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free.
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. Feel free to use the discount code “TAKE200FF” for 20% off any future purchases
you make with us. This code MUST be applied PRIOR to submitting payment for the
discount to take effect.

. We understand the desire to share your purchased notes with your friends,
HOWEVER, we encourage you to instead consider signing up to our free Affiliates
program . That way you can share your unique referral code with your friends, they
get 15% off their purchase, and YOU earn 30% commission on any sales you refer
to us.
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Essentials of Biochemistry
The ‘biological elements’

Water:
e Polar covalent bonds
o When a covalent bond is formed and there is an unsymmetrical distribution of
electron density (an unequal sharing of electrons)

-

electropositive
region

/, \\
\\\\ )
"\ - ’,"""v
\)\ : 'i r
electronegative ~ \_ b
region

Hydrogen Bonding in H,0:

o Due to the polarity of water molecules, there is an electrostatic attraction

between molecules.

Hydrophilic Molecules: are always either polar or ionic (charged) and therefore readily
dissolve in water.
Hydrophobic Molecules: generally either contain non-polar bonds and are usually
insoluble in water. (eg. hydrocarbons)
Hydrogen lon Exchange: H* ions can spontaneously move from one water molecule to
another, creating 2 ionic species: the hydronium ion (Hs0") and hydroxyl ion (OH").

Weak Non-Covalent Bonds:
e Hydrogen bonds
e Hydrophobic Forces
e |onic Bonds
e Van der Waals Forces
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Basic Carbon Chemistry:
e Has 4 valence electrons
e Cannot form ionic bonds
o Rather, it forms covalent bonds through the sharing of its electrons.
e Has the ability to bond to either itself or four other atoms.
e May form chain, ring & branched structures.

chains:

branched chains:

Hexane - a 6-carbon chain

-abr a hed-carbon Cyclohexane - a ringed
chain hydrocarbon

e May form either single bonds (C-C), double bonds (C=C) or triple bonds (C=C).
e May form either saturated or non saturated molecules
o Saturated: contains the maximum number of Hydrogen atoms possible.
o Unsaturated: due to double/triple carbon bonds, there are less than the
maximum possible number of hydrogens.

C-0 Compounds:

e Oxygen atoms in carbon-bonded molecules will always have 2 bonds (C=0 or C-O-H) as
well as 2 unshared electron pairs.

¢ Functional groups:

Many biological compounds contain a carbon
bonded to an oxyugen. For example,

alcohol

The —0H is called a
hydroxyl group.

aldehyde

The C=0is called a

ketone carbonyl group.

carboxylic acid The —COOH is called a

carboxyl group. In water
this loses an HYion to
become —CO0™.
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C-N Compounds:
e Amines and amides are important C-N compounds.
e Nitrogen (in neutral compounds) will always have 3 bonds + 1 unshared electron pair.

o Amines:
Amines ih water combine with an HMion 1o becoma
positivelu charged.

H H

—C—N + H T—= —C—N—H*

H H

o Amides:

Amides are formed by combining an acid and an
amine. Unlike amines, amideg &re uncharged in wster
An example is the peptide bond thai jouns amino acids
n a protain.

O
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pKa, Amino Acids & Their lonisation.

Acids: compounds that yield hydrogen ions in a polar solvent (eg. H,0)

Eg. Carboxylic Acid: (common weak acid)
K, O

R-—éy R——éy + H
\ \ -
O—H o)

weak acid conjugate base

Also written as:

[Ha === w* + A]

> Note: A weak acid will have an equilibrium favouring the left side.

Weak or Strong?
Ka: The equilibrium constant
e Gives the relative strength of an acid
e Determined by how much of the dissolved compound dissociates into a c.base and a H".
e |sameasure of an acid’s propensity to donate H" ions.
e Used to determine whether the acid’s functional group will be predominantly
protonated/deprotonated in a certain pH.
Calculated by:

[RCOO-] [H+]

~10-3 to 105
[RCOOH] for most simple
RCOOH

e The larger the K, the stronger the acid

pK.: A more convenient number to remember:
e (Calculated by:

pK, = -log,, K, ~3to 5 for most simple
RCOOH

The smaller the pK, the stronger the acid (ie. the weaker the conjugate
base) (similar scaling to pH)

If the pH of an acid solution is corresponds to that acid’s pK; then that acid
will be half ionised. (half in protonated form + half in deprotonated form)
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Bases: Compounds that accept hydrogen ions in a polar solvent (H,0)

Eg. Amines R-NH; (common weak base)
- Have 2 lone electrons that attract H' ions.

For weak bases (most commonly amines RNH,, general representation
B:) it is conventional to quote the pK, of the conjugate acid.

+ Ka
ou +
R_NH3 _-‘-.‘_ R_NHZ + H

conjugate acid weak base

Also written as:

Weak or Strong?
Ka: The equilibrium constant
e Gives the relative strength of an base
e Determined by how much of the dissociated ions reassociate into the c.acid.
e |sameasure of a base’s propensity to accept H" ions.
e Used to determine whether the base’s functional group will be predominantly
protonated/deprotonated in a certain pH.
Calculated by:

[RNH,] [H°]

~ 109 to 10-1
[RNH;*] for most simple
RNH,

The smaller the K, the stronger the base.

pKa: A more convenient number to remember:
e C(Calculated by:

As before
pK, = -log,, K, ~9to 11
for most simple RNH,

The larger the pK, the stronger the base (ie. the weaker the conjugate acid)
(similar scaling to pH)

If the pH of a base solution is corresponds to that base’s pK, then that base
will be half ionised. (half in protonated form + half in deprotonated form)
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pKa and pH

Rules of thumb:
e Predicting ionisation states of weak acids and bases at particular pH’s, on the basis
of their pKa’'s.
(using Le Chatelier’s Principle of Equilibrium)
-Acids.
1) When an acid is placed at a pH that is more acidic than its pK, the functional group will be
predominantly in the protonated form.
2) When an acid is placed at a pH that is more basic than its pK,, the functional group will be
predominantly in the deprotonated form.

1) When a base is placed at a pH that is more acidic than its pK,, the functional group will be
predominantly in the protonated form.
2) When a base is placed at a pH that is more basic than its pK,, the functional group will be
predominately in the deprotonated form.
(same concept for both acids and bases)

- Remember physiological pH is 7.4

Henderson-Hasselbach Equation:

For the ionisation of a weak acid (HA <= H* + AY):

pH = pKa + log,, ([AJ/[HA]

(For the ionisation of a weak base (BH* === B: + H*) the corresponding
equation is: pH = pKa + log,, ([B:]/[BH*])

Simply sub in the pH & the pKa and the ratio of protonated to non-protonated species.
Rules of thumb:
o For Weak acids:

[Ha === wu* + A]

If pH>pKa by 1 unit: 10 deprotonated : 1 protonated
If pH>pKa by 2 units: 100 deprotonated : 1 protonated
If pH>pKa by 3 units: 1000 deprotonated : 1 protonated

o For Weak bases:

—_— B:+H+]

—

If pH<pKa by 1 unit: 10 protonated : 1 deprotonated
If pH<pKa by 2 units: 100 protonated : 1 deprotonated
If pH<pKa by 3 units: 1000 protonated : 1 deprotonated

(Buffers: solutions that maintain a near constant pH on addition of a base or an acid)
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Amino Acids
e The building blocks of proteins
e Have 2 ionisable groups attached to the central carbon.
o An acidic carboxyl group —COOH
o And a basic amino group —NH,

H
amino group H,N=—C=—COOH carboxyl group

R

side - chain group

o Each group has its own pK,

= -COOH pK,=2-3

= -NH, pK,=9-10

=>» Therefore at different pHs, one group may be ionised while the other may

be protonated and vice versa.
- When the pH = the average of the 2 pK,s, both groups will be

ionised (acid — deprotonated & base — protonated) and the amino
acid as a whole is known to be in zwitterionic form.

H

+ -
H;N=—C—COO
Zwitterionic
CH; form

Protein Side-Chains

e Proteins are long polymers formed by the linkage of the carboxyl group (COOH) of one amino
acid to the amino group (NH,) of the next.
o This forms amide linkages (peptide) bonds.
o H,0is produced as a by-product

PEPTIDE BONDS

Amino acids are commonly joined together by an amide linkage, The four atoms in each peptide bond {gray box) form a rigid
called a peptide hond. planar unit. There is no rotation around the C-N bond,

H T (|_|)
‘N—C—=G—RN=C
- [

H
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e Acidic Side Chains:

o Have pK, values of 3-5 and are therefore deprotonated (negatively charged) at
physiological conditions: pH7.4

aspartic acid glutamic acid
(Asp, or D) (Glu, or E)

e Basic Side Chains:

o Have pK, values of 10ish and are therefore protonated (positively charged) at
physiological conditions: pH7.4

lysine arginine
{Lys, or K) {Arg, or R)

H O

[
—N—C—C—

H

This group is
very basic
because its
positive charge
is stabilized by
resonance.
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Stereochemistry of Amino Acids:
Chirality:
e The 4 bonds of the central carbon of an amino acid (except glycine) all have different groups.
o This atom is said to be chiral.
=  Means that that molecule can exist as a pair of non-superimposable mirror
images called enantiomers.
= Labled “L” or “D”
Proteins are chiral
Molecular targets of many drugs are proteins (receptors, enzymes)
= The chirality of a drug can profoundly affect its physiological activity.
Receptors involved with taste and smell depend on different combinations of “L” and
“D” molecules for different tastes.

Molecular Recognition:

A
H,C CH,

<

(R)(~)-carvone
spearmint oil

R-enantiomer

binding site of the receptor

/N
H,C CH,

(S)-(+)-carvone
caraway seed ol

S-enantiomer

1

‘><

I
'
¢

binding site of the receptor
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The Molecules of Life
Molecular Building Blocks of the Cell:

4 Simple Molecules of Life:
e Sugars
e Fats
e Amino acids
Nucleotides

building blocks larger units
of the cell of the cell

SUGARS jmmp [ POLVSACCHARIDES |
FATTY ACIDS | [FATS/LIPIDS/MEMBRANES)
AMIND ACIDS j > | PROTEINS |
NUCLEOT IDES | > | MUCLEIC ACIDS |

Simple - Polymerisation 2> Polymeric

o Are all possible due to the versatility of the carbon atom.
o The simplest organic molecules are hydrocarbons:
o The hydrocarbons of fat molecules provide energy for our bodies.
o Each organic molecule has a unique shape that defines its function in an
organism — molecules of the body recognise each other based on shape.
Carbon-based molecules vary greatly in size and shape:

H H H
| | |

—H H—4 H—I—C=C—(|I—H
H H

Carhon skeletons vary in length Carbon skeletons may have double bonds,
which can vary in location

H

| HwaH |
H—EE— H\c/ \c/H H\C/C\C/H
H HY [
He _H

H
! H
¢—“ H/c\c/c\H
H

H— ‘ &t e
[ [ 1 > [
H H H H H

Carbon skeletons may be unbranched or branched Carbon skeletons may be arranged in rings

son Education |nc.. pubhshing as Pearsen Benamin Commings. Al 1ghts reserved
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Functional Groups

e The unique properties of an organic compound depend on:
o The shape of the carbon skeleton
o The atoms attached to the skeleton
= Called functional groups:

Hydroxyl group
H H

GG
hoh

Found in alcohols
and sugars

Carbonyl group

Found in sugars

H
I
H—C
|
H

Amino group

H
| H
H—C—N

| © “H

H
Found in amino acids
and urea in urine (from
protein breakdown)

Carboxyl group

| //0
H—C—C
|~ NoH
H
Found in amino acids,
fatty acids, and some
vitamins

(.

Figure 3.5

Biological MACROmolecules:

e Ona molecular scale, macromolecules are gigantic.
e Eg. DNA, Carbohydrates, Proteins
e Most of them are polymers
o Made by stringing together many smaller molecules (monomers)
o Monomers bond (polymerise) by dehydration reactions and break down by
hydrolysis:

Organisms also have to break down
macromolecules.
Cells do this by a process called hydrolysis.

Short polymer Monomer
Dehydration

reaction @

Hydrolysis
Longer polymer

- @-@-@-0
s A

(a) Building a polymer chain (b) Breaking a polymer chain

> @@

www.MedStudentNotes.com



4 Types of Bio-Macromolecules:
e Carbohydrates
e Lipids
e Proteins
e Nucleic Acids

Bio-Marcomolecule #1: Carbohydrates (fast energy)
OH

k/o LnOH

Hd\o.- '..,,”DH

OH
e Biological compounds containing covalently bonded carbon, hydrogen, and oxygen (in a
1:2:1 ratio) - are an important source of food and energy

Monosaccharides (simple sugars):
o Means: “single” “Sugar-unit”
o Asimple sugar (glucose/fructose/galactose/mannose/fuctose) that cannot be
broken down into simpler sugars.
Glucose & Fructose
= |somers —same formula but different structure.
= Contain exactly the same amount of energy
e Glucose: found in sweet drinks

e Fructose: found in fruit
' N\

H\ /0
|

OH
H
0
0
0

H
HO

|
C

|
C

|
C

|
H

Glucose Fructose
CgH1206 CgH1206

C
C
C

H
H
H

o Inaqueous solutions, monosaccharides form rings.
= Are the main fuel used by cells.

(a) Linear and ring structures (b) Abbreviated ring
structure
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Disaccharides:
e A double-sugar
e A compound consisting of 2 monosaccharides
o Joined through a dehydration reaction.
= Eg. Maltose: Glucose + Glucose

®--@

Glucose Glucose

I
Maltose
= Eg. Lactose: Glucose + Galactose

= Eg. Sucrose (table sugar) : Glucose + Fructose

Polysaccharides:
e AKA: Complex Carbohydrates
e Long chains of sugar units
e Polymers of monosaccharides
o Eg. Starch
= Stores energy in plant cells (potatoes/grains)
= Made of many Glucose monomers.
o Eg. Glycogen (animal starch)
= Animals store excess sugar as glycogen
= Made of many Glucose monomers.
= Contains many branches
o Eg. Cellulose
= Makes up the structure of plant-cell walls
= Major component of wood
= |sadietary fibre
= Can only be broken down by grazing animals due to prokaryotes in their
digestive system.

A Glucose
monomer
. /7‘7\
E ’ . .u. o . 0 . 0 .
Starch granules in . L ¥ 3 L

(a, Sla ch potato luher cells
{

e, Glycngen
W gvanules
/ in muscle

llssu: “.'r. a.'..
(b) Glycogun

S, "»§« Cellulose fibril in
NPT E a plant cell wall

Cellulose

R molecules ,.'°..
m %\. AN WL

i;:) Cellufose
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Bio-Marcomolecule #2: Lipids (Reserve Energy)

a biological compound that is not soluble in water (hydrophobic)
Eg. Fats/waxes/oils/sterols/triglycerides/phospholipids.

Fats:
O energy storage
o insulation
o cushioning
o Are triglycerides
= Triglycerides: 3 x fatty acids bonded to a glycerol through dehydration
(ester linkage).
e Fatty Acid: A long hydrocarbon chain with a carboxyl group end.
o May be saturated/unsaturated
= Saturated fatty acids are straight
e Pack tightly together
o Solid @ RmTp
= Unsaturated fatty acids are kinked
e Pack loosely together
o Liquid @ RmTp

Triglyceride:

DII 0
[]
H— € =0 ——C —CH,— CHy— CHy— CHy— CHy—CHy— CHy— CHy— CHy— CHy— CHy— CHy— CHp— CHy— CHy

I
—0 0—c—cnz—cu,—cu,—cuz—cu,—cuz—cn,—cu,—cnz—cnz—cuz—cnz—cuz—cuz—cu,
Fatty acid

0
Il
H— € —0 ——C—CH,—CHy— CHy—CHy—CHy—CHy— CHy—CHy— CHy— CHy—CHy— CHy— CHy— CH,— CHy— CH,— CHy

0
i
H— € —0 ——C — CHy— CHy— CH,— CH,— CH;—CH,— CH,—
"
Glycerol (b) A fat molecule

(a) A dehydration reaction linking a fatty acid to glycerol

Steroids:
e any of a large group of natural or synthetic fatty substances containing four carbon rings
e cholesterol is the “base steroid” from which your body produces other steroids (sex
hormones)

HaC CHy
CHy CHy

HO

Cholesterol

0 HO
Testosterone A type of estrogen

Figure 3.1
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Bio-Marcomolecule #3: Proteins

Proteins are the most complex and functionally diverse molecules of living organisms.
Proteins compose enzymes, blood cells and muscle tissue just to name a few.
Proteins are created by RNA during DNA Transcription and Translation.
Base elements: C, H, O and N.
All proteins are polymers of linked amino acid monomers (via a peptide bond) and are
constructed from a common set of 20 kinds of amino acids
o Each amino acid consists of:

= A central carbon covalently bonded to 4 partners

= An amino group

= A carboxyl group

= Aside group (Variable among all 20 amino acid types)

Amino
group

Carhoxyl

group H //0

NoH

AN
H’

I
N—tlz—c
CH,

CH <+——Side groups—»
7N

Side CH Oy
group Leucine

Serine
(a) (b) (hydrophobic)

(hydrophilic)

o Proteins - Polymers of Amino Acids
= There are thousands of different kinds of protein (differing by the
arrangement of amino acids in the chain)
=  Amino acids join together by dehydration reactions forming peptide
bonds:

Amino
group

Carboxyl
group

H H
H 0 H 0
\ / N\ Y

N—é—c/ N c/

H/’\@

Side
group

Amino acid

H 0

H [
N c
H/

Side
group

ngﬁdebond

QO NoH

Side
group

Amino acid

@ Dehydration reaction
H H
0
| /
N C/
“oH

Side
group

Proteins are essential to the structure and function of all living cells and viruses.
Perform most of the tasks the body needs to function

o Structural Proteins
o Storage Proteins

o Contractile Proteins
o Transport Proteins
o Defensive Proteins

o Receptor Proteins

o Enzymes

o Hormonal Proteins

o Sensory Proteins

o Gene Regulatory Proteins
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Protein Shape/Structures:

e Divided into 4 categories:
o Primary Protein Structure (multiple peptide bonds = polypeptide *chains*)
= Written L>R from amino end to carboxylic acid end.
Secondary Protein Structure
Tertiary Protein Structure
Quaternary Protein Structure
= Complete functional protein

NB: A protein’s shape is sensitive to the environment and can be denatured by change in
temperature and pH.

(a) Primary structure.

wloy=AsP=Asn.

< o _Gh
b R RET

»Amino acids

(b) Secondary structure.

Polypeptide ”
(single subunit)

Complete protein, & Z
with four polypeptide =¥
subunits -
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Proteins as Enzymes:
e Catalyse biological reactions
Almost all enzymes are proteins
Lower the activation energy of a reaction
Is useless if denatured
May contain cofactors (metal ions for vitamins)
Names end in “-ase”
o s specific for the chemical that it reacts.
= Eg. Sucrase — reacts sucrose
= Eg. Lipase —reacts lipids
o Describes the function of that enzyme.
= Eg. Oxidase — catalyses oxidation
= Eg. Hydrolase — catalyses hydrolysis
o NOTE: some don’t conform: (pepsin, trypsin)
e Enzyme Action:
o Lock & Key Model:
= The active site of the enzyme is the same shape as the substrate that it
reacts.

Lock and Key Model

TN TN
3
E + S + P

ES complex E

9

o Induced Fit Model:
= The enzyme and active site adjust shape to bind to the substrate.
e Therefore is more versatile in terms of range of substrates.

Enzyme Action:
Induced Fit Model

- - ®
- 8.

E + S ES complex E + P
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e Factors Affecting Enzyme Action:
o Temperature:
= Little activity at low temp
= Rateincreases with temp inc.
= Reach optimum temps. (37°C in humans)
= Activity lost @ high temps due to denaturation.

Factors Affecting Enzyme
Action

Optimum temperature

Reaction
Rate

Low High
Temperature —_—)

o Substrate Concentration:
= Activity increases with increasing substrate concentration.
=  Maximum activity reached when concentration of substrate =
concentration of enzyme

Factors Affecting Enzyme
Action

Maximum activity

Reaction
Rate

substrate concentratio N

o pH:
= maximum activity at optimum pH (narrow range)
e R-groups have proper charge
e Tertiary structure of enzyme is correct.
e Most lose activity outside optimum range.

Factors Affecting Enzyme
Action

Reaction
Rate
Optimum pH
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Enzyme Inhibition:
e Change the protein structure of the enzyme
e May be competitive or non-competitive.

o Competitive:
= Has a similar structure to substrate
= QOccupies active site
=  Competes with substrate for active site
o Non-Competitive:
= Not similar in shape to substrate
= Binds to the enzyme but not the active site.
= Changes the shape of the enzyme + the active site
e Substrate cannot fit
o No reaction occurs.

Bio-Marcomolecule #4: Nucleic Acids

"Nucleic acid" is the generic name for a family of biopolymers, named for their role in
the cell nucleus.
Provide the directions for building proteins.
composed of chains of monomeric nucleotides.
o Form chains called polynucleotides or just DNA strands
o Joined by a sugar-phosphate backbone

Sugar-phosphate
backbone

—— Nucleotide

G
T) Bases

(a) DNA strand (polynucleotide)
o s By Cornmings. Al o Figure 3.24
Two strands of DNA join together to

- ’;N form a double helix.

Figure 3.2
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2 Types Of Nucleic Acids:
o DNA: Deoxyribonucleic Acid
= Contains the genetic instructions for development and function of all
living things.
needed to construct other components of cells, such as proteins and RNA
molecules.

Nitrogenous base
(A,G,C,orT)
0

|
| Hiln g Eoy
? i
0—P—0 TR )

| .
0- Thymine (T)
Phosphate

Phosphate ,Base
group ¢ e
H

e
bW
|

Sugar
(deoxyrihose) Figure 3

Adenine (A)
Guanine (G)
Thymine (T)
Cytosine (C)

H M

0
I
H—0C! ﬂ |
\N/ \N/C\N/H
| |
H H
Guanine (G)

H\T/H
H\ﬁ/c\v

H/C\N/C %0

H
Thymine (T) Cytosine (C) Figure 3

Due To Shape:
o AonlybondstoT
o GonlybondstoC
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o RNA: Ribonucleic Acid

= Translates genetic information from DNA into proteins.

= Acts as a messenger between DNA and the ribosomes (protein synthesis
organelles)
An essential carrier molecule of amino acids to be used in protein
synthesis.
Has an extra OH group
Has the base Uracil instead of Thymine

Nitrogenous base
(A, G, C, orU)

Uracil (U)

Phosphate
group

f
0

H Sugar (ribose)

Figure 3.29

Adenine (A)
Guanine (G)
Uracil (U)

Cytosine (C)

H\N/H

| i

c
//N\c/ \N/H
H— H—G! s |
| ~H \'l‘/ \N/C\T/H
H i H

Adenine (A) Guanine (G)

O H M
|
NH gty

I |
Oy O
N/&O W
H H
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e Due To Shape:
o A only bonds to U (Uracil)
o GonlybondstoC
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Cells Basic Overview Continued:

Structure of a Typical Cell:
e Plasma membrane
o Consists of a bi-lipid layer (diglycerides)
= |s molten (has properties of both solid and liquid)
= Contains Cholesterols
o Contains proteins
= Transportation
= Catalysis
= Reception of chemical signals
= |ntercellular joining (2 cells bonding)
= Cell-Cell Recognition
= Attachment to extracellular matrix
o Membrane Specialisations:
= Membrane Junctions (desmosomes/tight/gap)
= Membrane Projections (microvilli/cilia/flagella)

Extracellular fluid

I Glycoprotein Glycolipid H
(watery environment)

Cholesterol

Carbohydrate .t'“ ) g : 18 Qutward-facing
of glycocalyx % C X ‘ () - layer of
S ' 4, 7 phospholipids

Polar heads of
phospholipid
molecules

2

Bimolecular
lipid layer
containing
proteins

Nonpolar tails of Integral  Filaments of Inward-facing layer
phospholipid protein proteins  cytoskeleton of phospholipids
molecules

Cytoplasm (watery environment)

e Cytoplasm
o Everythinginside a cell bar the membrane and the nucleus.
o Includes all organelles + cytosol
e Cytosol
o The fluid found within the membrane but outside the organelles
= Largely water with dissolved protein, salts, sugars & other solutes.
e Inclusions
o Chemical substances
= Glycosomes
= Glycogen granules
= Pigment
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Cytoplasmic Organelles:
o Membranous
= Nucleus
e Nuclear envelope, Nucleoli, Chromatin
e Contains the genetic library for nearly all cellular proteins.
e |s the place where mitosis begins
= Mitochondria
e Cell power station
e Double Membrane
e Synthesise ATP for energy
=  Endoplasmic reticulum (Rough/Smooth)
e Rough:
o Covered with ribosomes (hence rough)
o Synthesis of all proteins secreted from cell + membrane proteins + protein
hormones.
Proteins synthesised by ribosomes are then packaged in the Rough ER for
export from the cell.
o Assist in making cellular membranes.
e Smooth:
Not covered with ribosomes (hence smooth)
Doesn’t synthesise proteins.
Metabolises lipids.
Synthesises steroid-based hormones (testosterone/oestrogen)
Detox of drugs/xenobiotic chemicals
o Storage site of calcium ions in skeletal/cardiac muscle.
= Golgi apparatus
e The cellular courier
e Modifies, Concentrates and packages proteins and membrane synthesised in the
Rough ER for intracellular transport or excretion.
Packaged proteins/membranes are released from the ‘shipping face’ in a transport
vesicle for either excretion or cellular functions

= Lysosomes:
e Membranous sacs created by the Golgi.

e Contain concentrated enzymes.
e Inside is acidic for max enzyme function.
e Destroy ‘old’ cellular material.
Destroy bacteria/viruses engulfed by white blood cell.
= Peroxisomes
e Membranous sacs
e (Contain enzymes
e Detoxify harmful xenobiotic substances (alcohol)
Neutralises highly reactive free radicals (by-products of biochemical processes)
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o Non Membranous Organelles
= Cytoskeleton

e Elaborate network of large filamentous rod-like proteins

e Provide structural support
e Provide the central mechanism for movement

e Ensures the distribution of organelles throughout cell.
= Centrioles
= Ribosomes
e Composed of protein & ribosomal RNA (rRNA)
e Are the site of protein synthesis
e Found either on the Endoplasmic Reticulum or free in the cytosol.
e ERs with ribosomes are called ‘Rough’ ER

Cell

Chromatin
Nucleolus

Smooth endoplasmic — {
reticulum

Cytosol
Lysosome

Mitochondrion

Centrioles

Centrosome —-

matrix ;

V7

Microvilli

Microtubule

Intermediate
filaments Peroxisome

’/‘/ ' X o - : A pee g
/' A2 e | o
Microfilament SIS - W AN

Structure of a Typical Human

Nuclear envelope
—— Nucleus

e
% ——Plasma
¥ membrane

Rough
endoplasmic
reticulum

\— Ribosomes

Golgi apparatus

Secretion being released
from cell by exocytosis
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Cell Division:
- Cells reproduce through cell division.
- Replaces everyday wear and tear
- Replaces cells lost in injury.
o Mitosis
o The division of the nucleus of a eukaryotic cell, involving condensation of the DNA into visible
chromosomes.
o Has 5 phases: IPMAT...C
= Interphase: The long period of time between cell formation and cell division.
Cell increases in size
DNA is replicated
Centrosome is duplicated.
Prophase: Replicated chromosomes condense each with 2 sister chromatids.
e Prometaphase: The nuclear envelope breaks down allowing the chromosomes
to attach to the spindle microtubules.
Metaphase: The stage at which chromosomes are firmly attached to the mitotic
spindle and align at the cell’s equator but have not yet split.
Anaphase: Where the paired chromatids separate to form pairs of 2 daughter
chromosomes & each is pulled slowly toward the spindle pole it is attached to.
Telophase: Final stage where the 2 sets of separated chromosomes arrive at the
spindles. Chromosomes decondense and become enclosed by new nuclear envelopes.
Cytokinesis: The division of the cytoplasm of the cell into two. (the division of the
entire cell into 2 cells)

e Meiosis
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Cell Membrane & Transport

Membranes:
Lipid Bilayer of diglycerides (phospholipids) held together by hydrophobic forces
o Hydrophilic head group (glycerol)
o Hydrophobic fatty acid tails
= Some saturated + unsaturated (mpt — determined by saturation level & tail length)
e Imbedded Proteins:
o Peripheral:
= Associated with the polar head groups
= Easily removed from the membrane by A pH or A [salt]
o Integral:
= Embedded in the membrane
= Span the width of the membrane
= Membrane must be destroyed to remove it.
e Done by adding detergent (small amphipathic molecules)

Extracellular fluid Glycoprotein  Glycolipid :

(watery environment)
Cholesterol

Carbohydrate | * e e TN IRA | Qutward-facing

of glycocalyx layer of
phospholipids

Polar heads of g 5

phospholipid

molecules

Bimolecular
lipid layer
containing
proteins

Nonpolar tails of Peripheral Integral  Filaments of Inward-facing layer
phospholipid protein proteins cytoskeleton of phospholipids

molecules
= Cytoplasm (watery environment)
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How Substances Cross Cell Membranes:
e Membrane controls the flow of materials in/out of the cell.
e Either passive or active processes:
o Passive:
= Diffusion
e Simple Diffusion — movement of small, uncharged, non-polar Molocules of dye Mombrane Equilbrium

and lipid-soluble substances directly through the lipid bilayer.
(O3, COy, N, Ethanol, Glycerol, Steroids, fat soluble vitamins) - -
Facilitated Diffusion — where specific molecules diffuse across

membranes, through specific transport (a) Passive transport of one typo of molecule
proteins.(Carrier/channel) Equilibrium

Factors Affecting Rate of Diffusion:
o Concentration gradient - -
Molecular size

o
o._.mBUmB.Eﬂm?mmﬁmﬂ@Zmrm:mBUmv 3_u.éi:g%e.a%fﬁo.ao_mg_g
o Electric or Pressure gradient

Passive Transport Proteins — facilitate the diffusion of specific chemicals (glucose/amino acids/nucleotides/ions)
through the membrane that would otherwise not pass through the bi-lipid layer.
e 2 Types:
o #1 Passive Carrier Proteins:
= Discriminates between solutes based on the shape of the protein’s binding site.
= - then transfers single molecules across the membrane by changing its conformation. (similar to a
turnstile)
Has a high affinity for its substrate.
= -are therefore very effective at low substrate conc.
= Transfer rate is inhibited by temperature.
= Uniporters: single solute = down the conc. gradient.
(A} CARRIER PROTEIN

solute

€)--:=0

solute-binding site
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o #2 Passive Channel Proteins:
= Discriminates between solutes mainly on size and electric charge. (usually transports ions)
= Act like a tube that is either opened/closed
= Has no affinity for its substrate (substrate flow is determined by the concentration gradient of
that substrate)
Once opened, ion flow is very rapid.
Not affected by temperature.

