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L1 Organization and Homeostasis

of Body Functions

A. Hierarchical Organization of Body
» Body consists of 18 cells organized into organs

DNA, RNA, protein (biological molecules)

.|

Nucleus / cystosol / membrane (organelles)

$
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Cell (basic functional unit)

Tissues

Organs

Organ systems

Body

» Organ systems include nervous, endocrine, immuN&, @espiratory, urogenital,
musculoskeletal, digestive and reproductive workoggther

System Some organs/tissues within system Function
Endocring Hypothalamus, pititary gland, adrenal gland, thyroid Provide communication between cells of the body through the
gland, parathyroid glands, thymus, pancreas release of hormones Into the biocodstream
Nervous Brain, spinal eord, peripheral nerves Provide communication between cells of the body through elecerical
signals and the release of neurotransmitters into small gaps batween
certain cells
Muscuboskeleral Skeletal muscle, banes, tendans, ligaments Suppart the body; allow voluntary movement of the body; aliow
facial expressions
Cardiovascular Heart, biood vessels, bload Transport molecules throughout the bedy in the bloodstream
Respiratory Lungs, pharynx, tracheg, bronchi Bring oxygen into the body and efiminate carbon dicxide
from the body
Urinary Kidreys, ureters, biadder, urethra Fiiter the blood to regulate acidity, biood volume, and fon
concentrations; eliminate wastes
Gastrointestinal Mauth, esophagus, stomach, small intestine, large Break down food and absorl it into the body
Intesting, liver, pancreas, gallbladder
Repraductive Gonads. reproductive tracts and glands Generate offspring
Immung White blood calls, thymus, lymph nodss, spleen, tansils, Defend the body against pathogens and abnormal cells
adenoids
Integumentary Shin Protect the body from the external environment
» Cells communicate via electrochemical signals:

o  Endocrine via blood

o Paracrine for short-distanced

o Autocrine for itself

o Neural for electrical signal via neurons to excitabldsel
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B. Homeostasis

» Definition: maintenance of constant conditionsnternal environment (i.e.
extracellular fluid)

» Each cell benefit from homeostasis and in turn rhouates towards it

1. Body Fluids and Electrolytes

a. Classification and Composition

» Total body fluid: ~60% of body weight, ~42L in 70kgdy
» Distribution:

Intracellular Within cell 2/3 28L

Extracellular Intravascular | Blood plasma 1/4x 1/3 | 3-3.5L
interstitial In tissue 3/4 x 1/3 10.5-11L

» Predominant cation in interstitial fluid: Na

» ~90% of K is intracellular

» No protein in interstitial fluid while plasma coiria proteins (eg albumin)

» Total body stores of Na= K* = 3000mmol

Some Important Constituents and Physical Characteristics of
the Extracellular Fluid, and the Normal Range of Control

Normal Value | Normal Range Units
Oxygen 90 80 - 100 | mm Hg
Carbon dioxide 40 : 35-45 mm Hg
Sodium ir:rr; 142 138 - 146 mmol/L
Potassium ion 4.2 3.8-5.0 mmol/L
Calcium ion ‘ 1.2 1.0-1.4 mmol/L
Chloride ion 108 103 - 112 mmeol/L
Bicarbonate ion o 28 24 -32 mmol/L
Glucose 85 75 - 95 mg/dl
Body temperature 98.4 (37.0) 08 - 98.8 (37.0) “F (°C)
Acid-base 7.4 73-7.5 pH
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b. Osmolality and Osmolarity

» Osmolality (osmole, Osm/kg): amount of solute per unit weifirgolvent

» Osmolarity (Osm/L): amount of solute per unit volume of saolve

» Plasma osmolarity 2 [Na'] + 2 [K'] + [urea] + [glc]

*[Na'], [K™] x 2 to account for anions associated with theoat

» Osmolarity slightly > osmolality (because volumeveight due to solvent
present) and their difference is called ‘osmolgy ¢@G)

2. Maintenance of Homeostasis

» A combination oihegative feedbackandpositive feedback

a. Negative Feedback

» Direction of correction opposite to errer promote stability

» Eg. Thermoregulation

correction

» Efficiency = >-1
error
b. Positive Feedback
» Direction of correction same as deviatienreinforce change
» Eg 1. Ferguson reflex in labour: pressure on irleend of cervix— posterior

pituitary gland secretes more oxytoeiuterine contractior> more pressure
Eg 2. Blood clotting

Eg 3. Pre-ovulatory LH surge: FSH— follicle develops— ET — FSH1 LH?
— FSH increases LH receptors, LH increases E seoretiFSH LH?T ET,
follicle grows rapidly

vy
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L2 Genes are Made of DNA

A.

>
1)

2)

3)

v

Discovery

Avery’s experiment:

Two strains oPneumococcus exist: S (Smooth) with sugar coat and R (Rough)
without. S can kill but R cannot.

Heated S strain does not kill but can make R sk#flirKilling characteristics

can be passed on to next generatioigenetic material transferred.

After isolation procedures, he discovered that @MNA part of inactivated S can
make R kill— DNA is genetic material

. DNA as Genetic Material

In eukaryotic cells, bacteria and virus
Some viruses stores genetic material in
RNA (eg RSV) and use reverse
transcription to produce DNA to
manipulate cell machinery

Composed of 3 partsleoxyribose
phosphate base

3’and 5’ C in deoxyribose joined with
phosphate (replication from 5’ end to 3’
end)

In double helix shape (discovered by
Watson and Crick)
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C.

1)
2)

3)
4)

DNA packing

DNA strand + 8 histone prote#» 1 nucleosome(10nm fibre, euchromatin)
6 nucleosome attached by 6 H1 histone proteiBOnm fibre (solenoid,

heterochromatin)
Loops of 30nm fibre on scaffold protein
Condensation into chromosome

RN NN NN

’/I *
“baads-on-a-siring” - 11 mim
farm of chromatin ' j
S0-nm chromatin
filser of
packed nuclsosomes l\l
saction of _
chromosama in an f
pxtendad form EIZIL'I i

condansed section
of metaphase
chromosoma

anfira

mataphasa
chi inoSomea
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L3 From DNA to Protein

A. Central Dogma of Molecular Biology

Haverse Transeription

transeription

ur;u\ v /f_ _HH\

Translation l\h__g/rl
¥

Protiin

B. Transcription

» DNA and RNA differs in 2’ carbon of ribose (w/ o/avO between C and H)

» Transcription unit : (promoter) + (transcribed region)

1) Promoter on template strand recognizedrbyscription factors (protein)—
guide RNA polymerase to attach to gene;

2) Free ribonucleotide binds to template strand and Rdlymerase catalyze
formation ofmRNA precursor (or pre-mRNA);

3) 5’cap and 3’ poly(A) tail are added and introns eleaved (to form circular
DNA) by spliceosomes

4) Cap and tail joins together to form a ring struet(to ensure completeness of
transcription) and exits nuclear envelope for tiatinen

*Fx of 5’ cap and 3’ poly(A) tail are to preventgtadation by enzymes

promoter transcribed region

DNA
pre-mRNA I —
5'cap 5'UTR exon intron exon 3" UTR poly (A) tail
mRNA T | N
Protein C— T T 11

- Page 9 of 300 -



v vOvvyyvy (D

v

. Translation

tRNA brings amino acid to mRNA at ribosome
Peptide linkage is formed between adjacent amimsac
A polypeptide is thus formed according to genetiding in DNA

. Control of Gene Expression

Need: Different proteins have to be expressedfferént cells at different stages
for different purposes

Controlled through:

o DNA: replication, rearrangement (eg memory WBCSs)

o RNA: transcription, modification, degradation

o Protein: translation, modification, degradation

. Detection of Gene Expression

DNA: Southern blot

RNA: Northern blot, cDNA microarray (coupling DNA&guences in array with
fluorescent material)

Protein: Western blot
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L4 From Amino Acids to Protein

Structure
A. Amino Acids

» Can be found in two forms:

o Powder (solid form): without charge

o Aqueous form: agwitterion (doubly charged)
» Natural occurring amino acids are lalamino acids
» List of 20 common amino acids:

1. Non-polar (9)

Glycine Gly, G

H—3
Alanine Ala, A —3
Valine Val, V )\
3
Leucine Leu, L

\I/\?

Isoleucine lle, | \Hk
3
Proline Pro, P
Q\EDEH
Phenylalanine| Phe, F @/\;
Methionine Met, M ‘"’5“"-"'"’“‘*-3

Tryptophan Trp, W
]

H
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2. Polar (6)

Serine

Ser, S

HO " 4
Threonine Thr, T Ho)*\H‘?
Tyrosine Tyr, Y
ST
Cysteine Cys, C Hs="g
Asparagine Asn, N ol
: 3
T
Glutamine GIn, Q i
HENJJ\/\3
3. Negatively charged (2)
Aspartic Acid | Asp, D Horc g
Glutamic Acid | Glu, E HOLCo
3
4. Positively charged (3)
Lysine Lys, K HM
Py
Arginine Arg, R -
Hal HM
Histidine His, H
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Things to note:

O

Hydrophobic a.a. are typically used in hydrophqginatein core while
hydrophilic a.a. tends to be found on surface oten

Proline:a-amino group secondary exceptional conformation rigidity
Cysteine can be used in disulphide bridges (esgiohative conditions in
ECF)

Charged a.a. are critical in catalysis and otheteom functions

Aromatic a.a. have unique absorption waveleng288hm— can be used
to measure protein conc. directly

Amino acid sequence named frddvterminus toC-terminus (by convention)
CO-NH act as rigid coplanar unit equivalent to a single bond (virtual bond)
Consecutive peptide links act as rigid coplanatsupivoting around-C atoms
FV,T,W |, M, L,K,H are the 9 essential amiacids

. Protein Structure

Four levels of protein structure:

O

O

O

O

Primary: by amino acid sequence

Secondary: local conformation (eg a-helix and B-sheets) by H-bond
Tertiary: 3D organization of domains (substructures that can fold
independently) by disulphide bonds, H-bonds etc.

Quaternary: complex of polypeptide chains

Extracellular proteins are frequently stabilized by covalent cross-linkages

including disulphide bonds between Cys (extracellular conditions are usually

oxidative — removal of H from SH group in Cys)
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L5 From Protein Structure to

Protein Function

A. Protein Functioning

» Protein can bind to other molecules

» Ligand: a molecule that bind reversibly via non-covalentes
o  Binding site: site where ligand binds
o Reversibility of binding enables interactions tottasient

» Prosthetic group: a molecule/group that is permanently bound toodemn by
covalent forces

. Fibrous Proteins

Collagen

Commonly found in connective tissues

Collagen is a right-handedple helix of three left-handed

a-helices

» Structure stabilized by inter-chain H-bonds antieash of
ordered water molecules of solvation

» Contains high level of hydroxyproline

*Vit. C required in forming hydroxyproline from piine —

important in maintaining c. t.

2. Hair Keratin

Keratin a helix

vvyPRR, @

AN N NN

Two-chain
coiled coil

Sz.‘e«'.'(ei("(ﬁ# Cells
Intermediate
filament

. weeeaedtpzaeeze He'zze)] 20-30 A
Protofilament { freevececererray) prorne

. g _ Two-chain
kit ' = RO ! ’
Frzereceaeeeef)irezeseseieerlreosecescsrerod) coiled coil

Creeczeazeeczeeyfprrerrerrrzarayizeeezeezzeny

Protofibril a Helix
oeenRt) pRleeesareral kreeed2ae 2 PANRRR
memeeay freeeserrezazey pereeerrrrrzea it & . -
Figure 4-10a ross section of a hair
Eominge s ofBchemisr, D Edion )
2008 W, H. Freeman and Company. Figure 4-10b

Lehninger Princlples of Biochemistry, Fifth Edition
2008W.H,Freeman and Company
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. Hemoglobin and Myoglobin

Hemoglobin (Hb): specialized protein in RBC that transports oxymeblood

o  Tetrameric ¢.p3,) with four heme groups

Myoglobin: specialized protein in muscle that facilitateggen diffusion

o  Monomeric with one heme group

Heme prosthetic group permanently bound to myoglolnd haemoglobin etc.
o Porphyrin ring surrounding Ee

o  Gives red colour of blood (most proteins have nowg

o Fe* bound to protein with histidine on one side angigen on the other

Lehninger Principles of Biochemistry, Fifth Edition
reeman ai

S'peacnsf%scopic Detection of ©Ginding to Hb

Heme group is a strorghromophore (part of molecule that provides colour)
that absorbs both in UV and visible range

Fe?* without G has an intense Soret band at 429 nm (blue)

O, binding alters electronic properties of heme,tstgfposition of Soret band to
414 nm (purplish blue)

Binding of G can be monitored by UV-Vis spectrophotometry
Deoxyhaemoglobin appears purplish while oxyhaentaogles red

. Cooperativity of Hb to ©binding

Hb can exist in two states: tense (T) and relakdd (

R has higher G affinity than T

Deoxyhaemoglobin subunits are more stable in Estat

O binding triggers & —R conformational change(by breaking of ion pairs
betweeml-2 interface)

As there is four subunits (i.e. 4 binding sites)ding of G at first subunit will

facilitate binding at the other 3
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pO,in pO,in
tissues lungs
1.0

» Refer to graph on right:
o 6: degree of filling of haemoglobin by F“‘-‘Eﬁ’i““’ AW

(o} low- to high-

o As pG 1, Hb transits from low-affinity 06 i

to high-affinity state f

— sigmoid (cooperative) binding curvi

0.4

» Also noteHill plot (graph showing 0.2} Loy
cooperativity of protein)
o ny: Hill coefficient showing degree of ° z . t('*kpa) 12 16
cooperativity 3 = —
o THill coefficient —1cooperativity N ny=3 !
» Phenomenon known asoperativity: Hemoglobin -
affinity of ligand varies with number of __ 1§ hig';;:ﬂ"ity\,z"
binding °’|i’= o . jH_=_,1. ________ _,_':/_'__
o Positive cooperativity (n> 1): first g o
binding event increases affinity at -1 g P ool

;  low-affinity
/ state

remaining sites

o Negative cooperativity (n< 1): / S =1
first binding event reduces affinity b _'1 ; 11 ; :
at remaining sites log pO,
> Significance: it

o In high pQ (lungs, 13kPa), ©binds stronger to Hb» can pick up @

o Inlow pG;, (tissues, 4kPa), {hinds weaker to Hb> can release O
effectively
If no cooperativity (i.e. in myoglobin), von’t be released at tissues

3. Cooperatlve Binding of CO
» CO has similar size and shape as-©can fit to the same binding site{Binds
at an angle but not for CO)
» CO binds >20k times better than Recause CO has a filled lone electron pair
that can be donated to vacant d-orbitals ofi Fe
» Protein pocket decreases affinity for CO but stdb0x better than O
» Toxicity originated from competitive effect ainttrease in cooperativity
o  Shifts oxygen dissociation curve leftwardsstronger Q affinity at tissue
pO; levels (Q affinity of remaining 3 sites if COHb even highban
O;Hb)— extra Q retained at tissue> hypoxia (even when pat normal)
o Even worse than being anemic
» CO poisoning accounts for > 1/2 yearly deaths fpmsoning worldwide
*15% COHb: headaches; 25%: nausea, dizziness; 50#4bCcoma, death
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. Effect of pH on @Hb binding
Affinity for O, depends on pH: pH— affinity 1
i.e. O, dissociation curve shiftddftwards at higher pH
Protonation of amino acid residues stabilize Hb state
Note blood in lungs has higher pH (because of Id@@s content)— pH
difference increase Qransfer efficiency
» Phenomenon known &vohr effect
*Hb binds protons to several a.a., thus actualtyyirag 40% of total H from tissues
5. Haemoglobin and C{Export
» Some CQ exported as dissolved bicarbonate in blood
» Some CQexported in form of @arbamate on amino terminal residues of
hemoglobin
» Note that formation of a carbamate yields a prathich can bind to hemoglobin
and promote @dissociation

vvyvyv XD

1 I Ho ol 1
C+ H,N—C—C— —24» c—N—C—C—
I | I |
(0 R O (0 R O
Amino-terminal Carbamino-terminal
residue residue

Unnumbered 5 p166
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W. H. Freeman and Company

6. Fetal Variant of Hemoglobin
» Adult Hb hasu,f; structure

» Fetal Hb (HbF) haayy; structure (because one of subunits is
transcribed/translated from a different gee)

» HbF binds to @more tightly than adult Hb- fetal blood in placenta can take O
from maternal blood

D. Importance of Protein Structure to Medicine

1. Sickle Cell Anaemia

» GlIn at position 6 ifp chain of Hb is mutated to Vab deoxygenated Hb stick to
each other- sickle shaped RBCs

» Heterozygotes have evolutionary advantage in naatardemic areas (as lower
RBC half-life confers resistance to malaria paessitvhich spend part of life
cycle in RBCs)

» Homozygotes develop sickle cell anemia
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. Drug Target in Avian Influenza

Viral NS1 protein binds to CPSF30 protein
Blocking such interaction provides target for amévdrug development

. G6PD Deficiency

G6P dehydrogenase (G6PD) variants also conferstaase to malaria

Also result in susceptibility to acute hemolyticecama (AHA)

Prion Diseases

Misfolding/aggregation of endogenous protein isseaof prion and Alzheimer’s
disease

When entering body, prions induces normal bodyginab fold into faulty prion
form — exponential growth in prion number

Prion will then aggregate to form fibril structure prion disease
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L6 Enzymes are Powerful and
Specific Catalysts

A. Properties of Enzymes

» Enzymes proteins that are able to accelerate (catalysegtabolic reaction

» Need for enzymes in body:
o Low concentration of metabolites in celis low reaction rate

More or less fixed pH in cells> protein will not denature

Constant body temperature protein will not denature

High energy barrier of metabolic reactienlow reaction rate

Need for metabolic regulation (change metabolie eatcording to

environment)

» Catalytic action of an enzyme is specific

» Enzymes are sensitive to pH and temperature (bed¢hasmal vibration may
destroy protein structure of enzyme)

» Generic features of enzyme:

o o o o

Binding site for co-
enzyme/cofactor

regulatory sites:

Possessed by some
enzymes to control catalytic
activity by binding to small
molecules; or acting as sites
for covalent maodifications;
the catalytic and the
regulatory sites may or may
not co-exist on the same
polypeptide

enzyme and binds to
substrate and causes

|
|
catalysis to occur \

» Monomeric enzyme has only one polypeptide unit and bindg oné substrate

Catalytic site: /
Possessed by every \ ‘
|

molecule

» Oligomeric enzyme has more than one polypeptide unit andstsaderal
substrate molecules (more common than 1 polypepageng multiple catalytic
sites)
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. Co-enzymes and co-factors

Enzymes often require co-enzymes or co-factorsaikw

Apoenzyme (inactive) + co-enzyme/co-facterholoenzyme (active)
Co-enzymesare_organic in nature (eg. Vit. B, FAD, heme)
Co-factors are_inorganic in nature, usually metal ions (eg.®u, Mo)
Prosthetic group: a co-enzyme or co-factor that is very tightly bdyor
covalently bound) to an enzyme

. Reaction Model for Enzyme-catalyzed Reaction

Enzyme + substrate> E/S complex— E/C complex— enzyme + products

[S] Vmax

Rate = fort[5]

where k, is the Michaelis constant (i.e. [S] at which V%-Vmax)

Result is a hyperbolic curve

. Cooperative Reaction Model for Enzyme-catalyzed Reaction

Enzyme + n(substrate) enzyme/n(substrate) complex
Each binding increase affinity for the next sulistra
Product formation curve is a sigmoidal curve

. Mechanism of Enzymatic Reaction

Enzyme catalysis is due to a lowering of activagoergy

Proximity and orientation: Enzymes may help two @cales to get closer and
into right orientation— lower energy barrier and increase reaction rate

Such guidance in orientation of substrate can Ime dy electrostatic interaction
(amino acid residues in enzymes may have differibatges)

Amino acid amphoterie> can catalyze de-protonation or protonation of sabs
May also be temporarily covalently bound with sudost

Some metal ions may act as cofactors by chargésiggsituating in between
two negatively charged surfaces to bring them toggt

Note that the lock-and-key hypothesis is not adeuradescribing mechanism of
actions of enzymes:
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(a) No enzyme =
N V4 3

Gl — — W 2
Substrate Transition state Products E
(metal stick) (bent stick) (broken stick) *

(b) Enzyme complementary to substrate

Magnets
) Eeams

({c) Enzyme complementary to transition state

n
ES

ES

Free energy, G

Free energy, G

A

I

Reaction coordinate

Figure 6-5
Lehninger Principles of Biochemistry, Fifth Edition
£ 2008 W H. Frerman and Company

C.

