.0 Conclusion
Diabetes mellitus is a complex disease that affegtgeral hundred
million people. Diabetes is characterized by awvaited level of glucose
in the blood and in the urine. Diabetes mellitiwjsed by a deficiency in
the secretion or action of insulin, is a relativelynmon disease. There
are two major clinical classes of diabetes mellitype | diabetes, or
insulin dependent diabetes mellitus (IDDM), atyge Il diabetes, or
non-insulin-dependent diabetes mellitus (NIDDM)saalcalled insulin-
resistant diabetes.

5.0 Summary:
In this unit, you have been taken through the foitwy:
i. Concept of Diabetes Mellitus

fi: Classtficatiornrof Brabetes
ii. Diagnosis of Diabetes
6.0 Tutor Marked Assignments

l.

i. Describe the metabolic changes that accompany Eiséellitus

ii. Explain the classification of Diabetes Mellitus aidtinguish the different types of
Diabetes in terms of metabolic features, symptonastane of onset

iv. Describe how Diabetes mellitus is diagnosed anartbeée of action of
medications used in treatment of Diabetes.
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