(B) CHANNEL PROTEIN

(o] o 0
- (¢}
lipid
bilayer _
[+)

aqueous
pore

Osmosis — The passive transport of water across a selectively permeable membrane.
e Survival of the cell is dependent on osmoregulation.
e Water will flow from the hypotonic solution to the hypertonic solution through the lipid bilayer to form an
isotonic solution.

I<no.~o:mo Hypertonic Isotonic solutions
solution solution

Sugar molecule
(solute)

Selectively permeable
membrane

Osmosis
(net movement of water)
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Active Processes:
Transports substances against their concentration gradient.
Transports substances that would otherwise be too large for channel proteins
2 Types: Active Transport & Vesicular Transport
= Active Transport (via carrier proteins): (using energy —ATP- to move molecules across a membrane.)
e Similar to passive facilitated diffusion in that it requires carrier proteins
e Active transporters (solute pumps) differ from facilitated diffusion in that they move solutes (mostly ions — Na®,
K*, and Ca®*) uphill against their concentration gradients.
In so doing, ATP is expended.
2 Classes: Primary & Secondary Active Transport
- Distinguished according to their source of energy.
o Primary Active Transporters:
= Energy comes directly from the hydrolysis of ATP.
= Solute binds to the active site — then the protein is phosphorylated, causing it to change its shape
and release the solute onto the other side of the membrane.
Eg. The Sodium Potassium Pump (The Na*/K" - ATP ase Enzyme)
e An Antiporter: 2 solutes € opposite directions—> both against conc. gradients.

1) Cytoplasmic Na* binds to the protein, stimulating phosphorylation by ATP.
2) Phosphorylation causes protein shape to change.
3) Change in shape releases Na* to the outside.
4) K* then binds to the protein, triggering the release of the phosphate group.
5) Loss of phosphate restores protein to original shape.
6) K" ions are then released into the cell.

- Cycle then repeats.
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Outside of cell
o Secondary Active Transporters:

= Symporters: Using the potential energy of the
concentration gradient created by a primary
transporter, the high conc. solute flows downbhill,
dragging with it another chemical.
Eg. Na’ - Glucose Symporter.

Inside of cell

= Active Transport Via Vesicles:
- Transport of large particles, macromolecules and fluids through cell membranes.
e Exocytosis: Vesicular transport of substances out of a cell. (secretion)
e Endocytosis: Vesicular transport of substances into a cell.

o Phagocytosis: a large external particle is engulfed and enclosed in a vesicle. (eg. in white blood cells)
o Pinocytosis: external fluid droplet (containing small solutes) is engulfed and enclosed in a vesicle.
(absorptive cells — eg. kidney & intestine)

Receptor Mediated: selective endocytosis — substance binds to membrane receptors & then enclosed in
a vesicle.

Exocytosis Endocytosis
Constitutive Secretion Regulated Secretion . . . .
R Tasaed Phagocytosis Pinocytosis Receptor-mediated

\ endocytosis
% signal

Plasma LY ~ . * solid particle ™Y
Membrane [ . Receptor

newly-synthesized
\JBQBU::E and proteins @

Vesicle

Pseudopodium Coated pit Receptor

Coat protein
Phagosome
(food vacuole)

. Coated vesicle
Golgi apparatus

Vesicle
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Chemical Communication: Endocrinology ctd.
Regulation of cell and body function

Purpose of intercellular signalling:
e To aid cells in coordinating their functions towards the common good of a multicellular organism.
e Cells must interpret the multitude of signals from other cells to help coordinate their functions.
e Effects of coordinated functions include:
Movement "
Growth N
Reproduction s— \ @ ) =IStRivEr-> (@
Digestion
Metabolism
Circulation
Respiration
Senses
Temperature
Balance
Immune system
Differentiation
o Death (apoptosis) gt
e NB: different cells may respond to the same signal in
different ways.

o

0O O O O O O O O O 0 O

Signal Transduction
e Communication frequently involves converting signals from one form to another.
o Signalling cell produces a signal molecule. (proteins /peptides /amino acids /nucleotides
/steroids /fatty-acid derivatives /gasses)
Signal molecule is detected by target cell.
Receptor protein receives the signal & transduces it to an intracellular signal.
Intracellular signal relayed, amplified, & diverged along a signalling ‘cascade’
Intracellular signals received by target proteins inside cell, altering cell behaviour.

signal

electrical signal receptor

CYTOSOL PRIMARY TRANSDUCTION

MODULATION BY
OTHER FACTORS ™ 4

extracellular signal

lecul
gj?Necu e \% ‘ DIVERGENCE TO
MULTIPLE TARGETS
N .
¥ “intracellular

AMPLIFICATION

signalin
moglecullegB =0 TARGET PROTEINS
ouT metabolic gene regulatory cytoskeletal
enzyme protein protein

|

|
\
| altered altered gene  altered cell

metabolism  expression shape or
movement
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Long or Short Range?
Endocrine Signalling: Some signals are “broadcasted” throughout the entire body via bloodstream.
- Hormones (produced by endocrine cells) [TV]
Autocrine: Signals that affect only cells of the same cell type as the emitting cell. [doctor conference]
Paracrine: Signals (aka local mediators) that act on cells in the vicinity of the emitting cell but on
different cell types than the emitting cell. [Lecture]
Neuronal: Specific messages are delivered across long distances to specific target cells. [phone call]
Contact dependant: Does not require secretion of signal molecule. Instead, cells make direct contact

through signalling molecules and receptors lodged in their plasma membranes.

(A) ENDOCRINE (B) PARACRINE
endocrine cell

o o
_hormone ‘: '
'S I ~ x\
—&'z::: N °
botareern (I
bloodstream ;
target cell ‘

Autocrine

receptor
[ signaling
I

local
mediator

(C) NEURONAL (D) CONTACT-DEPENDENT

target cell

synapse
o

signaling cell

) ®@re
" target cell / ®

neurotransmitter

neuron

membrane-
bound signal
molecule

cell
body

2 Main Receptor Types: (Intracellular & Membrane-bound Receptors)
-Determined by how the hormone receptor binding is relayed to the cytoplasm.
-Mechanism depends on chemical nature of the hormone & the cellular location of receptor.
e Intracellular Receptors:
o Lipid-soluble hormones (steroid/thyroid hormones) & even gasses (nitric oxide-blood
vessel dilation)
= Can diffuse straight through the membrane.
e Steroid hormones bind to receptor proteins in the cytosol or the nucleus
that regulate gene expression.
e Other signal molecules activate intracellular enzymes.

Once bound, the
receptor protein
undergoes a large
conformational
change and
‘activates’, allowing it
to promote/inhibit
transcription of a
select set of genes.

Nucleus

Molecular
chaperones

7

Receptor- —
hormone
complex

Cytoplasm

- -+

kSteroid

Receptor-
hormone

chaperonin
complex

New —/
protein
Translation

‘4

Ribosome
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¢ Plasma-Membrane-Bound-Receptors:
o Most signal molecules are too large or hydrophilic to cross the plasma membrane of the
target cell.
Therefore bond to transmembrane protein receptors that relay the message (in a new
form) into the interior of cell (cytosol)
Most intracellular signalling proteins act as molecular switches activated by either
phosphorylation OR GTP- Binding (swapping a GDP for a GTP)

kl nase
activates
ATP phosphata
inactivates

SIGNAL
ouT

SIGNALING BY
PHOSPHORYLATION

2 SIGNALING BY GTP-BINDING PROTEIN
o 3types differ by the nature of the new intracellular signal generated when extracellular
signal binds to them:
o 3 Types:
= |on-Channel-Linked Receptors
e Resulting signal is a flow of ions across the membrane — produces an
electric current.
e Signal molecules are often neurotransmitters.

. plasma

membran

n _—signal molecule

e Enzyme-Linked Receptors
o When activated — act as enzymes or are associated with enzymes inside the
cell. Switching on this enzymatic activity then initiating a cascade of other
effects, including small molecules being released into the cytosol.

signal molecule — -ty @ signal molecule

in form of a dimer l
ez

= _ activated
inactive catalytic active catalytic enzyme

domain domain
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e G-Protein-Linked Receptors (more common)

o The largest family of cell-surface receptors.

o Binds to a class of membrane-bound GTP-Binding-protein (G-Protein)—>
becomes activated and released to migrate across the membrane, initiating
a cascade of other effects.

o G-Proteins act as molecular switches, transmitting the signal onward for a
short period, then switching themselves off by hydrolysing their bound GTP
to GDP.

. inactive G protein
receptor protein 1

i plasma
signal membrane
molecule :

CYTOSOL

activated __F

o subunit activated

By complex

o Some G-Proteins directly regulate ion channels in the plasma membrane.

closed K channsl

—

¢ j [GT7 ]|

- o subumit
=

smmet

CHANNEL

OPENING apen K channel

faaeme —emboane l
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o Other G-Proteins activate membrane-bound enzymes. Eg. adenylyl-cyclase
- increases the [second messenger (cyclic-cAMP)] = activates an
intracellular signalling protein (eg. A protein kinase) OR turns on genes via
activated Protein Kinase ‘A’ (PKA).

signal molecule
—

e
G protein activated activated E ,S 3

enzyme G protein enzyme

Egl. cAMP Cytosolic Signalling Cascade: (Activating Intracellular Enzymes)
adenylate cyclase

ligand —» o & v G, @~ ligand

redptor —» | Fi Rs  |«— receptor
" - \By __,\_/—\

7
inhibitory G protein A Islt;mulatory G protein

Second drolysis
Hydroly sis
messenger (phosphodiesterases)

A Y . RESPONSE
) —— E—
(Increase
Secretory
Activity) //

intracellular signaling l cell-surface
pathway — receptor

extracellular signal molecule

Eg2. cAMP Nucleic Signalling Cascade: (Turning on Genes via
activated PKA)

NB. Gene regulatory protein = CREBProtein s DNA_

(cAMP Response Element Binding Protein) FUNCTION “NA_

signal molecule . \ ALTERED GENE EXPRESSION
activated adenylyl cyclase

ALTERED CYTOPLASMIC MACHINERY

ALTERED CELL BEHAVIOR

activated receptor

activated — cyclic AMP

o subunit of
G protein

‘ ] ’actlvated
CYTOSOL inactive PKA >

— C
I — nuclear
NUCLEUS  activated PKA pore

activated, phosphorylated
gene regulatory protein

Q d?ctivated target gene
-

DNA S =

] TRANSCRIPTION
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Drug side effects. — A Drug’s target receptor on a certain cell may be present on a cell of a different organ,
which responds differently to the same chemical stimulus.

Side Effects of Manipulating
Chemical Communication

Airway of Asthma Patient

No Isoprenaline After Isoprenaline

Airway Airway Airway _ Airway
constriction > dilation constriction = dilation

A

No Isoprenaline After Isoprenaline

Heart of Asthma Patient

Heart rate & _ | Heart rate & Heart rate & Heart rate &
contraction ~ § contraction contraction contraction

A

Overview

In multicellular organisms the collective functions o
cells must be regulated and coordinated involving
complex intercellular communication networks
Secreted messengers form the best studied process
of intercellular communication
Secreted messengers are a chemically diverse group
Secreted chemicals must activate a specific receptor
There are 4 major types/classes of receptors
Each type of receptor has a different mechanism for
converting the secreted signal into a meaningful
signal for the cell
Activation of cell surface receptors results in
transduction of the signal into the cell and
activation of an intracellular signaling cascade

+ Intracellular signaling cascades are complex and
diverse but have a number of generic functions

+ Intracellular signaling cascades may involve the
formation of a secondary messenger such as cAMP

- Cells also have mechanisms for furning off the
signaling process
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The Cell Cycle & Its Regulation
le. Cell Division/Reproduction

The Cell Cycle:

- The cell doctrine: “where a cell arises there must be a previous cell.”
- Foracell to reproduce, it must duplicate its contents & divide cyclically. (the cell cycle)

Fundamental tasks of the cell cycle:
Copy and pass on genetic info to next generation.
Produce 2 genetically identical daughter cells
DNA in each chromosome must be accurately replicated
Replicated chromosomes must be equally distributed between daughter cells.
Coordinate growth with division to maintain size & contents.

4 Phases:
- . M
» Interphase = 1h

- Cell continues to transcribe genes, synthesize proteins, & grow. G
1. G; Phase (gap) ﬂ

GO

= Provide additional time for cell to grow & duplicate

2
4h
Cytoplasmic organelles
2. S Phase (synthesis)
= DNA Replication
= Restriction/Commitment Point — no turning back.
3. G; Phase (gap) 63_8h A

* Provide additional time for cell to grow & duplicate START
Cytoplasmic organelles SOMETIMES |
CALLED “THE
= Replicated chromosomes condense R;:}ﬁl\fi(l(l)g\
TYPICAL TIMES FOR X!
» Mitosis & Cytokinesis A MAMMALIAN CELL
4. M Phase (mitosis & cytokinesis)

= Prophase — nuclear membrane breaks down

= Prometaphase — replicated chromosomes are lined up

= Metaphase — chromosomes separated into 2 sister chromatids

= Anaphase — chromatids arrive at ends of cell, decondense & form separate nuclear

membranes
= Telophase — Plasma membrane pinches cell into 2.

5. Gp=Some cells (neurons) that don’t divide, just stop at Go.

interphase

G1 G1
phase S phase - phase

‘ MITOSIS CYTOKINESIS :
chromosome prophase

replication prometaphase ‘
| metaphase
nucieus anaphase

cytoplasm telophase
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The Cell-Cycle Control System:
- To ensure these tasks are completed, there exists a complex network of regulatory proteins, known
as the cell-cycle control system.
o Ordered series of biochemical switches that control the main events of the cycle:
=  DNA replication
= Segregation of duplicated chromosomes
o Responds to various signals from outside & inside the cell
o Critical to regulation of cell numbers
o Malfunction can lead to cancer. (Abnormal number of chromosomes/Mutated DNA)
- Can stop the cycle using molecular ‘brakes’ at 2 important checkpoints.

Molecular Brakes of the Cell-Cycle Control System:
Govern cell-cycle by activating & inactivating proteins that regulate DNA replication, mitosis &
cytokinesis.
Activation via phosphorylation = by protein kinases (consume ATP + phosphorylate substrate)
Deactivation via dephosphorylation = by protein phosphatases
To become fully active, protein kinases must first become partially active by binding to a cyclin
Cyclins — have no enzymatic activity.
Cyclin Dependant Kinases (Cdk’s) — partly activated by cyclin.
o Cyclin + Cyclin Dependant Kinase = Cyclin-Cdk
Cdk-Activating kinase (CAK) — phosphorylates the partly activated cyclin-Cdk, fully activating it.

cyclin Cdk-activating kinase (CAK)

cyclin
-

/’7\\ (-\
/ \
/

/G | . /OF

—

/' T-loop

Cdk
(A) INACTIVE

active site
(B) PARTLY ACTIVE

activating phosphate
(C) FULLY ACTIVE

o Activation of Cyclin-Cdk complexes can trigger cell-cycle events. (Entry into S-phase or M-
phase.)
= ‘M’-Cyclin + Cdk = M-Cdk - drives cells into M-phase
= ‘S’-Cyclin + Cdk = S-Cdk —> drives cells into S-phase
Cdk Inactivation: Once ‘?’-Phase is complete, ubiquitin-dependant proteolysis destroys cyclins.

;

M -cyclin
mitotic ——

Cdk-,
ubiquitination destruction
(o of M- Lyclm ~~ of M-CVClIl‘I

umt.luvatuon

active M-Cdk of M-Cdk

inactive
Cdk
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. Is DNA intact?  Is all DNA replicated?
Checkpoints of the Cell-Cycle Control System: R

cell checks that a critical earlier event has occurred

ensures correct sequence of events

ensures consistent DNA replication before mitosis
Loss/misregulation of checkpoints = cancer (uncontrollable cell
division)

G S e ™
T T T T T

unfavorable damaged incompletely damaged or  chromosome
extracellular DNA replicated incompletely improperly G1 CHECKPOINT

environment  (p53) DNA replicated attached to
DNA mitotic spindle Is environment favorable?  Is DNA intact?

e G; Checkpoint:DNA damage prevents S-Phase Entry

o Ensures environment is favourable for cell proliferation.

o Ensures DNA is intact before committing it to replication (S-Phase)

o How?: Damaged DNA causes the transcription & translation of a Cdk Inhibitor Protein

that inactivates the S-Cdk
= When DNA is damaged, specific kinases are activated and phosphorylate the p53

protein.
Activated p53 stimulates the transcription of the gene for p21, a protein that
temporarily inhibits the S-Cdk.
Because S-Cdk is necessary to trigger DNA replication in S-Phase, inactivation of S-
Cdk arrests the cell cycle in G; phase.

X-rays

ACTIVATION OF
PROTEIN KINASES THAT
PHOSPHORYLATE p53

., Stable,
l ACTIVE p53 BINDS TO
lREGULATORY REGION OF p21 GENE

p53 DEGRADATION
IN PROTEASOMES

TRANSCRIPTION 1
m====m p21 mMRNA
TRANSLATION +

p21 (Cdk
o inhibitor protein)
&
ACTIVE

INACTIVE

G1/S-Cdk G,/S-Cdk and S-Cdk
and S-Cdk complexed with p21

[linlame Dia (@ DONA Cardand Crianna\
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e Cdc6 Prevents DNA Replication until G; checkpoint is satisfied:
S-Cdk then triggers replication by removing Cdc6 via phosphorylation.
o Initiates DNA replication
o Helps block rereplication
o How?

» Throughout the cell cycle, complexes of proteins - ORCs (Origin Recognition
Complexes) are associated with the Origins of Replication (ORI) on each DNA
molecule.

In early G1, it acts as a landing pad for regulatory proteins including Cdc6

The other proteins that bind with ORC & form a pre-replicative complex.

When Cdcb6 is associated with the ORC it puts a safety switch on DNA replication.
Once the G1 checkpoint is satisfied, active S-Cdk then removes the Cdc6 via
phosphorylation, causing DNA polymerase to commence DNA synthesis.

S-Cdk also phosphorylates ORC preventing rereplication after firing.

ORC (origin recognition complex)

L DNA
ORC-bind/ing site

@dcg\{ Cdc6
¢ =@
e
cRﬂcm @ i~ati
pre-replicative

@g@ complex (pre-RC)
s DEGRADATION OF
S-Cdsk FTS;'\GSCEERS Cdc6 PHOSPHORYLATED Cdcé

. O/ — . p. a9
T — %

PHOSPHORYLATION
OF ORC

g -
assembled
replication fork COMPLETION

OF DNA
REPLICATION
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Rb-protein prevents transcription of genes for proteins needed in S-Phase.
S-Cdk triggers transcription by removing Rb-protein via phosphorylation:
o When G; checkpoint is satisfied AND external growth-factors are present, an intracellular
cascade is initiated:[refer to Wk12 CTL notes]
*  (enzyme-linked receptor->Ras activated—=> MAP-Kinase cascade=>removes Rb)
o Removal of Rb activates gene regulatory proteins —result in protein synthesis.

signal molecule

EXTRACELLULAR CR
SPACE ’. inactive Ras protein active Ras protein plasma membrane

CYTOSOL @] ® Ly -— Cl—?/iﬁ” — (MAP-kinase-kinase-kinasg )-
S m ol

ONWARD active Ras
- TRANSMISSION tei ADP
activated receptor OF SIGNAL protein

tyrosine kinase ( MAP-kinase-kinase

adaptor protein

Ras-activating protein K-

(_ MAP-kinase
v v 1
tei X| ®-| rotein Y| gene acne

®-|pro S P : ®_regula'(ory regulatory
protein A protein B

L I 1 I
changes in protein activity changes in gene expression

LRSI Te I EEn e a e Y i St growth Tactor
inactive growth activated growth
factor receptor Y~ factor receptor

intracellular
signaling
pathway

activated S
phase —
active Rb cyclin-Cdk ¢ inactivated
protein complex Rb protein

active Rb /
(E2F) protein ‘_ . (P)
inactivated gene

regulatory protein
— - inactivated gene

active gene

— regulatory protein egulatory protein
target - I
gene z

PHOSPHORYLATION  TRANSCRIPTION
OF Rb |

v
TRANSLATION

}

CELL
PROLIFERATION

(A) RESTING CELL (B) PROLIFERATING CELL
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e G, Checkpoint: M-Phase Entry

o Ensures that cells don’t enter mitosis until it has completed DNA replication & repairs.

o How?: M-Cdk is activated by the addition of a phosphor & inhibited by another phosphor.

o If DNA is good, a Phosphatase Cdc25 removes the inhibitory phosphor, instantly
activating the M-Cdk.
If DNA is bad, phosphatase Cdc25 is inactive, & therefore so is M-Cdk.
Active M-Cdk further activates phosphatase Cdc25 & also stops the Cdk-inhibitory kinase
from adding the inhibitory phosphor. - —>triggers MITOSIS

inactive
phosphatase

G2 DNA DAMAGE CHECKPOINT

inhibitory
phosphate

POSITIVE

e €.

Cdk1 inactive Cdk |nh|b|tory inactive
M-Cdk kinase M-Cdk

.

\‘_FEEDBACK
&

Cdk-activating

kmase
actlvatlng
phosphate

active M-Cdk

J

The Centrosome
Centrosomes are needed to form robust mitotic spindles to ensure even distribution of genetlc
material during mitosis.

Consist of a pair of Centrioles (1 mother & 1 daughter)
Their replication is semi-conservative, but the process is not
known.

Are responsible for the ‘pulling apart’ of the chromosomes
during anaphase
o Sister chromatids are held together by ‘cohesin’.
o Mitotic spindles grab the chromosomes on either side at the kinetichore.
o Spindles take up tension.
o When this ‘spindle checkpoint’ is satisfied & all chromosomes are bound to spindles, the
cohesin is cleaved & chromatids retract to opposite sides of the cell.

replicated chromosome
(sister chromatids)

cleaved and
dissociated cohesins

spindle pole \

motor \
protein
/

kinetochore

centrosome [} cohesin

1 o)
condensin ‘ 5 l‘ [ >
9 0
- [
‘1

DNA coil in

chromosome
(A) (B)

sister
overlap chromatids
microtubules

\
kinetochore
microtubules

astral
microtubules
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Regulation of Cell Fate

Proliferation/Division
- Regulated process of cytoplasmic duplication, followed by mitosis.
- Regulated by nutrients, secreted chemical messengers & environmental/local signals.
- Essential in development, growth, maintenance & repair.
Differentiation
- Regulated step-wise process where cells gain/lose specialised characteristics (morphological or
biochemical)
- Regulated by nutrients, secreted chemical messengers & environmental/local signals.
- Essential in the formation & maintenance of specialised tissues/organs
Terminal Differentiation
- Regulated process where cells differentiate but can no longer proliferate.
- Regulated by nutrients, secreted chemical messengers & environmental/local signals.
Apoptosis
- Regulated process where cells die for the benefit of the organism.
- Regulated by nutrients, secreted chemical messengers & environmental/local signals.
- Essential process in embryogenesis, ovulation & mensus, pathogenesis.

The Balance of Cell Fate
B— \ @ )=/ SURVIVE => @

®

T @ = ovice & ®

Differentiation

Stable baseline cell population

apoptotic Cell death (apoptosis)

**Imbalance of these 4 processes can result in necrosis and/or cancer**

Stem Cells

Can proliferate

Can be determined

Can differentiate into any type of cell.