>

Regulation of Enzymatic Activity

Enzymes allow a particular reaction to take place @articular time and location
with a carefully adjusted rate

Transcription of enzyme mRNA often arise from pbiagical/pathological cues
With enzymes controlling metabolic activity, it pides a way to regulate
metabolism effectively
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1. Allosteric Regulators
>

Rate of Product formation

N

v

vV vyvyy

Oligomeric enzymes may have regulatory unit witjutatory sites binding to
allosteric regulators (regulating molecules binding to sites other tti@nactive
site)

Regulation of oligomeric enzymes by allosteric laturs:

“+” allosteric regulator

« n

-" allosteric regulator

| //‘ Threshold level
S1 S2 S3 [substrate]
Phosphorylation

A phosphate group is added or removed from therapzgp change its catalytic
effect

Protein kinaseadd a phosphate group to a protein

Protein phosphataseaemove a phosphate group from a protein

Catalytic effect can either be increased or deexkay phosphorylation
Characteristics: fast, reversible, involving protkinases and protein
phosphatases, alteration of kinetic parameters
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3.

By Adjustment of Rate of Synthesis and Breakdofvn

Enzyme Protein

>

vV Yy

v vvyyvyrRL, QO voOolvvyvy b

vy viN

Rate of synthesis and breakdown of enzyme contttdialter the abundance of
the enzyme

Enzyme ‘life-cycle’: gene-~ mRNA — protein— active enzyme proteir
degradation

Every step of the ‘life-cycle’ can be regulated

Characteristics: slow, irreversible, usually loegt regulation, alteration of
enzyme abundance

By Proteolysis

Protease is used to cut a part out of an enzyme
May serves to activate/inactivate the enzyme
Characteristics: fast, irreversible

By Activators or Inhibitors
Addition of activators and inhibitors to enzymesiake them active and
inactive respectively

. Importance of Enzymes in Medicine

Provide Valuable Information for Diagnosis

Enzyme level at serum, plasma, urine, CSF candtede

Level of blood clotting enzymes> thrombotic tendency

Intracellular enzymes are not supposed to be iadylbut upon tissue damage
may leak into blood due to high cell:plasma ratio

Measuring their level can give information abowation of tissue damage and
nature of disease

Examples: transaminases for liver diseases, phtasgwafor liver and bone
diseases, amylases for pancreatic diseases

. Enzymes as Therapeutic Targets

Identify enzyme that is responsible for the regatabf a metabolic pathway
Design chemical compounds which can inhibit theyare

Examples:

o  Synthesis of prostaglandins in platelet aggregdiprostaglandin
synthase

o Production of angiotensin in high blood pressurabgiotensin converting
enzyme

o Synthesis of cholesterol in high blood cholestesoHMG-CoA reductase
o  Synthesis of bacterial cell walls in bacterial ctfen by glocopeptidyl
transpeptidase
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L7 Nutrition
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. Key Concepts of Nutrition

Balance and variety can ensure nutritional adequacy

For each nutrient, there is a safety range: eatf@® moderation
There is no ‘one size fits all’ diet

Malnutrition includes under-nutrition and over-ntitm

Nutrition is a dynamic science

. Factors that Influence Our Choice of Food

Environmental: economics, lifestyles, cultural and religiousiéisl and
traditions

Sensory flavor, texture, appearance

Cognitive: social and emotional factors, nutrition and Heakliefs, advertising
Health status physical restrictions due to disease, declinasge sensitivity, age
and gender

Genetics taste sensitivity, preference for sweet and dalbyg, etc

. Diseases and Dietary Practices

Chronic disease that can be influenced by our diet:
o Heart disease

o  Stroke, hypertension, diabetes

o Obesity

o Some forms of cancer

. Scientific Information in Nutrition

Types of nutritional studies:
o Epidemiological studies

— Experimental (intervention) epidemiological studies

— Observational epidemiological studies
o Animal studies
o  Cell culture studies
o Human studies
Experimental results are published in peer-revieathals but may be
simplified/sensationalize by the media
Results from nutrition studies can be conflictisgtlaey may arise from different
designs of the scientific investigation and diffareample base
Nutrigenomics:. study of how different foods can interact withrtpaular genes
to affect a person’s risk of developing nutriticelated diseases
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B. Essential Nutrients

» Essential nutrientsare nutrients that when missing can lead to aieity
disease

» Examples of essential nutrients for humans:

o Water
o Vitamins
o Minerals
o Essential fatty acids
o Essential amino acids
o Glucose
1. Major Functions of Nutrients in Body
» Carbohydrates. energy
» Lipids: energy, cellular development etc.
» Proteins: production of structural and functional compomsegrowth,
maintenance
» Vitamins: regulation of body processes, maintenance of imerfunction etc.
» Minerals: fluid balance ad metabolism, components of varitigsues, etc.
» Water: maintenance of fluid balance, regulation of btetyperature etc.
2. Daily Reference Intakes (DRIS)
a. Estimated Average Requirement (EAR)
» Estimated Average Requirement (EAR) the amount of the nutrient that should

meet the needs of 50% of healthy people who aseparticular life stage/gender
group

» Establishment of an EAR involves identificationaophysiological marker that
reflects_proper functioning and can be measuréddicate whether the level of
nutrient is adequate

» Conduct a nutritional study afterwards

b. Recommended Daily Allowances (RDASs)

» Recommended Daily Allowances (RDAsAre the amounts of nutrients that meet
the nutrient needs of 97.5% of all healthy indiatuin a particular life
stage/gender group

» Establishment of an RDA involves determination 8fREand addition of a safety
margin

- Page 25 of 300 -



c. Other DRIs

4

Adequate Intake (Al) is estimated amount of nutrient required whenghg&no
RDA and the evidence is not firm

Tolerable Upper Intake Level (UL) is the maximum amount of nutrient that can
be consumed that is shown not to cause any adetfests

Estimate Energy Requirement (EER)is the estimated total energy required for
a certain individual in a period of time

. Nutrition Assessment Methods

Anthropometric measures physical measures of body eg. Height, weight
Biochemical tests measure a metabolite in body fluids, a storageamsport
compound, an enzyme etc. eg. Blood cholesterol leve

Clinical observations physical examination

Dietary intake: collection of dietary intake data eg. Diet higtdood record and
frequency

. Nutrition and Weight Control
. Body Mass Index (BMI)

Body mass index (BMI) %
o <18: underweight

o 18-23: normal

o 23-24.9: overweight

o >25: obese

. Body Fat Distribution

Location of body fat an important predictor of hbalsks

Upper body obesity related to CV diseases and type 2 diabetes (waist
circumference >102cm in men and >88cm in women)

Lower body obesity. less health risk but may change to upper body fat
distribution after menopause

. Body Fat Content

Body fat content can be estimated by ‘Siri formula’

4.95

o  Proportion of body fat =———— — 4.5
body density

Desirable body fat for adults:
o Men: 8%-24%
o Women: 21%-35%
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. Obesity

Genes account for ~70% of weight differences betvpm®ople

Risks of being obese:

o Child with no obese parent: 10%

o Child with one obese parent: up to 40%

o Child with both obese parents: up to 80%

Gene pool has not changed much in last 50 yearsrgportion of obese people
risen rapidly— obesity epidemic also caused by lifestyle changes

Adult obesity in female is rooted to childhood abew/hereas there is no strong
links in men (obesity tends to start at 30)

. Eating Disorders

Exact cause unknown, genetic/social/psychologmetiors contribute to
development

Risk factors: female, low self-esteem, being teadmxit weight etc
Anorexia nervosa severe psychological disturbance with self-implose
starvation (affects ~1 in 200 women)

Bulimia nervosa: cyclic episodes of overeating (bingeing) followsdpurging
(getting rid of food by gagging etc)
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L8 Structure and Function of Cells

A. Diversity of Cells

4

vVvyvVvyv®@

>
>
>

Muclaus 5

Most cells genetically identical (except lymphocyserecombination of IgG

gene)— diversity of cells given by differential gene egpsion

Epigenetic changes: silencing or activating gergession

o  Methylation of DNA (promoter/cytosine(C) residueprbmoter) silences
gene transcription)

o Histone acetylation (activates) and deacetylatioactivates) gene
transcription

. Structures of Cell

Cell membrane: surrounding wall of cell

Cytosol: fluid part of cytoplasm (containing enzymes and metabolites)
Golgi: organelle for packaging of protein

Lysosome: organelle for breaking down things taken in from outside (with
digestive enzymes)

Cytoskeleton: internal scaffolding that controls the shape of cell and movement
Nidlur aneloes Rough endoplasmic
MNuclear lamina M reticulum
Nuclear pore . ﬁ\ - {/Fraa rihosomes
Chromatin S ; e Centrioles

Nucleolus i ' | R o Microtubule

i
¥
|

Microvillus ="
Coated pit : B
Microtubule - foa i S Mitochondrion
Actin filaments T~ '
Plasma membrane

Golgl apparatus
Early endosome

Centrioles: opposite poles for mitosis
Peroxisome: organelle for metabolism of fatty acids

Nucleolus: structure inside nucleus for rRNA transcription
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. Cell Membrane

Lipid bilayer (phospholipid molecules amphipathic — spontaneously form a
bilayer in water with hydrophobic ends inside)

High fluidity — allow lateral diffusion of membrane proteins and facilitate cell
movement

Lipid bilayer — virtually impermeable to charged ions but variable permeability
to water, O, and small hydrophobic molecules

Break and tears are healed spontaneously — useful in modern molecular study
during transfection of genes

Membrane lipids:

O  Phospholipids (50%)

O Cholesterol: stabilize mechanical property of membrane

O  Glycolipid: on outer side of membrane

Integral membrane protein: penetrates whole membrane

Peripheral membrane protein: penetrates only a part of membrane

Membrane protein functions:

Attach cytoskeletal filaments to cell membrane

Attach cells to extracellular matrix (ECM)

Transport molecules in or out of cells

Receptors for cell signaling

o o o o o

Enzymatic activity, cell attachment and cell communication

Membrane carbohydrates (glycocalyx; 2-20nm or more) in plasma membrane:
precise composition varies with cell types

o  Cell type specific antigen

O  Major histocompatibility complex

0  Blood group antigens

o Adhesion molecules

*Amphipathic: possessing hydrophobic and hydrophilic parts

**Glycocalyx: glycoprotein-polysaccharide complex covering that surrounds plasma

membranes of cells esp epithelial cells
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a. Transport in and out of Cells

>
>
>

Diffusion

Specialized membrane protein transport system or channels

Endocytosis:

O Phagocytosis: ingestion of large particles

0  Pinocytosis: ingestion of fluid and small molecules (from small vesicles
50nm)

O Some viruses also use endocytic pathways to infect cells

Clathrin-associated receptor-mediated endocytosis:

o  When certain ligands bind with receptors, clathrin (a type of special
membrane-associated protein) binds to membrane and causes formation of
a hexagonal lattice surrounding the vesicle

0  Only occur at specialized patches on plasma membrane (coated pits)

Endocytic vesicles:

o  Clathrin-coated vesicles (100-150nm)

o  Uncoated vesicles (100nm)

o Caveolae (50nm)

— Common in endothelial cell
— Formation due to caveolin (22kD integral membrane protein)
— High binding affinity to cholesterol
o Phagosomes (large, 0.1-10um)
— From phagocytosis, common in phagocytes

Exocytosis:

o  Secretion (from trans face of Golgi apparatus), recycling of plasma
membrane

Endosomes (from endocytosis)

O  Major sorting compartment along endocytic pathway

o Early endosome (pH 6.5), recycling endosomes (pH6.8), multivesicular
bodies (pH 5.5) and late endosomes (pH 4.5)

o  Multivesicular bodieslate endosomes fuse directly with lysosomes (low pH
in late endosomes activates lysosomal acid hydrolases to degrade
endosomal content)

0o Endosomal pH affects fate of transported ligand and has profound effects
on cell physiology

*kD = kilodalton i.e. 1000 a.m.u.
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. Endoplasmic Reticulum Ty
Complex intra-cytoplasmic membrane
system
Literal meaning of reticulum is ‘network’ \ / ‘
Rough ER: Flattened sheets of membranes e 3 — —
and tubules with ribosomes attached 3 _.:/
o For protein synthesis (protein releases ™" e

into ER cisternae) for export o / jc %
o  Well-developed in protein-secretory A

cells eg. Exocrine pancreas
Smooth ER Flattened sheets of membranes and tubules wititmagomes
o Different function in different cell types:

— Lipid metabolism and detoxification (eg. Hepatosyte

— Steroid hormone production (eg. Leydig cells ofitds

— Calcium storage and release (eg. Muscle cellsigs S

smooth endoplasmic reticulum

© 2008 Encyclopzdia Britannica, Ine. ribosomes
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. Golgi
Stacked membranous cisterna@d. cisterna) with vesicles
Cis (forming) andrans (maturing) faces
For modification and packaging of proteins (fromARE
Formation of lysosome
Recycling of cell membrane

vVVvYy vy vyvyWw

» Movement of proteins through intracellular membrapstem:

4. Nucleus
» Basophilic under H&E staining (blue)
» Bound by two concentric membranes:
0o Outer membrane: continuous with membrane of ER

O Inner membrane: attached to filamentous proteins (lamins) of nuclear
matrix inside nucleus

» Nuclear membrane perforated by many pores with special structures
» Chromatin: DNA + histones

0 Euchromatin: light-staining (electron-lucent i.e. low electron affinity) —
active gene transcription
O Heterochromatin: dense-staining area — highly condensed chromatin —

non-coding DNA (eg. Centrosome and telomere) and inactive DNA
(non-transcription form)
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. Nucleolus
Site of most ribosomal RNA synthesis (28S, 18SShahd ribosomal assembly
Prominent in interphase nucleus
Size increase with metabolic rate of cells
o Tumour cells have prominent nucleolus
rDNA located in C13, C14, C15, C21, C22
» Nucleolus helps transcribe rDNA and package rRN#hwibosomal proteins
imported from cytoplasm to form ribosomes
» Newly formed ribosomal subunits translocated t@plasm through nuclear pore

v v v Ol

v

» Many other novel fucntions to be unraveled (assgrabtelomerase protein, cell
cycle regulation etc)
» Detailed structure: expanded interphase chromosomes
o Clustering of tandemly repeated e o et DA
rDNA genes located on 5 pairs
of chromosomes
o Pale fibrillar region
(non-transcribed DNA)
o Dense fibrillar core (sites of
rDNA gene transcription)
o Granular regions (sites of
ribosome assembly)

—

*S in 28S, 15S etc. refers 8vedberg
unit, measuring rates of sedimentation nuclear envelope

nucleolus
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. Mitochondrion

‘Respiratory system’ of cells:

o Produce ATP, common energy currency in cells

o Vary in number among different cells, more numerousctive cells
Globular or elongated in shape, double-membraned

Genetic system:

o  Circular DNA of maternal origin

o Encodes some proteins within mitochondria

o Most of the proteins in mitochondria are imported

Suspected to have originated from a symbiotic bagcte— double membrane
(outside is of the cell, inside is of the bacterium

. Cytoskeleton

Functions:

Mechanical support

Cell movementdctin)

Contraction &ctin and myosin in muscles)

Transport of organelles, vesicles and macromolsdqgaiierotubul es)

Cell division ¢nicrotubules and actin)

Three typesmicrofilaments (actin, <10nm)ijntermediate filaments (~10nm),
microtubules (~24nm)

Dynamic structure—~ growth and breaking down occur continuously in cel
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a. Actin Filaments

» Mainly involved in (amoeboid) movement, changeeli shape and cytokinesis
» Also cooperate with myosin in myocytes for conti@ct