Proliferation
o Proliferative - eg. Early embryogenesis
o Differentiative — eg. Oogenesis (stem cells run out)
o Both

Proliferative Differentiative

@
\
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e Determination
o Where the cell is preset to a specific phenotype but has not yet differentiated.
o Determined cells are morphologically indistinguishable from stem cells.
o Eg.Early embryogenesis — before morulla stage, cells can become any human cell->totipotent
o -at the morulla stage, the cells are determined to become either a primary germ layer or
trophoblasts; but have not yet differentiated.
Also the primary germ layers are pluripotent=determined, but for multiple possible pathways.

FD

cells of inner cell mass

cultured ES cells macrophag_e
early embryo o s

(blastocyst) )

smooth muscle cell

glial cells

o Differentiation
o Once determined, stem cells will differentiate into that cell.
o Eg. Adult immune system — hemopoietic stem cells in bone marrow can differentiate into
any of the immune-system cells.
— (@ T lymphocyte

B lymphocyte
§ eosinophil

basophil

C t o s v_ neutrophil
hemopoietic % e

osteoclast
stem cell
monocyte
macrophage
’ \ & platelets

megakaryocyte

- red blood cell
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Regulation of Cell Fate
e Cell Memory
o Gene expression is limited (determined) so can’t differentiate.

Chemical Messengers — “Growth Factors”
o Autocrine or Paracrine

Autocrine

(B) PARACRINE

<> signaling /@R
' ) cgll ' ‘
i b )" iargei
L ee® cells
e

local e ‘/‘

mediator

**note: Mitogens - Stimulate proliferation only;
Growth Factors - Stimulate proliferation & other constructive processes**

Enzyme-Linked Receptors
Binding of growth factor

Dimerisation of tyrosine kinase receptor
Autophosphorylation of dimer — monomers phosphorylate each other

Binding of Adapter Protein (intracellular signalling proteins)

plasma

signal molecule in
orm of a dimer membrane
EXTRACELLULAR

C=slp
SPACE

p

tyrosine
kinase | [

domain / ; intracellular

. = E signaling

INACTIVE  Kinase activity ” acTive SIGNAL \ proteins

" receptor tyrosine RELAYED bound to

BY D phosphorylated

receptor tyrosine 4
p ki
inase ACTIVATE tyrosines
SIGNALING

kinase /
phosphorylated
tyrosine
PROTEINS
INTO THE

CELL'S
INTERIOR

= Activation of Ras
Binding of Ras-activating protein to adapter protein

Ras loses GDP and binds GTP ->becoming active
Active Ras protein initiates the MAP-Kinase cascade

signal molecule

EXTRACELLULAR
SPACE &

CYTOSOL P)
GTP ONWARD
TRANSMISSION

OF SIGNAL

activated receptor
tyrosine kinase

adaptor protein
Ras-activating protein
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= MAP-Kinase cascade.
e Active Ras protein initiates Mitogen-Activating-Protein-Kinase cascade.
e MAP-Kinase-Kinase-Kinase phosphorylates MAP-Kinase-Kinase
e MAP-Kinase-Kinase phosphorylates MAP-Kinase
MAP-Kinase inactivates gene-inhibitory Rb-Protein via phosphorylation
Rb-Protein releases E2F-Transcription factor, initiating transcription.
Transcription of genes results in protein synthesis and proliferation.

plasma membrane

MAP-kinase-kinase-kinas 3

Py — [T
ATP

@ IADP

active Ras
protein

MAP-kinase

{

'

v v
®-|protein X| ®-|protcin Y| ®—

gene
regulatory

protein A

gene
regulatory
protein B

L | 1

changes in protein activity

changes in gene expression

v L e — e S

Lo T'o Tl

Il adiidbdadd

inactive growth
factor receptor

VSV VA O O W

growth factor

activated growth
factor receptor

PN
me

nucleus

intracellular
signaling
pathway |

-

active Rb
protein

activated S
phase
cyclin-Cdk
complex

K]

Nl

(E2F) orotetn

inactivated gene
regulatory protein
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(F)

active gene

gene

inactivated gene

regulatory protein

regulatory protein
'L
- [ —

target

T
PHOSPHORYLATION
OF Rb

/

(A)

RESTING CELL

TRANSCRIPTION

(B) PROLIFERATING CELL

TRANSLATION

CELL
PROLIFERATION
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e Positional Information
o Cell/Cell Contact
= Signalling through gap junctions for gene transcription & proliferation
= Also contact inhibition stops over proliferation.
e Eg. Experiment:

Cells scraped away —> Cells grow back = Cells stop dividing once all-round contact is made.

o Cell-Matrix Contact
®  Fluid, nutrients, waste diffusion medium, fibres guide direction of cell proliferation.
= Anchorage dependence of cell division:

e Eg. Experiment:

perched on a small spread on a big
suspended in agar adhesive patch adhesive patch

& Covr g

30%
|
probability of entering S phase

Laminin Laminin
fibers fibers

EXTRACELLULAR
— MATRIX
| b= ;
Collagen .\ 3 = D Collagen

e
Fibronectin \"‘ﬂ"...g"f‘ e
B

o
Growth factor Q i Growth factors

Q Integrin f ’

Growth factor i Growth factor
receptor : receptors

Focal adhesion complexes

Actin cytoskeleton

CYTOSKELETON-MEDIATED
SIGNALS

Cell-Cell

SOLUBLE DivaN g SOLUBLE
SIGNALS i 3 SIGNALS contact

PROLIFERATION, DIFFERENTIATION,
PROTEIN SYNTHESIS, ATTACHMENT,
MIGRATION, SHAPE CHANGE
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Cancer, Cell Death & Cellular Ageing

Growth Characteristics of Normal Cells:
Subject to contact inhibition
Limited lifespan
Anchorage dependant
Growth-factor dependant
Able to apoptose.

Growth Characteristics of Tumour & Cancer Cells:
Not subject to contact inhibition
Unlimited lifespan
Anxhorage Independant
Unresponsive to growth-inhibitors
Unable to apoptose.
Differentiate independently.
o Differentiated tumours = teratomas.
o May form teeth, hair, bone, nails, toes, brain matter etc.

General Characteristics of BENIGN TUMOUR CELLS:
Lower mitotic index than cancerous tissue.
Well-defined capsule
NOT INVASIVE

Well differentiated — still exhibit characteristics of their normal cells of origin.

NOT METASTATIC

- PRIMARY

General Characteristics of METASTATIC CANCERS:
Abnormally high mitotic rate
Show signs of de-differentiation Basomont
o have features of primordial stem-cells
Disordered growth patterns
o Grow as a chaotic mass in all directions
Can be Metastatic (Colonise distant tissues)
o Cells can break away from primary
tumour & travel through blood/lymph.
o Establish new tumours (secondaries) 1 i
called metastases. FPlatoiate Ty
Show gross genetic abnormalities. fecallulay - g
o Aberration in chromosome number
o Deletions, translocations in genome
Grow in the absence of growth factors.
Are Immortal
o Escape cellular ageing (senescence)
o Many also don’t apoptose
Malignant phenotype is heritable.
o Cancer cells propagate through many
mitotic divisions without losing cancerous features.
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Cause of Cancer
e Genetic mutations that are non-lethal to the cell.
e Results from mutagens:
o Chemicals
Radiation
Carcinogens
Free-Radicals
Microbes (viruses)
o Inherited.
e DNA damage = dysregulated growth patterns > uncontrolled proliferation.
o Damage to regulatory genes:
= Results in loss / gain of function of:
e DNA repair Genes
e Cell Ageing Genes
e Protooncogenes
e Growth-inhibiting (anticancer) Genes
e Apoptosis Genes
e Clonal expansion: cancers arise from a single cell with uncontrolled proliferation.

Kl O Normal cell
cel

TRANSFORMATION Carcinogen-induced change

@)
©)
@)
@)

Single
tumor Tumor cell
cell

PROGRESSION Tumor cell

variants

30 doublings PROLIFERATION
OF GENETICALLY
l = UNSTABLE CELLS

1 gm - 10 cells
Smallest clinically
detectable mass

Microscopic
metastases
10 doublings

|

‘:wkg & 10'% calls 3 Clonal expansion

aximum mass ; Wi -
m| : of surviving cell

compatible with life St variang Nonantigenic

_~ Invasive

Metastatic
Metastases

Human solid > Requiring fewer
malignancy growth factors

Defects in DNA Repair Genes:

e Genetic mutations happen all the time.

e However, DNA is repaired by the cell.

e Defective DNA repair can lead to uncorrected mutations - cancer

Defects in Cell Ageing Genes:

e Cellular age is determined by the number of divisions.

e When cells age, they enter senescence: a terminal non-dividing state.
e Mutations that enable the cell to avoid senescence = cancer.
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Gain of Function in a Proto-oncogene:

(Proto-oncogene: a normal gene that can become an oncogene due to mutations or increased
expression. An oncogene is a protein encoding gene, which — when deregulated — participates in the
onset and development of cancer. Proto-oncogenes code for proteins that help to regulate cell growth
and differentiation = such as Ras)

inactive growth activated growth inactivate growth

— factor receptor ?;a"g:h P factor receptor ~ factor receptor

4

i m inactive
5 . intracellular
inactive i signaling protein

intracellular i activated 4

signaling intracellular abnormally active

proteins i signaling Ea intracellular
e proteins ! signaling protein

nucleus

inactive gene activated gene activated gene

< regulatory protein regulatory protein regulatory protein
Wz Wiy
Yo Y 1
. SR |
© 5 . 5 —
transcription transcription

. gene required
for cell proliferation

quiescence . = veilhy
regulated cell proliferation in the
proliferation absence of growth factor

Alherte etal Fecential cell hinlaawv)

Oncogenic activation of Ras:
e Active Ras protein loses its hydrolysing ability and cannot be turned off.

e Results in over-transcription of proteins required for proliferation.
Growth factor -

Farmesyl
Growth factor receptor membrane anchor

Active Ras @i 3

Bridging  Activates
protein Inactivation by
hydrolysis of GTP

Phosphate @

BLOCKED IN

MUTANT RAS Activation of

MAP kinase pathway

Activation of transcription

Cell cycle progression «——— myc protein
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Abnormal Expression of Apoptosis-Regulating Genes: (Bcl-2)

e QOver-expression of anti-apoptotic regulators

e Under-expression of pro-apoptotic regulators (Bax & Bak) = initiates the CASPASE CASCADE
o Leads to abnormalities in regulation of cell proliferation.

CELL ACCUMULATION

APOPTQOSIS

NORMAI

Cell Ageing
- Progressive alterations in structure = loss of functional capacity (senescence) ending in death.

e On a Cellular Basis:
o Changes in Structure & Function:

= Decrease in:
e rate of mitochondrial oxidative phosphorylation
e nucleic acid synthesis
e synthesis of proteins (structural/enzymes/receptors/transcription factors)
o effectiveness of DNA repair mechanisms

= Increase in:
e incorrectly folded proteins
e irregularly shaped nuclei.

= Changes in organelle structure & function

e Senescence:
o lrreversible arrest of cell division in G1 phase.
o Non-responsive to mitogens
o Abnormalities in morphology, metabolism & functions
o Increased resistance to apoptosis
o Correlation between # of divisions & senescence.
= Suggests that # of divisions is limited &
decreases with age.

newborn

(=] w
1 1

CELL NUMBER (x 10%)
w

T T w T

10 20 30 40 50 60 70
POPULATION DOUBLING LEVEL

80
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Cellular Clocks (the cause of senescence??):
o Telomere Replication:
= Telomere: The non-coding end-region of a chromosome-protects the start of the
coding sequence from shortening during successive replications.
However, each time DNA replication takes place, the telomere itself gets shorter.
Telomerase counters this by adding repeats to the template strand, allowing telomere
elongation on the new DNA strand.
Unfortunately, telomerase activity decreases with # of cell divisions.

- — template strand ——
5[ [ ) 37

3 5
l incomplete newly RNA

synthesized primer
lagging strand

5] [ ] ] ] ) ) ] ] ]
- I Y 57
3 5 telomerase adds

l additional repeats to

the template strand

DNA synthesis from RNA primer

l DNA REPAIR completes lagging strand

5 K
kd ________________ EEEEEEEEE BEY
replicated chromosome end

Cell Death:
e Apoptosis
- Cells that undergo apoptosis shrink & condense, dying neatly without damaging neighbours.
o Normal process

Regulated
Energy dependent
Enzyme dependent (requires gene expression)
Ordered disassembly
Minimal inflammation
Minimal scarring
Apoptotic bodies attract phagocytes (eg. Macrophages) and are engulfed/phagocytosed.

Apoptosis

mitochondrial morphology
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intact membranes
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Regulated by CASPASES:

= Proteolytic enzymes that cut up proteins & nuclear laminin. (nuclear envelope)
Initially caspases are created as inactive enzymes called procaspases.
The activation of procaspases is regulated by the Bcl-2 protein family (Bax & Bak).
Bax & Bak increase outer-mito-membrane permeability = releases cytochrome-C into cytosol
Cytochrome-C then binds to adapter proteins—> activates procaspases—>acitive caspases
Active caspases activate other procaspases = causes an explosive chain reaction (cascade).
Caspase cascade = is destructive, self-amplifying, and irreversible.

cytochrome ¢ (in intermembrane space)
adaptor protein

aggregation
of adaptor activated
and binding of caspase

procaspase

L . plpepepe " &ﬂiq, _ CASPASE
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!

\'\
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e Necrosis
- Cells that die from acute injury typically swell & burst, spilling their contents.

@)

Abnormal process (pathophysiological)

Unregulated

Energy independent

Enzyme independent (doesn’t require gene expression)
Chaotic destruction

Activates inflammatory response

Results in scarring.

mitochond{ial morphological | membrane breakdown

{ 1
- ?g@
| \ &

= \
chromatin pattern conserved —

normal reversible swelling irreversible swelling  lysis/disintegration
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Microbial Diversity

- Some bugs are good (even essential) and some bugs are bad.
- Organisms capable of causing disease are pathogens

Normal Flora (commensals)

e Heavily colonise skin —armpit, perineum, interdigital areas
e Nose and oropharynx
e Gl Tract
e Uro-genital tract.

e Are normal at certain places where they are not harmful.

o However when they colonise an area where they shouldn’t, they cause disease
(nosocomial infection).
= Known as opportunism.

Pathogenesis
e The biochemical mechanisms whereby microbes (bacteria, fungi, parasites & viruses) causes
disease.
e Virulence: the propensity of a microbe to cause infection = disease.
Steps to disease:
I Entry
e Oral
e Skin
e Trans-placental
¢ |nhalation
e Inoculation (wound/skin penetration)
e Sexual
Colonisation
e Breach of skin/epithelia/conjunctiva
e Attachment
Persistence + avoiding host defences.
e Beat natural barriers — flushing, mucous + cilia, stomach pH, Lysosomes in saliva, etc.
Replication
e Mucosal (Gl tract)/systemic (blood)/nerves (viruses)/cerebrospinal fluid (meningitis)
Dissemination — (Host-Host)
e Faecal-oral (diarrhoea), Aerosols (sneezing), Sexual (intercourse)
e Dependson:
o Organism size
o Ability to survive in external environment
Cause Disease
e Can release toxins — either local effects / or systemic
e Can cause unusual cellular activity
e (Can cause tissue damage
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Host-Parasite Interactions:
1) Colonised, no disease, no illness (asymptomatic)
Eg. Helicobacter —in stomach
2) Colonised, disease, no illness (asymptomatic)
Eg. Chlamydia & other genital tract infections.
3) Colonised, disease, illness (symptomatic)

The Organisms
e Prokaryotes:

o Viruses Infection
»  Very small 0 O wmvins S

= Nucleic acid inside protein coat (DNA or

Nasal epithelium

)(ss or ds) 4 '
RNA SS or ds / Basement membrane

Complete parasitic dependency
Replicates inside cell - but metabolically Camina propria
inert in external environment.

Need close/direct contact ﬂ Virus adsorbed
Need a moist environment

Lyses host cells and then infects more.
Respiratory route / oral / inoculation /
sexual transmission.

o Bacteria

= Larger than viruses
= Visible under light microscope
= Living - replicate by binary fission
- Can be killed
Intracellular or extracellular
Motile
Can produce toxins
Contain DNA, Ribosomes + Inclusions — no
true nucleus

ribosomes DNA&

capsule

plasma cell wall

membrang

Resulting disease often more severe.

e Eucaryotes:
o Protozoa

= Single-Celled Animals
= Larger than bacteria — still small enough to live intracellularly.
e Can also live extracellularly.
= Vectors / faecal-oral route > most infections occur tropically.
o Helminths
=  Multi-celled, often macroscopic organisms.
= Complex body organisation and reproduction (some
have sexual dimorphism)
Difficult for immune system to destroy — too big.
Cause inflammation
Are often never eliminated.
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Thousands of species
Few are pathogenic to humans

Resulting Mycoses (disease) either:

20ish are fatal.

Superficial
Cutaneous
Subcutaneous

Systemic
Opportunistic — seen in compromised hosts

-Depending on site of infection.

Exist as branched filamentous forms, or yeasts
Asexual spores (conidia)

Spores commonly inhaled & cause infection.
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Biology:
Epithelial Tissues

#1. Epithelial Tissues (epithelium):
- One of the 4 basic tissue types (nerve/muscle/connective/epithelial)
A sheet/sheets of cells that covers a body surface or lines a body cavity.
Where? : a) Covering & lining epithelium
b) Glandular epithelium
Epithelia are avascular, but all epithelia "grow" on an underlying layer of vascular connective tissue.
Form boundaries between different environments. (interface tissue)
*Nearly all substances received or given off by the body must pass through an epithelium.
General Functions: - Protection
- Absorption
- Filtration
- Excretion
- Secretion
- Sensory reception

Characteristics of Epithelium:
- Epithelium differ from other types of cells in that they:
o Exhibit Polarity: (apical-basal polarity)
= Have an apical surface
e Surface exposed to the inside of the lined cavity.
e Most have microvilli (finger-like extensions of the plasma membrane)
e Some have cilia (arms that propel substances in 1 direction — eg. trachea)
o Power & recovery strokes
Have a basal surface
e Surface facing connective tissue on the outside of the lined cavity.
e Supported by a Basement Membrane:
o Lining the basal surface is a thin supporting sheet called the basal lamina -determines which
molecules can diffuse through the basal membrane.
o Below the basal lamina is the reticular lamina - fine network of collagen fibres belonging to the
underlying connective tissue.
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Bound by specialised contacts:

= Tight junctions — maintain polarity — protect basal side from apical environment.
= Desmosomes — resist mechanical forces — holds cells together
= Gap junctions — Allows intercellular transfers & communication.

o Supported by Connective Tissue:
= Provide support
= Reinforces the epithelial sheet
= Resists stretching/tearing forces
= Defines epithelial boundary.

Microvilli

Tight junction

Interlocking
junctional proteins

Intercellular space
(a) Tight junction

Intercellular

Plasma memb
of adjacent cells ermediate

filament
Gap junction

Extracellular Underlying

space between basement membrane

cells
Channel B . .
between cells y - Linker
(connexon) T proteins

(b) Desmosome

space

(c) Gap _::o:oa.
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Classification of Epithelia:
- Classed on a combination of the number of cell-layers present and the shape of the cells:
o Shape:

=  Squamous
e Flat, tile-like. (fried egg) Squamous

e Flat central nucleus © Whostor
= Cuboidal
o Box-like shape
e Spherical central nucleus
Columnar
e Column/prism shaped
e Elongated basal nucleus

Cuboidal

0

Columnar

o Layering:
= Simple:
e Single layer. Smpe
e Common in high-secretion/absorption/filtration areas. : . (Stomach)
(requiring a thin epithelial barrier for high diffusion)
e Not usually for protection.

Stratified:

. 2 s e .«m:mzmma
e Multiple layers. _ : .q,\,.gsas_w

. . . . . (Esophagus,
e Common in high-abrasion areas for protection (eg. 2 oophag

skin/mouth)
¢ Named by the shape of the cells in the apical layer.
Pseudostratified: Epithelia:
e Seemingly layered but is still simple (all cells touch the basal Structure/Function Relationship
lamina) Thicker barrier

e Generally columnar. / N

more layers thicker cells

%L_.._

» Transport is » Transport is possible
difficult to impossible

— controlled (active)
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Epithelia Combinations + Their Functions/Locations:
- Simple Squamous:
o Diffusion / Filtration / Friction-reducing lining in lymphatic & cardiovascular systems.
o Present in kidneys, lining of heart, blood vessels, alveoli, lymphatic vessels & serosae.

Simple Cuboidal:
o Secretion / absorption
o Present in kidneys, ducts, secretory portions of small glands, ovary surface.

Simple Columnar:
o Many contain cilia
o Secretion / absorption
o Ciliated:
= Line small bronchi, uterine tubes, regions of the uterus
Non-Ciliated:
= Line the digestive tract and the gallbladder.

Pseudostratified Columnar:

o Cells with different heights (but all touch basal lamina)
o Nuclei are seen at different levels
o Secretion & propulsion of mucus.
o Ciliated:

* Trachea

Non-Ciliated:
=  Sperm-Carrying Ducts
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Stratified Squamous:
o Thick membrane (multiple layers)
o Protects areas subject to abrasion.
o External part of skin’s epidermis / oesophagus lining / mouth / vagina

Transitional Epithelia:
o Multiple layers
= Basal cells = Cuboidal
= Apical cells = Dome shaped
o Stretches to permit expansions / contractions
o Lines the urinary bladder / ureters / part of urethra
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Glandular Epithelia & Epithelial Membranes.

Glandular Epithelia:
- One or more cells that make & secrete an aqueous fluid — usually contains proteins / steroids /
lipids.
- Classified by:
o Site of product release:
= Endocrine
= Exocrine
o Number of cells forming the gland:
= Unicellular — scattered within epithelial sheets — ductless.
= Multicellular — form by invagination / evagination from an epithelial sheet — have
ducts (tubelike connections to epithelial sheets)

Endocrine (diffuse) Glands:
Ductless glands that produce mainly hormones.

o Prompts target organs to respond in some way.
Secretions also include amino acids, proteins, glycoproteins.
Secrete by exocytosis directly into the extracellular space — hence diffuse endocrine system.
Most are compact Multicellular organs (eg. Thyroid, ovaries, testes, pancreas)

Situated close to blood/lymphatic vessels.
| Exocytosis

(b)

Thyroid

Colloid-filled
follicles Follicle cells

Exocrine cells

Blood vessels

Parafollicular cell
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Exocrine Glands:
- More numerous than endocrine glands.
- All secrete products onto body surfaces/into body cavities
- (mucous glands, sweat glands, oil glands, saliva glands, liver, pancreas-exocrine part)
o Unicellular .
e Goblet Cells Goblet cells GG gancs

=  Sprinkled among columnar epithelial linings of

RO

intestinal & repiratory tracts. g LU 7?,"(’4}?"'
oy

Secrete mucin directly by exocytosis into lumen.
e (mucin + water = mucous) slimy coating

77 g \ ¥
that protects & lubricates. higxz |Wj’\2ﬁ%ﬁ
XL

)

o Multicellular
= 2 Parts:
e Epithelium-derived duct
e Secretory unit (acinus) at base of duct — secretory cells
= Ducted Type Glands: Either -
e Simple (DUCT is unbranched)
e Compound (DUCT is branched)
= Structure of secretory units:
e Tubular
e Alveolar
e Tubuloaveolar — mixture of both types
= Modes of Secretion:
e Merocrine Glands:
o Products secreted by exocytosis (panceas, sweat, salivary glands)
e Holocrine Glands:
o Products secreted by the rupture of the apical cells of the gland.
o Underlying cells replace ruptured cells and repeat process.
o (Only human example: Sebaceous glands — oil glands of the skin)

Tubular secretory structure Alveolar secretory structure

Simple
duct
structure
(duct does

not branch) (a) Simple (b) Simple {c) Simple alveolar (d) Simple branched

Example: No important alveolar

Example: tubular example in humans Example: sebaceous
intestinal Example: stomach (oil) glands

glands {gastric) glands

Compound
duct

structure
(duct
branches)

(e) Compound tubular (f) Compound alveolar (g) Compound
Example: Brunner's glands of Example: mammary glands tubuloalveolar
small intestine Example: salivary glands

= Surface epithelium | |= Duct . = Secretory epithelium HO[OCrine
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Epithelial Membranes:
- Are “simple organs”
- Continuous multicellular sheets composed of an epithelial layer bound to underlying connective
tissue.
o Exception: synovial mambranes — joint cavities — consist only of connective tissue.
Cutaneous:
o Keratinized stratified Squamous epithelium attached to a thick
layer of dense irregular connective tissue. Giinnents
o Isadry membrane — exposed to the air.

(skin)

e Mucous:
o Either stratified Squamous or simple columnar epithelial underlain
by the lamina propria (loose connective tissue) = ey

Mucosa of

Is a wet membrane — line body cavities that open to the exterior ' :M::w
(digestive, respiratory, urogenitals. o
Bathed by secretions of copious amounts of mucus (except S
urinary tract)

Adapted for absorption and secretion.

(b) Mucous membranes

e Serous:
o Simple Squamous epithelium (a mesothelium) resting on a thin layer of areolar tissue
(loose connectibve tissue)
Is a moist membrane — found in closed ventral body cavities.
2 layers:
= Visceral: Tightly encases organs.
= Parietal: Loosely encases organs.
Mesothelial cells create a thin, clear lubricating fluid (Serous Fluid) which fills the gap
between the visceral and parietal layers.

Parietal

peritoneum Parietal

ri
Visceral pledra

peritoneum Visceral

pleura

Parietal Visceral
pericardi pericardi
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Connective Tissue

. Connective Tissue:
Found everywhere in the body
Most abundant primary tissue
4 Classes of Connective Tissue: (see latter pages)
o Connective tissue proper
o Cartilage
o Bone
o Blood
4 Major Functions:
Binding / Support
o Protection
o Insulation
o Transportation (blood)
Common Characteristics:
o Common Origin
= All arise from mesenchyme (embryonic tissue)
o Degrees of vascularity
= Avascular (cartilage)
= Poorly vascular (dense connective tissue)
= Rich blood supply.
o Largely nonliving:
= Connective tissue is made up largely of non-living extracellular matrix.
=  Some sparse living cells.
= Can therefore bear weight, withstand tension, trauma & abrasion.

Elastic \\

fiber 4 Nerve Mast
fiber cell ) Ground
lvmphm‘vte | 9 substance

Macrophage

J \L"\ ) Fibroblast

’;"I oy ;U d\)‘? o Collagen fiber
g 4 -< g \ 4 )—';’

Fat cell

Reticular
fiber

Capillary ]

Areolar connective tissue: A prototype (model) connective
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Structural Elements:
o Extracellular matrix
= Ground Substance
e Unstructured interstitial (tissue) fluid.
e Cell adhesion proteins (laminin & fibronectin) — allows connective tissue cells
to attach to matrix elements.
Proteoglycans — trap water, making it more viscous (varying degrees.)
Functions as a molecular sieve — nutrients diffuse between blood capillaries
and cells.
= Fibres
e Collagen Fibres (white fibres)
o Constructed of the fibrous protein “Collagen”
o Found in all connective tissues
o Small cross-linked fibrils bundle together into thick collagen fibres.
o Are extremely tough — high tensile strength
e Elastic
o Long, thin fibres forming branching networks
= Contain a rubberlike protein, elastin.
o Allow for stretch and recoil (skin, lungs, blood-vessels)
e Reticular
o Collagenous fibres that form delicate networks
o Surround blood vessels & support soft tissue of organs.
o Particularly common where connective tissues meet other tissue
types. (basement membrane of epithelial cells)

Make up connective tissue once matured (blasts = immature, cytes = mature)
Fibroblasts — Connective tissue proper

Chondroblasts — Cartilage tissue

Osteoblast — Bone

Hematopoietic Stem cells — Blood

White blood cells, plasma cells, macrophages, mast cells.

Mesenchyme

Chondroblast Osteoblast Hematopoietic stem cell

C yte yt Blood cells* (and macrophages)
@ 17 ] 200

' S .
’:%@, LAY [’%@
i @@"@ S B C

Class of
connective
tissue Connective tissue Cartilage Osseous (bone)

resulting: proper

4 8 &

1.Loose connective 1.Hyaline 1.Compact * Blood cell formation
tissue cartilage bone and differentiation are
quite complex.
Types: Areolar 2. Fibrocartilage 2. Spongy Details are provided
Adipose (cancellous) in Chapter 17.
Reticular 3. Elastic bone
cartilage

2. Dense connective
tissue

Types: Regular
Irregular
Elastic
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4 Classes of Connective Tissue: (see latter pages)

o 1. Connective tissue proper
= Loose Connective Tissue
e Areola
o Most widely distributed connective tissue in the

body
Loose gel-like matrix
All 3 connective fibres
Contains fibroblasts, macrophages, mast cells &
white blood cells.

e Adipose
o High nutrient-storing ability
o Closely packed adipocytes (fat cells)
predominate — 90% of tissue mass.
o Insulates, supports & protects.
o (under skin, around kidneys, breasts)
o Richly vascularised

e Reticular
o Reticular fibres only in matrix
o Cells lie on a reticular fibre (mattress)
network
Function: forms a soft internal skeleton
(stroma) that supports other cells (ie. White
blood cells, mast cells, & macrophages)
o Found in lymph nodes, bone marrow and the
spleen
=  Dense Connective Tissue (fibrous connective tissues)
e Dense Regular
o Fibres form the predominant constituent. (mainly collagen — few
elastic fibres)
Contains closely packed bundles of parallel collagen fibres
= Collagen fibres are wavy to stretch a little, but once straight,
they have no more give.
Major cell type: Fibroblasts
High tensile strength in a specific direction.
Still flexible.
Poorly vascularised.
Forms tendons — attach muscles to bones &
muscle to muscle.
Forms Fascia (cling wrap) — fibrous
membrane — wraps around muscles, blood
vessels & nerves.
Form ligaments — attach bones to bones @
joints.
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Dense Irregular
o Same structural elements as Dense Regular,
however the bundles of collagen fibres are
much thicker and are arranged irregularly.
Forms sheets in body areas where
multidirectional tension is exerted.
= Skin (dermis)
Forms fibrous joint capsules and fibrous
coverings surrounding some organs:
= Kidneys, bones, cartilages, muscles, nerves.

o 2. Cartilage
= Hyaline

e Amorphous but firm matrix.

e Chondroblasts produce matrix. Chondrocytes =
mature cartilage cells.
Cartilage matrix is approx. 80% water — enables it to
rebound after compression.
Firmly bound collagen fibres (some elastic)
Has qualities intermediate between dense
connective and bone tissue.
Withstands tension and compression
Flexible but rigid.
Lacks nerve fibres
Is avascular
Receives nutrients by diffusion from blood vessels in the conn. tissue
membrane (perichondrium) surrounding it.
Embryonic skeleton, synovial joints, respiratory tubes, nose, sterna-rib
joint.

= Elastic
e Nearly identical to hyaline cartilage -
but has more elastin fibres.
Found where strength & stretchability
are needed.
External ear, epiglottis

= Fibrocartilage
e Perfect structural intermediate between hyaline

cartilage and dense regular connective tissue.
Compressible and resists tension
Found where strong support and heavy pressure
resistance is needed.

o Intervertebral discs, knee, etc.
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o 3. Bone (osseus tissue)

= Similar to that of cartilage but harder and more rigid.

= Highly abundant collagen fibres and inorganic calcium
make it very hard and rigid.
Osteoblasts produce the organic material in the matrix,
and bone salts (calcium) deposits between the fibres.
Mature bone cells have osteocytes.
Provides cavities for fat/mineral storge & synthesis of
blood cells.
Cross-section — closely packed structural units called
osteons

e Concentric rings of bony matrix surrounding central canals of blood vessels
and nerves.

Well vascularised.

o 4.Blood

= (Classed as a “connective tissue” because cells develop
from mesenchyme and consists of cells surrounded by
a nonliving matrix.
Red (erythrocytes) and white cells in a fluid matrix
(plasma)
Contained within blood vessels
Transports respiratory gases, nutrients and wastes.
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3 Types

MUSCLE AND NERVOUS TISSUE

Muscle Tissue:

o Skeletal

Attaches to bone for movement (voluntary)
Long, Cylindrical

Multinucleated

Obvious striations =>sarcomeres.

o Smooth
In the walls of visceral organs — eg. Gl
tract/urinary tract/birth canal

Spindle-shaped cells

Central nuclei

No striations = no sarcomeres

Cells arranged closely to form sheets (often
opposing-laterally perpendicular)

Usually involuntary — Controlled by the
autonomic nervous system

o Cardiac

Makes up the heart.

Long, Branched, Cylindrical

Striations = sarcomeres

Usually single-nucleated

Intercalated discs — cell membranes of 2
adjacent cells bound mechanically
(desmosomes), chemically & electrically (gap
junctions). Essentially makes the entire heart
one single muscle.

Involuntary — controlled by autonomic nervous
system
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Functions:
o Movement (specialised for contraction)
o Maintains posture
o Stabilises joints
o Generates heat

Contractile Stuff:

Contractile Proteins Actin & Myosin 2 Myofilaments:
Molecular Level
Form assemblies within muscle cells that slide over each other resulting in contraction
o known as myofilaments (muscle-filaments) and are of 2 Types:
= Actin
e Thin Filaments
e Helical Structure
=  Myosin
e Thick Filaments
e More complex structure - thicker

Myofilaments (Actin & Myosin)

Myofilament or filament

(extended macromolecular structure)

Thin filament Actin molecules

Thick filament Head of myosin molecule

[ ——
——G
e _
—_—
relaxation
contraction
G—

=
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Contractile Organelles (Myofibrils): Myofibril or fibril (complex organelle composed of

o Sub-Cellular Level

o Myofibrils: Bundles of myofilaments.

o Are complex organelles.

o Together form a muscle fibre.

o Have many contractile units = Sarcomeres.
= Cause the striations / stripes.

bundles of myofilaments)

Myofibril
Sarcomere

= Due to thick (dark) & thin (light) myofilaments.
= Only features in Cardiac & Skeletal Muscle.

Contractile Cells — Muscle Fibres:
o Cellular level
o Formed by the fusion of myoblasts in embryonic
development.
= Therefore large by fusion
=  Multinucleated
= Packed with myofibrils (contractile organelles)

= Striated due to thick and thin actin and myosin.

o Wrapped by Connective Tissue:
= Endomysium

Contractile Tissue — Fascicles:
o Fine macroscopic level

o Bundles of muscle fibres/cells.
o Wrapped by Connective Tissue:
= Perimysium
Overall result: MUSCLE! (encased in Epimysium)

Muscle fiber (cell)
Nucleus

Part of a muscle fiber

Tendon

Muscle fiber
in middie of
a fascicle
Epimysium
i Endomysium Endomysium
(between
fibers)

Perimysium

Fascicle Bloodg Endomysium
(wrapped by vessel
perimysium)

Perimysium

Blood vessel
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Nervous Tissue

Nervous System:
- Central Nervous System (CNS)
o Brain & Spinal Chord
o Integrating command centre
Peripheral Nervous System (PNS)
o Outside the CNS
o Nerves extending to and from the periphery and CNS

Highly cellular cell network
Specialised communication cells (neurons) of the nervous system.
o Communicate via electrical activity (action potential)
o Transmit electrical signals from sensory receptors and to effectors (muscles/glands) to
control their activity.
Branching cells
Long neuron “processes” — extend from the nucleus-containing cell body

The Neuron: DENDRITES
Structural Features:

a) Receptive Field: Dendrites
o Stimulated by inputs
b) Cell Body: Soma

o Responds to graded inputs
Efferent Projection: Axon (and axon hillock)

o Conducts nerve impulses to target

o Myelinated and unmyelinated
Efferent Projection: Myelin Sheath ,
Efferent Projection: “Nodes of Ranvier” e SYNAPSE
Output: Synaptic Terminals )

‘orebrain, cortex Go?i
[ |

! spiny
dendrites

primary
dendrites 4
hillock
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Supporting Cells:
e Numerous support cells within the nervous system
o More numerous than neurons — but smaller.
e Known as neuroglia (or glia)
o Structural & mechanical support
o Roles in maintaining homeostasis
Immune response
o Forming myelination
o Immune responses via phagocytosis.
e Types of neuroglia:
o Astrocytes
Schwann Cells — Myelin Formation — wrap around axon

Oligodendrocytes — Myelin Formation — wrap around axon
Microglial cells

Ependymal cells
Satellite cells

N
V\

Capillary

Neuron

4

£

I
(b) Microglial cell
(a) Astrocyte —/

Fluia-filled cavity

|

|
(c) Ependymal cells —/ Brain or spinal cord tissue

—ﬁ— Nerve fibers

Myelin sheath

Process of
oligodendrocyte

Cell body )
/ of neuron (d) Oligodendrocyte

¢ Satellite cells

Schwann cells
(forming myelin sheath) Merve fiber (shown in longitudinal section)

(e) Sensory neuron with Schwann cells and satellite cells
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Detailed Diagram of a Neuron

Dendritas (receptive regions)

5

Mucleolus p

v

Nissl bodies

Axon hillock

A\_‘I

= Cell body

{biosynthetic center)

Ao
{impulse generating
and conducting

'y regiony

Meurdemma
(sheaath of
Schwann)

Impulze
direction

Naode of Ramvier

Schwann cell
(ome intar-
node)

Tedodendnia
(teminal branches)

Axonal terminal
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Membrane Potential & Excitable Tissues

Membrane Potential:
Voltage across membrane
Cause: unequal distribution of ions (K" & Na®)
Result of selective/differential permeability of specific plasma membrane proteins. (mainly ion
channels)
Evident in all living cells (ranges between -20 & -200mV)
In excitable tissues — stimulation causes change in Membrane Potential.
o Results in activation of the cell.
o Nervous & Muscle Tissues = Excitable Tissues.
Membrane Potential: Depends on:
o Relative permeability of PM to ions
o Eachion’s concentration gradient.
o Electrochemical gradient
Resting Membrane Potential:
o Stable membrane potential of cells when unstimulated.
o For Nerve Cells — approx -70mV

lon Distribution Across Plasma Membrane
[Na+] =150mMm  [KF]1=5mM [CI] = 120mM
L + . [A]=0.2mM

\ —
[K+] = 150mM

at] = 15SmM
[CI] = 10mM

Protein anion

Cytoplasm

e K':[greater inside cell]
o At rest, membrane is much more permeable to K* than to Na".
o le. K" diffuses out of the cell through leakage channels down its conc. gradient.
= Therefore, loss of positive charge from cell makes:
e Inside the cell negative
e Outside the cell positive
* Eventually the negativity of the inner membrane face attracts K" back into the cell.
e Therefore, conc. Gradient drives K" out and is equally opposed by electrical
gradient. (equilibrium potential has been reached)
e Na': [greater outside cell]
o Membrane has much lower permeability to Na®.
o Negative inner membrane-face attracts Na' into cell, but is opposed by low permeability.
o Therefore low diffusion of Na* into cell.

**Simply: Resting MP is established due to greater diffusion of K* out than Na* in**
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The Na/K ATPase: Maintaining the Resting Membrane Potential.

(1) Binding of eytoplasmic Na*
K* is released and Na* e * -V g to the pump protein stimulates
sites are ready to bind i 3 - phosphorylation by ATP.
Na* again; the cycle T
repeats,

@ Phosphorylation causes
the protein to change its

1 J shape.
@ Loss of phosphate b s
restores the ariginal - ) y o (e
confarmation of the y . :
pump protein. (Na*

@The shape change expels Na*

(@K binding triggers ‘ to the outside, and

release of the R extracellular K+ binds. Coll
phosphate group. - interior

membrane|

e Na passively diffuses into cell and K passively diffuses out.
o Why doesn’t the chemical & electrochemical gradients dissipate?
e The Conc. Gradients for both Na & K are maintained by the Na/K ATPase.

Excitable Tissues (Nerves/Muscle)

e In excitable cells, stimuli can alter the permeability of the membrane to K* and/or Na*.
o Via opening/closing gated ion channels (ligand/chemically gated, voltage gated,
mechanically gated, vibration gated, temperature gated)

Neurotransmitter chemical
Receptor S attached to receptor

Na*
‘ £ Membrane

Chemical voltage
changes

é\

Closed

Closed

(a) Chemically gated ion channel (b) Voltage-gated ion channel

This changes the membrane potential.
If the membrane potential is sufficiently altered, an action potential is initiated.

Action potential: an electrical impulse generated and conducted along a nerve’s axon in response to
stimuli.
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Neuronal Action Potentials:
e 4 Phases:
1 — Resting Phase:
Membrane is much more permeable to K* than to Na®.
Greater diffusion of K out than Na in
Therefore inside is negative/Ouside is positive.
Both Na & K voltage gated channels are CLOSED.

2 — Depolarisation Phase:

Mechanical/chemical/vibratory/other stimulus opens some Na* channels such that Na* flows
into the cell.

Therefore membrane potential becomes less negative (ie. It depolarises)

If the MP reaches approx. -55mV (threshold), the voltage gated Na* channels open.

Na® influx increases dramatically — until MP reaches approx. +30mV where the voltage-gated
Na® channels close.

3 — Repolarisation Phase:

@ approx. +30mV K voltage gated channels open. (perm. of K increases & Na decreases)
Large outflow of K" = membrane potential becomes more negative (repolarises) and returns
to -70mV.

4 — Hyperpolarisation (undershoot) Phase:
K* channels remain open past -70mV and MP becomes more negative than at rest.
K* channels close and Na/K ATPase returns the MP to normal (-70mV)

call

@ Repolarizing phase: Na* channels

@ Depolarizing phase: Na™ channels open Na* gates Action potential Al ] Sl v v

closing

&
=]

K* gates
open

=

Membrane potantial {m')

P
K Threshold

Ralative membrana parmaability

Outside call
Mat

activation M3’
gats — i, e ) | 3 2

d Time (ms)

LA
IR

) THH )

| U Uil | | ] i}

XD . | e e ik
. LU N

Insida RLORLH LI A

cet  Sodum “N& 333305

channal achivation gate Inside

(7) Resting state: All gated Na* and K* cell
channels closed (Na* activation gates @ Undershoot: K* channels remaln open;
clased: inactivalion gales open) Na+ channels closed
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Refractory Periods During the Action Potential:
e Basically the total time between a stimulus creating an action potential and the MP returning to rest.
o Usually 3-4ms
o Determines how soon a neuron can respond to another stimulus.
e Divided into 2 sub-periods:
o Absolute Refractory Period — no additional stimulus (no matter how large) can initiate a
further action potential.
= Stimulus = Depolarisation
= Repolarisation
o Relative Refractory Period — If an additional stimulus is to initiate another action potential
during this time, it must be larger in order to reach threshold.
= Hyperpolarisation = Rest.

Absolute refractory pelriod Relative refractory period
I I |

Depolarization tential
(Na* enters)
larization
.aves)

After-
hyperpolarization
(undershoot)

Threshold I

)

+
w
o

o

|
9]
4]

Membrane potential (mV

|
“4
o

w U
Stimulus Resti rane potential

1 3 4 5 6
Time (ms)
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Role of Action Potential in Muscle

Stimulus

Action potential
formation

Release of Ca?* from
endoplasmic reticulum
(sarcoplasmic reticulum)

e

activation of muscle
contraction

Role of Action Potential in Nerves

Stimulus

\

®
i_

)

@ ——ep AP conduction

1: stimulus results in AP

2: AP conducted along axon

3: AP reaches terminus of nerve results
in release of neurotransmitter

www.MedStudentNotes.com




The Nervous System: Organisation, Conduction, Neurotransmission & Senses

Functions:
1. Sensory Input: Monitor changes occurring inside & outside the body
2. Integration: processing and interpretation of sensory info + deciding what to do.
3. Motor Output: activation of effector organs in response to stimuli.

Organisation:
e Central Nervous System (CNS)

o Brain & Spinal Chord

Occupies the dorsal body cavity
Integrating and command centre
Interprets sensory inputs
Dictates motor responses.

@)
@)
@)
@)

e Peripheral Nervous System (PNS)
Spinal nerves — from spinal chord
Cranial Nerves — from brain
o Sensory (afferent — ‘toward’) division = receives external stimuli.
o Motor (efferent — ‘away from’) division = makes things happen
= Somatic (voluntary) nervous system (to skeletal muscles + skin)
= Autonomic (involuntary) nervous system (heart beat, respiration, peristalsis, bladder)

Key:
_ Central nervous system (CNS)
. Anatr:)my # Brain and spinal cord

u = Physiology = Integrative and

control centers
Peripheral nervous system (PNS)
» Cranial nerves and spinal
nerves
® Communication lines
between the CNS and the

rest of the body

Sensory (afferent) division Motor (efferent) division

» Somatic and visceral * Motor nerve fibers
sensory nerve fibers ® Conducts impulses from

= Conducts impulses from the CNS to effectors
receptors to the CNS (muscles and glands)

S\

Sympathetic division Autonomic nervous  Somatic nervous
= Mobilizes body systems system (ANS) system

during emergency 4= * Involuntary # Voluntary (somatic

situations {visceral motor) motor)

= Conducts impulses m Conducts impulses

Parasympathetic division from the CNS to from the CNS to
= Conserves energy 4= cardiac muscles, skeletal muscles
= Promotes nonemergency smooth muscles,

functions and glands
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The Neuron: (Nerve Cells)

- The functional unit of the nervous system
- 3 Zones:

1. Receptive zone - Dendrites
2. Receptive and biosynthesis zone — Cell body
3. Secretory Zone — Axon Terminals (pre-synapse)

Dendrites Cell body Neuron cell body
(receptive (biosynthetic center - 3
regions) and receptive region) 2

Nucleus

Axon

(impulse generating Impulse

and conducting direction
Nissl bodies region)

Nucleolus

Node of Ranvier

Axonal terminals
Axon hillock Schwann cell (secretory

(one inter- component)
Neurilemma node)

(sheath of Terminal branchédg

Schwann) (telodendria)
(b}

Copyright © 2004 Pearaon Education, Inc., publishing as Benjamin Cummings

Impulses: are conducted along the length of the axon.

- A wave of action potentials — opening and closing of voltage gated ion channels.
- Action potential: an impulse frozen in time.

- Depolarisation, repolarisation and hyperpolarisation of membrane.

Sodium

gate in Closing Open Closed | Closing Open Closed Closing Open  Closed
membrane — + + +

+++++++++m++
— +30

1

Membrane potential

/—Threshold

J \ J \

2 3 4 5 1 2
Distance along the axon (mm)

/—Threshold /—Thfesm'd

3 4 5 2 3 4 5
Distance along the axon (mm) Distance along the axon (mm)

(a) Time =0 ms

(b) Time=1ms (c) Time=2ms
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Speed of impulse: Dependent upon:
1. Axon Diameter - Larger = Quicker
2. Presence of Myelin (white matter) = Impulse jumps from exposed axon-region to the next
instead of having to open & close ion channels across the axon’s entire length (which would
be slow)

Axons
from skin

Axons
from
muscles

Area of
polarity reversal
{node of Ranvier)

: Myelin

Diameter 13020 6012 195 0.291.5 ; sheath
(pm) & +

Speed 808120 35075 5030 0502 ) 9 —Distal
juinqy - | axon
+

Sensory Proprioceptors Mechanoreceptors Pain, Temperature,
receptors of skeletal muscle of skin temperature pain, itch

Neurotransmission
- Action potentials are passed from one neuron to another via neurotransmission
- Synapse = the site of neurotransmission
3 components:
a) Sending Neuron = pre-synaptic neuron
b) Synaptic cleft = gap between the 2 communicating neurons
c) Receiving Neuron = post-synaptic neuron

’% Sy ‘ + Neurotransmitter
73, presynaptic Ca )
S5 neuron 32 3 3 Axonalterminal of

M ot presynaptic neuron Receptor

G a 2

b .
Postsynaptic

ambrana ;
= = Postsynaptic

membrane

" : lon channel open
Synaptic vesicles
cohlaining neurolrans-
mitter molecules

Part of degraded —C
neurotransmitter

‘FJ lon channel closed

lon channel b_' |—|:'_
(closed) lon channel (open)

www.MedStudentNotes.com



Phases of Neurotransmission:

1.

Action potential reaches axon terminal, opens voltage-gated Ca* channels.
Influx of Ca* into axon terminal causes vesicles of neurotransmitter to migrate to the axon
terminal.
‘Neurotransmitter’ released by exocytosis from the sending (pre-synaptic) neuron.
Neurotransmitter (acetylcholine/nor adrenaline/dopamine/glutamate/gaba/etc) diffuses
across synaptic cleft between 2 neurons.
Neurotransmitters bind to ligand-gated ion channels, causing change in MP of post-synaptic
neuron (dendrite) = creating graded potentials.
-Short-lived, localised changes in membrane potential.
-Current flow decreases in magnitude with distance.
-The stronger the stimulus, the greater the GP (and further distance)

= |f GP depolarises membrane, it is excitatory

= |f GP hyperpolarises membrane, it is inhibitory.

H Eq H\ = Ey | Eq
| 3 \ "‘l
1 1/ N\ 1

!
& A4

o @ Ye

Threshold of axon

of postsynaptic neuron
Resting
potential

Membrane potential (mV)

TE1

TEi

TE1TE1

TE1 +Ep

(a) Subthreshold,
no summation

{b) Temporal summation

(c) Spatial summation

{d) Spatial summation
of EPSP and IPSP

The sum of the GP may cause MP to reach threshold, triggering an action potential on the
next neuron.

Neurotransmitter Inactivation stops continued stimulation of post-synaptic neuron.
Neurotransmitter is either broken down by enzymes (eg. ACh-Esterase) or reabsorbed by pre-
synaptic terminal.

PFQ_S:; na\_E + (

Tl'ﬁ_‘iig No f!(,

Ckolln'ﬂ, (r‘e.of'ln.ke)

4
Ace*er (e nerqy Sovrce)
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Sensory Receptors:
A sensory stimulus is a change in a body’s environment. (internal/external)
Nervous system detects stimuli via specialised nerve endings = sensory receptors.
Sensory receptors convert stimuli to impulses, which are sent via the PNS to CNS.

Classifying Sensory Receptors:
e Type of Stimulus:
= Mechano: deformation & mechanical force (touch/pressure/vibration/stretch)
= Thermo: temperature changes
= Photo: light energy
=  Chemo: changes in agueous chemistry of interstitial fluid/smell/taste
= Nociceptor: sense potentially damaging stimuli > pain (heat/cold/pressure/chemicals)
e Location in Body:
= Exteroceptors: near the body surface — touch/pressure/pain/temperature/ the senses
= Interoceptors (visceroceptors): stimuli within the body [viscera/blood vessels] —
(chemical changes/tissue stretch/temperature) = pain/discomfort/hunger/thirst
= Proprioceptors: occur in skeletal muscles/tendons/joints/ligaments/muscle sheaths
e Structural Complexity:
= Simple: absolute majority — modified dendritic endings of sensory neurons.
= Complex: minority — sense organs = collections of cells associated with the “special
senses” (vision/hearing/smell/taste)

- Once sensory input enters CNS, it travels to the Thalamus (sorting station of the brain)
e Impulses are sorted on the basis of where they came from and the type of sensation
e They are then sent to their relative functional areas on the cortex (brain surface).
= Smell/taste/vision/hearing/touch
- Response: If a response is required, then a discrete area of the brain will activate it.
e Primary motor cortex: voluntary motor
e Language & Speech Centres: vocalisation
e Hypothalamus & Brain Stem: visceral responses (chest/abdominal — pulse/sweat/B.Pressure)

AB\ Sensory input
DY
&

|
3

Integration

Motor output
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Reflexes:
- Rapid, automatic responses to stimuli.
- Same stimulus always causes the same response.
- Occur over neural pathways called reflex arcs.
- Components of a reflex arc:
e Receptor
Sensory neuron
CNS integration centre
e Motor neuron
o Effecter

Integration
Sensory neuron center

]ﬁ l‘ntemeuron

-
Motor neuron | I

Spinal cord (CNS)

Basic Anatomy of the Brain:
e Cerebrum
e Cerebral cortex
Brain stem
Cerebellum
Thalamus
Hypothalamus

Anatomy of the Brain

. Cerebrum
Meninges

Hypothalamus
Pineal gland &

Thalamus Pituitary

gland
Cerebellum

Medulla
oblongata

2 2005 Duplication not permitted
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Functional Sensory Areas of the Brain:
Primary visual area — receives visual information from the retina of the eye.
Primary motor area — controls voluntary skilled movements of our skeletal muscles
Pre-motor cortex — controls learned motor skills (musical instruments/typing/etc)
Primary auditory area — sound energy stimulates hearing receptors and is interpreted as
pitch/vol/location.
Primary somatosensory area — receives information from the general (somatic) sensory receptors.
Primary gustatory area — perception of taste stimuli.
Primary Olfactory area — info from smell receptors
Sensory Association Areas — info flows from sensory receptors to a specific primary sensory cortex, then
to a specific association area. Association areas give meaning to the received information, store it in
memory, relate it to past experiences & decide on plan of action

Primary somatosensory

cortex ;

— Somatic
Somatosensory sensation
association area

Primary motor area

Premotor cortex

Frontal M—

eye field : Gustatory cortex FTaste
g 3 (in insula)

Working memory ¢ 4 —
for spatial tasks o < Waernicke's area

§ A (outlined by dashes)
Executive area for
task management

Broca's area
(outlined by dashes)

Working memory for
object-recall tasks

Solving complex,
multitask problems

Prefrontal cortex :
assoclation area

Primary
auditory cortex
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Metabolism of Carbohydrates and
Formation of Adenosine Triphosphate

The next few chapters deal with metabolism in the body—
that is, the chemical processes that make it possible
for the cells to continue living. It is not the purpose of
this textbook to present the chemical details of all the
various cellular reactions, which lie in the discipline of
biochemistry. Instead, these chapters are devoted to (1) a
review of the principal chemical processes of the cell and
(2) an analysis of their physiological implications, espe-
cially the manner in which they fit into the overall body

homeostasis.