» Roles of actin filaments in different parts of eell

7

(A) (B)

(D)

(A) Microvilli

(B) Stress fibresfiocal adhesion/ cell

(C) Filopodia / lamellipodia / cell migration

(D) Cytokinesis

*focal adhesionis the structure that binds cytoskeleton onto ECM
**Eilopodia/lamellipodia are ‘feet’ of cytoplasmahbrings about amoeboid
movement
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b. Intermediate Filaments
» Has a variety of functions in different cells anfledent places

o Epithelial cells: tonofilaments (keratins) for calhesion via desosomes and

hemidesosmes
o Muscle cells: desmin filaments (desmin) for unkndwmction

Fibroblasts: vimentin for maintaining cell shapgirfg organelle position

and control LDL transport

o Neuron: neurofilament for structural support angutation of axon
diameter (affects nervous signal transport speed)

o  Glial cells: glial filaments

i. Nuclear Lamina

>
>

>
>

Nuclear cytoskeleton

Network of protein intermediate filaments (20nmyameath the internal
nuclear membrane

Composed of nuclear lamins A, B and C

Interact with chromatin in the spatial organizatarthe nucleus

c. Microtubules

>

Tubular protein filament (made up @ftubulin, B-tubulin) for intracellular
transport

Extend fromcentrosometo periphery of cell

Movements involving microtubules:

o  Cell division

o Flagellar and ciliary movements

o  Movement of organelles, vesicles, chromosomes, @igm

Kinesin (away) and dynein (towards) motor protérassport substances to and

from centrosomes inside cells
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L9 Lipids
A. Properties of Lipids

» Main form:triacylglycerol (TAG) but also present in form cholesterol (Ch)
phospholipid andglycolipid
» TAG can be classified into:
o Saturated: without double bond
o Unsaturated: with double bond(s)
— Most in nature areis-fats— Has bent structure> inefficient packing
— lintermolecular forces~ liquid form
» Properties of lipids:
o  Hydrophobic
o Uncharged
» TAG stored in adipose tissue a store of cellulargy
» Fatty acid salt, phospholipid and bile acid/sattamphiphiles
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B. Fatty Acid Oxidation
» Also calledB-oxidation
» Used by many body tissues esp by muscle cells
» Performed in mitochondrial matrix (and sometimesdaperoxisome$
» More long-lasting than carbohydrate oxidation
» Consists of repeated removal of acetyl groups tim facetyl CoA
» Produces Acetyl CoA, FADE NADH and ultimately ATP
Mitochondrial
matrix
B o
_.-# CHy\ AN/ CHy= CHy=CH,—=C~ SCoA  Fatty acyl CoA
A [total C=n]
. o FAD
E acyl CoA
5 0
; CHa\ AL CHy,— CH=CH=-C~ SCoA trans A? Fatty enoyl CoA
i (2] H,0
E enoyl CoA
: hydratase
[B~Oxidation , Ol
: [ I
Spiral CHa\ A CHy— CH— CH,— C~SCoA  L—P—Hydroxy acyl CoA

[
[
[
[
]
]
L]
]
1
1
]
[]
]
]
]
(]
'
)
'
]
]
]
]
L}
]
]
(]
[
"
"
"
L}
]
L}
]
]
1

.

.
.
.

o NAD*

Befykcsy Bed CoA NADH + H* —» ~3 ATP

dehydrogenase

B 0
CHax A CH,— C— CH, — C~ SCoA

o CoASH

B-keto thiolase

o] 0]
Il Il

-Keto acyl CoA

"~-. CH3\ A/ CHy = C=SCoA + CHy—C ~ SCoA
[total C=(n-2)] Fatty acyl CoA Acetyl CoA

Other reactions TCA  Ketone bodies (liver)
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C. Cholesterol and Bile Salts

» Structure ottholesterol

o Four-ringed structure called ‘steroid nucleus’
o  Cholesterol synthesized from cytosolic acetyl CoA
o  Cholesterol then used to make bile salt, sterordhibbaes, blood lipoproteins
and act as a component in cell membrane (streng#lemembrane)
o Linear shape allows it to pass through phospholiieyer
» Structure obile salt

o  Steroid nucleus is derived from cholesterol
o Negatively charged ene> amphiphile— helps formmicelle to emulsify
lipids
*Micelle: one layered ‘bubble’ made up of amphiglsilwith hydrophilic side facing
outward
**Phospholipid molecule has two chains overcrowded— cannot form micelle (can
only form bilayered structure calldéigosome
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D. Digestion of TAG

1) TAG emulsified bybile saltsin bile to form micelles;

2) Pancreatic lipase work together with colipase takrdown TAG into fatty acid
(FA) and 2-monoacylglycerol (2-MAG);

3) FAand 2-MAG are taken into the intestinal wall ardombine into TAG;

4) TAG is packaged with apoB-48, phospholipids andesterol intonascent
chylomicrons and secreted into lymph vessels.

Chylomicrons

colipase ) lipase
FA
2 o
H
RCO -[
OH
2—-Monoacylglycerol
(2-MG)

Lymph

Chylomicrons

T
Nascent chylomicrons

FA apoB F'Ijo_spho-
TG lipids

+ bs
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E. Chylomicrons and Exogenous
Pathway of Lipid Metabolism

4

1)

2)
3)
4)
5)

. Formation and Secretion

Lipoprotein : Biochemical particles consisting of
proteins, lipids, cholesterol, phospholipids and
apolipoproteins that act as a vessel for lipid (and
cholesterol) transport in blood plasma
o Five types: chylomicron (cm), very low
density lipoprotein (VLDL), intermediate
density lipoprotein (IDL), low density
lipoprotein (LDL), high density lipoprotein
(HDL) [from lowest density to highest]
Chylomicron: Lipoprotein containing large
proportion of TAG and is secreted by intestinegon
Function: deliver dietary TAG from intestinal lumer
to peripheral tissues for storage

Intestinal lumen

FA and 2-MAG enter intestinal wall cell by
diffusion; ;
FA and 2-MAG re-esterify in SER to form TAG;
ApoB-48 synthesized in RER;

TAG, cholesterol and ApoB-48 packaged in Golgi;
Nascent chylomicrons secreted by exocytosis. Lymph

Chylomicrons ),
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2. Metabolism and Fate of Chylomicrons

1) Nascent chylomicrons secreted by intestinal muooedé;

2) Nascent cm obtains ApoC-2 and ApoE from HDL cirtalzin blood and
becomes mature cm;

3) Lipoprotein lipase (extracellular enzyme) at peeiah tissue capillary walls
recognizes apoC-2 and breaks down TAG into FA dyckeel;

4) Most FA taken up by tissue cells while glycerollwdturn to liver by blood;

5) Free FAs that is not taken up by cells immediaéeé/transported by serum
albumin until taken up by cells;

6) Resultant cm remnants return ApoC-2 to HDL andsogbed by sites with
apoE-recognizing lipoprotein receptors at liver.
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F. VLDL, LDL and Endogenous Pathway of Lipid

Metabolism

» Hepatocytes in liver can synthesize lipids fromcgkse via acetyl coA

» Also stores large amounts of TAG

» Hepatocytes secrete nascent VLDL into blood, wiimtitains TAG, cholesterol,
phospholipids and apoB-100

» Function of VLDL: transport of TAG from liver to pphery tissues for storage

1. Formation and Secretion of VLDL

1) RER synthesize apoB-100 apolipoprotein;

2) Golgi packages TAG with apoB-100, cholesterol andgpholipids;
3) VLDL is secreted into blood via exocytosis.

2. Metabolism and Fate of VLDL

- - Apo G
‘uven w2 Bg (iroun HDL)

.Il Hascenl &
| VLD :'.
| \ : ’pl g Apo C-ll and apo E

! TISSUES,
=~"| for example, ADIPOSE
are transformed
from HDL to \'.'-.I.F}LLAHIES

nascent VLDL.

. Extracelluiar
lipoprotein
lipase, activated
by apo G-I,
degrados
TAG in VLDL.

LDL binds to specific
receptors on axtrahepatic
tissues and on the lver,
where they are endocytosed.

Liver secrotes nascent
TAG-rich VLOL particles,

Froe fatty

1 I -

Apo G- acids
and & u E

[!G
' Tl ¥ G — —
| ", {tﬂu Glycerol |

\,
Ap& C=ll and apa E A
o nrt returned fo HDL] To LIVER \.
L4

1) Nascent TAG-rich VLDL particles are secreted betiv

2) Nascent VLDL obtains ApoC-2 and ApoE from HDL aretbmes VLDL;

3) Lipoprotein lipase in peripheral tissue capillargls break down TAG in VLDL
to form FA and glycerol, in which FAs are takenhyptissues while glycerol
returns to liver via circulation;

4) ApoC-2, ApoE are transferred to HDL;

5) Cholesteryl Ester Transfer Protein (CETP) helpsdfier cholesterol from HDL
to VLDL and TAG from VLDL to HDL, VLDL becomes LDIin the process
(also note transitional state of IDL).
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. Metabolism and Fate of LDL

LDL is endocytosed at specialized sites with LDiacpgnizes apoB-100) in
peripheral tissues and liver

Cholesterol in LDL is provided to tissue/liver aetbr building hormones, cell
membranes and storage

Some LDLs lipid or apoB-100 components are oxidize cannot be
endocytosed by tissues and liver etewill be phagocytosed by macrophages
via scavenger receptors

Unlike LDLr, scavenger receptors not down-reguldigdhigh cell cholesterol
content— cholesterol accumulate in macrophage®ecomes foam cells>
formation of atherosclerotic plaques
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a. Effects of Uptake of LDL

LoL o Cholesteryl ester
Apolipoprotein B-100

LOL recoplor

—— o+ a2 ]
PLASMA MEMBRANE COATED PIT r
® s

Cﬁ Endasome /
Qp GOLGI APPARATUS

SYNTHESIS OF SYNTHESIS OF
LDL RECEFTORS CHOLESTEROL

WA @

.
() -
“ o

OVERSUPPLY
= -*-— CELL MEMERANE,
OF CHOLESTEROL STEROID HORMONES,
| BILE ACIDS
%’WV\W sk
ACAT

pler
STORAGE OF
CHOLESTERYL
ESTERS

1) Repress synthesis of HMG-CoA reductasdessde novo synthesis of
cholesterol;

2) StimulateACAT — stimulate storage in esterified form;

3) Repress synthesis of LDLT.

*Rate-limiting step in cholesterol synthesis is taduction of HMG-CoA into

mevalonate by HMG-CoA reductase

Statins, structural analogs of intermediate indbeversion to mevalonate inhibits

HMG-CoA reductase~ reduces cholesterol synthesiscan be used to treat

hypercholesterolemia

"
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1)

2)

3)

4)

5)

6)

. HDL and the Reverse Cholesterol Transport

HDL is secreted by liver and has a high proportibproteins

Excellent acceptor of unesterified cholesterol

Functions of HDL:

o Acts as a circulating reservoir of ApoC-2 and ApoE

o Remove unesterified cholesterol from peripheralugs and return them to
the liver by LDL or themselves

Three types:

o Nascent (discoid) HDL: with very low cholesterotepursor of HDL3

o HDL3: with relatively low cholesterol level

o HDL2: with high cholesterol level

. HDL Secretion and Maturation

Nascent disc-shaped HDL is secreted by
hepatocytes with apoA-1, apoC-2 and apoE;
Nascent HDL has high affinity for unesterified
cholesterol— picks up unesterified cholesterol
from lipoprotein particles and cell membranes of
peripheral tissues;

Unesterified cholesterol is immediately esterified
by PCAT enzyme in nascent HDL;

VLDL

Nascent HDL becomes spherical in shape, now | Cholesteryl ester Cholesteryl sster
transfer protein

transfer protein

becomes HDLS3;

HDL3 further accepts free cholesterol from
peripheral tissues and becomes HDL2,;
Cholesteryl ester transfer protein helps transport
TAG from VLDL to HDL and cholesteryl ester
from HDL to VLDL.

HDL
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2. Reverse Cholesterol Transport

1) ABCALI helps transport free cholesterol from pernathéissue to HDL (incl.
those deposited on arterial wall by macrophage);

2) Cholesterol is esterified by PCAT into cholestersier;

3) Some cholesterol is exchanged for TAG with VLDL,;

4) Lipid-rich HDL2 binds to liver and steroidogenicllseand releases cholesterol in
it (mediated by SR-B1 receptor in liver);

5) Cholesterol then used to form steroid hormonesdroglogenic cells and bile
salts in liver;

6) Hepatic lipase helps degrade TAG (and phospholprdsiDL2;

7) Lipid-deficient HDL3 is released.
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L10, 12 Carbohydrate Metabolism

and Its Requlation

A. Carbohydrate Digestion

>

1)

2)

3)

4)

Common dietary carbohydrates:

Glucose

Fructose

Sucrose = glucose + fructose

Maltose = glucose + glucose

Lactose = glucose + galactose

Starch = n(maltose)

Glycogen = n(glucose)

Long-chained carbohydrates hydrolyzed by
salivarya-amylase to fornu-dextrins
(low-molecular weight polysaccharides);
Dextrins further hydrolyzed by pancreatic
a-amylase to form tri and oligosaccharides
(short polysaccharide chains), maltose,
isomaltose etc.;

Disaccharides broken down into
monosaccharides by maltase, isomaltase,
sucrase and lactase on intestinal wall;
Monosaccharides absorbed by intestinal wal

o 0o o o o o d
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Stomach

Pancreas

o-amylase
HCO3

Tri- and Small intestine
Oligosaccharides
Maltose,

Isomaltose

maltase
isomaltase

Glucose

Glucose
Fructose

Glucose
Galactose

Sucrose

Lactose

Fiber

Feces



B. Carbohydrate Metabolism

1. Glucose
» 6-C sugar in ring form or in straight chain form:

o  Groups on LHS points upward
o —CHO group witho+, the other side with-

» Soluble— affects water potentiab must be stored in insoluble form (i.e.
glycogen) and level must be closely controltlednsulin in1Glc level and
glucagon in|Glc level

» Glucose is transported into cells via facilitatéfugion and is Nadependent

- Page 49 of 300 -



2. Glycolysis and related processes
» Glycolysis conversion of glucose into pyruvate (in cytosol)
o  Provides metabolic energy
o Precursor molecules for synthesis (eg AAs Glycogen
» Gluconeogenesisgeneration of glucose from _ ‘ ‘ _
. Glycogenolysis Glycogenesis
non-CHO substrates (eg pyruvate, glucogenic
AAs, gl)I/cer_oI etc) Glucose
o Maintains constant supply of glucose (esp
fasting state) GchoysisI | Gluconeogenesis
o Mainly in liver
» Glycogenolysis breakdown of glycogen into
Glc-1-P
o  Storage of glucose
o Muscle and liver
» Glycogenesissynthesis of glycogen from glucose
o Produces glucose from glycogen (in times of stawwaphysical exercise
and stress)
o Muscle and liver
» Functions:
o  Control of blood glucose level
o Production of ATP esp for anaerobic respiratioRBIC (lacks
mitochondria)
o Conversion between important biological substaiigés, carbohydrates,
TAG, nucleic acids)
o  Conversion to storage forms of carbohydrates
*Note that gluconeogenesisis not exclusively found in liver, but also carried out by
kidney cortical cells aswell as muscles. However, since muscle cells lack
glucose-6-phosphatase, they cannot return free glucose to the blood, and thus its
gluconeogenesis process is exclusively performed to provide glucose backbone for
storage as glycogen

Pyruvate
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» Complete metabolic pathway:

UDP-galactose
UDP-Galactose p: :
Galactose Galactose-1-phosphate NAD* -4-epimerase
@mkm
ATP ADP
Galactose-1-phosphate UDP-Glucose Inorganic
Glucose uriylyl transferase N pyrophosphatase , |

P ATP

Gl I..ECUS;—G\- /

UDP-Glucose

b srnbata Hexokinase, Mg pyrophosphorylase
AR utP Glycogen
HQU’/ \ ADP /GIU0058-1-phosphate R
Glucose-6-phosphate Phosphogluco-
mutase uDP
P
Phosphoglucose Glycogen Glycogen
isomerase phosphorylase (less branched)
a(1,4—16) u(1—=4)
FruCtOSe-B-phosphate transglycosylase transglycosylase
Glycogen

P\/‘MP (more branched)
Fructose-1.6- \{ phosphofructokinase,

blsphosphaj? @
Fructose Ho aop

Mgz" Hexoklm .
Fructose-1,6-bisphosphate

(in muscle only)

Fructokinase
(in liver only)

ADP

Fructose-1-phosphate

Hps nisen Dinydroxyacetone- Glyceraldehyde-3~phosphate
phosphate Triose Phosphate

R
Isomerase //_

/ NAD!
Gylceraldehyde-3-phosphate

@drogenase

Glyceraldehyde kinase NADH + H' NADH + H

Glyceraldehyde
2Ty 1,3-Bisphosphoglycerate
ATP

ADP
@phoglycerate

ATP

Type A aldolase

\/

NADH

glycerol phosphate

WA

ATP dehydrogenase ﬁase
Glycerol NAD* o AP
ADP
3-Phosphoglycerate
Glycerol kinase
A Glycerol-3-phosphate Phosphoglycerate
mutase

2-Phosphoglycerate

Enolase

€« Phosphoenolpyruvate
Pyruvate kinase

ATP

Phosphoenolpyruvate Lactate NAD NADH
carboxykinase dehydrogenase \_j
Pyruvate — Lactate
N NAD" NADH

GTP

Oxaloacetate

wo- ----=|Citric acid cycle

Pyruvate

carboxylase
ADP +P, ATP
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a. Regulation of glycolysis and its related pathways

» ATP: 1 glycolysis

» AMP: | glycolysis

» Alanine: | glycolysis

» Insulin: 1glycolysistglycogenesid gluconeogenesigglycogenolysis

» Glucagon |glycolysis|glycogenesiggluconeogenesitglycogenolysis

Well-Fed State Starvation State
Mcca Glucese Glucokinase
TSf@( ) TSD ( )@-— Inhibitory
Clucose 6-F Clucose 6-P Protein
Fructase 6-P dI’-@ Fructose 6-P p@
(@ /\Fructose Fructose (&} ) || Fructose PFructose
o 6P -— - 6-P
Fructose 1,6-P, I 26F; Fructose 1,6-P, v 2’63
N F2,6-P2 F2,6-FP2
Pase Pase
d[’—@ P- @
Pheosph r J ' Phosph T ll 1
EEP oenolpyruvate OSP oeno. pymvate Glucagon