Release of Energy From Foods and
“Free Energy”

Many of the chemical reactions in the cells are aimed
at making the energy in foods available to the various
physiological systems of the cell. For instance, energy is
required for muscle activity, secretion by the glands, main-
tenance of membrane potentials by the nerve and muscle
fibers, synthesis of substances in the cells, absorption
of foods from the gastrointestinal tract, and many other
functions.

Coupled Reactions. All the energy foods—carbohy-
drates, fats, and proteins—can be oxidized in the cells,
and during this process, large amounts of energy are
released. These same foods can also be burned with
pure oxygen outside the body in an actual fire, also releas-
ing large amounts of energy; in this case, however, the
energy is released suddenly, all in the form of heat. The
energy needed by the physiologic processes of the cells
is not heat but energy to cause mechanical movement
in the case of muscle function, to concentrate solutes in
the case of glandular secretion, and to effect other cell
functions. To provide this energy, the chemical reactions
must be “coupled” with the systems responsible for these
physiologic functions. This coupling is accomplished by
special cellular enzymes and energy transfer systems,
some of which are explained in this and subsequent
chapters.

“Free Energy.” The amount of energy liberated by com-
plete oxidation of a food is called the free energy of oxida-
tion of the food and is generally represented by the symbol
AG. Free energy is usually expressed in terms of calories
per mole of substance. For instance, the amount of free
energy liberated by complete oxidation of 1 mole (180
grams) of glucose is 686,000 calories.

Adenosine Triphosphate Is the “Energy
Currency” of the Body

Adenosine triphosphate (ATP) is an essential link between
energy-utilizing and energy-producing functions of the
body (Figure 68-1). For this reason, ATP has been called
the energy currency of the body, and it can be gained and
spent repeatedly.

Energy derived from the oxidation of carbohydrates,
proteins, and fats is used to convert adenosine diphosphate
(ADP) to ATD, which is then consumed by the various reac-
tions of the body that are necessary for (1) active transport
of molecules across cell membranes; (2) contraction of
muscles and performance of mechanical work; (3) various
synthetic reactions that create hormones, cell membranes,
and many other essential molecules of the body; (4) con-
duction of nerve impulses; (5) cell division and growth; and
(6) many other physiological functions that are necessary
to maintain and propagate life.

ATP is a labile chemical compound that is present in all
cells. ATP is a combination of adenine, ribose, and three
phosphate radicals, as shown in Figure 68-2. The last two
phosphate radicals are connected with the remainder of the
molecule by high-energy bonds, which are indicated by the
symbol ~.

The amount of free energy in each of these high-energy
bonds per mole of ATP is about 7300 calories under stan-
dard conditions and about 12,000 calories under the usual

Energy production

* Proteins
» Carbohydrates >~ Oxidation
* Fats
Y
ADP + P; ATP
A
Energy utilization
¢ Active ion transport
————— ¢ Muscle contraction —

* Synthesis of molecules
e Cell division and growth

Figure 68-1. Adenosine triphosphate as the central link between
energy-producing and energy-utilizing systems of the body. ADP,
adenosine diphosphate; P;, inorganic phosphate.
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conditions of temperature and concentrations of the reac-
tants in the body. Therefore, in the body, removal of each
of the last two phosphate radicals liberates about 12,000
calories of energy. After loss of one phosphate radical from
ATP, the compound becomes ADP, and after loss of the
second phosphate radical, it becomes adenosine monophos-
phate (AMP). The interconversions among ATP, ADP, and
AMP are the following:

ADP AMP
ATP —12,000 cal " —12,000 cal "
+12,000 cal +12,000 cal
PO; 2P0O;

ATP is present everywhere in the cytoplasm and
nucleoplasm of all cells, and essentially all the physiological
mechanisms that require energy for operation obtain it
directly from ATP (or another similar high-energy com-
pound, guanosine triphosphate). In turn, the food in the
cells is gradually oxidized, and the released energy is used
to form new ATD, thus always maintaining a supply of this
substance. All these energy transfers take place by means
of coupled reactions.

The principal purpose of this chapter is to explain how
the energy from carbohydrates can be used to form ATP
in the cells. Normally, 90 percent or more of all the carbo-
hydrates utilized by the body are for this purpose.

Central Role of Glucose in
Carbohydrate Metabolism

As explained in Chapter 66, the final products of carbohy-
drate digestion in the alimentary tract are almost entirely
glucose, fructose, and galactose—with glucose represent-
ing, on average, about 80 percent of these products. After
absorption from the intestinal tract, much of the fructose
and almost all the galactose are rapidly converted into
glucose in the liver. Therefore, little fructose and galactose
are present in the circulating blood. Glucose thus becomes
the final common pathway for the transport of almost all
carbohydrates to the tissue cells.

In liver cells, appropriate enzymes are available to pro-
mote interconversions among the monosaccharides—
glucose, fructose, and galactose—as shown in Figure 68-3.
Furthermore, the dynamics of the reactions are such that
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Figure 68-2. Chemical structure of adenosine
triphosphate.

when the liver releases the monosaccharides back into the
blood, the final product is almost entirely glucose. The
reason for this is that the liver cells contain large amounts
of glucose phosphatase. Therefore, glucose-6-phosphate
can be degraded to glucose and phosphate, and the glucose
can then be transported through the liver cell membrane
back into the blood.

Once again, it should be emphasized that usually more
than 95 percent of all the monosaccharides that circulate
in the blood are the final conversion product, glucose.

Transport of Glucose Through
the Cell Membrane

Before glucose can be used by the body’s tissue cells, it must
be transported through the cell membrane into the cellular
cytoplasm. However, glucose cannot easily diffuse through
the pores of the cell membrane because the maximum
molecular weight of particles that can diffuse readily is
about 100, and glucose has a molecular weight of 180. Yet
glucose does pass to the interior of the cells with a reason-
able degree of freedom by the mechanism of facilitated
diffusion. The principles of this type of transport are dis-
cussed in Chapter 4. Basically, they are the following:
Penetrating through the lipid matrix of the cell membrane
are large numbers of protein carrier molecules that can
bind with glucose. In this bound form, the glucose can be
transported by the carrier from one side of the membrane
to the other side and then released. Therefore, if the con-
centration of glucose is greater on one side of the mem-
brane than on the other side, more glucose will be
transported from the high-concentration area to the low-
concentration area than in the opposite direction.

The transport of glucose through the membranes of
most tissue cells is quite different from that which occurs
through the gastrointestinal membrane or through the epi-
thelium of the renal tubules. In both cases, the glucose is
transported by the mechanism of active sodium-glucose
co-transport, in which active transport of sodium provides
energy for absorbing glucose against a concentration dif-
ference. This sodium-glucose co-transport mechanism
functions only in certain special epithelial cells that are
specifically adapted for active absorption of glucose. At
other cell membranes, glucose is transported only from
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Cell membrane

[aTP

Galactose = Galactose-1-phosphate

W\

Uridine diphosphate galactose

Uridine diphosphate glucose

Glucose-1-phosphate

Glycogen

Glucose ﬂ» Glucose-6-phosphate

ATP
Fructose =————>» Fructose-6-phosphate

Glycolysis

Figure 68-3. Interconversions of the three major monosaccharides—

glucose, fructose, and galactose—in liver cells.

higher concentration toward lower concentration by facili-
tated diffusion, made possible by the special binding prop-
erties of membrane glucose carrier protein. The details of
facilitated diffusion for cell membrane transport are pre-
sented in Chapter 4.

Insulin Increases Facilitated Diffusion of Glucose

The rate of glucose transport, as well as transport of some
other monosaccharides, is greatly increased by insulin.
When large amounts of insulin are secreted by the pan-
creas, the rate of glucose transport into most cells increases
to 10 or more times the rate of transport when no insulin
is secreted. Conversely, the amounts of glucose that can
diffuse to the insides of most cells of the body in the absence
of insulin, with the exception of liver and brain cells, are
far too little to supply the amount of glucose normally
required for energy metabolism.

In effect, the rate of carbohydrate utilization by most
cells is controlled by the rate of insulin secretion from the
pancreas and the sensitivity of the various tissues to insu-
lin's effects on glucose transport. The functions of insulin
and its control of carbohydrate metabolism are discussed
in detail in Chapter 79.

Phosphorylation of Glucose

Immediately upon entry into the cells, glucose combines
with a phosphate radical in accordance with the following
reaction:

Glucokinase or hexokinase

Glucose =

Glucose-6-phosphate

This phosphorylation is promoted mainly by the enzyme
glucokinase in the liver and by hexokinase in most other

Cell membrane

Glycogen

Uridine diphosphate glucose | (phosphorylase)

Y
Glucose-1-phosphate

(glucokinase) TV

IBIOOd — > Glucose-6-phosphate
ucose | €

g (phosphatase)

Glycolysis

Figure 68-4. Chemical reactions of glycogenesis and glycogenolysis,
also showing interconversions between blood glucose and liver gly-
cogen. (The phosphatase required for the release of glucose from
the cell is present in liver cells but not in most other cells.)

cells. The phosphorylation of glucose is almost completely
irreversible except in liver cells, renal tubular epithelial
cells, and intestinal epithelial cells; in these cells, another
enzyme, glucose phosphatase, is also available, and when
activated, it can reverse the reaction. In most tissues of the
body, phosphorylation serves to capture the glucose in the
cell. That is, because of its almost instantaneous binding
with phosphate, the glucose will not diffuse back out,
except from those special cells, especially liver cells, that
have phosphatase.

Glycogen Is Stored in the Liver and Muscle

After absorption into a cell, glucose can be used immedi-
ately for release of energy to the cell, or it can be stored
in the form of glycogen, which is a large polymer of
glucose.

All cells of the body are capable of storing at least some
glycogen, but certain cells can store large amounts, espe-
cially liver cells, which can store up to 5 to 8 percent of their
weight as glycogen, and muscle cells, which can store up to
1 to 3 percent glycogen. The glycogen molecules can be
polymerized to almost any molecular weight, with the
average molecular weight being 5 million or greater; most
of the glycogen precipitates in the form of solid granules.

This conversion of monosaccharides into a high-
molecular-weight precipitated compound (glycogen)
makes it possible to store large quantities of carbohydrates
without significantly altering the osmotic pressure of the
intracellular fluids. High concentrations of low-molecular-
weight soluble monosaccharides would play havoc with
the osmotic relations between intracellular and extracel-
lular fluids.

Glycogenesis—Formation of Glycogen

The chemical reactions for glycogenesis are shown in
Figure 68-4. In this figure, it can be seen that glucose-6-
phosphate can become glucose-1-phosphate; this substance
is converted to uridine diphosphate glucose, which is finally
converted into glycogen. Several specific enzymes are
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required to cause these conversions, and any monosac-
charide that can be converted into glucose can enter into
the reactions. Certain smaller compounds, including lactic
acid, glycerol, pyruvic acid, and some deaminated amino
acids, can also be converted into glucose or closely allied
compounds and then converted into glycogen.

Glycogenolysis—Breakdown of Stored Glycogen

Glycogenolysis means the breakdown of the cell’s stored
glycogen to re-form glucose in the cells. The glucose can
then be used to provide energy. Glycogenolysis does not
occur by reversal of the same chemical reactions that form
glycogen; instead, each succeeding glucose molecule on
each branch of the glycogen polymer is split away by phos-
phorylation, catalyzed by the enzyme phosphorylase.

Under resting conditions, the phosphorylase is in an
inactive form, and thus glycogen remains stored. When
it is necessary to re-form glucose from glycogen, the
phosphorylase must first be activated. This activation can
be accomplished in several ways, including activation by
epinephrine or by glucagon, as described in the next
section.

Activation of Phosphorylase by Epinephrine or by
Glucagon. Two hormones, epinephrine and glucagon, can
activate phosphorylase and thereby cause rapid glycoge-
nolysis. The initial effect of each of these hormones is to
promote the formation of cyclic AMP in the cells, which
then initiates a cascade of chemical reactions that activates
the phosphorylase. This process is discussed in detail in
Chapter 79.

Epinephrine is released by the adrenal medullae when
the sympathetic nervous system is stimulated. Therefore,
one of the functions of the sympathetic nervous system is
to increase the availability of glucose for rapid energy
metabolism. This function of epinephrine occurs markedly
in both liver cells and muscle, thereby contributing (along
with other effects of sympathetic stimulation) to prepara-
tion of the body for action, as discussed in Chapter 61.

Glucagon is a hormone secreted by the alpha cells of
the pancreas when the blood glucose concentration falls
too low. It stimulates formation of cyclic AMP mainly in
the liver cells, which in turn promotes conversion of liver
glycogen into glucose and its release into the blood, thereby
elevating the blood glucose concentration. The function
of glucagon in blood glucose regulation is discussed in
Chapter 79.

Release of Energy From Glucose by
the Glycolytic Pathway

Because complete oxidation of 1 gram-mole of glucose
releases 686,000 calories of energy and only 12,000 calories
of energy are required to form 1 gram-mole of ATP, energy
would be wasted if glucose were decomposed all at once
into water and carbon dioxide while forming only a single
ATP molecule. Fortunately, cells of the body contain special
enzymes that cause the glucose molecule to split a little
at a time in many successive steps, so that its energy is
released in small packets to form one molecule of ATP at
a time, thus forming a total of 38 moles of ATP for each
mole of glucose metabolized by the cells.
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Glucose
ATP > »- ADP
Glucose-6-phosphate
Fructose-6-phosphate
ATP > YA > ADP

Fructose-1,6-diphosphate

Dihydroxyacetone phosphate

2 (Glyceraldehyde-3-phosphate)
f——— an
2 (1,3-Diphosphoglyceric acid)

2ADP > VA > +2ATP
2 (3-Phosphoglyceric acid)
2 (2-Phosphoglyceric acid)
2 (Phosphoenolpyruvic acid)
2ADP > VA > 2ATP

2 (Pyruvic acid)

Net reaction per molecule of glucose:
Glucose + 2ADP + 2P0O,~% —» 2 Pyruvic acid + 2ATP + 4H

Figure 68-5. Sequence of chemical reactions responsible for

glycolysis.

In the next sections we describe the basic principles of
the processes by which the glucose molecule is progres-
sively dissected and its energy released to form ATP.

Glycolysis—Splitting Glucose to Form Pyruvic Acid

By far the most important means of releasing energy from
the glucose molecule is initiated by glycolysis. The end
products of glycolysis are then oxidized to provide energy.
Glycolysis means splitting of the glucose molecule to form
two molecules of pyruvic acid.

Glycolysis occurs by 10 successive chemical reactions,
shown in Figure 68-5. Each step is catalyzed by at least
one specific protein enzyme. Note that glucose is first
converted into fructose-1,6-diphosphate and then split
into two three-carbon-atom molecules, glyceraldehyde-3-
phosphate, each of which is then converted through five
additional steps into pyruvic acid.

Formation of ATP During Glycolysis. Despite the
many chemical reactions in the glycolytic series, only a
small portion of the free energy in the glucose molecule
is released at most steps. However, between the 1,3-
diphosphoglyceric acid and the 3-phosphoglyceric acid
stages, and again between the phosphoenolpyruvic acid
and the pyruvic acid stages, the packets of energy released
are greater than 12,000 calories per mole, the amount
required to form ATP, and the reactions are coupled in such
a way that ATP is formed. Thus, a total of 4 moles of ATP
are formed for each mole of fructose-1,6-diphosphate that
is split into pyruvic acid.

Yet, 2 moles of ATP are required to phosphorylate the
original glucose to form fructose-1,6-diphosphate before
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glycolysis could begin. Therefore, the net gain in ATP mol-
ecules by the entire glycolytic process is only 2 moles for each
mole of glucose utilized. This amounts to 24,000 calories of
energy that becomes transferred to ATP, but during gly-
colysis, a total of 56,000 calories of energy were lost from
the original glucose, giving an overall efficiency for ATP
formation of only 43 percent. The remaining 57 percent of
the energy is lost in the form of heat.

Conversion of Pyruvic Acid to Acetyl Coenzyme A

The next stage in the degradation of glucose is a two-step
conversion of the two pyruvic acid molecules from Figure
67-5 into two molecules of acetyl coenzyme A (acetyl-
CoA), in accordance with the following reaction:

(0]

2CH3;— C— COOH + 2CoA — SH —
(Pyruvic acid) (Coenzyme A)
(e}

2CH3— C——S—CoA + 2CO, + 4H
(Acetyl-CoA)

Two carbon dioxide molecules and four hydrogen
atoms are released from this reaction, while the remaining
portions of the two pyruvic acid molecules combine with
coenzyme A, a derivative of the vitamin pantothenic acid,
to form two molecules of acetyl-CoA. In this conversion,
no ATP is formed, but up to six molecules of ATP are
formed when the four released hydrogen atoms are later
oxidized, as discussed later.

Citric Acid Cycle (Krebs Cycle)

The next stage in the degradation of the glucose molecule
is called the citric acid cycle (also called the tricarboxylic
acid cycle or the Krebs cycle in honor of Hans Krebs for
his discovery of this cycle). The citric acid cycle is a
sequence of chemical reactions in which the acetyl portion
of acetyl-CoA is degraded to carbon dioxide and hydrogen
atoms. These reactions all occur in the matrix of mitochon-
dria. The released hydrogen atoms add to the number of
these atoms that will subsequently be oxidized (as dis-
cussed later), releasing tremendous amounts of energy to
form ATP.

Figure 68-6 shows the different stages of the chemical
reactions in the citric acid cycle. The substances to the left
are added during the chemical reactions, and the products
of the chemical reactions are shown to the right. Note at
the top of the column that the cycle begins with oxaloacetic
acid, and at the bottom of the chain of reactions, oxalo-
acetic acid is formed again. Thus, the cycle can continue
repeatedly.

In the initial stage of the citric acid cycle, acetyl-CoA
combines with oxaloacetic acid to form citric acid. The
coenzyme A portion of the acetyl-CoA is released and can
be used repeatedly for the formation of still more quantities
of acetyl-CoA from pyruvic acid. The acetyl portion,
however, becomes an integral part of the citric acid mole-
cule. During the successive stages of the citric acid cycle,

o CHg—CO — CoA
0= (|: COOH (Acetyl coenzyme A)
—> H,C—COOH
(Oxaloacetic acid)

H,0 > > CoA
H,C— COOH
|

HOC — COOH
|

H,C— COOH
(Citric acid)
v —> H,0
H,C— COCH
|
C—COOH
Il
HC— COOH
(cis-Aconitic acid)
H,0 ———> Y
H,C— COOH

|
HC— COOCH

|
HOC — COOH
|

H
(Isocitric acid)
* ———> 2H
H,C —COOH
|
HC— COOH

o= (I:— COOH
(Oxalosuccinic acid)
Y ——> C0,
H2(|3— COOH

H,C

|
O =C—COOH
(a-Ketoglutaric acid)
N " o
H,C — COOH
2 ATP
H,C—COOH
(Succinic acid)
Y ——>2H
HC— COOH
I
HOOC—CH
(Fumaric acid)
H0 ——> Y
H
|
HO—C— COOH
|

H,C— COCH
(Malic acid)
v e 2H
O=C—COCH
|
H,C — COOH
(Oxaloacetic acid)

Net reaction per molecule of glucose:
2 Acetyl-CoA + 6H,0 + 2ADP —»~
4CO, + 16H + 2C0A + 2ATP

Figure 68-6. Chemical reactions of the citric acid cycle, showing the
release of carbon dioxide and a number of hydrogen atoms during
the cycle.

several molecules of water are added, as shown on the left
in Figure 68-6, and carbon dioxide and hydrogen atoms are
released at other stages in the cycle, as shown on the right
in the figure.

The net results of the entire citric acid cycle are pro-
vided in the explanation at the bottom of Figure 68-6,
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demonstrating that for each molecule of glucose originally
metabolized, two acetyl-CoA molecules enter into the
citric acid cycle, along with six molecules of water. These
molecules are then degraded into 4 carbon dioxide mole-
cules, 16 hydrogen atoms, and 2 molecules of coenzyme A.
Two molecules of ATP are formed, as follows.

Formation of ATP in the Citric Acid Cycle. The citric
acid cycle itself does not cause a great amount of energy to
be released; a molecule of ATP is formed in only one of the
chemical reactions—during the change from a-ketoglutaric
acid to succinic acid. Thus, for each molecule of glucose
metabolized, two acetyl-CoA molecules pass through the
citric acid cycle, each forming a molecule of ATP, or a total
of two molecules of ATP formed.

Function of Dehydrogenases and Nicotinamide Ade-
nine Dinucleotide in Causing Release of Hydrogen Atoms
in the Citric Acid Cycle. As already noted at several points
in this discussion, hydrogen atoms are released during
different chemical reactions of the citric acid cycle—4
hydrogen atoms during glycolysis, 4 during formation of
acetyl-CoA from pyruvic acid, and 16 in the citric acid
cycle; thus a total of 24 hydrogen atoms are released for
each original molecule of glucose. However, the hydrogen
atoms are not simply turned loose in the intracellular fluid.
Instead, they are released in packets of two, and in each
instance, the release is catalyzed by a specific protein
enzyme called a dehydrogenase. Twenty of the 24 hydrogen
atoms immediately combine with nicotinamide adenine
dinucleotide (NAD"), a derivative of the vitamin niacin, in
accordance with the following reaction:

H

s
Substrate + NAD+ M

N
H

NADH + H* + Substrate

This reaction will not occur without intermediation of
the specific dehydrogenase or without the availability of
NAD" to act as a hydrogen carrier. Both the free hydrogen
ion and the hydrogen bound with NAD* subsequently
enter into multiple oxidative chemical reactions that form
large quantities of ATP, as discussed later.

The remaining four hydrogen atoms released during
the breakdown of glucose—the four released during
the citric acid cycle between the succinic and fumaric
acid stages—combine with a specific dehydrogenase but
are not subsequently released to NAD" Instead, they
pass directly from the dehydrogenase into the oxidative
process.

Function of Decarboxylases in Causing Release of
Carbon Dioxide. Referring again to the chemical reactions
of the citric acid cycle, as well as to those for the formation
of acetyl-CoA from pyruvic acid, we find that there are
three stages in which carbon dioxide is released. To cause
the release of carbon dioxide, other specific protein
enzymes, called decarboxylases, split the carbon dioxide
away from the substrate. The carbon dioxide is then dis-
solved in the body fluids and transported to the lungs,
where it is expired from the body (see Chapter 41).

858

Food substrate

H,0

ATPase
3 ADP ‘ L ADP

= Facilitated
Diffusion diffusion
3 ATP = - -
Outer Inner
membrane membrane

Figure 68-7. Mitochondrial chemiosmotic mechanism of oxida-
tive phosphorylation for forming large quantities of ATP This
figure shows the relationship of the oxidative and phosphoryla-
tion steps at the outer and inner membranes of the mitochon-
drion. FeS, iron sulfide protein; FMN, flavin mononucleotide;
Q, ubiquinone.

Formation of Large Quantities of ATP by
Oxidation of Hydrogen—The Process of
Oxidative Phosphorylation

Despite all the complexities of (1) glycolysis, (2) the
citric acid cycle, (3) dehydrogenation, and (4) decar-
boxylation, pitifully small amounts of ATP are formed
during all these processes—only two ATP molecules in
the glycolysis scheme and another two in the citric
acid cycle for each molecule of glucose metabolized.
Instead, almost 90 percent of the total ATP created
through glucose metabolism is formed during subsequent
oxidation of the hydrogen atoms that were released at
early stages of glucose degradation. Indeed, the principal
function of all these earlier stages is to make the hydrogen
of the glucose molecule available in forms that can be
oxidized.

Oxidation of hydrogen is accomplished, as illustrated
in Figure 68-7, by a series of enzymatically catalyzed
reactions in the mitochondria. These reactions (1) split
each hydrogen atom into a hydrogen ion and an electron
and (2) use the electrons eventually to combine dis-
solved oxygen of the fluids with water molecules to form
hydroxyl ions. Then the hydrogen and hydroxyl ions
combine with each other to form water. During this
sequence of oxidative reactions, tremendous quantities
of energy are released to form ATP. Formation of ATP in
this manner is called oxidative phosphorylation, which
occurs entirely in the mitochondria by a highly specialized
process called the chemiosmotic mechanism.



Chapter 68 Metabolism of Carbohydrates and Formation of Adenosine Triphosphate

Chemiosmotic Mechanism of the Mitochondria
to Form ATP

lonization of Hydrogen, the Electron Transport Chain, and
Formation of Water. The first step in oxidative phosphory-
lation in the mitochondria is to ionize the hydrogen atoms
that have been removed from the food substrates. As
described earlier, these hydrogen atoms are removed in
pairs: one immediately becomes a hydrogen ion, H'; the
other combines with NAD* to form reduced nicotinamide
adenine dinucleotide (NADH). The upper portion of Figure
68-7 shows the subsequent fate of the NADH and H*. The
initial effect is to release the other hydrogen atom from the
NADH to form another hydrogen ion, H'; this process also
reconstitutes NAD* that will be reused repeatedly.

The electrons that are removed from the hydrogen
atoms to cause the hydrogen ionization immediately enter
an electron transport chain of electron acceptors that are an
integral part of the inner membrane (the shelf membrane)
of the mitochondrion. The electron acceptors can be revers-
ibly reduced or oxidized by accepting or giving up electrons.
The important members of this electron transport chain
include flavoprotein (flavin mononucleotide), several iron
sulfide proteins, ubiquinone, and cytochromes B, CI, C, A,
and A3. Each electron is shuttled from one of these accep-
tors to the next until it finally reaches cytochrome A3,
which is called cytochrome oxidase because it is capable of
giving up two electrons and thus reducing elemental oxygen
to form ionic oxygen, which then combines with hydrogen
ions to form water.

Thus, Figure 68-7 shows the transport of electrons
through the electron chain and then their ultimate use by
cytochrome oxidase to cause the formation of water mol-
ecules. During the transport of these electrons through the
electron transport chain, energy is released that is used to
cause the synthesis of ATD, as follows.

Pumping of Hydrogen lons Into the Outer Chamber of
the Mitochondrion, Caused by the Electron Transport
Chain. As the electrons pass through the electron trans-
port chain, large amounts of energy are released. This
energy is used to pump hydrogen ions from the inner
matrix of the mitochondrion (to the right in Figure 68-7)
into the outer chamber between the inner and outer mito-
chondrial membranes (to the left). This process creates a
high concentration of positively charged hydrogen ions in
this chamber; it also creates a strong negative electrical
potential in the inner matrix.

Formation of ATP. The next step in oxidative phos-
phorylation is to convert ADP into ATP. This conversion
occurs in conjunction with a large protein molecule that
protrudes all the way through the inner mitochondrial
membrane and projects with a knoblike head into the
inner mitochondrial matrix. This molecule is an ATPase,
the physical nature of which is shown in Figure 68-7. It is
called ATP synthetase.

The high concentration of positively charged hydrogen
ions in the outer chamber and the large electrical potential
difference across the inner membrane cause the hydrogen
ions to flow into the inner mitochondrial matrix through
the substance of the ATPase molecule. In doing so, energy

derived from this hydrogen ion flow is used by ATPase to
convert ADP into ATP by combining ADP with a free ionic
phosphate radical (P;), thus adding another high-energy
phosphate bond to the molecule.

The final step in the process is transfer of ATP from the
inside of the mitochondrion back to the cell cytoplasm.
This step occurs by facilitated diffusion outward through
the inner membrane and then by simple diffusion through
the permeable outer mitochondrial membrane. In turn,
ADP is continually transferred in the other direction for
continual conversion into ATP. For each two electrons that
pass through the entire electron transport chain (represent-
ing the ionization of two hydrogen atoms), up to three ATP
molecules are synthesized.

Summary of ATP Formation During
the Breakdown of Glucose

We can now determine the total number of ATP molecules
that, under optimal conditions, can be formed by the
energy from one molecule of glucose.

1. During glycolysis, four molecules of ATP are formed
and two are expended to cause the initial phosphory-
lation of glucose to get the process going, giving a
net gain of two molecules of ATP.

2. During each revolution of the citric acid cycle, one
molecule of ATP is formed. However, because each
glucose molecule splits into two pyruvic acid mole-
cules, there are two revolutions of the cycle for each
molecule of glucose metabolized, giving a net pro-
duction of two more molecules of ATP.

3. During the entire schema of glucose breakdown, a
total of 24 hydrogen atoms are released during gly-
colysis and during the citric acid cycle. Twenty of
these atoms are oxidized in conjunction with the
chemiosmotic mechanism shown in Figure 68-7,
with the release of three ATP molecules per two
atoms of hydrogen metabolized. This process gives
an additional 30 ATP molecules.

4. The remaining four hydrogen atoms are released by
their dehydrogenase into the chemiosmotic oxida-
tive schema in the mitochondrion beyond the first
stage of Figure 68-7. Two ATP molecules are usually
released for every two hydrogen atoms oxidized, thus
giving a total of four more ATP molecules.

Now, adding all the ATP molecules formed, we find a
maximum of 38 ATP molecules formed for each molecule
of glucose degraded to carbon dioxide and water. Thus,
456,000 calories of energy can be stored in the form of ATP,
whereas 686,000 calories are released during the complete
oxidation of each gram-molecule of glucose. This outcome
represents an overall maximum efficiency of energy transfer
of 66 percent. The remaining 34 percent of the energy
becomes heat and, therefore, cannot be used by the cells to
perform specific functions.

Effect of ATP and ADP Cell Concentrations in
Controlling Glycolysis and Glucose Oxidation

Continual release of energy from glucose when the cells do
not need energy would be an extremely wasteful process.
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Instead, glycolysis and the subsequent oxidation of hydro-
gen atoms are continually controlled in accordance with
the need of the cells for ATP. This control is accomplished
by multiple feedback control mechanisms within the chem-
ical schemata. Among the more important of these mecha-
nisms are the effects of cell concentrations of both ADP
and ATP in controlling the rates of chemical reactions in
the energy metabolism sequence.

One important way in which ATP helps control energy
metabolism is to inhibit the enzyme phosphofructokinase.
Because this enzyme promotes the formation of fructose-
1,6-diphosphate, one of the initial steps in the glycolytic
series of reactions, the net effect of excess cellular ATP is
to slow or even stop glycolysis, which in turn stops most
carbohydrate metabolism. Conversely, ADP (and AMP as
well) causes the opposite change in this enzyme, greatly
increasing its activity. Whenever ATP is used by the tissues
for energizing a major fraction of almost all intracellular
chemical reactions, this action reduces the ATP inhibition
of the enzyme phosphofructokinase and at the same time
increases its activity as a result of the excess ADP formed.
Thus, the glycolytic process is set in motion, and the total
cellular store of ATP is replenished.

Another control linkage is the citrate ion formed in the
citric acid cycle. An excess of this ion also strongly inhibits
phosphofructokinase, thus preventing the glycolytic process
from getting ahead of the citric acid cycle’s ability to use
the pyruvic acid formed during glycolysis.

A third way by which the ATP-ADP-AMP system con-
trols carbohydrate metabolism, as well as controlling
energy release from fats and proteins, is the following:
Referring to the various chemical reactions for energy
release, we see that if all the ADP in the cell has already
been converted into ATP, additional ATP simply cannot be
formed. As a result, the entire sequence involved in the use
of foodstuffs—glucose, fats, and proteins—to form ATP is
stopped. Then, when ATP is used by the cell to energize
the different physiological functions in the cell, the newly
formed ADP and AMP turn on the energy processes again,
and ADP and AMP are almost instantly returned to the
ATP state. In this way, essentially a full store of ATP is
automatically maintained, except during extreme cellular
activity, such as very strenuous exercise.

Anaerobic Release of Energy—
Anaerobic Glycolysis

Occasionally, oxygen becomes either unavailable or insuf-
ficient, so oxidative phosphorylation cannot take place. Yet
even under these conditions, a small amount of energy can
still be released to the cells by the glycolysis stage of carbo-
hydrate degradation, because the chemical reactions for
the breakdown of glucose to pyruvic acid do not require
oxygen.

This process is extremely wasteful of glucose because
only 24,000 calories of energy are used to form ATP for
each molecule of glucose metabolized, which represents
only a little over 3 percent of the total energy in the glucose
molecule. Nevertheless, this release of glycolytic energy to
the cells, which is called anaerobic energy, can be a lifesav-
ing measure for up to a few minutes when oxygen becomes
unavailable.
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Formation of Lactic Acid During Anaerobic Glycolysis
Allows Release of Extra Anaerobic Energy. The law of
mass action states that as the end products of a chemical
reaction build up in a reacting medium, the rate of the
reaction decreases, approaching zero. The two end prod-
ucts of the glycolytic reactions (see Figure 68-5) are (1)
pyruvic acid and (2) hydrogen atoms combined with NAD*
to form NADH and H'. The buildup of either or both of
these substances would stop the glycolytic process and
prevent further formation of ATP. When their quantities
begin to be excessive, these two end products react with
each other to form lactic acid, in accordance with the fol-
lowing equation:

Lactic
dehydrogenase
CH;— C—COOH + NADH + H+ ———>

(Pyruvic acid)

OH
||

OH

CH; — C— COOH + NAD+*

H
(Lactic acid)

Thus, under anaerobic conditions, the major portion
of the pyruvic acid is converted into lactic acid, which dif-
fuses readily out of the cells into the extracellular fluids and
even into the intracellular fluids of other less active cells.
Therefore, lactic acid represents a type of “sinkhole” into
which the glycolytic end products can disappear, thus
allowing glycolysis to proceed far longer than would oth-
erwise be possible. Indeed, glycolysis could proceed for
only a few seconds without this conversion. Instead, it can
proceed for several minutes, supplying the body with con-
siderable extra quantities of ATP, even in the absence of
respiratory oxygen.

Reconversion of Lactic Acid to Pyruvic Acid When
Oxygen Becomes Available Again. When a person begins
to breathe oxygen again after a period of anaerobic metabo-
lism, the lactic acid is rapidly reconverted to pyruvic acid
and NADH plus H". Large portions of these substances are
immediately oxidized to form large quantities of ATP. This
excess ATP then causes as much as three fourths of the
remaining excess pyruvic acid to be converted back into
glucose.

Thus, the large amount of lactic acid that forms during
anaerobic glycolysis is not lost from the body because,
when oxygen is available again, the lactic acid can be either
reconverted to glucose or used directly for energy. By far
the greatest portion of this reconversion occurs in the liver,
but a small amount can also occur in other tissues.

Use of Lactic Acid by the Heart for Energy. Heart
muscle is especially capable of converting lactic acid to
pyruvic acid and then using the pyruvic acid for energy.
This process occurs to a great extent during heavy exercise,
when large amounts of lactic acid are released into the
blood from the skeletal muscles and consumed as an extra
energy source by the heart.
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/—>Glucose-6-phosphate
YA > 2H

6-Phosphoglucono-d-lactone

6-Phosphogluconic acid
\Z3 > 2H
3-Keto-6-phosphogluconic acid
» CO,

D-Ribulose-5-phosphate

D-Xylulose-5-phosphate
+
D-Ribose-5-phosphate

D-Sedoheptulose-7-phosphate
+

k D-Glyceraldehyde-3-phosphate

Fructose-6-phosphate
+
Erythrose-4-phosphate
Net reaction:

Glucose + 12NADP+ + 6H,0 =~
6CO, + 12H + 12NADPH

Figure 68-8. Pentose phosphate pathway for glucose metabolism.

Release of Energy From Glucose by
the Pentose Phosphate Pathway

In almost all the body’s muscles, essentially all the carbo-
hydrates utilized for energy are degraded to pyruvic acid
by glycolysis and then oxidized. However, this glycolytic
scheme is not the only means by which glucose can be
degraded and used to provide energy. A second important
mechanism for the breakdown and oxidation of glucose is
called the pentose phosphate pathway (or phosphogluconate
pathway), which is responsible for as much as 30 percent
of the glucose breakdown in the liver and even more than
this in fat cells.

This pathway is especially important because it can
provide energy independently of all the enzymes of the
citric acid cycle and therefore is an alternative pathway for
energy metabolism when certain enzymatic abnormalities
occur in cells. It has a special capacity for providing energy
to multiple cellular synthetic processes.

Release of Carbon Dioxide and Hydrogen by the
Pentose Phosphate Pathway. Figure 68-8 shows most of
the basic chemical reactions in the pentose phosphate
pathway. It demonstrates that glucose, during several stages
of conversion, can release one molecule of carbon dioxide
and four atoms of hydrogen, with the resultant formation
of a five-carbon sugar, D-ribulose. This substance can
change progressively into several other five-, four-, seven-,
and three-carbon sugars. Finally, various combinations of
these sugars can resynthesize glucose. However, only five
molecules of glucose are resynthesized for every six mole-
cules of glucose that initially enter into the reactions. That
is, the pentose phosphate pathway is a cyclical process in

which one molecule of glucose is metabolized for each
revolution of the cycle. Thus, by repeating the cycle again
and again, all the glucose can eventually be converted into
carbon dioxide and hydrogen, and the hydrogen can enter
the oxidative phosphorylation pathway to form ATP; more
often, however, it is used for the synthesis of fat or other
substances, as follows.

Use of Hydrogen to Synthesize Fat; the Function
of Nicotinamide Adenine Dinucleotide Phosphate. The
hydrogen released during the pentose phosphate cycle
does not combine with NAD* as in the glycolytic pathway
but combines with nicotinamide adenine dinucleotide
phosphate (NADP®), which is almost identical to NAD*
except for an extra phosphate radical, P. This difference is
extremely significant because only hydrogen bound with
NADP* in the form of NADPH can be used for the synthe-
sis of fats from carbohydrates (as discussed in Chapter 69)
and for the synthesis of some other substances.

When the glycolytic pathway for using glucose becomes
slowed because of cellular inactivity, the pentose phosphate
pathway remains operative (mainly in the liver) to break
down any excess glucose that continues to be transported
into the cells, and NADPH becomes abundant to help
convert acetyl-CoA, also derived from glucose, into long
fatty acid chains. This is another way in which energy in
the glucose molecule is used other than for the formation
of ATP—in this instance, for the formation and storage of
fat in the body.

Glucose Conversion to Glycogen or Fat

When glucose is not immediately required for energy, the
extra glucose that continually enters the cells is either
stored as glycogen or converted into fat. Glucose is prefer-
entially stored as glycogen until the cells have stored as
much glycogen as they can—an amount sufficient to supply
the energy needs of the body for only 12 to 24 hours.

When the glycogen-storing cells (primarily liver and
muscle cells) approach saturation with glycogen, the addi-
tional glucose is converted into fat in liver and fat cells and
is stored as fat in the fat cells. Other steps in the chemistry
of this conversion are discussed in Chapter 69.

Formation of Carbohydrates From Proteins
and Fats—Gluconeogenesis

When the body’s stores of carbohydrates decrease below
normal, moderate quantities of glucose can be formed from
amino acids and the glycerol portion of fat. This process is
called gluconeogenesis.

Gluconeogenesis is especially important in preventing
an excessive reduction in the blood glucose concentration
during fasting. Glucose is the primary substrate for energy
in tissues such as the brain and the red blood cells, and
adequate amounts of glucose must be present in the blood
for several hours between meals. The liver plays a key role
in maintaining blood glucose levels during fasting by con-
verting its stored glycogen to glucose (glycogenolysis) and
by synthesizing glucose, mainly from lactate and amino
acids (gluconeogenesis). Approximately 25 percent of the
liver’s glucose production during fasting is from gluconeo-
genesis, helping to provide a steady supply of glucose to the
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brain. During prolonged fasting, the kidneys also synthe-
size considerable amounts of glucose from amino acids and
other precursors.

About 60 percent of the amino acids in the body proteins
can be converted easily into carbohydrates; the remaining
40 percent have chemical configurations that make this
conversion difficult or impossible. Each amino acid is con-
verted into glucose by a slightly different chemical process.
For instance, alanine can be converted directly into pyruvic
acid simply by deamination; the pyruvic acid is then con-
verted into glucose or stored glycogen. Several of the more
complicated amino acids can be converted into different
sugars that contain three-, four-, five-, or seven-carbon
atoms. They can then enter the phosphogluconate pathway
and eventually form glucose. Thus, by means of deamina-
tion plus several simple interconversions, many of the
amino acids can become glucose. Similar interconversions
can change glycerol into glucose or glycogen.

Regulation of Gluconeogenesis

Diminished carbohydrates in the cells and decreased blood
sugar are the basic stimuli that increase the rate of gluco-
neogenesis. Diminished carbohydrates can directly reverse
many of the glycolytic and phosphogluconate reactions,
thus allowing the conversion of deaminated amino acids
and glycerol into carbohydrates. In addition, the hormone
cortisol is especially important in this regulation, as
described in the following section.

Effect of Corticotropin and Glucocorticoids on Gluco-
neogenesis. When normal quantities of carbohydrates are
not available to the cells, the adenohypophysis, for reasons
not completely understood, secretes increased quantities of
the hormone corticotropin. This secretion stimulates the
adrenal cortex to produce large quantities of glucocorticoid
hormones, especially cortisol. In turn, cortisol mobilizes
proteins from essentially all cells of the body, making these
proteins available in the form of amino acids in the body
fluids. A high proportion of these amino acids immediately
become deaminated in the liver and provide ideal sub-
strates for conversion into glucose. Thus, one of the most
important means by which gluconeogenesis is promoted is
through the release of glucocorticoids from the adrenal
cortex.

Blood Glucose

The normal blood glucose concentration in a person
who has not eaten a meal within the past 3 to 4 hours is

862

about 90 mg/dl. After a meal containing large amounts of
carbohydrates, this level seldom rises above 140 mg/dl
unless the person has diabetes mellitus, which is discussed
in Chapter 79.

The regulation of blood glucose concentration is inti-
mately related to the pancreatic hormones insulin and glu-
cagon; this subject is discussed in detail in Chapter 79 in
relation to the functions of these hormones.
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Several chemical compounds in food and in the body are
classified as lipids. Lipids include (1) neutral fat, also
known as triglycerides; (2) phospholipids; (3) cholesterol;
and (4) a few others of less importance. Chemically, the
basic lipid moiety of triglycerides and phospholipids is
fatty acids, which are long-chain hydrocarbon organic
acids. A typical fatty acid, palmitic acid, is the following:
CH,(CH,),,COOH.

Although cholesterol does not contain fatty acid, its
sterol nucleus is synthesized from portions of fatty acid
molecules, thus giving it many of the physical and chemi-
cal properties of other lipids.

The triglycerides are used in the body mainly to provide
energy for the different metabolic processes, a function
they share almost equally with carbohydrates. However,
some lipids, especially cholesterol, phospholipids, and
small amounts of triglycerides, are used to form the mem-
branes of all cells of the body and to perform other cel-
lular functions.

BASIC CHEMICAL STRUCTURE OF
TRIGLYCERIDES (NEUTRAL FAT)

Because most of this chapter deals with the utilization of
triglycerides for energy, the following typical structure of
the triglyceride molecule should be understood.

CH3 — (CH5)1 — COO — CH,

CH3 — (CH2)16 — COO —CH

CH3 — (CH,)1g — COO — CH,
Tristearin

Note that three long-chain fatty acid molecules are
bound with one molecule of glycerol. The three fatty acids
most commonly present in the triglycerides of the human
body are (1) stearic acid (shown in the tristearin example),
which has an 18-carbon chain and is fully saturated
with hydrogen atoms; (2) oleic acid, which also has an
18-carbon chain but has one double bond in the middle
of the chain; and (3) palmitic acid, which has 16 carbon
atoms and is fully saturated.

CH, CH,
it |

S~ CH—(CHyl—CH
CH,
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Lipid Metabolism

TRANSPORT OF LIPIDS
IN THE BODY FLUIDS

TRANSPORT OF TRIGLYCERIDES
AND OTHER LIPIDS FROM THE
GASTROINTESTINAL TRACT BY
LYMPH—THE CHYLOMICRONS

As explained in Chapter 66, almost all the fats in the diet,
with the principal exception of a few short-chain fatty
acids, are absorbed from the intestines into the intestinal
lymph. During digestion, most triglycerides are split
into monoglycerides and fatty acids. Then, while passing
through the intestinal epithelial cells, the monoglycerides
and fatty acids are resynthesized into new molecules of
triglycerides that enter the lymph as minute, dispersed
droplets called chylomicrons (Figure 69-1), whose diam-
eters are between 0.08 and 0.6 micron. A small amount
of apoprotein B is adsorbed to the outer surfaces of
the chylomicrons. The remainder of the protein mole-
cules project into the surrounding water and thereby
increase the suspension stability of the chylomicrons in
the lymph fluid and prevent their adherence to the lym-
phatic vessel walls.

Most of the cholesterol and phospholipids absorbed
from the gastrointestinal tract enter the chylomicrons.
Thus, although the chylomicrons are composed princi-
pally of triglycerides, they also contain about 9 percent
phospholipids, 3 percent cholesterol, and 1 percent apo-
protein B. The chylomicrons are then transported upward
through the thoracic duct and emptied into the circulat-
ing venous blood at the juncture of the jugular and sub-
clavian veins.

REMOVAL OF THE CHYLOMICRONS
FROM THE BLOOD

About 1 hour after a meal that contains large quantities
of fat, the chylomicron concentration in the plasma may
rise to 1 to 2 percent of the total plasma, and because of
the large size of the chylomicrons, the plasma appears
turbid and sometimes yellow. However, the chylomicrons
have a half-life of less than 1 hour, so the plasma becomes
clear again within a few hours. The fat of the chylomi-
crons is removed mainly in the following way.
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Figure 69-1. Summary of major pathways for metabolism of chylomicrons synthesized in the intestine and very low density lipoprotein (VLDL)
synthesized in the liver. Apo B, apolipoprotein B; Apo E, apolipoprotein E; FFA, free fatty acids; IDL, intermediate-density lipoprotein; LDL,

low-density lipoprotein; LPL, lipoprotein lipase.

Chylomicron Triglycerides Are Hydrolyzed by Lipo-
protein Lipase, and Fat Is Stored in Adipose Tissue.
Most of the chylomicrons are removed from the circulat-
ing blood as they pass through the capillaries of various
tissues, especially adipose tissue, skeletal muscle, and
heart. These tissues synthesize the enzyme lipoprotein
lipase, which is transported to the surface of capillary
endothelial cells, where it hydrolyzes the triglycerides
of chylomicrons as they come in contact with the endo-
thelial wall, thus releasing fatty acids and glycerol (see
Figure 69-1).

The fatty acids released from the chylomicrons, being
highly miscible with the membranes of the cells, diffuse
into the fat cells of the adipose tissue and muscle cells.
Once inside these cells, the fatty acids can be used for
fuel or again synthesized into triglycerides, with new
glycerol being supplied by the metabolic processes of
the storage cells, as discussed later in the chapter. The
lipase also causes hydrolysis of phospholipids, which
also releases fatty acids to be stored in the cells in the
same way.

After the triglycerides are removed from the chylomi-
crons, the cholesterol-enriched chylomicron remnants
are rapidly cleared from the plasma. The chylomicron
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remnants bind to receptors on endothelial cells in the
liver sinusoids. Apolipoprotein-E on the surface of the
chylomicron remnants and secreted by liver cells also
plays an important role in initiating clearance of these
plasma lipoproteins.

"Free Fatty Acids” Are Transported in the Blood
in Combination With Albumin

When fat that has been stored in the adipose tissue is to be
used elsewhere in the body to provide energy, it must first
be transported from the adipose tissue to the other tissue.
It is transported mainly in the form of free fatty acids. This
transport is achieved by hydrolysis of the triglycerides back
into fatty acids and glycerol.

At least two classes of stimuli play important roles in
promoting this hydrolysis. First, when the amount of
glucose available to the fat cell is inadequate, one of the
glucose breakdown products, o-glycerophosphate, is also
available in insufficient quantities. Because this substance
is required to maintain the glycerol portion of triglycerides,
the result is hydrolysis of triglycerides. Second, a hormone-
sensitive cellular lipase can be activated by several hor-
mones from the endocrine glands, and this also promotes



rapid hydrolysis of triglycerides. This topic is discussed
later in the chapter.

Upon leaving fat cells, fatty acids ionize strongly in the
plasma and the ionic portion combines immediately with
albumin molecules of the plasma proteins. Fatty acids
bound in this manner are called free fatty acids or non-
esterified fatty acids, to distinguish them from other fatty
acids in the plasma that exist in the form of (1) esters of
glycerol, (2) cholesterol, or (3) other substances.

The concentration of free fatty acids in the plasma
under resting conditions is about 15 mg/dl, which is a total
of only 0.45 gram of fatty acids in the entire circulatory
system. Even this small amount accounts for almost all the
transport of fatty acids from one part of the body to another
for the following reasons:

1. Despite the minute amount of free fatty acid in the
blood, its rate of “turnover” is extremely rapid: half
the plasma fatty acid is replaced by new fatty acid
every 2 to 3 minutes. One can calculate that at this
rate, almost all the normal energy requirements of
the body can be provided by the oxidation of trans-
ported free fatty acids, without using any carbohy-
drates or proteins for energy.

2. Conditions that increase the rate of utilization of fat
for cellular energy also increase the free fatty acid
concentration in the blood; in fact, the concentration
sometimes increases fivefold to eightfold. Such a
large increase occurs especially in cases of starvation
and in diabetes mellitus; in both these conditions, the
person derives little or no metabolic energy from
carbohydrates.

Under normal conditions, only about 3 molecules
of fatty acid combine with each molecule of albumin, but
as many as 30 fatty acid molecules can combine with
a single albumin molecule when the need for fatty acid
transport is extreme. This shows how variable the rate
of lipid transport can be under different physiological
conditions.

Lipoproteins—Their Special Function in
Transporting Cholesterol and Phospholipids

In the postabsorptive state, after all the chylomicrons have
been removed from the blood, more than 95 percent of all
the lipids in the plasma are in the form of lipoprotein. These
lipids are small particles—much smaller than chylomi-
crons, but qualitatively similar in composition—containing
triglycerides, cholesterol, phospholipids, and protein. The
total concentration of lipoproteins in the plasma averages
about 700 milligrams per 100 milliliters of plasma—that s,
700 mg/dl—and can be broken down into the following
individual lipoprotein constituents:

mg/dl of Plasma

Cholesterol 180
Phospholipids 160
Triglycerides 160
Protein 200

Types of Lipoproteins. Aside from the chylomicrons,
which are very large lipoproteins, there are four major
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types of lipoproteins, classified by their densities as
measured in the ultracentrifuge: (1) very low density lipo-
proteins (VLDLs), which contain high concentrations of
triglycerides and moderate concentrations of both choles-
terol and phospholipids; (2) intermediate-density lipopro-
teins (IDLs), which are VLDLs from which a share of the
triglycerides has been removed, so the concentrations of
cholesterol and phospholipids are increased; (3) low-
density lipoproteins (LDLs), which are derived from IDLs
by the removal of almost all the triglycerides, leaving an
especially high concentration of cholesterol and a moder-
ately high concentration of phospholipids; and (4) high-
density lipoproteins (HDLs), which contain a high
concentration of protein (about 50 percent) but much
smaller concentrations of cholesterol and phospholipids.

Formation and Function of Lipoproteins. Almost
all the lipoproteins are formed in the liver, which is also
where most of the plasma cholesterol, phospholipids,
and triglycerides are synthesized. In addition, small
quantities of HDLs are synthesized in the intestinal
epithelium during the absorption of fatty acids from the
intestines.

The primary function of the lipoproteins is to transport
their lipid components in the blood. The VLDLs transport
triglycerides synthesized in the liver mainly to the adipose
tissue, whereas the other lipoproteins are especially impor-
tant in the different stages of phospholipid and cholesterol
transport from the liver to the peripheral tissues or from
the periphery back to the liver. Later in the chapter, we
discuss in more detail special problems of cholesterol
transport in relation to the disease atherosclerosis, which is
associated with the development of fatty lesions on the
insides of arterial walls.

Fat Deposits
Adipose Tissue

Large quantities of fat are stored in two major tissues of the
body, the adipose tissue and the liver. The adipose tissue is
usually called fat deposits, or simply tissue fat.

A major function of adipose tissue is storage of triglyc-
erides until they are needed to provide energy elsewhere in
the body. Additional functions are to provide heat insula-
tion for the body, as discussed in Chapter 74, and secretion
of hormones, such as leptin and adiponectin, which affect
multiple body functions, including appetite and energy
expenditure, as discussed in Chapter 72.

Fat Cells (Adipocytes) Store Triglycerides. The fat cells
(adipocytes) of adipose tissue are modified fibroblasts that
store almost pure triglycerides in quantities as great as 80
to 95 percent of the entire cell volume. Triglycerides inside
the fat cells are generally in a liquid form. When the tissues
are exposed to prolonged cold, the fatty acid chains of the
cell triglycerides, over a period of weeks, become either
shorter or more unsaturated to decrease their melting
point, thereby always allowing the fat to remain in a liquid
state. This characteristic is particularly important because
only liquid fat can be hydrolyzed and transported from
the cells.

Fat cells can synthesize very small amounts of fatty
acids and triglycerides from carbohydrates; this function
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supplements the synthesis of fat in the liver, as discussed
later in the chapter.

Tissue Lipases Permit Exchange of Fat Between
Adipose Tissue and the Blood. As discussed earlier, large
quantities of lipases are present in adipose tissue. Some of
these enzymes catalyze the deposition of cell triglycerides
from the chylomicrons and lipoproteins. Others, when
activated by hormones, cause splitting of the triglycerides
of the fat cells to release free fatty acids. Because of the
rapid exchange of fatty acids, the triglycerides in fat cells
are renewed about once every 2 to 3 weeks, which means
that the fat stored in the tissues today is not the same fat
that was stored last month, thus emphasizing the dynamic
state of storage fat.

Liver Lipids

The principal functions of the liver in lipid metabolism are
to (1) degrade fatty acids into small compounds that can
be used for energy; (2) synthesize triglycerides, mainly
from carbohydrates, but to a lesser extent from proteins as
well; and (3) synthesize other lipids from fatty acids, espe-
cially cholesterol and phospholipids.