Protein kinase A
TS‘@/ \G-d E TS '@/ \‘e'[) Phosphorylation

Oxaloacetate =——  Pymvate

Oxaloacetate =+——  Pyruvate

® PdpP D ®-r
\( AcetyllcoA — Fat Sores \( 1

Acetyl CoA =— Fat Stores
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i. Regulation of Glycolysis
(1) Regulation of Phosphofructokinase (PFK)

» Reaction: Fructose-6-P Fructose-1,6-P[PFK1]
o  ATP(-), AMP (+)
o Fruc-2,6-B (+)
» Note two types of PFK:
o PFKZ1: only kinase domain, converts Fruc-6-P to iR
o PFK2: with kinase and phosphatase domain, confeus6-P to and from
Fruc-2,6-B
» Low BG — glucagon— phosphorylation of PFK2> tphosphatase activity
|F-2,6-B — |PFK1 activity— |glycolytic rate
» High BG— insulin— dephosphorylation of PFK2 tkinase activity—
1F-2,6-B — tPFK1 activity— 1glycolytic rate
respond
Low blood glucose <IN Dccroase in glycolytic rate
Glucagon stimulates '
phosphorylation PFK1 inhibited
High m '
Increase Fruc-2,6-P, <« kinase/low PFK2 Phosphorylated PFK2 mm» Decrease Fruc-2,6-P»

PFK1 stimulated Insulin stimulates
removal of phosphate

phosphatase low

kinase/high
phosphatase

Increase in glycolytic rate IEE—|)p High blood glucose

respond

(2) Regulation of pyruvate kinase (PK)

>
>

Reaction: Phosphoenolpyruvate pyruvate [PK]
Allosteric regulators:
o F-1,6-B (+)
o ATP ()
o Alanine (-)
Low BG — fglucagon— tphosphorylation of PKk- deactivation of Pk— |
glycolytic rate
High BG — finsulin — tdephosphorylation of Pk> activation of PK—
Tglycolytic rate
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ii. Regulation of Gluconeogenesis
(1) Regulation of pyruvate carboxylase
» Reaction: pyruvate-» oxaloacetate [pyruvate carboxylase]
o Acetyl CoA (+)
» Low BG — fglucagon|insulin— ftgluconeogenesis p~oxidation
» B-oxidation — tNADH:NAD ratio — OAA reduced to malate for shuttling to
cytoplasm for gluconeogenesis + citrate formatinbited
» 1 gluconeogenesis rate- | oxaloacetate> | TCA cycle entry
» 1 B-oxidation +| TCA cycle entry— facetyl coA— stimulates pyruvate
carboxylase activity
(2) Regulation of phosphoenolpyruvate (PEP) carboXxynase
» Reaction: oxaloacetate phosphoenolpyruvate [PEP carboxykinase]
» Insulin and glucagon inhibits and stimulates traipsion of PEP carboxykinase
gene— changes gluconeogenesis rate accordingly
(3) Regulation of fructose 16-bisphosphatase (F-b-P,ase)
» Reaction: fructose-1,6,P- fructose-6-P [fructose 1,6-bisphosphatase]
o F-2,6-B()
» Low BG — glucagon— phosphorylation of PFK2> tphosphatase activity
|F-2,6-B — 1 F-1,6-Rase activity— frate of gluconeogenesis
» High BG— insulin— dephosphorylation of PFK2 tkinase activity—
1F-2,6-B — |F-1,6-Rase activity— |rate of gluconeogenesis
i. Regulation of Glycogenolysis and Glycogenesis
» Reaction: Glycoger» Glc-1-P [glycogen phosphorylase]
o Insulin (-) glucagon (+)
o AMP (+)
» Reaction: UDP-Gle~ Glycogen [glycogen synthase]
o Insulin (+) glucagon (-)
» BG? — insulin— glycogen synthase inhibited, glycogen phosphoeylas
stimulated— net conversion of glucose to glycogen| BG
» BG| — glucagon— glycogen synthase stimulated, glycogen phosphssyla
inhibited— net conversion of glycogen to glucoeset BG
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b. Pentose Phosphate (PP) Pathway
» Alternate pathway parallel to glycolysis:
Glc-6-P— pentose phosphates G3P
» Main function:
o Synthesis of nucleotides (ribose backbone)
o  Production of NADPH for biosynthesis (reducing aye@md prevention of
oxidative damage

c. Other uses of Carbohydrates
i. Synthesis of TAG
» Occurs in liver and adipose tissues
» Fatty acids formed from building up
of acetyl coA units (exact opposite of
B-oxidation)
» Glycerol formed from G3P
» Regulation:
o Citrate (+): citrate level indicates
availability of glucose; excess
— conversion to TAG
*acetyl coA from citrate in TCA cycle
(citrate act as carrier of acetyl coA from
mitochondria to cytosol then cleaved to
give OAA and acetyl coA, OAA then
recycled into malate and return to mitochondrialfGA cycle)
ii. Synthesis of AAs
» AAs are formed from various intermediates of TCAleyand glycolysis
iii. Synthesis of Nucleic Acids

» Ribose backbone derived from PP Glucose

pathway l
» NADPH derived from PP pathway T Glucose-6-7

and glycolysis also aids conversion T """" . Iuwsle_1_P

of NTP intodNTP 1 . R '
iv. Synthesis of Glycoconjucates il l S |

diphosphate(UDP)-Glc

> UDP-Glc can then be converted to g SR A
! Glycolipids i = ‘tee-esesmsmee-ees

glycolipids, glycoproteins, } Proteoglycans | \CIucose
proteoglycans, glycogenand .
glucuronides g i

» Glc-1-P converted to Uridine l / {UDP-Glucose |

..........
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3. TCA Cycle and Electron Transport Chain

» Oxidation of acetyl CoA resulted in storage of reidg power in FADH and
NADPH — then used in electron transport chain to produde A

» Oxidation of FADH and NADPH at e.t.c. pumps’léut of mitochondrial matrix
— membrane potential used to drive ATP synthase

..........

' // - '
CH3C —SCoA
Acetyl CoA
COO
' ! sl uagg Ll
c=0 1 COO™ !
| w ||
CH i CH
il H,0 e s
malate cCoO™ HO—-C —CO0~
dehydrogenase 0
Oxaloacetate CH
;2
- aconitase
COO™ — c:COO
) itrate -
HO-CH LH T (IDOO
1 S
CH, (le,z _______
' 3 H=C+CO00™!
CO0~ N e,
g HO-C—-H
Malate .. % I
o electron ™\, ™, CoO™
H,O ~ ATP =~ transport ‘.' Isocitrate
PN ) Y
fumarase - . j chain g .' “‘ e
COO™ Oxidative Y ' | g
! phosphorylation i 1 *~ NADH + H* $CO; |
e WO Oy / !
] K : isocitrate
?H o’ i ?OO_ dehydrogenase
COO_ '."" "' CH2
Fumarate o : I
FADH(2H) ----=-""" cI:H2
c=0
" - -|. b b
(I:OO 1 COO_
succinate CH o
dehydrogenase | 2 it o.—Ketoglutarate
CH,
|
- C|:H2 CoASH t—ketoglutarate
Succinate GDP C=0" dehydrogenase
+P, 1
succinate : SCoA
thiokinase GTP

Succinyl CoA
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L11 Generation of ATP
A. Structure of ATP

» Structure of ATP:

» Negative phosphate ions repel each othdarge amount of energy stored in
high energy phosphate bondshydrolysis releases 7.3kcal/mol

B. Mechanism of ATP Generation and Usage

AG?(kcal/mole)

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ Used to power
Carbamoyl phosphate eeeesse -12 3| substrate level

Creatine phosphate eesssssss -10.3 E;‘To; ';S:ﬂ:f;gf "
Pyrophosphate sscseccsssseee -8 0
ATP (— ADP) seeesccsccssces -/ 3
Glucose 1-phosphate eeesesee -5.0

Powered by
Glucose 6-phosphate eeeseees -3.3 |  A7p hydrolysis

Glycerol 3-phosphate esesesse -2 2

1. ATP Usage
» ATP can be used to power thermodynamically unfaafolerreactionAG° <
7.3kcal/mol):
kcal/mole
Glucose + Pi — glucose-6-P + H,O AG°'= +3.3
ATP + H,O — ADP + Pi AG°'= -7.3

Sum: Glucose + ATP —glucose-6-P + ADP  AG°'= -4.0

» Coupling ATP hydrolysis with endergonic (+7.3\8&” > 0) reaction— overall
reaction becomes exergonic
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2. ATP Synthesis

» Compounds with high-energy phosphate bonds°(< -7.3kcal/mol) exhibit a
high P; transfer potential

» Substrate level phosphorylation Coupling of hydrolysis of high-energy
phosphate bonds with formation of ATP from ADP
i.e. ROPQ® + ADP— ROH + ATP

» Example:
o 1,3-bisphosphoglycerate + ADB  3-phosphoglycerate + ATP
o PEP + ADP— pyruvate + ATP

» Note that substrate level phosphorylation is indejeat of Q availability

» Oxidative phosphorylation: ATP can also be synthesized by ATP synthase from
transmembrane Hyradient generated by electron transport chain

*Note reason why glycolysis results in net prodoctof ATP:

Substrate level ~ Substrate level
phosphorylation  phosphorylation

i

G3P pyruvate

' ' G3P pyruvate

ATP ATP ' '
hydrolysis hydrolysis

Substrate level ~ Substrate level
phosphorylation  phosphorylation

Glucose
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L13 Amino Acids Metabolism

A. Amino Acids Metabolism

4

Fed state:

O

o o o o

Proteins

Enter CHO metabolic pathway to give ATP

Gluconeogenesis then stored as glycogen

TAG

Other essential N-containing compounds (glutathierneatine, monoamine
neurotransmitter)

Fasting state:

O

O

Gluconeogenesis
Ketogenesis to form ketone bodies for energy

1. Transformation of AAs into fuel molecules
Note three types of AAs:

>

O

O

O

Glucogenic AAs: can be used in gluconeogenesis

Ketogenic AAs (Leu, Lys): cannot be used in glucuagss, used to generate
ketone bodies via Ketogenesis pathway instead

Glucogenic and Ketogenic AAs (lle, Phe, Trp, Trigr)T

Glucogenic AAs enter CHO metabolism pathway at T6@éle or pyruvate, then
used in gluconeogenesis

O

TCA cycle intermediates rerouted at OAA due to haglivity of PEP
carboxykinase (due to glucagom) OAA leaves mitochondrion to perform
gluconeogenesis

Ketogenic AAs enter CHO metabolism pathway at dagbp only, then used in
Ketogenesis to form ketone bodies, ultimately dégdainto CQ in TCA cycle

O

Acetyl coA rerouted to Ketogenesis pathway becaige PEP
carboxykinase activity rerouted most OAA to glucogenesis— no OAA
available for TCA cycle— rerouted
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2. Production of Essential N-containing Compounds
from AAs

a. Glutathione (GSH) mflﬁmét_ecysteme
» Essential antioxidant in cells: ADP + i~ 4
o Oxidation: 2GSH- GSSG ) o
o Regeneration: GSSG + 2NADRH 2GSH + L N

4
ADP + Pi~—" |

2NADP
» Reducing power given bgysteineresidue in GSH
» Production pathway on the right
b. Creatine
» Converted to and from phosphocreatine to act as
alternative energy storage form -
» Production pathway:

Cys

Glutathione

|2 NH
— in kidne + 2
W y > HoN=C’ )
NH m NH—CH,—C OO0
CH; : guanidoacetate
(|3H2 glycine ornithine
I S-adenosyl- g
|CH2 " methionine in liver
CH—NHs
Geo S-adenosyl-
arginine homocysteine
+ NH
HzN:C\ B

H NH—CH;—COO

| B i |

N—C? nonenzymatic ATP CHs
- creatine

g ‘ ﬁ’ ADP
N—CH; P creatine
HiC P +HO rldH phosphokinase
creatinine HNZCi i
N—CH;—C00
CHs

creatine phosphate

» Blood and urine creatinine level used to gaugelremation (specifically

glomerular filtration rate i.e. GFR) because theneo reabsorption or secretion

in renal tubules
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c. Adrenaline, Noradrenaline, Dopamine, Serotonin
» Important hormones and neurotransmitters for the/bo
» First three produced from tyrosine, serotonin poedifrom tryptophan:
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L14 Metabolic Integration
A. Metabolic Integration

» Metabolic integration: interconversion of fuel metabolites to suit ploysgical
demands

» Metabolic output can be regulated by enzyme atlaggry step through:
o  Synthesis and degradation
o  Allosteric regulation
o  Covalent modification
o  Proteolysis

» Metabolic pathway output usually regulated at iemsible step (eg glycolysis
and gluconeogenesis)

» Interconversion of fuel metabolites:

glycogen proteins|— Amino acids
Ketogenic
Glucogenic Amino acid degradation
Glycogenolysis Amino acid degradation (muscle and liver)
(Muscle and liver) (Muscle and liver)

Glycolysis all cells) K bodies
Glucose-6-P » Pyruvate etone bodies

(Muscle and liver) R ver) {mitochondria) Most cells with a

Goﬂeoge“ few exceptions
GW
Acetyl-CoA ~ A _cve
Glucose . . h All cells “fltn few ’ T(A C} Lle
Fatty acid synthesis o exceptions
B-oxidation

(Liver and adipose tissue)
(liver and muscle)

Fatty acids
Triacylglycerol synthesis l T Lipolysis

(liver and adipose tissue) (adipose tissue)

triacylglycerol
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B. Exercise State

» Epinephrine rises during exercise» G protein pathway activated adenylyl

cyclase activatee» cellular cAMP — protein kinase A activated (i.e.

cAMP-dependent PK)» relevant enzymes phosphorylatedchanges in
cellular metabolic reactions:

o Lipolysist FA synthesig

o  Glycogenolysi$ glycogenesig

o Glycolysis| (1 in cardiomyocytes) glyconeogenesis
» Metabolic integration during exercise:

" Epinephrine
Exercise pinep
increase

Adenylyl cyclase G Protein

CAMP increase

Liver and Muscles Liver and Muscles

AMP-d dent
Glycogenolysis e G ~cepen ent) Glycogen Glycogenesis
. phosphorylase protein kinase A e d
lbCrease activated activated ¥ ecrease
Adipocytes only
Pyruvate kinase TAG lipase Lipolysis >
inhibited activated increase
Glycolysis
decrease
PFK2 inhibited, @ P
FBPase2 .
stimulated Beta-oxidation b':r"‘“}’ ?ud
increase - A '
increases
Gluconeogenesis
increase A
Less inhibition
Pyruvate
carboxylase — _—
activated
Malonyl coA FA synthesis
decrease s decrease
available
—
acetyl coA
) increase
Liver only

acetyl coA
carboxylase cellular AMP

inhibited increase

Liver and Muscles

Exercise
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» Regulation of glycogenolysis can also be perforineather ways:

\ Stress of exercise
Muscle surface / N
l ( Nerve impulses™
I . Stress hormones

/

Hormone receptor

ATP consumption

Release of calcium ions
(allosteric/covalent)

Intracellular signal transduction

AMP (allosteric) pathways (covalent)

\ !
Glycogen phosphorylase

glycogen » glucose

glycolysis

Exported to liver «——— lactate «——— pyruvate

*Epinephrine also stimulates release of Qfrom cytosol) through IPsignaling for
glycogenolysis (via protein kinase C pathway)
» Glucose-alanine (Cahill cycle)

o Transaminase removes amino
group from AA to formo-keto acid
for energy/gluconeogenesis

o Amino group transported to liver
by alanine

o Amino group disposed of as urea
and glucose regenerated by
gluconeogenesis from pyruvate

» Facilitation of anaerobic respiration by

Cori cycle

o Lactate generated by anaerobic
respiration in muscles (releases
ATP)

o Lactate transported to liver and
reconverted into glucose via
gluconeogenesis (requires ATP)

o Result: muscle ATP expenditure
relocated to liver
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. Fuel Consumption in Different Exercise Intensity

Heavy burst of energy:

O

O

O

ATP (muscle)
Phosphocreatine (muscle)
Glycogen (muscle)» glycogenolysis— glucose— glycolysis— ATP

Moderately intense activity:

O

O

O

ATP
Phosphocreatine
Muscle glycogen (aerobic respiration involving atistle phosphorylation)

Less intense but prolonged activity:

O

O

O

Glycogen (liver)
AAs (muscles) via glucose-alanine cycle
FAs (adipose tissues)

*Note expts show that human cannot rely 100% on FAs

C. Fed State

>

Insulin increases (while glucagon drops)signal transduction pathway
changes in metabolism

o o o o o o

Glycolysis?t (by 1F2,6R and activation of pyruvate kinase)
Gluconeogenesis (by 1F2,6B and inhibition of PEP carboxykinase)
Glycogenolysig (by inhibition of glycogen phosphorylase)
Glycogenesig (by stimulation of glycogen synthase)

FA synthesis'

Lipolysis and FA breakdowp(by inhibition of adipose tissue lipase and of
transport of FAs into mitochondria f@roxidation)

Muscle protein breakdowh
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D. Fasting State

>

Main concern: fuel has to be provided without dapieof blood glucose (affect

anerobic respiration + water potentiab) FAs, AAs and ketone bodies used

Glucagonincreases (while insulin drops} G-protein pathway activatee

adenylyl cyclase activatees cCAMP levelt — PKA activated—

phosphorylation of a variety of metabolic enzymeshange in metabolism

Glycolysis| (by |F2,6R and inhibition of pyruvate kinase)

Gluconeogenests(by |F2,6R and activation of PEP carboxykinase)

Glycogenolysist (by stimulation of glycogen phosphorylase)

Glycogenesig (by inhibition of glycogen synthase)

FA synthesig

Lipolysis and FA breakdowh (by activation of TAG lipase angdmalonyl

cOA reducing inhibitory effect on lipolysis)

o Muscle protein breakdownh

Consequence:

o 1 p-oxidation— acetyl coA accumulates

o PEP carboxykinase activated OAA converted to PEP> OAA|

o Acetyl coAT + OAA| — TCA cycle cannot handle all acetyl ceA acetyl
COA rerouted to Ketogenesis pathwayketone bodies generated

o Tacetyl coA— pyruvate carboxylast— pyruvate rerouted to
gluconeogenesis pathway to form OAA

o o o o o d
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L15 Nucleotide Metabolism

A.

>

Structure of Nucleotides and Variants

Nucleotide phosphate + 5-C
sugar + nitrogenous base
Number of phosphates
bound to nucleoside can
vary from 1-3 to store
different amounts of
energy

Nucleoside 5-C sugar +
nitrogenous base
Adenosine, thymidine,
uridine, guanosine,
cytidine

Two types of bases:

Purine: two rings (A,G)
Pyrimidine: one ring (C,
T, U)

Two types of sugars:
Ribose: used in RNA
Deoxyribose: used in
DNA

O

O

O

O

O

O

Sugar

Sugar

Base

Sugar

Nucleic acid polymer of nucleotides
Nucleotides can also have added complexities féerdnt functions:

O
adenosine

PURINES
W
N " i H
W
L 1 1
W H

Pusinie: Adenine

PYRIMIDINES
"

N, b

" H

Pytirmidine Cytosine

. o HO—

Nicotinamide adenine dinucleotide (NAD): Nicotinamide + 2P+

Flavin adenine dinucleotide (FAD) riboflavin + 2R + adenosine
Coenzyme A B-mercaptoethylamine + pathothenic acid + 3’-P-ADP

UDP-glucose Glc + 2R + uridine (facilitate glycogen formation)
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Ribose Deoxyribose

deoxyribonucleotide monophosphate
(dNMP)

° Pi Deoxyribose

deoxyribonucleotide diphosphate
(dNDP)

Nucleoside Monophosphate (NMP)

Ribose

Nucleoside Diphosphate (NDP)

°°° Ribose Deoxyribose

deoxyribonucleotide triphosphate
(dNTP)

NADPH,
ribonucleotide
reductase

Nucleoside Triphosphate (NTP)

B. Functions of Nucleotides

1) Metabolic work: Nucleotides switch from high enefgym to low energy form
to release energy for metabolic work;

2) Hormone-like molecules: adenosine receptor foundamy cells:
cardiomyocytes, neutrophils, endothelial cells, mmphages etc;

3) Molecular timers: GTP-bound protein is switchedlffconversion into
GDP-bound proteir> can act as enzyme regulator

Breakdown

of GTP
GDP-bound protein
(inactive)

GTP-bound protein (active)

GTP GDP

4) Synthesis of nucleic acids:
RNA from NTP via RNA polymerase (transferal of gen@afo)
DNA from dNTP via DNA polymerase (preservation ehgtic info)
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C. Metabolism of Nucleotides

» Supply of high-energy forms NDP/dNDP receives a Rom ATP (sometimes
GTP) to form NTP/dNTP
» Supply of deoxyribonucleotidesNDP are converted to dNDP using
ribonucleotide reductase and NADPH
» Supply of dTMP: from dUMP using tetrahydrofolate

NADPH

NADP

Ribonuclectide
reductase

‘ For DNA synthesis Tl

ADP
GDP
uppP
CDP

dADP
dGDP
dUDP
dCDP

[+]
F
HN |
oy
H
Fluorouracil

HaN_ N

0O—CH3

H3CO M. _NHZ
i

HyCO X N

NH,
Trimethoprim

[ | 5
\rﬁ\["lj“@‘ﬁ il

C—NH—CHCH ,CH €00
cis

Methotrexate

enzyme inactivators

dUTP —= dUMP

dihydrofolate
K tetrahydrofolate

*Anti-cancer drugs target regeneration of tetrabjolate— dTMP cannot be
produced— DNA cannot be synthesized cell division inhibited
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De novo synthesisnucleotide synthesized by body from other subestra

O

O

O

5-C sugar from glucose
Nitrogenous base synthesized from AAs and othetamis
Metabolically costly (need ATP and other nutrients)

Purine nucleotide metabolism purine nucleotides degraded to uric acid and
secreted— continuous loss of nucleotides

O

Salvaging pathway in place to recycle nucleotides

— Brain relies heavily on salvaging pathway to mamteomeostasis
(since de novo synthesis activity is low in brain)

When faulty— depletion of purine bases impaired brain development

Lesch Nyhan syndrome

defects (due to gene

O

mutations)
nucleotide / \\‘
~ intermediates $_,__ﬁ§r1zymes salvaging ceases
/ hypoxanthine/guanine \
1 channeling of purine bases
purine nucleotides d _-“ i to uric acid formation
\ ph;:%:‘u?rwp removal olnbose_.-/' . o \
burine nucleosides™ depletion of purine
bases
salvaging pathway ) L - impaired brain
especially important for brain cells Uric acid development
aexcrated in urine l’

Lesch Nyhan syndrome

Also note when uric acid excretion is inefficiepturic acid accumulates in
circulation— uric acid crystals form at joints> gout
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L16 Nutrition: Vitamins and Minerals

A.Vitamins
» Vitamins: naturally occurring organic molecules which agquired in small
amountsfor the normal health and functioning ofttbenan body and must be
provided in the diet
» Types:
o Fatsoluble: A, D, E, K
o  Water soluble: B By, B; (niacin), B (pathothenic acid), £ By (folic acid),
B, C
» Deficiency:
o Possible causes:
— Inadequate intake
Malabsorption due to disease states
Increased tissue needs (eg pregnancy, fever, dgbet
Inborn errors of metabolism (causing altered enzgffieity for
coenzyme)

VLl

o Usually lead to characteristic symptorhggovitaminosis/
hypervitaminosis)
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1. Vitamin A

Definition

A group of chemicals including retinogtinal, retinoic acid and few
carotenoids that aids in retina detection of light

Structure

M

B-carotene @ cl?
M C-H
T

2 molecules of retinal (vitamin A)
Retinol

M CH,OH

Retinoic acid

w C-OH

Function

Retinal is an essential light-sensitive molecular compoén
rhodopsin pigment (visual purple) [photopsin in eshin the
photoreceptors on the retina. Light changes retioat trans form to
cisform, leading to its release and a subsequenersggnal to the
brain:

11-cis-retinal

\" ‘ Lighll ’,‘.

J:xn‘v‘t&t/‘v

' All-trans-retinal & g

Vitamin A Hostety

Retina cells

(rods and

Opsin Retinal

Some retinal is lost
from cycle. This
must be replaced by
refinol from the
bloodstream. It is
Light causes a change in Rhodopsin is then rebuilt after converted to retinal
retinal and retinal is in furn forming retinal back inte its in the eye.
released (trans form). This original shape (cis form).

change in rhodopsin o opsin

and frans refinal in turn

inifiates a signal to the brain.

Retinoic acid also serves as a hormone-like growth factor for
epithelial and other cells.
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Deficiency

| excess
| DEATH
Liver toxicity
Bone fractures
*Xerophthalmia: failure to produce tears by eyes
2. Vitamin D
Definition | A group of chemicals that promotes iniesl absorption of several
minerals especially calcium and phosphate.
Structure Cholecdlciterol

(vitamin D,)

Action by liver and
kidney to yield the
final product

1,25 (OH), vitamin D, (calcitriol)
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Function

Mediates (stimulates) &aand PQ* absorption from intestine and
deposition in bones (together with parathyroid hamenPTH)

~

N

[ Sun |
Ultravialet &
|igh/f/: :
)
Ulfmvmiel I|ghl
on'l su -
3 Lumisterol
= o wermn D.a I <::I toch '5"01
in the s n
Vh:mln D bound |
Ej;::js rcm'.lln
Metabolism
by liver 1o
25-0OH vitamin D
Metabolism
by kidrey 10
1,25 DOH vitamin D

J

Active vitamin D hormeone:
1,25 DOH vitamin D [calciiricl)

4 —— 1

lissues
Kidney Bone Intestine Bt
S:"linuh'idas rg::ge :nkih‘iulr:_lm
Works with colciim 0o il
Em’h’md sarum :d:iuju:r.ig Absarbs m:“:mbhodh;hr
fmone o  aids in bona calcium and ovaries, uerus,
reobos | | minerlzaion by | | phosphorus ey ond
S high beed cokirs ather body fssues
and phosphorus
Deficiency | Deficiency: rickets syndrome in childressteomalaciain adult
|/ excess *Rickets syndrome: poor bone mineralization befdosure of

epiphyseal plate

*Osteomalacia: bone softening due to inadequafé &al PQ*.
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3. Vitamin E

Definition

A group of chemicals (including tocopbés) that protects biological
membranes from oxidative damage

Structure

a-tocopherol

Function

Normally, @is reduced as in Or 4€ + 4H — 2H,0.

When there is not enough & is not fully reduced- reactive
oxygen species (ROS) formed (eg’,Q0)

Vitamin E helps provide dor reduction of ROS:

ROO. + TocOH— ROOH + TocO.

ROO. + TocO— ROOH + non-free radical product

*Note that ROO. is lipid peroxide, ROOH is its nmactive form ang
TocO. is relatively stable radical

Se

Glutathione
peroxidase

Various :> Various
peroxides alcohols

. Stabilized
fiva Vitamin E lquenchedf
radicals > free radicals
Q
0
U Domaged cellular
membrane or

Cellular cell structures

+

*Selenium (Se) is a cofactor for glutathione pedase

Deficiency
| excess

Deficiency: skin diseases especially over-sensjtita light
Deficiency is uncommon (rice is rich in vit E), sedary deficiency
may be due to malabsorption or liver diseases
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4. Vitamin K

Definition | A group of chemicals (including phyllomone) that is needed for blog
clotting
Structure
phylloquinone
Function Vitamin K is required for the synthesisotdod coagulation factors Il
(prothrombin), VII, IX and X by the liver
oy Extrinsic path
Intrinsic pathway | Tissu: in'::rsyuc;:es ?:i:glion
Blood vessel amag‘e causes of the clofting cascade b
initiation of the clotting releasing certain bl
process proteins
Vitamin K acts at Vitamin K acts at
two of these steps one of these steps
Prothrombin
activating factor
Preprothrombin - Prothrombin i Thrombin
Vitamin K Fibrinogen 4 Clot formed
acts at this step (soluble —(irrslglru:gle > usi:g ,hr,:;ds
protein) protein) of fibrin protein
that trap blood
cells, platelets,
and fluid
Also involved in carboxylation of glutamyl residues
(Glais required in some clotting factors in clotticascade)
Deficiency | Deficiency: hemorrhagic disease in newborn
| excess
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2 NADPH

5. Vitamin B :
a. Vitamin B, (thiamin) T T MY

1
¥ | (transketolase)

» Thiamin pyrophosphate (TPP) e e
coenzyme opyruvate dehydrogenase Toi } e
anda-ketoglutarate dehydrogenasge ”'%L
also activatetransketolase(in PP AEH Forwnti Dubeyrmptnase
pathway) }—\

b. Vitamin B, (Riboflavin (FMN)) f g

» Flavin adenine dinucleotide (FAD) \ Mj;mgmale
Riboflavin + 2R + adenine N

o Repoalofanle  Debaydre
S Succinyl CoA 3 L‘J j“MH

Riboflavin

0
/=N
~OrNAy
]
HO  oH NN

» Used as redox cofactor in cell metabolism (esplgaialelectron transport chain)
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c. Vitamin Bz (niacin, nicotinic acid)
» Derived to form nictotinamide (+Nfand then NAD or NADP' as redox
cofactors in cell metabolism
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. Vitamin B¢ (pyridoxal phosphate and derivative)
Pyridoxal 5’-phosphate cofactor for many enzymes in metabolism (incl.
transaminase, biosynthesis of 5 important neurstrgtiters and glycogen
phosphorylase)
Structure:

Action:
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e. Vitamin By (folic acid)
» Structure:

» Acts as a coenzyme ftransfer of 1-C units in synthesis of purines
thymidine, serine and methionine
» Action:

2NADPH 2NADP*

Folic acid \ j

Folate reductase

FH, 1-C-derivative
One-carbon fragment
(formyl, methyl, ete.)

1-C-FH,

1-C-fragment acceptor

) >< FHq ‘X B
dUMP FH, 2NADP*
f. Vitamin By, (cobalamin)
» Functions:
o Intermediate in generation of methylated compouedanethionine,
thymine)
o Reducing ribonucleotides to deoxyderivatives
» Deficiency: pernicious anemia

o Reduction in erythrocyte formation
o Disorders in Gl tract and nervous system

FH,
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6. Vitamin C (ascorbic acid)

4

o o o o o o

O

O

Function:

Hydroxylation of proline in collagen synthesis connective tissues
Degradation of tyrosine

Synthesis of epinephrine from tyrosine

Bile acid formation

Absorption of iron

Water-soluble free radical scavenger (due to reduproperty)

Deficiency:scurvy

Inability to form stable collagen> connective tissue weakness
Bleeding of mucous membrane, spongy gums, browts sposkin

*Various types of antioxidants in body:

v Uric acid

e amin C Viamn E
copper|

- - . .
( arotenoids eruvloplasmin |bingc
\ - -

Peroxisome ~

mc/co[:ie
superoxide dismuta Q—»’_
/ Mlhxhondna {K\ E

——

| of
Cois Vitamin C

body cell

-

Manganese-

_\‘x_

s . . |
Aransrerrin (DINGs ironj |

e

Catalase

superoxide

dlsf““'“

—

W
| |DNA repair Vitamin E
enzymes
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. Minerals

Requiring >100mg/day:

o  For tissue structures: Ca, P

o For cellular/ECF: Na, K, Mg

Requiring a few mg/day:

o Enzyme activators, prosthetic group of proteins:@Ge Zn, F, Mn

Requiring a fewug/day:

o Regulatory or catalytic processes: |, Se, Mo

. Calcium

Functions:

o Structural: important component of bone

o Important regulator of intracellular processes:
— Muscle contraction
— Ca-dependent intracellular signaling processegreigin kinase C
— Blood clotting

Deficiency:

o Osteomalacia due to inadequaté’Gmd vitamin D (more susceptible in
pregnant woman)

o  Osteoporosis: complete loss of bone tissue in sanadls within the bones
— porous and brittle bones
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2. lron
» Functions: a wide range of functions connected wiildative reaction
o Oxygen uptakein haemoglobin and myoglobin
o  Electron transport in cytochromes and ferridoxins
o Activation of oxygern oxidases and oxygenases
o Activation of nitrogen: nitrogenases
» Proteins for iron transport and storage:
o Ferritin
— Stores iron as mobile, diffusible fractions
— May hold up to 4500 molecules of ferric ions
— Greatly elevated in iron overload
o Transferrin
— Essential for efficient distribution of iron
— Plasma concentration rises in iron deficiency

Iron ingested

.nl

Iron lost as
Gl tract cells
are slouqhed off

(mucosal block)

cells (RBCs)
to |ron oss, as
in menses

@ NOOUS )

3. Sodium

» Functions:

o As an electrolyte

o Maintain osmotic balance of body fluid

o Maintain electrophysiological state of cells

o  Conduction of nerve impulse
» Deficiency: muscle cramps, nausea, vomiting, deg#) shock and coma
» Excess: risk of hypertension
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L17 Cell Membrane Transport

A. Plasma Membrane

» Cell membraneseparates intracellular fluids from extracellulaids

» Note that many substances occur at very differententrations across cell
membranes~ selective permeability and transport of substahedss maintain
the gradient for survival

» Selective permeability regulatgge andrate of molecule traffic into and out of
the cell

» Note that HO can pass through phospholipid bilayer because it iagllsemough
to squeeze through between phospholipid molecules

B. Transmembrane Transport

. Physical Transport

Does not require a living cell nor outside energy
Example: passive diffusion, osmosis

Passive Diffusion
Diffusion: random movement of molecules from a higher toveel
concentration until equilibrium is reached
A passive process for molecules to travel acrasembrane
No energy and special proteins
Non-polar and lipid-soluble substances diffusediyethrough the lipid bilayer
Small lipid-insoluble substances diffuse througharafel proteins

Osmosis
Osmosis diffusion of water across a semi-permeable men#ra
Osmolarity: total concentration of solute particles in a solu (in osmole/L)
Osmolality: total concentration of solute particles in a solu (in osmole/kg)
Tonicity : osmotic property of a solution (isotonic, hypatgrypertonic)

vV v v PR

VVY VvV VvO VvyVvyVvVvyy
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2. Biological Transport

» Requires a living cell and can either be activaijast conc. gradient) or passive

» Example: facilitated diffusion, active transpomgdecytosis and exocytosis

a. Facilitated Diffusion

» Diffusion of large, polar molecules (eg simple ssgacross the cell membrane
using protein carriers

b. Active Transport

Use of ATP to move solutes across a membrane watieip carriers

» Primary active transport: transport substances by conformational change of
protein carrier with energy from hydrolysis of A{& N&a/K* pump)

» Secondary active transport transport substances by conformational change of
protein carrier with energy from electrochemicadjent (energy from bring an
ion ‘downhill’) (eg Na/Glc symport transporter)

» Direction of transport:

v

o  Symport system two substance ares moved across a membrane saithe

direction
o Antiport system: two substances are moved across a membrane asitpp
directions

» Example: N&¥K* pump:
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c. Vesicular Transport

» Vesicular transport: Transport of large particles and marcomolecutgess
plasma membranes using vehicles

» Exocytosis vesicular transport of large particles OUT of ted
o Examples: neurotransmitter release, hormone andisrggcretion

» Endocytosis vesicular transport of large particles INTO tledl ¢
o Examples: macrophages and WBCs (phagocytosis)r@hsoof nutrients

(bulk-phase endocytosis)

» Receptor-mediated transport uses clathrin-coated pits as major mechanism for
specific uptake of macromolecules
o Examples: iron, insulin, enzyme, LDL absorption

Extracellular Q {; lasm 3 & !
fluid o o > F’Iasma—é Fluid containing
o ;«ﬁﬁw" “Food” or 5 o Membrane 3 dissolved solutes
o_ ; . 3
o Yofs other particle uervimm. Q o (e,
40 g{wﬁ,ﬂ"‘ 2 ’:,7’5'; }ﬁm!rﬂ‘*w\;;}g a Oo & 0‘. : .,..xf,l' c--.,:‘.:‘:zr fff;ﬁo‘“‘; N
Q gt - e o % 20 ex 07
N ) B L) BRI X ma 5
aff .
o '3,2 i‘v _:1;':‘-‘ T ; = Q Q Qf*“““*.” rﬂ_){\oel\"!' o “’.'-l'a.‘w::_.x'_f,f
O R W ﬁ‘a"ﬂm‘wﬂ""r @ o £ asies A
9 oYW, e 'S od &
°4\3 Y o o 9209 Membranous
Pseudopod Z Phagosome o o % 3 vesicle
(a) Phagocytosis (b) Bulk-phase endocytosis
Exocytosis
24 o %?i Clathrin coated pit
. — -4 i
Receptor 3 S PR AR/
) W 5% ST
°% oo PRl 2 & ¢
o Q Q _-F‘“r j{ ’A Q Kt
o A %% o g
4 g HEPRTS
A | e ¥ 'O 1’%,'%%

be secreted Clathrin coated
4 vesicle

3
Secratory vestcl G i Ig‘

(c) Receptor-mediated endocytosis

» Endocytosis often followed by fusing phagosomewith lysosomefor digestion
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L18 Intracellular Communication:

Signal Transduction
A. Overview on Signal Transduction

EXTRACELLULAR SIGNAL MOLECULE

RECEPTOR PROTEIN

— plasma membrane of
target cell

Signal transduction: process of sensing external stimuli
and conveying the information to intracellular targets

INTRACELLULAR SIGNALING PROTEINS
(adaptors, transducers)

/1IN

x - @====f)  EFFECTOR PROTEINS

metabolic gene regulatory cytoskeletal
enzyme protein protein

l l l (Molecular Biology of the Cell,
altered  alteredgene  Aitered cell see slide 30 for legend)
metabolism expressgion SuRfe S

movement 4

» Three steps of signal transduction:

o Ligand-induced receptor conformation change
— Receptor dimerization

o Information-relaying by second messengers
— CAMP
— DAG/Pl3
— ca&'

o Regulatory changes in metabolism
— Protein phosphorylation
— Protein ubiquitination
— GTP binding
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Signal Epinephrine Insulin Epidermal growth
l factor (EGF)
B-Adrenergic Insulin
Reception = receptor receptor EGF recepior (EGFR)
Amplification ‘ I.'