Large quantities of triglycerides appear in the liver (1)
during the early stages of starvation, (2) in diabetes melli-
tus, and (3) in any other condition in which fat instead of
carbohydrates is being used for energy. In these conditions,
large quantities of triglycerides are mobilized from the
adipose tissue, transported as free fatty acids in the blood,
and redeposited as triglycerides in the liver, where the
initial stages of much of fat degradation begin. Thus, under
normal physiological conditions, the total amount of tri-
glycerides in the liver is determined to a great extent by the
overall rate at which lipids are being used for energy.

The liver may also store large amounts of lipids in /ipo-
dystrophy, a condition characterized by atrophy or genetic
deficiency of adipocytes.

The liver cells, in addition to containing triglycerides,
contain large quantities of phospholipids and cholesterol,
which are continually synthesized by the liver. Also, the
liver cells are much more capable of desaturating fatty acids
than are other tissues, and thus liver triglycerides normally
are much more unsaturated than the triglycerides of
adipose tissue. This capability of the liver to desaturate
fatty acids is functionally important to all tissues of the
body because many structural elements of all cells contain

Thiokinase

(1) RCH,CH,CH,COOH + CoA + ATP
(Fatty acid)

Acyl dehydrogenage

(2) RCH,CH,CH,COCoA + FAD
(Fatty acyl-CoA)
Enoyl hydrase

>

reasonable quantities of unsaturated fats, and their princi-
pal source is the liver. This desaturation is accomplished by
a dehydrogenase in the liver cells.

Use of Triglycerides for Energy: Formation of
Adenosine Triphosphate

The dietary intake of fat varies considerably in persons of
different cultures, averaging as little as 10 to 15 percent of
caloric intake in some Asian populations to as much as 35
to 50 percent of the calories in many Western populations.
For many persons the use of fats for energy is therefore as
important as the use of carbohydrates. In addition, many
of the carbohydrates ingested with each meal are converted
into triglycerides, stored, and used later in the form of fatty
acids released from the triglycerides for energy.

Hydrolysis of Triglycerides Into Fatty Acids and
Glycerol. The first stage in using triglycerides for energy is
their hydrolysis into fatty acids and glycerol. Then, both the
fatty acids and the glycerol are transported in the blood to
the active tissues, where they will be oxidized to give
energy. Almost all cells—with some exceptions, such as
brain tissue and red blood cells—can use fatty acids for
energy.

Glycerol, upon entering the active tissue, is immedi-
ately changed by intracellular enzymes into glycerol-3-
phosphate, which enters the glycolytic pathway for glucose
breakdown and is thus used for energy. Before the fatty
acids can be used for energy, they must be processed
further in the mitochondria.

Entry of Fatty Acids Into Mitochondria. Degradation
and oxidation of fatty acids occur only in the mitochondria.
Therefore, the first step for the use of fatty acids is their
transport into the mitochondria. This carrier-mediated
process uses carnitine as the carrier substance. Once inside
the mitochondria, fatty acids split away from carnitine and
are degraded and oxidized.

Degradation of Fatty Acids to Acetyl Coenzyme A by
Beta-Oxidation. The fatty acid molecule is degraded in the
mitochondria by progressive release of two-carbon seg-
ments in the form of acetyl coenzyme A (acetyl-CoA). This
process, which is shown in Figure 69-2, is called the beta-
oxidation process for degradation of fatty acids.

To understand the essential steps in the beta-oxidation
process, note that in Equation 1 in Figure 68-2, the
first step is combination of the fatty acid molecule with

—>E RCH,CH,CH,COCoA + AMP + Pyrophosphate

(Fatty acyl-CoA)

RCH,CH=CHCOCoA + FADH,

(8) RCH,CH=CHCOCOoA + H,0 ——>‘ RCH,CHOHCH,COCoA

B-Hydroxyacyl

(4) RCH,CHOHCH,COCOA + NAD* ————————>= RCH,COCH,COCoA + NADH + H*
dehydrogenase

Thiolase

(5) RCH,COCH,COCoA + CoA —>E RCH,COCoA + CH;COCoA

(Fatty acyl-CoA) (Acetyl-CoA)

Figure 69-2. Beta-oxidation of fatty acids to yield acetyl coenzyme A.
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coenzyme A (CoA) to form fatty acyl-CoA. In Equations 2,
3,and 4, the beta carbon (the second carbon from the right)
of the fatty acyl-CoA binds with an oxygen molecule—that
is, the beta carbon becomes oxidized.

Then, in Equation 5, the right-hand two-carbon portion
of the molecule is split off to release acetyl-CoA into the
cell fluid. At the same time, another CoA molecule binds
at the end of the remaining portion of the fatty acid mol-
ecule, and thus a new fatty acyl-CoA molecule is formed;
this time, however, the molecule is two carbon atoms
shorter because of the loss of the first acetyl-CoA from its
terminal end.

Next, this shorter fatty acyl-CoA enters into Equation
2 and progresses through Equations 3, 4, and 5 to release
another acetyl-CoA molecule, thus shortening the original
fatty acid molecule by another two carbons. In addition to
the released acetyl-CoA molecules, four atoms of hydrogen
are released from the fatty acid molecule at the same time,
entirely separate from the acetyl-CoA.

Oxidation of Acetyl-CoA. The acetyl-CoA molecules
formed by beta-oxidation of fatty acids in the mitochondria
enter immediately into the citric acid cycle (see Chapter
68), combining first with oxaloacetic acid to form citric
acid, which then is degraded into carbon dioxide and
hydrogen atoms. The hydrogen is subsequently oxidized by
the chemiosmotic oxidative system of the mitochondria,
which was also explained in Chapter 68. The net reaction
in the citric acid cycle for each molecule of acetyl-CoA is
the following:

CH;COCoA + Oxaloacetic acid + 3H,0 + ADP

Citric acid cycle

2CO, + 8H +HCoA + ATP + Oxaloacetic acid

Thus, after initial degradation of fatty acids to acetyl-
CoA, their final breakdown is precisely the same as that
of the acetyl-CoA formed from pyruvic acid during
the metabolism of glucose. The extra hydrogen atoms
are also oxidized by the same chemiosmotic oxidative
system of the mitochondria that is used in carbohydrate
oxidation, liberating large amounts of adenosine triphos-
phate (ATP).

Large Amounts of ATP Are Formed by Oxidation of
Fatty Acids. In Figure 69-2, note that the four separate
hydrogen atoms released each time a molecule of acetyl-
CoA is split from the fatty acid chain are released in the
forms reduced flavin adenine dinucleotide (FADH,),
reduced nicotinamide adenine dinucleotide (NADH), and
H* Therefore, for every stearic fatty acid molecule that is
split to form 9 acetyl-CoA molecules, 32 extra hydrogen
atoms are removed. In addition, for each of the 9 molecules
of acetyl-CoA that are subsequently degraded by the citric
acid cycle, 8 more hydrogen atoms are removed, making
another 72 hydrogen atoms. Thus a total of 104 hydrogen
atoms are eventually released by the degradation of each
stearic acid molecule. Of this group, 34 are removed from
the degrading fatty acids by flavoproteins and 70 are
removed by nicotinamide adenine dinucleotide (NAD") as
NADH and H".

These two groups of hydrogen atoms are oxidized in
the mitochondria, as discussed in Chapter 68, but they
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enter the oxidative system at different points. Therefore, 1
molecule of ATP is synthesized for each of the 34 flavopro-
tein hydrogens, and 1.5 molecules of ATP are synthesized
for each of the 70 NADH and H* hydrogens. This makes
34 plus 105, or a total of 139 molecules of ATP formed by
the oxidation of hydrogen derived from each molecule of
stearic acid. Another nine molecules of ATP are formed in
the citric acid cycle itself (separate from the ATP released
by the oxidation of hydrogen), one for each of the nine
acetyl-CoA molecules metabolized. Thus, a total of 148
molecules of ATP are formed during the complete oxida-
tion of 1 molecule of stearic acid. However, two high-
energy bonds are consumed in the initial combination of
CoA with the stearic acid molecule, making a net gain of
146 molecules of ATP.

Formation of Acetoacetic Acid in the Liver and Its
Transport in the Blood

A large share of the initial degradation of fatty acids occurs
in the liver, especially when large amounts of lipids are
being used for energy. However, the liver uses only a small
proportion of the fatty acids for its own intrinsic metabolic
processes. Instead, when the fatty acid chains have been
split into acetyl-CoA, two molecules of acetyl-CoA con-
dense to form one molecule of acetoacetic acid, which is
then transported in the blood to the other cells throughout
the body, where it is used for energy. The following chemi-
cal processes occur:

Li I
2CH;COCOA + H,0 7
Acetyl-CoA Other cells

CH;COCH,COOH + 2HCoA

Acetoacetic acid

Part of the acetoacetic acid is also converted into
B-hydroxybutyric acid, and minute quantities are converted
into acetone in accord with the following reactions:

I
CH3—C—CH,—C—OH
Acetoacetic acid

+ 2H
-CO,
OH (0} (0}
CH;— CH — CH,—C—OH
B-Hydroxybutyric acid

CH; — C—CHs3
Acetone

The acetoacetic acid, PB-hydroxybutyric acid, and
acetone diffuse freely through the liver cell membranes and
are transported by the blood to the peripheral tissues. Here
they again diffuse into the cells, where reverse reactions
occur and acetyl-CoA molecules are formed. These mole-
cules in turn enter the citric acid cycle and are oxidized for
energy, as already explained.

Normally, the acetoacetic acid and B-hydroxybutyric
acid that enter the blood are transported so rapidly to the
tissues that their combined concentration in the plasma
seldom rises above 3 mg/dl. Yet, despite this small
concentration in the blood, large quantities are actually
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transported, as is also true for free fatty acid transport.
The rapid transport of both these substances results
from their high solubility in the membranes of the target
cells, which allows almost instantaneous diffusion into
the cells.

Ketosis in Starvation, Diabetes, and Other Diseases.
The concentrations of acetoacetic acid, B-hydroxybutyric
acid, and acetone occasionally rise to levels many times
normal in the blood and interstitial fluids; this condition is
called ketosis because acetoacetic acid is a keto acid. The
three compounds are called ketone bodies. Ketosis occurs
especially as a consequence of starvation, in persons with
diabetes mellitus, and sometimes even when a person’s diet
is composed almost entirely of fat. In all these states, essen-
tially no carbohydrates are metabolized—in starvation and
with a high-fat diet because carbohydrates are not avail-
able, and in diabetes because insulin is not available to
cause glucose transport into the cells.

When carbohydrates are not used for energy, almost all
the energy of the body must come from metabolism of fats.
We shall see later in the chapter that the unavailability of
carbohydrates automatically increases the rate of removal
of fatty acids from adipose tissues. In addition, several hor-
monal factors—such as increased secretion of glucocorti-
coids by the adrenal cortex, increased secretion of glucagon
by the pancreas, and decreased secretion of insulin by the
pancreas—further enhance the removal of fatty acids from
the fat tissues. As a result, large quantities of fatty acids
become available (1) to the peripheral tissue cells to be used
for energy and (2) to the liver cells, where much of the fatty
acid is converted to ketone bodies.

The ketone bodies pour out of the liver to be carried to
the cells. For several reasons, the cells are limited in the
amount of ketone bodies that can be oxidized. The most
important reason for this limitation is that one of the prod-
ucts of carbohydrate metabolism is the oxaloacetate that is
required to bind with acetyl-CoA before it can be pro-
cessed in the citric acid cycle. Therefore, deficiency of oxa-
loacetate derived from carbohydrates limits the entry of
acetyl-CoA into the citric acid cycle, and when a simultane-
ous outpouring of large quantities of acetoacetic acid and
other ketone bodies from the liver occurs, the blood con-
centrations of acetoacetic acid and B-hydroxybutyric acid
sometimes rise to as high as 20 times normal, thus leading
to extreme acidosis, as explained in Chapter 31.

The acetone that is formed during ketosis is a volatile
substance, some of which is blown off in small quantities
in the expired air of the lungs, thus giving the breath an
acetone smell that is frequently used as a diagnostic crite-
rion of ketosis.

Adaptation to a High-Fat Diet. When changing slowly
from a carbohydrate diet to a diet almost completely con-
sisting of fat, a person’s body adapts to use far more aceto-
acetic acid than usual, and in this instance, ketosis normally
does not occur. For instance, in the Inuit (Eskimos),
who sometimes live mainly on a fat diet, ketosis does not
develop. Undoubtedly, several factors, none of which is
clear, enhance the rate of acetoacetic acid metabolism by
the cells. After a few weeks, even the brain cells, which
normally derive almost all their energy from glucose, can
derive 50 to 75 percent of their energy from fats.
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Step 1:
CH4COCoA + CO, + ATP
*+ (Acetyl-CoA carboxylase)

COOH

TH2 +ADP + PO,
O=—=C—CoA
Malonyl-CoA

Step 2:
1 Acetyl-CoA + Malonyl-CoA + 16NADPH + 16H* ——>
1 Steric acid + 8CO, + 9CoA + 16NADP* + 7H,0

Figure 69-3. Synthesis of fatty acids.

Synthesis of Triglycerides From Carbohydrates

Whenever a greater quantity of carbohydrates enters
the body than can be used immediately for energy or can
be stored in the form of glycogen, the excess is rapidly
converted into triglycerides and stored in this form in
the adipose tissue.

In humans, most triglyceride synthesis occurs in the
liver, but minute quantities are also synthesized in the
adipose tissue. The triglycerides formed in the liver are
transported mainly in VLDLs to the adipose tissue, where
they are stored.

Conversion of Acetyl-CoA Into Fatty Acids. The first
step in the synthesis of triglycerides is conversion of car-
bohydrates into acetyl-CoA. As explained in Chapter 68,
this conversion occurs during the normal degradation of
glucose by the glycolytic system. Because fatty acids are
actually large polymers of acetic acid, it is easy to under-
stand how acetyl-CoA can be converted into fatty acids.
However, the synthesis of fatty acids from acetyl-CoA is
not achieved by simply reversing the oxidative degradation
described earlier. Instead, this occurs by the two-step
process shown in Figure 69-3, using malonyl-CoA and
reduced nicotinamide adenine dinucleotide phosphate
(NADPH) as the principal intermediates in the polymeriza-
tion process.

Combination of Fatty Acids With
o-Glycerophosphate to Form Triglycerides

Once the synthesized fatty acid chains have grown to
contain 14 to 18 carbon atoms, they bind with glycerol to
form triglycerides. The enzymes that cause this conversion
are highly specific for fatty acids, with chain lengths of 14
carbon atoms or greater, a factor that controls the physical
quality of the triglycerides stored in the body.

As shown in Figure 69-4, the glycerol portion of tri-
glycerides is furnished by a-glycerophosphate, which is
another product derived from the glycolytic scheme of
glucose degradation. This mechanism is discussed in
Chapter 68.

Efficiency of Carbohydrate Conversion Into Fat. Dur-
ing triglyceride synthesis, only about 15 percent of the
original energy in the glucose is lost in the form of heat;
the remaining 85 percent is transferred to the stored
triglycerides.



Glycolytic
pathway

A
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a-Glycerophosphate + Acetyl-CoA + NADH + H*

Figure 69-4. Overall schema for synthesis of
triglycerides from glucose.

Importance of Fat Synthesis and Storage. Fat synthesis
from carbohydrates is especially important for two reasons:
1. The ability of the different cells of the body to store
carbohydrates in the form of glycogen is generally
slight; a maximum of only a few hundred grams of
glycogen can be stored in the liver, the skeletal
muscles, and all other tissues of the body put together.
In contrast, many kilograms of fat can be stored in
adipose tissue. Therefore, fat synthesis provides a
means by which the energy of excess ingested carbo-
hydrates (and proteins) can be stored for later use.
Indeed, the average person has almost 150 times as
much energy stored in the form of fat as stored in
the form of carbohydrate.

2. Each gram of fat contains almost two and a half times
the calories of energy contained by each gram of
glycogen. Therefore, for a given weight gain, a person
can store several times as much energy in the form
of fat as in the form of carbohydrate, which is exceed-
ingly important when an animal must be highly
motile to survive.

Failure to Synthesize Fats From Carbohydrates in the
Absence of Insulin. When insufficient insulin is available,
as occurs in persons with serious cases of diabetes mellitus,
fats are poorly synthesized, if at all, for the following
reasons: First, when insulin is not available, glucose does
not enter the fat and liver cells satisfactorily, so little of the
acetyl-CoA and NADPH needed for fat synthesis can be
derived from glucose. Second, lack of glucose in the fat cells
greatly reduces the availability of o-glycerophosphate,
which also makes it difficult for the tissues to form
triglycerides.

Synthesis of Triglycerides From Proteins

Many amino acids can be converted into acetyl-CoA, as
discussed in Chapter 70. The acetyl-CoA can then be syn-
thesized into triglycerides. Therefore, when people have
more proteins in their diets than their tissues can use as
proteins, a large share of the excess is stored as fat.

Regulation of Energy Release
From Triglycerides

Carbohydrates Are Preferred Over Fats for Energy When
Excess Carbohydrates Are Available. When excess quanti-
ties of carbohydrates are available in the body, carbohy-
drates are used preferentially over triglycerides for energy.
Several reasons exist for this “fat-sparing” effect of carbo-
hydrates. First, fats in adipose tissue cells are present in

Glucose
Pentose
phosphate
Y pathway
NADPH + H*

Fatty acids <€

> Triglycerides

two forms: stored triglycerides and small quantities of free
fatty acids. They are in constant equilibrium with each
other. When excess quantities of o-glycerophosphate are
present (which occurs when excess carbohydrates are avail-
able), the excess a-glycerophosphate binds the free fatty
acids in the form of stored triglycerides. As a result, the
equilibrium between free fatty acids and triglycerides shifts
toward the stored triglycerides; consequently, only minute
quantities of fatty acids are available to be used for energy.
Because o.-glycerophosphate is an important product of
glucose metabolism, the availability of large amounts of
glucose automatically inhibits the use of fatty acids for
energy.

Second, when carbohydrates are available in excess,
fatty acids are synthesized more rapidly than they are
degraded. This effect is caused partially by the large quanti-
ties of acetyl-CoA formed from the carbohydrates and by
the low concentration of free fatty acids in the adipose
tissue, thus creating conditions appropriate for the conver-
sion of acetyl-CoA into fatty acids.

An even more important effect that promotes the con-
version of carbohydrates to fats is the following: The first
step, which is the rate-limiting step, in the synthesis of
fatty acids is carboxylation of acetyl-CoA to form malonyl-
CoA. The rate of this reaction is controlled primarily by
the enzyme acetyl-CoA carboxylase, the activity of which
is accelerated in the presence of intermediates of the
citric acid cycle. When excess carbohydrates are being
used, these intermediates increase, automatically causing
increased synthesis of fatty acids.

Thus, an excess of carbohydrates in the diet not only
acts as a fat-sparer but also increases fat stores. In fact, all
the excess carbohydrates not used for energy or stored in
the small glycogen deposits of the body are converted to
fat for storage.

Acceleration of Fat Utilization for Energy in the
Absence of Carbohydrates. All the fat-sparing effects of
carbohydrates are lost and actually reversed when carbo-
hydrates are not available. The equilibrium shifts in the
opposite direction, and fat is mobilized from adipose cells
and used for energy in place of carbohydrates.

Also important are several hormonal changes that take
place to promote rapid fatty acid mobilization from adipose
tissue. Among the most important of these hormonal
changes is a marked decrease in pancreatic secretion
of insulin caused by the absence of carbohydrates. This
decrease not only reduces the rate of glucose utilization by
the tissues but also decreases fat storage, which further
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shifts the equilibrium in favor of fat metabolism in place of
carbohydrates.

Hormonal Regulation of Fat Utilization. At least
seven of the hormones secreted by the endocrine glands
have significant effects on fat utilization. Some important
hormonal effects on fat metabolism—in addition to lack
of insulin, discussed in the previous paragraph—are
noted here.

Probably the most dramatic increase that occurs in fat
utilization is that observed during heavy exercise. This
increase results almost entirely from release of epinephrine
and norepinephrine by the adrenal medullae during exer-
cise, as a result of sympathetic stimulation. These two
hormones directly activate hormone-sensitive triglyceride
lipase, which is present in abundance in the fat cells, and
this activation causes rapid breakdown of triglycerides and
mobilization of fatty acids. Sometimes the free fatty acid
concentration in the blood of an exercising person rises as
much as eightfold, and the use of these fatty acids by the
muscles for energy is correspondingly increased. Other
types of stress that activate the sympathetic nervous system
can also increase fatty acid mobilization and utilization in
a similar manner.

Stress also causes large quantities of corticotropin to be
released by the anterior pituitary gland, which causes the
adrenal cortex to secrete extra quantities of glucocorticoids.
Both corticotropin and glucocorticoids activate either the
same hormone-sensitive triglyceride lipase as that acti-
vated by epinephrine and norepinephrine or a similar
lipase. When corticotropin and glucocorticoids are secreted
in excessive amounts for long periods, as occurs in the
endocrine condition called Cushings syndrome, fats are
frequently mobilized to such a great extent that ketosis
results. Corticotropin and glucocorticoids are then said to
have a ketogenic effect. Growth hormone has an effect
similar to but weaker than that of corticotropin and gluco-
corticoids in activating hormone-sensitive lipase. Therefore,
growth hormone can also have a mild ketogenic effect.

Thyroid hormone causes rapid mobilization of fat, which
is believed to result indirectly from an increased overall
rate of energy metabolism in all cells of the body under the
influence of this hormone. The resulting reduction in
acetyl-CoA and other intermediates of both fat and carbo-
hydrate metabolism in the cells is a stimulus to fat
mobilization.

The effects of the different hormones on metabolism are
discussed further in the chapters dealing with each
hormone.

Obesity—Excess Deposition of Fat

Obesity is discussed in Chapter 72 in relation to dietary
balances, but briefly, it is caused by the ingestion of greater
amounts of food than can be used by the body for energy.
The excess food, whether fats, carbohydrates, or proteins,
is then stored almost entirely as fat in the adipose tissue, to
be used later for energy.

Several strains of rodents have been found in which
hereditary obesity occurs. In at least one of these strains,
the obesity is caused by ineffective mobilization of fat from
the adipose tissue by tissue lipase, while synthesis and
storage of fat continue normally. Such a one-way process
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causes progressive enhancement of the fat stores, resulting
in severe obesity. Multiple genetic factors that influence
brain feeding centers or pathways that control energy
expenditure or that alter energy storage can also cause
hereditary obesity in humans. However, monogenic (single
gene) causes of human obesity are rare, as discussed in
Chapter 72.

Phospholipids and Cholesterol
Phospholipids

The major types of body phospholipids are lecithins, cepha-
lins, and sphingomyelin; their typical chemical formulas
are shown in Figure 69-5. Phospholipids always contain
one or more fatty acid molecules and one phosphoric
acid radical, and they usually contain a nitrogenous base.
Although the chemical structures of phospholipids are
somewhat variant, their physical properties are similar
because they are all lipid soluble, transported in lipopro-
teins, and used throughout the body for various structural
purposes, such as in cell membranes and intracellular
membranes.

HZC—O—y)—(CH2)7—CH=CH—(CH2)7—CH3
o)

Hc—o—y:—(CHz)m—CH3
o) CH,

-

Il CH,
H,C —O—I|3—O—CH2—CH2—N+\

CH,4
OH
A lecithin

HZC—O—|C|3—(CH2)7—CH=CH—(CH2)7—CH3
o)

HC—O—g—(CHz)m—CHS
o)

H,C —O—I||3|—O—CH2—CH2—N+H3

A cephalin

HO—C—H ©
HC —NH—C—(CH,),;c—CH,4
CH,

|~

I CH
HC —O—P —0O—CH,—CH,—N*
H | ~

CH,
Sphingomyelin
Figure 69-5. Typical phospholipids.



Formation of Phospholipids. Phospholipids are synthe-
sized in essentially all cells of the body, although certain
cells have a special ability to form great quantities of them.
Probably 90 percent are formed in liver cells; substantial
quantities are also formed by the intestinal epithelial cells
during lipid absorption from the gut.

The rate of phospholipid formation is governed to some
extent by the usual factors that control the overall rate of
fat metabolism because, when triglycerides are deposited
in the liver, the rate of phospholipid formation increases.
Also, certain specific chemical substances are needed for
the formation of some phospholipids. For instance, choline,
either obtained in the diet or synthesized in the body, is
necessary for the formation of lecithin, because choline is
the nitrogenous base of the lecithin molecule. In addition,
inositol is necessary for the formation of some cephalins.

Specific Uses of Phospholipids. Phospholipids have
several functions, including the following:

1. Phospholipids are an important constituent of lipo-
proteins in the blood and are essential for the forma-
tion and function of most of these lipoproteins; in
the absence of phospholipids, serious abnormalities
of transport of cholesterol and other lipids can occur.

2. Thromboplastin, which is necessary to initiate the
clotting process, is composed mainly of one of the
cephalins.

3. Large quantities of sphingomyelin are present in the
nervous system; this substance acts as an electrical
insulator in the myelin sheath around nerve fibers.

4. Phospholipids are donors of phosphate radicals
when these radicals are necessary for different chem-
ical reactions in the tissues.

5. Perhaps the most important of all the functions of
phospholipids is participation in the formation of
structural elements—mainly membranes—in cells
throughout the body, as discussed in the next section
of this chapter in connection with a similar function
for cholesterol.

Cholesterol

Cholesterol, the formula of which is shown in Figure 69-6,
is present in the normal diet, and it can be absorbed slowly
from the gastrointestinal tract into the intestinal lymph. It
is highly fat soluble but only slightly soluble in water. It is
specifically capable of forming esters with fatty acids.
Indeed, about 70 percent of the cholesterol in the lipopro-
teins of the plasma is in the form of cholesterol esters.
Formation of Cholesterol. Besides the cholesterol
absorbed each day from the gastrointestinal tract, which is
called exogenous cholesterol, an even greater quantity is
formed in the cells of the body, called endogenous

CH, CH,
i CH—(CH2)3—C|:H
CHg CH,

HO

Figure 69-6. Cholesterol.
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cholesterol. Essentially all the endogenous cholesterol that
circulates in the lipoproteins of the plasma is formed by the
liver, but all other cells of the body form at least some
cholesterol, which is consistent with the fact that many of
the membranous structures of all cells are partially com-
posed of this substance.

The basic structure of cholesterol is a sterol nucleus,
which is synthesized entirely from multiple molecules of
acetyl-CoA. In turn, the sterol nucleus can be modified by
various side chains to form (1) cholesterol; (2) cholic acid,
which is the basis of the bile acids formed in the liver; and
(3) many important steroid hormones secreted by the
adrenal cortex, the ovaries, and the testes (these hormones
are discussed in later chapters).

Factors That Affect Plasma Cholesterol Concentration—
Feedback Control of Body Cholesterol. Among the impor-
tant factors that affect plasma cholesterol concentration are
the following:

1. An increase in the amount of cholesterol ingested
each day may increase the plasma concentration
slightly. However, when cholesterol is ingested, the
rising concentration of cholesterol inhibits the most
essential enzyme for endogenous synthesis of choles-
terol, 3-hydroxy-3-methylglutaryl CoA reductase,
thus providing an intrinsic feedback control system
to prevent an excessive increase in plasma choles-
terol concentration. As a result, plasma cholesterol
concentration usually is not changed upward or
downward more than £15 percent by altering the
amount of cholesterol in the diet, although the
response of individuals differs markedly.