Transduction :

; / J‘ \ _,_--“'lEnergy-store Glucose Cellular

’_“" mobilization uptake T —

Response(s) - g

(Biochemistry 6™ ed; see slide 30 for legend)

\1) Release of signaling molecule —» 2) Reception — 3) Signalf
transmission and amplification (second messengers) —» 4) Activation of
leffectors —» 5) Termination of signal (feedback inhibition)

1. Ligand-induced receptor conformation change
» Ligand binding drives receptor to the active confation (eg by dimerization)
» Example: ligand-induced dimerization of EGFR (EGF:

1
epidermal growth factor) ' Domain |
o  Dimerization allows Tyr kinase to phosphorylate Tyr

(Y) residues on each other

o Phosphorylated Tyr domains can bind SH2 domains
downstream proteins> cellular growth

o Clinical applicationtrastuzumab (monoclonal
antibody) blocks EGFR dimerization

— | cellular growth signals

165
Damain Il
10
480
— target for cancer treatment
Y 953
Y Regulatory
4
" 1186

Domain HI

Domain IV

Transmembrane
Juxtamembrane

Tyrosine
Kinase

Region
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. Second Messengers

Concentration of second messengers can increasegorase occasionally) in
response to ligand binding to recepterdiffuse to regulate activities of proteins
at a distance

Examples: cAMP, cGMP, DAG, fand C&"

Formation of cAMP (by adenylyl cyclase from ATP):

Adenylyl
cyclase
(active form)
Adenine Adenine
0 (o] (o]
[I II |
-o—l‘? o—rl’ o—lla 0—CH, o0 B cH, o
o- o_ o_ /$ o% P/
o
OH OH OH
REP Cyclic AMP

Formation of DAG and I?(by phospholipase C (PLC) from BJR minor
component of phospholipid bilayer):

0,

o ]
S/ oH ©POF
{_HO 0PO;"

0o H

Phospholipase C
—_—

2
on 9PO:
+ HO 0PO;*

Diacylglycerol (DAG) Inositol 1,4,5-trisphosphate (IP;)

Figure 14.12
Biochemistry, Seventh Edition
© 2012 W. H. Freeman and Company
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3.

Metabolic Regulation Mechanisms

a. Protein Phosphorylation (and Dephosphorylation)

>

vV vyyvyy

v

A phosphate group (Fis added to a hydroxyl-containing AA residue.(Ber,

Tyr, Thr) to modify its activity

Catalyzed byrotein kinase andprotein phosphatase

Source of Pusually from ATP to compensate for laty@ of phosphorylation

Can take place in less than a second or over acfgayurs

A single activated kinase can phosphorylate margetaroteins— highly

amplified effect

Kinase inhibitors can be used to understand ard tneman diseases

Example: Bcr-Abl tyrosine kinase

o Normally well-regulated

o Mutant form is always activateer unregulated cell divisior> cancer

o Bcer-Abl inhibitor Imatinib blocks ATP binding to B&bl kinase—
anti-cancer effect

Example: EGFR tyrosine kinase receptor

o Normally important in cell cycle, cell proliferatidmaturation, apoptosis,
angiogenesis and metastasis regulation

o  Constitutively activated in many cancers due toatiohs (EGFR level
regulated by ubiquitination)

o Tyrosine kinase inhibitors that blocks ATP bindsitgs can be used to treat

cancer patients with mutated EGFR gene
o EGFR signaling can also be inhibited by monocl@mibodies

b. Ubiquitination

» Ubiquitin (a protein) is used to ‘mark’ protein for protesily

» Afew ubiquitin subunits form a chain and attachpooteins (polyubiquitination)

c. GTP binding

» GTP-bound proteins switch between an active staenvG TP is bound and an
inactive state when GDP is bound

» Activation is achieved b¥sTP binding while inactivation is achieved by
hydrolysis of the bound GTP unit

» Example: Ras GTP-bound protein

o Ras signaling regulated by GTP binding
o Mutant Ras in cancer constitutively binds GTP att@DP
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. G-Protein Coupled Receptor Pathways

G-protein coupled receptor (GPCR) important class of receptors that binds
G-proteins

G-protein: GTP-binding proteins responsible for acting asetwar switches
o Has Gy, GB and G subunits

o Ga subunit: the GTP-binding part

o G and G subunits usually associated together

. Main Mechanism

Peesting (GEA-Bound) Stote

LTTRT
Ligarvi-dissactation and |
WMW nukde v iredoriy- e
0

- e i !E% Feegpalartor of Grprotein
arc 1 ] i
“!; fﬁ"“"""m 2 * Pnorgink Phaiphes] @ Effector (Enzymes, etc)

1)
2)
3)

4)
5)

Primary ligand binds to GPCR> Go releases GDP and acquires a new GTP;
GTP-Gu and GBy subunits detach from GPCR,;

GTP-Gu and GBy subunits bind to transmembrane intracellular éffescto
produce downstream effect;

Ga soon hydrolyzes GTP into GDP inactivation — re-association with &;
G protein recombines with GPCR- activated if ligand is still present.
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2. Main Classes of GPCRs and Their Effects

» Three main classes of GPC8s (stimulatory),Gi (inhibitory) andGq
a. Action of Gs Proteins

Stimulatory Inhibitory Lj
> MeChan|Sm o hormone :;::eI::;yl hormone
1) Activation of Gs-associated receptors \ _
causes Gssubunit to activatadenylyl M s, U ! i
cyclase . s (GsGpp | & iy GTP )| GDP G‘j" L4
2) Adenylyl cyclase converts cytosolic ATP L4 “T( Soa g L)
i . GTP GDP
into cAMP (and pyrophosphate); R
3) cAMP binds to and activatgsotein oroten | CAMP
kinase A (CAMP-dependent protein ool g ol
kinase, PKA), " lt i Phosphodiesterase
4) PKA phosphorylates a variety of iy
downStream target prOteInS to prOduce Protein— OH —>Prutein—@-w~> Cellular response
Ce”ular effeCtS’ e To0e Paarson remtoe ot tnc

5) cAMP is then converted phosphodiesterasénto 5’-AMP to prevent
constitutive activation.
» Example:B-adrenergic receptor
» Downstream targets of PKA:
o L-type Ca® channelsin cardiac muscles> stimulatory
o Myosin light chain kinase (MLCK) in smooth muscles> inhibitory
o  Phosphorylase kinasevhich goes on to phosphorylaggcogen
phosphorylase — stimulatory
*Note that although both smooth muscle and striated muscle contraction are
controlled by intracellular calcium levels, smooth muscles lack the troponin complex
found in striated muscles and thus rely on MLCK (activated by cal cium-calmodulin
complex) for calcium-dependent contraction.
b. Action of Gi Proteins
» Gia subunit binds to and inhibits adenylyl cyclasaact— |cCAMP
» Examplesuny-adrenergic, Mand M, muscarinic
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c. Action of Gq Proteins
» Mechanism:

1) Gaqa subunit activates %

phospholipase @ (PLCp);

2) PLCp cleaves PIRPon plasma
membrane into IP(released) and
DAG (membrane-bound);

3) IP3 bindsIP3 receptor at ER
— Cd" release from ER stores;

4) DAG activates downstream
protein kinase C (PKC)which

phosphorylates downstream
protein for cellular effects.

» Example:a; adrenergic (vascular
smooth muscles), MMz and M;
muscarinic

» Intracellular calcium level is
normally tightly controlled by
SERCA (at SR) andNa'/Ca**
exchange (NCX)

o  RyR binds calcium and
causes Ca-induced Ca
release from SR

G protein in ER membrane

Cal+
O Ca1+-"fj * Entloplasmic
= * Reteulun

GECR = & prodelo roupbed vecepion
PRLC = proteln Kinase ©

PLC-P = phaspholipas: &f

Cad = caliodnlin

Receptor tyrosine kinase

Sodium-calcium
exchanger

> caZ¢ *
R385 ‘\9
t
e
Mitochondrion \

1P, receptor
channel

</ myanodine ||
receptor
channel

Calcium inER i

Calcium ATPase

Calcium ATPase

G protein-linked Sl in plasma membrane

receptor = e
Ca* " calcium
channel

» Increase in cytosolic Galeads to C& binding withcalmodulin to form

calcium-calmodulin complex

— binds downstream protein kinases and phosphatagesduce effects

» Examples of Ca-CaM targets:

o MLCK in smooth muscles> main mechanism for sm contraction control
o NO synthasein endothelium— NO production— diffuse to vascular sm
— activates guanylyl cyclase> 1cGMP — protein kinase G activated

— smooth muscle relaxation
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L19 Cell Proliferation — Cell Division
Cycle

A. Cell Proliferation
» ~10"cells in the body developed from one cell (zygote)

» Note various irreversible changes in cells duriegedlopment:
o Differentiation: Cells become more differentiatesl specialized during
development
— Cell potency. Ability of differentiation into other cells
— During development, totipotert pluripotent— limited potential
o Proliferative: cells become less proliferative

» In adult,
o Cell lost or died = cells reproducesd natural turnover with no negtin cell
number
o Cells replaced by differentiated progeny (offspyinfproliferative stem
cells

— Intestinal cells, WBCs: ~3-5 days, continuous regation
— Skin cells: 2-4 weeks, continuous regeneration
— RBCs: ~4 months, continuous regeneration
— Brain cells: slow loss with little regeneration
» Cancer results from genetic alterations that leaabnormal regulation of cell
divisions:
o Benign tumour: excessive proliferation in defiané@ormal constraints,
remain clustered
o Malignant tumour: invasive and colonize other sites

B' Ce” CyCIe Gz CHECKPOINT
» Cyclic process with defined events Is all DNA replicated? kit hernichon b A%
h h . . f d Is all DNA damage repaired? SO BUBLICATED
(phases) happening in a fixe _ENTER MITOSIS | ‘CHROMOSOMESAPART
y =
sequence. c—>S—>-G—->M->G L /

M

com:h
/ GT

S

CHECKPOINT IN MITOSIS

o Gy, G (gap): preparative stages,
cell growth

o S (synthesis): DNA replication

o M (mitosis): nuclear division and

cytokinesis B
> Interphase G]_ + S + GQ Is environment favorable?

G, CHECKPOINT
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. Checkpoint System for Cell Cycle

Specific points along cell cycle can be stopp¢  aAssemble Complete
mitotic spindle cell division

1 oo

[EnTeRm1] [ExTFROM M 1]

upon sensing of unfavourable signals

Examples of unfavourable signals:

o Intrinsic: cell size, DNA damage, extent ¢
DNA replication, proper alignment of
chromosomes on mitotic spindle

o  Extrinsic: environmental signals (soluble
factors or factors presented on cell

surface) Sian
. Cyclin Control of Cell Cycle i
Cyclins: group of proteins that control the cell Replicate: DNA
cycle through cyclin-dependent protein kinases
(Cdks)

Cyclin-dependent protein kinases (Cdks)

Catalytic subunits that require association with

cyclins (regulatory subunits) to become active

serine/threonine kinase

o Cyclin binding confers substrate specificity to
the kinases

Different cyclin-cdk complexes are cyclically aated in a cell cycle

phase-specific manner (cyclin levels fluctuate qaidally) — phosphorylate

different target proteins»> regulates cell cycle

o G1 cyclin-cdks (cyclin D-Cdk 4/6) phosphorylate plehading to
transcription of cyclin E and other genes neededfdA replication—
enter S phase

o S cyclin-Cdk (Cyclin E-Cdk2) further phosphorylageRb to drive S phase
entry (positive feedback)

o M phase cyclin-Cdk (Cyclin B-Cdk1) phosphorylateglear lamins and
other proteins— breakdown of nuclear envelep M phase entry
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e

G,
ACTIVATE INACTIVATE ACTIVATE INACTIVATE
S phase S phase mitotic mitotic
cyclin-Cdk cyclin-Cdk cyclin-Cdk cvx:iln.-c‘dk
T T complexes complexes T T T T

cell dameged incommietoly cell damaged or chromosome
below DNg Splioated below incompletely unattached
critical (p53) DNA critical replicated to mitotic

size size DNA spindle

unfavorable extracellular environment

» Regulation of Cdk activities:

o Periodic synthesis
(regulated transcription)
and degradation
(regulated proteolysis of
cyclins

o Phosphorylation/dephosp
horylation by other
kinases and phosphatases

o  Cdk inhibitors (CKIs):
CIP/KIP and INK4
proteins that mediate
DNA-damage
checkpoint control

» Mutations of cell cycle

regulators may lead to cancer
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L21 Thermoregulation

A. Normal Body Temperature
» Body temperature is maintained at a stable levedhibge temperature affects
speed of metabolic reaction
» Balance between heat production and heat lossndietes core body temperature
» Various parts of body set at different temperatures
o Core body temperature (3% 0.5C)
— Regulated by thermoregulatory mechanisms
— Displaysdiurnal rhythm : lowest in predawn hours and rises in the
afternoon
— Rectal temperature is best representative of emnpérature
o  Surface temperature
— Fluctuates widely in healthy adults depending ovirenmental
temperatures
— Temperature of extremities cooler than rest ofibey

1. Heat Galin

» Heat gain = heat production + heat transferred feowironment
» Heat production from:
o Basal rate of metabolism
Muscle activity including exercise or shivering

O
o  Extra metabolism by effect of thyroxine on cells
o  Extra metabolism by effect of epinephrine, norephrene and sympathetic
stimulation on cells
o Extra metabolism caused by increased temperaturedyf (due to heat gain
from environment)
» Most heat produced generated in the deep orgatransferred to skin

2. Heat Loss
» Heatis loss from the skin by radiation, conductimanvection and evaporation
of sweat (and insensible water loss)
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B. Body Temperature Regulation
» Temperature regulated by negative feedback meahanis

Control centre: temperature-regulating center istg@or hypothalamus
Receptors: peripheral thermoreceptors (cold/wacap®rs on skin), central
thermoreceptors (preoptic area in anterior hypathnals

O

O

Neural feedback mechanism in thermoregulation:

skin temperature core temperature
skin: peripheral central

+ “cold th t th ¢
receptors”; ermoreceptors ermorecepiors

+ “warmth
receptors”.

temperature-regulating center
(in posterior hypothalamus)

l

‘ effector mechanisms ‘

anterior

hypothalamus -

preoptic area:

» heat sensitive
neurons;

* cold sensitive
neurons.

deep tissues:
“cold receptors”.

appropriate responses involving physiological and

behavioral adjustments

1. Temperature Sensors
a. Thermoreceptors in Hypothalamus
Anterior hypothalamic-preoptic area contains large numbers of heat-sensitive

>

neurons and about a third as many cold-sensitiueons

O

O

O

O

Heat-sensitive neurorfsfiring rate when temp
Cold-sensitive neuronsfiring rate when temp

More sensitive to temperatyre- initiates heat-losing mechanism
Posterior hypothalamuscontains cold-sensitive neurons
Temperaturg — initiates heat-conserving mechanisms
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. Superficial and Deep Thermoreceptors

Skin contains both cold and warmth receptors

o  Cold receptors ~10x warmth receptessperipheral temp detection mainly
concerns detecting coldness instead of warm terpesa

o Rate of firingx to both rate of change of temperature and stetadg-s
temperature

o Receptors unevenly distributed: particularly higimsity of cold-receptors
on face (esp tip of nose) and hands

Deep thermoreceptorspresent in certain part of body

o Mainly in spinal cord, abdominal viscera, greaingei

o Function differently from skin receptors (exposeaore temperature)

o Mainly detect cold rather than warmth

Likely that both types are concerned with preveptigpothermia

. Temperature-regulating Center
Signals that activate the hypothalamic thermordguyecenter come:
o  Temperature-sensitive cells in the anterior hyplatnas
o Peripheral temperature receptors, especially audptors
Reflex effector mechanisms activatedvwsgrmth controlled primarily from
anterior hypothalamus
Reflex effector mechanisms activateddmjdnesscontrolled from posterior
hypothalamus
Temperature signals from preoptic area and pergblieermoreceptors are
integrated and compared to the set-point valymosterior hypothalamus any
difference— trigger heat-conserving/heat-losing mechanisms

. Temperature-regulating Effector Mechanisms

. Response to Heat

THeat loss

o Vasodilation of cutaneous arteriolegby inhibition of sympathetic centers
in posterior hypothalamus that causes vasoconetr)ct

o  Sweating increase heat loss by evaporation

| Heat production:

o Anorexia (loss of appetite)

o Apathy andinertia (inactivity)

Behavourial responsechanges in clothing, choice of surroundings, €ase

voluntary activity
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b. Response to Coldness
» | Heatloss
o  Cutaneous vasoconstrictior(by stimulation of sympathetic centers
o  Piloerection (contraction of arrector pili muscles piloerection—
improves insulation)
» 1 Heat production:
o Hypothalamic stimulation of shivering:

— Primary motor centre located in dorsomedial portbthe posterior
hypothalamus near the wall of the third ventricle

— Normally inhibited by heat center (in anterior hitpelamic-preoptic
area), excited by cold signals from skin and spooatl

— When body temp < critical temperature levelshivering center
activated

— Signals transmitted throudhlateral tracts down brain stem- lateral

columnsof spinal cord— anterior motor neurons — 1 tone of
skeletal muscles throughout body
When tone > a certain critical level, shivering ipsg
Body heat production canas high as 4-5x normal during max
shivering

o  Sympathetic ‘chemical’ excitation of heat productio:

— Chemical thermogenesis stimulated by increased agmefic
stimulation and circulating catecholamines (epimamh) dopamine etc)

— Ininfants, brown fat mediated chemical thermogenes

o 1 thyroxine secretion

— Long-term response (may take several weeks fopithygland to
hypertrophy before reaching new level of thyroxseeretion)

— Exposure to cold» 1TRH in hypothalamus~ 1TSH in pituitary—
tthyroxine secretion by thyroid glanré 1 cellular metabolic rate
throughout the body

*Muscle tone: residual tension of muscle
**Thermoregulatory response mainly dominated by ggthetic nerve, no role by
parasympathetic nervous system

l

l
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. Fever

Fever (pyrexia). an increased body temperature caused by elevatibiermal
set-point
Mechanism of pyrexia:

Infection, microbial toxins, mediators of inflammation
(pyrogens)
stimulate
monocytes / macrophages / endothelial cells / other cell types
release

pyrogenic cytokines
(e.g. interleukin-1, interleukin-6, tumor necrosis factor)

miqrobial l stimulate

toxins - —, release of prostaglandins (PGE,) in hypothalamus
/ l results in

antipyretic elevated thermal set point

drugs (e.g.

aspirin) l leads to

inhibits 1 heat production (shivering etc)

PGE, | heat loss (by peripheral vasoconstriction, etc)

formation

FEVER

Note that since set point is raised in pyrexiaefewill result inchills andrigors
(physical sign of shivering)

Pulsatile release of pyrogenic cytokines may asal tosudden reduction of
set-point — feels hot, vasodilation, sweating

Crisis: removal of pyrogen— | thermal set-point= body effects responses to
lose heat— vasodilation andsweating
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D. Hyperthermia
» Hyperthermia: increase in body temperature above thermal set-po
» Note difference in heat exhaustion and heat stroke:
o Heat exhaustion dehydration causing problems in negative feedback
system (skin is moist)
o Heat stroke temperature limit reachee depression in thermoregulatory
center— positive feedback (skin is dry)
— Strenuous physical exertion in high ambient tempeeaand humidity
— profuse sweating and salt and water depletion
— Dehydration +|BP — |blood flow to kidneys, splanchnic (organs) and
brain
— CNS symptoms? brain temp and cerebral blood flow— fatigue,
confusion, unconsciousness

Hot environment (+ physical activity)

Y
T body temperature —— > when limit reached (41°C)
] U
T sweating - thermoregulatory center depressed
U
T heat loss sweating
U
Heat exhaustion: body temperature T
» dehydration = weakness,
nausea, fainting; Heat stroke:
» treatment: increase fluid core temperature reaches
intake, shade, etc. ~41-42C

*Acclimatization to heat: body may get used to higimperature when lived in hot
regions for a long time

Physiological changes:

- Ttmax rate of sweating

- 1 plasma volume

- | NaCl concentration in sweat and urine (dué¢atmlosterone secretion)
**Hypothermia: core temp <3&, lethal when core temp <32 (due to arrhythmia)
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L20, 22, 23 Embryology:
Embryogenesis

A. Overview on Prenatal Development

AN OVERVIEW OF DEVELOPMENTAL EVENTS,
PROCESSES, AND ABNORMALITIES: TIMELINE

3B weeks

Parind of graatest
it

Embryonic period —
from third to the
eighth week.

FETAL MEMBRANES
Ih THAD MOSTH

Fetal period — begins at
week nine and continues
until birth.

L Bith
» Clinical (gestational) age time since mother’s last menstrual period (LMP)
» Postovulatory age clinic age — 14 days
» Three stages:
o  Germinal period: week 1-2, formation of primitive germ layers
o  Embryonic period: week 3-8, organogenesis
o Fetal period: week 9-38, organ systems grow and mature
» Three trimesters:
o First trimester: period of embryonic and early fetal developmemst
critical stage, rudiments of the major organ systegppear
o Second trimester complete development of organ systems
Third trimester : rapid fetal growth (most of organ systems arby/ful
functional during early stage of this period)
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. Gametogenesis

Gametes derived from primordial germ cells (PGC)
PGC in epiblast> yolk sac (2% week) — gonads (4-8 week) — mitosis,
stop at prophase (in yolk sa€} gametogonia (oogonia/spermatogonia)

a. Oogenesis

>

3 moth of development oogonium— mitosis — primary oocyte— arrest

at meiosis | prophase

First half of menstruation cycle primary oocyte— meiosis |— secondary
oocyte + first polar body— arrest at meiosis Il metaphase

Fertilization : secondary oocyte> meiosis Il — mature oocyte + second polar
body

Note oocyte surrounded loprona radiata (associated cells) armbna pellucida
(tough barrier for sperms, belongs to oocyte)

- Page 104 of 300 -



v

. Spermatogenesis
Entire process occurs after puberty
Spermatogonium— mitosis — primary spermatocyte> meiosis |—
secondary spermatocytes meiosis Il — spermatids— spermiogenesis>
sperm
Spermiogenesismodification of round spermatids to produce fumaal
(elongated) sperms
o Loss of cytoplasm
o Development of tail
o Formation of acrosome (cap)
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1)
2)
3)

. Fertilization

Fertilization : combination of genetic materials from haploidrspeell and
haploid secondary oocyte into a single diploid ausl
Site: ampullary region of uterine tube (#13 in figu

e
¥ oo

TS

4 3

. \ S
| e AL =
d \ Y e

; b
=
3

Functions:

Stimulate penetrated oocytedomplete 29 meiotic division

Restore diploidy

Initiation of cleavage andmetabolic changesn zygote

Sex determination

o  Confergenetic variability by random fertilization

3 phases of oocyte penetration:

Penetration oforona radiata by squeezing through by flagellum action

Penetration ozona pellucidaby secretion of enzyme from acrosome

Fusion of cell membrane (of oocyte and sperm)

Prevention of polyspermy:

o Cortical reaction: cortical granules of oocyte release contentsrlytic
enzymes and polysaccharides) upon first sperm adiost

o Zonal reaction: contents released in cortical reaction hydrolyzasal
sperm receptors and render zona pellucida impéetra other sperms

Male and female pronuclei then fuse together topdeta fertilization

o o o o
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C. Cleavage

4

>

Cleavage Repeated cell division (mitosis) with little oo growth in early

embryo

Importance:

o Restore normal cytoplasm : nucleus ratio (note €yN ratio is very large
(to provide energy reserve) due to polar body faiong

o Active transcription and protein synthesis

o Changes from PP pathway (provide more buildingkdaeg nucleotides) to
normal glycolytic pathway (also callé&mbden Meyerhof pathway,
provide more energy)

o  Maternal recognition of pregnancy

o  Cell fate determination

Cell becomesnorula (a solid ball 0f~12 cells) and then undergoasmpaction

(formation of tight junction)

Blastogenesis
Cell become®$lastocystas zona
pellucida disappears and embryo ;
takes in fluid in oviduct to form a T
blastocystic cavity
Separation oblastomeres(cells
produced by cleavage) into two parts
o  Trophoblast: thin outer cell
layer, gives rise tembryonic
part of placenta
o Embryoblast: centrally located
inner cell mass, gives rise to the
embryo 0 00 0
Shedding of zona pellucida allows | '
blastocyst to increase in size

~ Zona pebucida i

D Marula

Embrycblast
" (inner call mass}

ol

—_ Blasiocystic __—
cavity
.

- -
et Trophoblast -

E Early blastocyst F Late blastocyst
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E. Implantation

Endometrial stroma

: \‘I\l "

4 A | ¢ _-Blood

’  vessel
C
~ £
s _‘——isyncwov

W ¢ trophoblast

\a

Inner cell mass Uterine epithelium Uterine stroma

Syncytiotrophoblast

Surface .

epithelium <0 » e

pithelium 1 £ ﬂ?!“”"‘
Cytotrophablast

"Blastocyst cavity

Hypobiast

Amniotic cavity

v&; Cytotrophoblast

#&~Embryoblast

Amnioblasts”’
Ej

N, C‘,._;-'.‘5‘\-()uler cell mass
h or trophoblast

Blastocyst (4-5 Days) Implanting blastocyst (6 Days) Implanted Embryo (7.5 Days)

» Attachment phase increase in vascular permeability in areastodma
(connective supportive framework in organs) undedytheconceptus(embryo
+ associated structures), oedema, change in ECNbpasition

» Invasion phase cytotrophoblast cells fuse together and erodacauijt
endometrial tissues

» Two germ layers formepiblastandhypoblast

*If blastocyst attach elsewhere- ectopic pregnancy(pregnancy outside uterus)

Possible sites: intestinalesentery(part of peritoneum that attaches organs onto

peritoneum), oviduct, ampullaternal os(internal narrowing of uterus at cervix) of
uterus
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F. Formation of Bilaminar Germ Disk

Trophoblastic lacunae Maternal sinusoids

Trophoblastic lacunae Enlarged blood vessels

_Syncytiotrophoblast

g Cytolrophoblas'

- 'E:“xv%m m:;
~qspla eur
,"’;F/w masoderm
ot

_ et
e erat HHICT Extraembryonic

§ Exocoelomic (Heuser's)
a0 membrane E ca
Fibrin coagulum (primitive yolk 533'

Yolk sac cavity

Copyright @ 2007 Lippineot Wil ams & Wilkins.

membrane

9 Days 12 Days

Buccopharyngeal F'rlrn'ary Trophoblastic
willi

» 2" week of developmentinner cell
mass (ICM) formsilaminar germ mm{ /e
disc epiblastandhypoblast) e 1

» Cytotrophoblast:
syncytiotrophoblast and
cytotrophoblast (wall of blastocyst)

» Extraembryonic mesoderm
Visceral (splanchnic, of organ;
covers yolk sac) and parietal ;
(somatic, of ‘walls’; covers amnion) o
layers

» Trophoblastic lacunae precursor 13 Days
of maternal blood space, will fuse
together to form part of placenta

» Amnioblast: secretes amniotic
fluid to form amniotic cavity

» Day 15 formation of primitive
streak and establishment of
cranial-caudal axis

» NODAL protein from primitive node to regulate |aaéty

L Y Maternal

=" sinusoid

_. Connecting
stalk

~__—— Amniotic

cavity

. Secondary
yolk sac

Extraembryonic
somatopleuric

(chorionic plate)

Extraembryonic

wil
(chorionic cavity)
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G. Gastrulation

o~ Oropharyngeal membrane

Cut edge of amnion

Prenotochordal cells

\ - Amnioblasts
>

Yolk sac

Invaginating mescderm cells

Cut edge of
amnion

Primitive 3
streak Wall of

yolk sac

Hypoblast Epiblast

14 Days

Epiblast becomes thectoderm

vV vyyvyy

Oropharyngeal
membrane

Migration of
mesoderm

Cloacal plate

=

" \
? il _#.__ . Oropharyngeal

’,// _)“‘"/: membrane

/ £ i ;

/ 4 \\ \

- \I-» Cut edge of amnion

|
- f Prenotochordal cells
/)

/
i f
=/
‘L Cloacal membrane

&

Primitive node

Primitive streak

o

16 Days

Gastrulation: formation ofendodermand thermesodermfrom epiblast

Hypoblast shed away during gastrulation
Derivatives of the three germ layers:

o Ectoderm: skin, CNS, PNS, eyes, internal ear, neural aels (bones and
c.t. of the face and part of the skull)

o Mesodernt bones, c.t., urogenital system, cardiovasculstesy

o Endoderm: gut and gut derivatives (liver, pancreas, lurgs) e
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» Formation of prechordal plate and notochord:
o Prechordal plate induces forebrain and midbrairoregy
o Notochordal cells induce hindbrain and spinal aeglons

Primitive pit and
neurenteric canal

g N Connecting stalk
Y il cut lines for” e N /

/__,«;-‘ 'Ectoderm C B XN
Amnion —3 : /

;'_ - Allantois

\ Prechordal \

Wall of | '
yolk sac— - mesoderm  Notochord
E ( “Cloacal plate
‘. Oropha ngeal % (membrane)
membrane !
)
" Notochordal plate
x B
* Intraembryonic 5
mesoderm Endoderm
Intraembryonic mesoderm
C

3

Extraembryonic mesoderm

Endoderm
Notochord
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H. Neurulation
» 4" to 8" weeks formation ofneural tube (neurulation)
» Notochord andprechordal mesoderminduces the overlying ectoderm to form
neural plate (neuroectoderm)— intiation of neurulation
o  Prechordal plateinduces forebrain and midbrain formatigiGFs
|BMPS)
o Notochord induces hindbrain and spinal cord formatiphGFstTWNT3a)

» Neurotube formed by folding along the midline:
Cul edge ol ammon

Meural fold
m—

Meural groove

Level of Meural fold Meural crest
section B

Somite

Primitive node

Primitive sireak i Naural groove 0‘» Notochord
A B
Neural folds
approaching
each other Surface ectoderm
f'/‘_. > T

Neural crest

Neural groove

c D 0
Developing epidermis
FH--'-,
Meural crest
Neural tube- Meural canal Maural tube Developing
. 0 : o spinal ganglion|

Moore et al: The Developing Human, e,
Copyright & 2013 by Saunders, an imprint of Elsevier Inc.
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>

Neural fold

N

Cut edge

of amnion
Cut edge
of amnion

Neural
plate

Neural
groove

Somite

Primitive

node
Primitive
streak

Primitive

streak

Neural fold

Pericardial bulge

Otic placode
Cut Line for B

Cut Line forC

Anterior neuropore

Pericardial bulge
Pericardial
bulge

Cut edge \

of amnion

Connection
with yolk sac

Connecting
stak —&

Cut edge of amnion
A

Posterior neuropore

23 Days 25 Days

28" Day: Neural tube closed completely

Eye (optic vesicle), ear (otic vesicle), mouth, iiesomitesetc. have also formed

over this same time period

Posterior
neuropore n

Dorsal Neural
Neural groove fold
Amniotic

Closing
gut wbe

Yolk sac

(5 Ventral

Otic placode

Lens

placode Pharyngeal

arches

Heart bulge

Vitelline duct
Umbilical cord
Allantois

28 Days
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*Defect in neural tube closure> anencephaly(unclosed anterior neuropore, fatal)
andspinal bifida (unclosed posterior neuropore)
» Neural crestforms when sides of neural tube come togetheridiirma

o  Some of the cells break away and migrate alongitteeof neural tube

o  Migrate throughout embryo to form many differeissties

Dorsal

Neural crest root ganglion

; & — Sympathetic
A = e ganglion

Developing ‘
suprarenal ——j

gland Preaortic

ganglion

A Enteric
/ ganglia
Urogenital
B C LR ridge
D FO rm S : Cranial neural crest
— Sensory and g i
post-ganglionic @ . jﬁa
autonomic portions of

nssue

PNS
— Adrenal medulla (centre

Dermus and

of adrenal gland)
— Melanocytes of skin
(melanin-producing cells)
— Part of skull, dentin of

Some cranial narve ganglha

Spinal neural crest

Schwann
@ cells
&
Ghal cetis

In penpheral gangha

teeth, some skeletal % :,
muscles ' 2%

— General c.t. of the head
(mesenchyme) o

gangla
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|. Mesodermal and Somite Development
» Mesoderm layer develop into three parts (from nodod to periphery):
o Paraxial mesoderm derived to formsomite
o Intermediate mesoderm derived to form urogenital system
o Lateral plate mesoderm derived to form skin and limb, bones
— Further splits to fornparietal (lines amniotic cavity) andisceral
(lines yolk sac)ateral plate mesoderm

Notochord  Amniotic cavity Paraxial ___ Intermediate

s, Mesoderm

Splitting of lateral

plate mesoderm
Dorsal

aorta

Intermediate

Amnion Neural groove heshdeTh

Parietal
mesoderm
layer

Visceral
mesoderm
layer

Intra-
embryonic
body cavity

Endoderm
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» Somitesform from paraxial mesoderm along the neural tube
o Forms skeletal muscles, bones and c.t. (incl. 8&nmis)
o Development of a somite:

Sclerotome: . Y Intraembryonic—
vertebrae and ribs A mbma T
somite wall Notodvard o Dorsal acrta
Dermatome:
Skin dermis
Neural tube.___
. Sclerotome 3 9
Myotome: Dermatome
Muscle 5
Myotome f :
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J. Embryo folding

vvyywvyy

Embryo folds both alongephalocaudalaxis and laterally

Amniotic cavity now surrounds the whole embryo

Connection with yolk sac now reduced to a nameiline duct

Part ofchorionic cavity enclosed by embryo to formtraembryonic body

cavity

Endoderm surrounding the part of yolk sac encldseembryo folding forms the
gut tube

Cephalocaudalfolding:

Hindgut

Arnniotic
Endoderm S8V  gjqaeal

Angiogenic
cell eluster

Oropharyngea

Oropharyngeal = membrane

membrane

membrane

Remnant
of the
oropharynge

membrane Allantois

Vitelline duct
Yolk sac
c
» Lateral folding:
Amnionic cavity Surface ectoderm
Lateral Somatic
edge of the A mesoderm
embryo G,

A Connection

Splanchnic between
mesoderm yoik sac gut and yolk sac

embryonic Dorsal
body cavity Gut mesentery

*Caudal dysgenesigmermaid syndrome) occurs when there is not enouggoderm
cells for caudal development
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K. Fate of the Three Germ Layers

Ectodermal derivatives

Primordia

Derivatives or Fate

Surface ectoderm

(Stomodeum and
nasal placodes)

{Otic placodes)

(Lens placodes)

Epidermis of the skin
Sweat, sebaceous,

Nails and hair

Tooth enamel

Lacrimal glands
Conjunctiva

External auditory meatus
Oral and nasal epithelium
Anterior piluitary

Inner ear

Lens of eye

Neural tube

Central nervous system

Somaltomolor neurons

Branchiomotor neurons

Presynaptic autonomic
neurons

Retina/optic nerves

Posterior piluitary

Neural crest

Peripheral sensory
neurons

Postsynaptic autonomic
neurons

All ganglia

Adrenal medulla cells

Melanocytes

Bone, muscle, and
connective tissue in
the head and neck

Amnion

Protective bag
(with chorion)
around fetus

Endodermal derivatives

Primordia

Epithelial Derivatives or Fate

Mesodermal derivatives

Primordia Derivatives or Fate

Notochord Nucleus pulposus of an interverte-
bral disc

Induces neurulation

Paraxial columns Skeletal muscle

(somites) Bone
Connective tissue (e.g., dorsal
dermis, meninges)
Intermediate Gonads
mesoderm Kidneys and ureters

Uterus and uterine tubes

Upper vagina

Ductus deferens, epididymis, and
related tubules

Seminal vesicles and ejaculatory
ducts

Lateral plate Dermis (ventral)

mesoderm Supertficial fascia and related tissues
(ventral)
Bones and connective tissues of

limbs
Pleura and peritoneum
Gl tract connective tissue stroma
Cardiogenic Heart
mesoderm Pericardium
Gl, Gastrointestinal.

Gut tube endoderm

Gl tract (enterocytes)

Mucosal glands of Gl tract

Parenchyma of Gl organs (liver,
pancreas)

Airway lining (laryn, trachea,
bronchial tree)

Thyroid gland

Tonsils

Cloaca
(part of hindgut)

Rectum and anal canal

Bladder, urethra, and related glands
Vestibule

Lower vagina

Derivatives of endoderm

Pharyngeal pouches
(part of foregut)

Auditory tube and middle ear
epithelium
Palatine tonsil crypts

Thymus gland
Parathyroid glands
C cells of the thyroid gland

Pharyngeal gut

Yolk sac

Embryonic blood cell production
(mesoderm)

Pressed into umbilical cord, then
disappears

Allantois (from yolk
sac, then cloaca)

Embryonic blood cell production
{mesoderm)

Vestigial, fibrous urachus

Umbilical cord part disappears

Primitive

intestinal
loop Urinary bladder.
Hindgut  cjoacal membrane:

Gl, Gastrointestinal.
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L. Fetal Growth Period

>
>

>

9" week to 38' week fetal growth period

Characterized byapid body growth anddifferentiation of tissues and organ
system

Relative slowing of head growth compared with thfahe rest of the body
Most of the weight gained during last 3 months

N

Brd month 5th month At birth
Length: 3-6 months Weight: 7-9 months

Placenta act as barrier between fetal and maternal blood
o Formed from fetal endothelium, fetal c.t., cytotnoplast,
syncytiotrophoblast

Decidua basalis Chorion Overall structure
(maternal portion (fetal portion
of placenta) of placenta) Choriol

o

4

Chorionic »
villi Umbilic
Maternal
endometrial

venule x

Chorior

Amnior

Intervillous ~
oseric Umnbilical 7]
containing Al p i
maternal biood ) &

AV Umbilical
Matemnal : ‘ : . _ vein N
endometrial & e y 4 Mucous [~ Umbilical
arteriole y i/ connective | ¢0rd

tissue

Fetal _
blood Amnion i)

vessels

A Somenitl; -

(a) Details of placenta and umbilical cord
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M. Birth Defects

1. Causes
» 15% genetic, 10% environmental, 20% multifactoyia-60% unknown
» Teratogens factors that cause birth defects

a. Human Teratogens
» Drugs:
o Cigarette smoking, Caffeine
o  Alcohol: Fetal alcohol syndromein chronic alcoholic mother will induce
pre-and post-natal growth deficiency, mental rettioch
o  Progesterone and androgen: masculinization of extgenitalia
o Anti-coagulants: causes hypoplasia (underdevelopneémasal cartilage
and epiphysis (round end of long bone); CNS defects
o Diethylstilbesterol: causes congenital abnormailug@nd vagina
o Anti-convulsants, anti-neoplastic agents, trangaii, thyroid drugs
» Environmental:
o  Organic Hg; Pb (growth retardation)
o Infectious agents: rubella, HIV, herpes, simplaxisi
o Radiation
o  Mechanical factors

2. Prenatal Diagnosis
» Methods:
o  Ultrasonography:
— Chorionic sac and its contents visualized durinfgpiyonic and fetal
period
— Placental/fetal size, multiple births, abnormalsgr&ation can be
determined
— Can also measure biparietal diameter of fetal sgolhads and nasal
bone

A. Crown-rump length (CRL)-
7 weeks
B. Biparietal diameter of the
skull
. Abdominal circumference
D. Femur length

@]
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Maternal serum screening fe+#fetoprotein (AFP)— level can be used to
screen for diseases such as neural tube defect)(NDdwn syndrome,
trisomy 18, sex chromosome abnormalities

Amniocentesis (genetics, AFP, Ach)

—

VLl

Removal of amniotic fluid by syringe at gestatioagé of 16-18 weeks
Fetal cells cultured fdtaryotyping

Amniotic fluid assayed fou-fetoprotein

Risk to induce abortion is ~1/200

Rare complication: maternal infection

Needle

Amnion
Amniotic fiuid

Uterus

Fetus
(14—16 weeks)

~— Placenta

(a) Amniocentesis
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o Chorionic villus sampling (genetics)

— Fetal tissue for analysis through aspiration frallows area
transcervically guided by ultrasound
Performed at gestational age 9-12 weeks (moreedgtdrviding cells)
Can detect chromosomal abnormalities, inborn ewbmsetabolism
and X-linked disorders
Fetal loss rate ~1%
Detection methods include karyotyping, chromosobaaiding/painting,
DNA sequencing, mRNA detection, proteins (eg. AFRRID, low
lecithin-spigomyelin ratio in lung abnormalities)

!

!

!

!

W

i
Li
Needle I\!
- Ultrasound
- transducer
Chorionic villi
Fetus (e
(8—10 weeks) p /‘_’
Amniotic fluid 7
Uterine cavity Catheter
N Urinary
/| bladder
=l Vagina

(b) Chorionic villi sampling (CVS)

Indication for prenatal diagnosis:

o Maternal age >35

o Previous child with @e novo chromosomal abnormality (recurrent risk 1%)

o Presence of a structural chromosomal abnormality

o Family history of some genetic defect: known netulak defect (risk 2-5%),
other types (risk >1%)

o X-linked disorders
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3. Twinning

Incidence: ~1 in 85 pregnancies
10-20% die at birth

12% premature infants are twins
Two types:

vV vywvyy

o Monovular (identical)

— Dichorial, diamniotic

— Monochroial, diamniotic

— Monochorial, monoamniotic
o Biovular (fraternal)

Monozygotic Twin

2-cellstage zygote

.
o
L

F 4

Ol

Amniotic
cavity

Inner cel
mass

e,
...
..
T
Blastocyst
!!?Ejj:iiii??i> I E:fff??ffft:::)

Amniotic ¢

Yolk saz cavity

Common
chorienic cavity

Cammon ¢

amniotic cavity

Common
placenta

‘
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Separate placenta and chorion

Dizygotic Twins

Each embryo has its
own amnion, chorion
and placeta, but
sometimes the
placentas are fused

Fusion of placenta and cherion
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» Abnormality: conjoined twins

A B C
FIG. 7-2. Results of duplication of primitive streak: A, duplication of rostral end; B, duplication
of rostral half; C, rostral and caudal duplication.

FIG. 7-3. Results of incomplete duplication of germ layers: A, rostrally; B, centrally; C,
caudally.

JARA

A ' L5

craniopagus thoracopagus pYgopagus
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4. Chromosomal Anomalies
» Nondisjunction: failure of homologous pair to separate in anaphaiosis |
» Monosomy. only one chromosome of a homologous pair is found
o  Cause: non-disjunction in one of the gametes
o E.g. XO orTurner’s syndrome
» Trisomy: an extra chromosome (for a certain homologous Eafound
o Cause: dispermic fertilization, non-disjunctioroime of the gametes
o E.g. trisomy 21 obown’s syndrome
o E.g. trisomy 17-18 oEdward’s syndrome
o E.g. trisomy 13-15 oPatau’s syndrome
*Chromosomal anomalies more common in later (smjatleromosomes.{ | loss in
genetic material= | disruption on genetic expressioft 1 survival chance)
a. Edward’s Syndrome

long skull
melanotia
<f— small jaw

fixed flexed fingers

cardiac abnormality
PDA, VSD

diaphragmatic hernia
\\/ single umbilical artery
horseshoe kidney

Meckel's diverticulum
prominent genitalia

\ adducted hips

rocker bottom feet

FIGURE 7 Edward's syndrome: flexed fingers can-
not be extended (child, 18 months).

FIGURE 6 Edward’s syndrome: abnormalities in HEN
trisomy 17-18. FIGURE 8 Edward’s syndrome: “rocker bottom”
feet in a neonate.

=
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b. Down’s Syndrome

') } -
Lo Rz - L ‘ t

FIGURE 2 Down’s syndrome: characteristic facie

FIGURE 4 Down'’s syndrome: characteristic
nalmar “simian” crease.

FIGURE 3 Down'’s syndrome: notched eyelids
and epicanthic fold.

FIGURE 5 Down's syndrome: transverse crease in
the sole of the foot, with separation of the hallux.

R

» Note that incidence of Down syndrome in newboram$ rises with maternal

age
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L24 Do Doctors Really Matter?
A. Public Health

» Role of doctors
o Improving health foindividuals (Hippocratic oath)
o Improving health fohumanity (declaration of Geneva)
» Public health:
o  Prevention of disease and improvement in healgopulations rather than
individuals (older definition)
o  Also concerned with the broader determinants ofthé€ag. Social structure)
rather than individual risks

B. Preventive Approach in Medicine
1. Levels of Prevention

HilyeleEIRE  Underlying Establish and Total Public policies and
economic, social maintain population or inter-sector action
and conditions that selected (eg sanitation,
environmental minimize groups clean air)
determinants hazards to health
(eg poverty)

Primary Specific causes Reducencidence Total Public health
and risk factors  of disease population, programmes and
(eg smoking) selected health promotion

groups or (eg. Smoking
high-risk cessation,
individuals vaccination

S BN  Early stage Reduce Individuals Early diagnosis

prevalenceof with early and treatment
disease disease (eg. Cancer
screening)

Tertiary Late stage Reduce disease Individuals Rehabilitation

complications with (eg. Stroke rehab)
and disability established
disease
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2. Preventive Approaches
» Cause otasesss. cause ofhcidence

o A population-oriented knowledge
o  Characteristics of population (not individuals) bdw be studied to find
determinants of prevalence and incidence

Common Intermediate risk > Main chronic
P — modifiable risk factors diseases
oitusal polisical B Bt Tobacccf:iiors - Raised blood pressure  [=ow - Heart disease
e ori I EAlE - Alcohal abuse - Raised blood glucose  [== - Stroke
Including: - Unhealthy diet - Abnormal blood lipids - Cancer
- SEbaI_iza[_\'mn - Physical inactivity - Overweight/chesity > - Diabetes
- Urbanization : ~| - Chronic respiratory diseases
: : Non-maodifiable
- Population ageing Hisk factors
- Age
- Sex ]
Ssctraany HerHRy Downstream:
Po’;u,aﬂo‘; individual
approach (high=risk)
approach

a. Individual (High-risk) Approach
v

x x x < < X

X

b
v
v

Interventionappropriate to individual (tailor-made)

Subject motivation

Physician motivation

Cost-effective use of resources

Benefit : risk ratio favourable

Difficulties and costs of screening

Palliative and temporary — not radical

Limited potential for individuals and populations

B Large number at small risk may give rise to momesaof diseases than the
small number who are at high risk

Behaviourally inappropriate

. Population Strategy

Radical — attempts to remove underlying causeshia&e the disease common

Large potential for population

B Attempts to shift the whole distribution of exposum a favourable
direction

Behaviourally appropriate — changes norm

‘Prevention paradox’: a preventive measure whiechdgsrmuch benefit to the

populationoffers little benefit to each participating individual

Poor motivation of subject

Poor motivation of physician

Benefit : risk ratio worrisome
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. Medicine as a Social Science

Epidemics are ‘indications of large disturbancesaslfective life’ —

elimination of social inequality to prevent epidemic

McKeown thesis population growth primarily due tpmortality from disease

due to 1 social conditions (living standard)

o  Criticized medicine as placing too much emphasisore’ rather than
‘care’

Preston’s theory. life expectancy rose between 1930 and 1960 rézss df

income level

o Factorsexogenous to incomaccounted for most of the gain in life
expectancy— major effect of mortality

lllich’s theory of iatrogenesis medicine does more harm than good to general

population health

o Clinical iatrogenesis injury done to patients by ineffective, toxic and
unsafe treatment

o  Social iatrogenesis‘medicalisation of life’— unrealistic health demands
— more treatments> individuals lose autonomous coping skills and
become more reliant on institutional care

o  Cultural iatrogenesis. destruction of traditional ways of dealing withda
making sense of death, pain and sicknesspeople less tolerant to diseases

o Health more dependent on individual action thamew treatments

o latrogenesis theory rebutted by Bunker: 17% of gaiife expectancy since
1900 attributed to medical and public health ineéetion; loss of life
expectancy due to iatrogenesis only 6-12 months
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» Reality is something in between: both improvemémtsocial conditions and
healthcare contributed to increase in life expestan
o Social conditions are ‘fundamental causes’ of diseand death
o People with more resources (higher income) havieble¢alth
o Note average BP self-rated health subjective happinegsand family
harmony as income!
» Overall life expectancy increase attributed to:
o  Economic wellbeing/standard of living
o Public health
o Personal healthcare
o Individual health-related behaviour
»  ‘Ladder of political activism’ for doctors:
o 1% rung: political passivism; info on health risk and oppaities for health
improvement is exchanged within the health seabdy o
o 2" rung: public health professionals actively dissemimatevant
information among politicians
o 3" rung: public health professionals try to directly iréhce the political
process
o 4™ rung: public health professionals become politiciaresmkelves
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L25 What is Medicine? What is

Public Health?

4

1)
2)
3)

Four key health challenges:

o Unfinished epidemic of infectious diseases

o  Emerging epidemic of chronic conditions

o Unethical epidemic of inequalities

o Unnecessaryepidemic of environmental insults

Systematic solution to challenges:

Identify the problem;

Break down the problem into manageable, solublepomants;

For each component, deploy optimal combinatioresburces (human, financial,
capital etc) in a targeted fashion (optimal = meffecient/value-added)

. Unfinished Epidemic of Infectious Diseases

Examples: animal-origin influenza, antibiotic réarsce, vaccine-preventable
infections, aetiologic (causal) potential associaté&th non-communicable
diseases

Methods adopted:

o Control on poultry supply chain

o  Childhood immunization programme (CIP)
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B. Emerging Epidemic of Chronic Conditions
» Lifestyle determinants: smoking, alcohol, total &oam of energy intake,
physical activity, dietary salt intake, fruits anelgetables
» Note that non-communicable diseases (NCDs) acdouri85% of all deaths
(esp neoplasm, CVD etc.)
» Major health risks:
o  Overweight/obesity: 51.8%
o  Hypertension: 31.6%
o Tobacco: 11.5%
o Type Il diabetes: 9.8%
» Obesity dependent on diet and exercise
o Intake (food availability and portion size, highafts) fat diets and high
energy density foods)
o  Expenditure (exercise already displaced as prefen@de of leisure activity
and lack of conducive built environment (reliancet@nsportation)
» Rule of Halves in Hypertension in HK
o 50% high BP (31.6%)
o 50% diagnosed (46.2%)
o 50% with medication (69.7%)
o 50% under control (42.4%)

ANl hypertensives,
Mormal bleod pressure

68.4%
(n=10.511)

Blood pressure level among \
those with doctor-diagnosed 1

hypertension | |
i fr
il

All hypertensivas, All hypenensives,
with matieation, without medication,
blood pressure under control  blood pressure under controd
13.6% 540%

Blood pressure

(n=661) (n=242)

Undragnosed hyperiension

(n=2.608)

Level 1: Awareness of hypertension

Doctor-diagnesed
hypertension
46.2%

{n=2,233)

Without medication
(n=679)

Level 2: Management of hypertension

With medication Not under control
7%
{n=B88)

€9 57.6%
sk b 6 i Wk i it (n=1559)
T ey, T i
Level 3: Contrel of hypertension
The size of the pie chans is
propartianal to the sample size Under c,c:;gr:“ﬂd(}@ﬂ]

(n=66lln]
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. Unnecessary Epidemic of Environmental Insults

Problems:

o Air pollution, incl indoor (secondhand/thirdhand @)

o  Environmental contamination o