2. A diet high in saturated fat increases blood choles-
terol concentration 15 to 25 percent, especially when
this diet is associated with excess weight gain and
obesity. This increase in blood cholesterol results
from increased fat deposition in the liver, which then
provides increased quantities of acetyl-CoA in the
liver cells for the production of cholesterol. Therefore,
to decrease the blood cholesterol concentration,
maintaining a diet low in saturated fat and a normal
body weight is even more important than maintain-
ing a diet low in cholesterol.

3. Ingestion of fat containing highly unsaturated fatty
acids usually depresses the blood cholesterol con-
centration a slight to moderate amount. The mecha-
nism of this effect is unknown, despite the fact that
this observation is the basis of much present-day
dietary strategy.

4. Lack of insulin or thyroid hormone increases the
blood cholesterol concentration, whereas excess
thyroid hormone decreases the concentration. These
effects are probably caused mainly by changes in the
degree of activation of specific enzymes responsible
for the metabolism of lipid substances.

5. Genetic disorders of cholesterol metabolism may
greatly increase plasma cholesterol levels. For
example, mutations of the LDL receptor gene prevent
the liver from adequately removing the cholesterol-
rich LDLs from the plasma. As discussed later, this
phenomenon causes the liver to produce excessive
amounts of cholesterol. Mutations of the gene that
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encodes apolipoprotein B, the part of the LDL that
binds to the receptor, also cause excessive cholesterol
production by the liver.

Specific Uses of Cholesterol in the Body. By far the
most abundant non-membranous use of cholesterol in the
body is to form cholic acid in the liver. As much as 80
percent of cholesterol is converted into cholic acid. As
explained in Chapter 71, cholic acid is conjugated with
other substances to form bile salts, which promote diges-
tion and absorption of fats.

A small quantity of cholesterol is used by (1) the adrenal
glands to form adrenocortical hormones, (2) the ovaries to
form progesterone and estrogen, and (3) the testes to form
testosterone. These glands can also synthesize their own
sterols and then form hormones from them, as discussed
in the chapters on endocrinology.

A large amount of cholesterol is precipitated in the
corneum of the skin. This cholesterol, along with other
lipids, makes the skin highly resistant to the absorption of
water-soluble substances and to the action of many chemi-
cal agents because cholesterol and the other skin lipids
are highly inert to acids and to many solvents that might
otherwise easily penetrate the body. Also, these lipid
substances help prevent water evaporation from the skin;
without this protection, the amount of evaporation can
be 5 to 10 liters per day (as occurs in patients with burns
who have lost their skin) instead of the usual 300 to 400
milliliters.

Cellular Structural Functions of Phospholipids and
Cholesterol—Especially for Membranes

The previously mentioned uses of phospholipids and cho-
lesterol are of only minor importance in comparison with
their function of forming specialized structures, mainly
membranes, in all cells of the body. In Chapter 2, it was
pointed out that large quantities of phospholipids and cho-
lesterol are present in both the cell membrane and the
membranes of the internal organelles of all cells. It is also
known that the ratio of membrane cholesterol to phospho-
lipids is especially important in determining the fluidity of
cell membranes.

For membranes to be formed, substances that are not
soluble in water must be available. In general, the only
substances in the body that are not soluble in water (besides
the inorganic substances of bone) are the lipids and some
proteins. Thus, the physical integrity of cells everywhere in
the body is based mainly on phospholipids, cholesterol, and
certain insoluble proteins. The polar charges on the phos-
pholipids also reduce the interfacial tension between the
cell membranes and the surrounding fluids.

Another fact that indicates the importance of phospho-
lipids and cholesterol for the formation of structural ele-
ments of the cells is the slow turnover rates of these
substances in most non-hepatic tissues—turnover rates
measured in months or years. For instance, their function
in brain cells to provide memory processes is related mainly
to their indestructible physical properties.

Atherosclerosis

Atherosclerosis is a disease of the large and intermediate-
sized arteries in which fatty lesions called atheromatous
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plaques develop on the inside surfaces of the arterial walls.
Arteriosclerosis, in contrast, is a general term that refers to
thickened and stiffened blood vessels of all sizes.

One abnormality that can be measured very early in
blood vessels that later become atherosclerotic is damage
to the vascular endothelium. This damage, in turn, increases
the expression of adhesion molecules on endothelial
cells and decreases their ability to release nitric oxide and
other substances that help prevent adhesion of macromol-
ecules, platelets, and monocytes to the endothelium. After
damage to the vascular endothelium occurs, circulating
monocytes and lipids (mostly LDLs) begin to accumulate
at the site of injury (Figure 69-7A). The monocytes cross
the endothelium, enter the intima of the vessel wall, and
differentiate to become macrophages, which then ingest
and oxidize the accumulated lipoproteins, giving the mac-
rophages a foamlike appearance. These macrophage foam
cells then aggregate on the blood vessel and form a visible
fatty streak.

With time, the fatty streaks grow larger and coalesce, and
the surrounding fibrous and smooth muscle tissues prolif-
erate to form larger and larger plaques (see Figure 69-7B).
Also, the macrophages release substances that cause
inflammation and further proliferation of smooth muscle
and fibrous tissue on the inside surfaces of the arterial wall.
Thelipid deposits plus the cellular proliferation can become
so large that the plaque bulges into the lumen of the artery
and greatly reduces blood flow, sometimes completely
occluding the vessel. Even without occlusion, the fibro-
blasts of the plaque eventually deposit extensive amounts
of dense connective tissue; sclerosis (fibrosis) becomes so
great that the arteries become stiff. Still later, calcium salts
often precipitate with the cholesterol and other lipids of the
plaques, leading to bony-hard calcifications that can make
the arteries rigid tubes. Both of these later stages of the
disease are called “hardening of the arteries”

Atherosclerotic arteries lose most of their distensibility,
and because of the degenerative areas in their walls, they
are easily ruptured. Also, where the plaques protrude into
the flowing blood, their rough surfaces can cause blood
clots to develop, with resultant thrombus or embolus for-
mation (see Chapter 37), leading to a sudden blockage of
all blood flow in the artery.

Almost half of all deaths in the United States and Europe
are due to vascular disease. About two thirds of these
deaths are caused by thrombosis of one or more coronary
arteries. The remaining one third are caused by thrombosis
or hemorrhage of vessels in other organs of the body, espe-
cially the brain (causing strokes), but also the kidneys, liver,
gastrointestinal tract, limbs, and so forth.

Roles of Cholesterol and Lipoproteins
in Atherosclerosis

Increased Low-Density Lipoproteins. An important factor
in causing atherosclerosis is a high blood plasma concen-
tration of cholesterol in the form of LDLs. The plasma
concentration of these high-cholesterol LDLs is increased
by several factors, especially by eating highly saturated fat
in the daily diet, obesity, and physical inactivity. To a much
lesser extent, eating excess cholesterol may also raise
plasma levels of LDLs.
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Figure 69-7. Development of atherosclerotic plaque. A, Attachment
of a monocyte to an adhesion molecule on a damaged endothelial
cell of an artery. The monocyte then migrates through the endo-
thelium into the intimal layer of the arterial wall and is transformed
into a macrophage. The macrophage then ingests and oxidizes lipo-
protein molecules, becoming a macrophage foam cell. The foam
cells release substances that cause inflammation and growth of
the intimal layer. B, Additional accumulation of macrophages and
growth of the intima cause the plaque to grow larger and accumulate
lipids. Eventually, the plaque may occlude the vessel or rupture,
causing the blood in the artery to coagulate and form a thrombus.
(Modified from Libby P: Inflammation in atherosclerosis. Nature
420:868, 2002.)
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Familial Hypercholesterolemia. Familial hypercho-
lesterolemia is a disease in which the person inherits
defective genes for the formation of LDL receptors on the
membrane surfaces of the body’s cells. In the absence
of these receptors, the liver cannot absorb either IDL or
LDL. Without this absorption, the cholesterol machinery
of the liver cells goes on a rampage, producing new choles-
terol; it is no longer responsive to the feedback inhibition
of too much plasma cholesterol. As a result, the number of
VLDLs released by the liver into the plasma increases
immensely.

Patients with full-blown familial hypercholesterolemia
may have blood cholesterol concentrations of 600 to
1000 mg/dl, levels that are four to six times normal. If
untreated, many of these people die before age 30 years
because of myocardial infarction or other sequelae of ath-
erosclerotic blockage of blood vessels throughout the body.

Heterozygous familial hypercholesterolemia is relatively
common and occurs in about 1 in 500 people. The more
severe form of this disorder caused by homozygous muta-
tions is much rarer, occurring in only about one of every
million births on average.

Role of High-Density Lipoproteins in Preventing Ath-
erosclerosis. Much less is known about the function of
HDLs compared with that of LDLs. It is believed that HDLs
can actually absorb cholesterol crystals that are beginning
to be deposited in arterial walls. Animal experiments also
suggest that HDL may have other actions that protect
against atherosclerosis, such as inhibition of oxidative
stress and prevention of inflammation in blood vessels.
Whether or not these mechanisms are true, epidemiologi-
cal studies indicate that when a person has a high ratio of
high-density to low-density lipoproteins, the likelihood of
developing atherosclerosis is greatly reduced. Yet, clinical
studies with drugs that increase HDL levels have failed to
demonstrate decreased risk for cardiovascular disease.
These discrepant results indicate the need for additional
research on the basic mechanisms by which HDL may
influence atherosclerosis.

Other Major Risk Factors for Atherosclerosis

In some people with perfectly normal levels of cholesterol
and lipoproteins, atherosclerosis still develops. Some of the
factors that are known to predispose to atherosclerosis are
(1) physical inactivity and obesity, (2) diabetes mellitus, (3)
hypertension, (4) hyperlipidemia, and (5) cigarette smoking.

Hypertension, for example, increases the risk for ath-
erosclerotic coronary artery disease by at least twofold.
Likewise, a person with diabetes mellitus has, on average,
more than a twofold increased risk of developing coronary
artery disease. When hypertension and diabetes mellitus
occur together, the risk for coronary artery disease is
increased by more than eightfold. When hypertension, dia-
betes mellitus, and hyperlipidemia are all present, the risk
for atherosclerotic coronary artery disease is increased
almost 20-fold, suggesting that these factors interact in a
synergistic manner to increase the risk of developing ath-
erosclerosis. In many overweight and obese patients, these
three risk factors do occur together, greatly increasing their
risk for atherosclerosis, which in turn may lead to heart
attack, stroke, and kidney disease.
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In early and middle adulthood, men are more likely
to develop atherosclerosis than are women of comparable
age, suggesting that male sex hormones might be athero-
genic or, conversely, that female sex hormones might be
protective.

Some of these factors cause atherosclerosis by increas-
ing the concentration of LDLs in the plasma. Others, such
as hypertension, lead to atherosclerosis by causing damage
to the vascular endothelium and other changes in the vas-
cular tissues that predispose to cholesterol deposition.

To add to the complexity of atherosclerosis, experimen-
tal studies suggest that excess blood levels of iron can lead
to atherosclerosis, perhaps by forming free radicals in the
blood that damage the vessel walls. About one quarter of
all people have a special type of LDL called lipoprotein(a),
containing an additional protein, apolipoprotein(a), that
almost doubles the incidence of atherosclerosis. The precise
mechanisms of these atherogenic effects have yet to be
discovered.

Prevention of Atherosclerosis

The most important measures to protect against the devel-
opment of atherosclerosis and its progression to serious
vascular disease are (1) maintaining a healthy weight, being
physically active, and eating a diet that contains mainly
unsaturated fat with a low cholesterol content; (2) prevent-
ing hypertension by maintaining a healthy diet and being
physically active, or effectively controlling blood pressure
with antihypertensive drugs if hypertension does develop;
(3) effectively controlling blood glucose with insulin treat-
ment or other drugs if diabetes develops; and (4) avoiding
cigarette smoking.

Several types of drugs that lower plasma lipids and cho-
lesterol have proved to be valuable in preventing athero-
sclerosis. Most of the cholesterol formed in the liver is
converted into bile acids and secreted in this form into the
duodenum; then, more than 90 percent of these same bile
acids is reabsorbed in the terminal ileum and used over and
over again in the bile. Therefore, any agent that combines
with the bile acids in the gastrointestinal tract and prevents
their reabsorption into the circulation can decrease the
total bile acid pool in the circulating blood. As a result,
far more of the liver cholesterol is converted into new bile
acids. Thus, simply eating oat bran, which binds bile acids
and is a constituent of many breakfast cereals, increases the
proportion of liver cholesterol that forms new bile acids
rather than forming new LDLs and atherogenic plaques.
Resin agents can also be used to bind bile acids in the gut
and increase their fecal excretion, thereby reducing choles-
terol synthesis by the liver.

Another group of drugs called statins competitively
inhibits hydroxymethylglutaryl-coenzyme A (HMG-CoA)
reductase, a rate-limiting enzyme in the synthesis of cho-
lesterol. This inhibition decreases cholesterol synthesis and
increases LDL receptors in the liver, usually causing a 25 to
50 percent reduction in plasma levels of LDLs. The statins
may also have other beneficial effects that help prevent
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atherosclerosis, such as attenuating vascular inflammation.
These drugs are now widely used to treat patients who have
increased plasma cholesterol levels.

In general, studies show that for each 1 mg/dl decrease
in LDL cholesterol in the plasma, there is about a 2 percent
decrease in mortality from atherosclerotic heart disease.
Therefore, appropriate preventive measures are valuable in
decreasing heart attacks.
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CHAPTER 70

About three quarters of the body solids are proteins.
These proteins include structural proteins, enzymes,
nucleoproteins, proteins that transport oxygen, proteins
of the muscle that cause muscle contraction, and many
other types that perform specific intracellular and extra-
cellular functions throughout the body.

The basic chemical properties that explain the diverse
functions of proteins are so extensive that they constitute
a major portion of the entire discipline of biochemistry.
For this reason, the current discussion is confined to a few
specific aspects of protein metabolism that are important
as background for other discussions in this text.

Basic Properties of Proteins

Amino Acids Are the Principal Constituents
of Proteins

The principal constituents of proteins are amino acids.
Twenty of these amino acids are present in the body pro-
teins in significant quantities. Figure 70-1, which shows
the chemical formulas of these 20 amino acids, demon-
strates that they all have two features in common: each
amino acid has an acidic group (-COOH) and a nitrogen
atom attached to the molecule, usually represented by the
amino group (—NH,).

Peptide Linkages and Peptide Chains. The amino acids
of proteins are aggregated into long chains by means of
peptide linkages. The chemical nature of this linkage is
demonstrated by the following reaction:

NH, /HNNH

R— CH—CO{OHA R'— CH— COOH —~

I
R—CH—CO
|

NH + H,0

R'—CH—COOH

Note in this reaction that the nitrogen of the amino
radical of one amino acid bonds with the carbon of the
carboxyl radical of the other amino acid. A hydrogen ion is

N
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released from the amino radical, and a hydroxyl ion is
released from the carboxyl radical; these two ions combine
to form a molecule of water. After the peptide linkage has
been formed, an amino radical and a carboxyl radical are
still at opposite ends of the new, longer molecule. Each of
these radicals is capable of combining with additional
amino acids to form a peptide chain. Some complicated
protein molecules have many thousands of amino acids
combined by peptide linkages, and even the smallest
protein molecule usually has more than 20 amino acids
combined by peptide linkages. The average is about 400
amino acids.

Other Linkages in Protein Molecules. Some protein
molecules are composed of several peptide chains rather
than a single chain, and these chains are bound to one
another by other linkages, often by hydrogen bonding
between the CO and NH radicals of the peptides, as
follows:

— 00— H—N
\
R—HC CH—R'’
\ /
NJ==lr] === o0—C

Many peptide chains are coiled or folded, and the suc-
cessive coils or folds are held in a tight spiral or in other
shapes by similar hydrogen bonding and other forces.

Transport and Storage of Amino Acids
Blood Amino Acids

The normal concentration of amino acids in the blood is
between 35 and 65 mg/dl, which is an average of about
2 mg/dl for each of the 20 amino acids, although some
are present in far greater amounts than are others. Because
the amino acids are relatively strong acids, they exist in the
blood principally in the ionized state, as a result of the
removal of one hydrogen atom from the NH, radical. They
actually account for 2 to 3 milliequivalents of the negative
ions in the blood. The precise distribution of the different
amino acids in the blood depends to some extent on the
types of proteins eaten, but the concentrations of at least
some individual amino acids are regulated by selective syn-
thesis in the different cells.
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ESSENTIAL AMINO ACIDS

AMINO ACIDS
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Figure 70-1. Amino acids. The 10 essential amino acids cannot be synthesized in sufficient quantities in the body; these amino acids must

be obtained, already formed, from food.

Fate of Amino Acids Absorbed From the Gastrointesti-
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nal Tract. The products of protein digestion and absorp-
tion in the gastrointestinal tract are almost entirely amino
acids; only rarely are polypeptides or whole protein mole-
cules absorbed from the digestive tract into the blood. Soon
after a meal, the amino acid concentration in a person’s
blood rises, but the increase is usually only a few milligrams
per deciliter, for two reasons: First, protein digestion and
absorption are usually extended over 2 to 3 hours, which
allows only small quantities of amino acids to be absorbed
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at a time. Second, after entering the blood, the additional
amino acids are absorbed within 5 to 10 minutes by cells
throughout the body, especially by the liver. Therefore,
large concentrations of amino acids almost never accumu-
late in the blood and tissue fluids. Nevertheless, the turn-
over rate of the amino acids is so rapid that many grams of
proteins can be carried from one part of the body to
another in the form of amino acids each hour.

Active Transport of Amino Acids Into the Cells. The
molecules of all the amino acids are much too large to



diffuse readily through the pores of the cell membranes.
Therefore, significant quantities of amino acids can move
either inward or outward through the membranes only
by facilitated transport or active transport using carrier
mechanisms. The nature of some of the carrier mecha-
nisms is not completely understood, but a few are dis-
cussed in Chapter 4.

Renal Threshold for Amino Acids. In the kidneys, the
different amino acids can be reabsorbed through the prox-
imal tubular epithelium by secondary active transport,
which removes them from the glomerular filtrate and
returns them to the blood as they filter into the renal
tubules through the glomerular membranes. However, as
is true of other active transport mechanisms in the renal
tubules, there is an upper limit to the rate at which each
type of amino acid can be transported. For this reason,
when the concentration of a particular type of amino acid
becomes too high in the plasma and glomerular filtrate,
the excess that cannot be actively reabsorbed is lost into
the urine.

Storage of Amino Acids as Proteins in the Cells

After entry into tissue cells, amino acids combine with one
another by peptide linkages, under the direction of the cell’s
messenger RNA and ribosomal system, to form cellular
proteins. Therefore, the concentration of free amino acids
inside most cells usually remains low, and storage of large
quantities of free amino acids does not occur in the cells;
instead, they are stored mainly in the form of actual pro-
teins. However, many of these intracellular proteins can be
rapidly decomposed again into amino acids under the
influence of intracellular lysosomal digestive enzymes.
These amino acids can then be transported back out of the
cell into the blood. Special exceptions to this reversal
process are the proteins in the chromosomes of the nucleus
and the structural proteins such as collagen and muscle
contractile proteins. These proteins do not participate sig-
nificantly in this reverse digestion and transport back out
of the cells.

Some tissues of the body participate in the storage of
amino acids to a greater extent than do others. For instance,
the liver, which is a large organ and has special systems for
processing amino acids, can store large quantities of rapidly
exchangeable proteins, which is also true of the kidneys and
the intestinal mucosa to a lesser extent.

Release of Amino Acids From the Cells as a Means of
Regulating Plasma Amino Acid Concentration. \Whenever
plasma amino acid concentrations fall below normal levels,
the required amino acids are transported out of the cells to
replenish their supply in the plasma. In this way, the plasma
concentration of each type of amino acid is maintained at
a reasonably constant value. Later, it is noted that some of
the hormones secreted by the endocrine glands are able to
alter the balance between tissue proteins and circulating
amino acids. For instance, growth hormone and insulin
increase the formation of tissue proteins, whereas adreno-
cortical glucocorticoid hormones increase the concentra-
tion of plasma amino acids.

Reversible Equilibrium Between the Proteins in
Different Parts of the Body. Because cellular proteins in
the liver (and, to a much less extent, in other tissues) can
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be synthesized rapidly from plasma amino acids, and
because many of these proteins can be degraded and
returned to the plasma almost as rapidly, constant inter-
change and equilibrium occurs between the plasma amino
acids and labile proteins in virtually all cells of the body. For
instance, if a particular tissue requires proteins, it can syn-
thesize new proteins from the amino acids of the blood; in
turn, the blood amino acids are replenished by degradation
of proteins from other cells of the body, especially from the
liver cells. These effects are particularly noticeable in rela-
tion to protein synthesis in cancer cells. Cancer cells are
often prolific users of amino acids; therefore, the proteins
of the other cells can become markedly depleted.

Upper Limit for the Storage of Proteins. Each particu-
lar type of cell has an upper limit with regard to the amount
of proteins it can store. After all the cells have reached their
limits, the excess amino acids still in the circulation are
degraded into other products and used for energy, as dis-
cussed subsequently, or they are converted to fat or glyco-
gen and stored in these forms.

Functional Roles of the Plasma Proteins

The major types of protein present in the plasma are
albumin, globulin, and fibrinogen.

A major function of albumin is to provide colloid osmotic
pressure in the plasma, which prevents plasma loss from
the capillaries, as discussed in Chapter 16.

The globulins perform several enzymatic functions in
the plasma, but equally important, they are principally
responsible for both the natural and acquired immunity
of the body against invading organisms, as discussed in
Chapter 35.

Fibrinogen polymerizes into long fibrin threads during
blood coagulation, thereby forming blood clots that help
repair leaks in the circulatory system, as discussed in
Chapter 37.

Formation of the Plasma Proteins. Essentially all the
albumin and fibrinogen of the plasma proteins, as well as
50 to 80 percent of the globulins, are formed in the liver.
The remaining globulins, which are formed almost entirely
in the lymphoid tissues, are mainly the gamma globulins
that constitute the antibodies used in the immune system.

The rate of plasma protein formation by the liver can be
extremely high—as much as 30 g/day. Certain disease con-
ditions cause rapid loss of plasma proteins; for example,
severe burns that denude large surface areas of the skin
can cause the loss of several liters of plasma through the
denuded areas each day. The rapid production of plasma
proteins by the liver is valuable in preventing death in such
states. Occasionally, a person with severe renal disease
loses as much as 20 grams of plasma protein in the urine
each day for months, and this plasma protein is continu-
ally replaced mainly by liver production of the required
proteins.

In persons with cirrhosis of the liver, large amounts of
fibrous tissue develop among the liver parenchymal cells,
causing a reduction in their ability to synthesize plasma
proteins. As discussed in Chapter 25, this phenomenon
leads to decreased plasma colloid osmotic pressure, which
causes generalized edema.
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Plasma Proteins as a Source of Amino Acids for the
Tissues. When the tissues become depleted of proteins,
the plasma proteins can act as a source of rapid replace-
ment. Indeed, whole plasma proteins can be imbibed in
toto by tissue macrophages through the process of pinocy-
tosis; once in these cells, they are split into amino acids that
are transported back into the blood and used throughout
the body to build cellular proteins wherever they are
needed. In this way, the plasma proteins function as a
labile protein storage medium and represent a readily avail-
able source of amino acids whenever a particular tissue
requires them.

Reversible Equilibrium Between the Plasma Proteins
and the Tissue Proteins. As shown in Figure 70-2, a con-
stant state of equilibrium exists among the plasma proteins,
the amino acids of the plasma, and the tissue proteins. On
the basis of radioactive tracer studies, it has been estimated
that normally about 400 grams of body protein are synthe-
sized and degraded each day as part of the continual state
of flux of amino acids, which demonstrates the general
principle of reversible exchange of amino acids among the
different proteins of the body. Even during starvation or
severe debilitating diseases, the ratio of total tissue proteins
to total plasma proteins in the body remains relatively con-
stant at about 33:1.

Because of this reversible equilibrium between plasma
proteins and the other proteins of the body, one of the most
effective therapies for severe, acute whole-body protein
deficiency is intravenous transfusion of plasma protein.
Within a few days, or sometimes within hours, the amino
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Figure 70-2. Reversible equilibrium among the tissue proteins,

plasma proteins, and plasma amino acids.
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CHS—?— COOH

acids of the administered protein are distributed through-
out the cells of the body to form new proteins as needed.

Essential and Nonessential Amino Acids. Ten of the
amino acids normally present in animal proteins can be
synthesized in the cells, whereas the other 10 either cannot
be synthesized or are synthesized in quantities too small to
supply the body’s needs. This second group of amino acids
that cannot be synthesized is called the essential amino
acids. Use of the word “essential” does not mean that the
other 10 “nonessential” amino acids are not required for
the formation of proteins but only that the others are
not essential in the diet because they can be synthesized in
the body.

Synthesis of the nonessential amino acids depends
mainly on the formation of appropriate o-keto acids, which
are the precursors of the respective amino acids. For
instance, pyruvic acid, which is formed in large quantities
during the glycolytic breakdown of glucose, is the keto acid
precursor of the amino acid alanine. Then, by the process
of transamination, an amino radical is transferred to the
o-keto acid, and the keto oxygen is transferred to the donor
of the amino radical. This reaction is shown in Figure 70-3.
Note that the amino radical is transferred to the pyruvic
acid from another chemical that is closely allied to the
amino acids—glutamine. Glutamine is present in the
tissues in large quantities, and one of its principal functions
is to serve as an amino radical storehouse. In addition,
amino radicals can be transferred from asparagine, glu-
tamic acid, and aspartic acid.

Transamination is promoted by several enzymes,
among which are the aminotransferases, which are deriva-
tives of pyridoxine, one of the B vitamins (Bs). Without this
vitamin, the amino acids are poorly synthesized and protein
formation cannot proceed normally.

Use of Proteins for Energy

Once the cells are filled to their limits with stored protein,
any additional amino acids in the body fluids are degraded
and used for energy or are stored mainly as fat or second-
arily as glycogen. This degradation occurs almost entirely
in the liver, and it begins with deamination, which is
explained in the following section.

Deamination—the Removal of Amino Groups From
Amino Acids. Deamination occurs mainly by transamina-
tion, which means transfer of the amino group to some
acceptor substance. This process is the reverse of transami-
nation, which was explained earlier in relation to the syn-
thesis of amino acids.

The greatest amount of deamination occurs according
to the following transamination schema:

Transaminase

Figure 70-3. Synthesis of alanine from
pyruvic acid by transamination.



a-Ketoglutaric acid + Amino acid

Y

A

Glutamic acid + «-Keto acid

+ NAD+ + H,O

NADH + H* + NH;

Note from this schema that the amino group from the
amino acid is transferred to o.-ketoglutaric acid, which then
becomes glutamic acid. The glutamic acid can then transfer
the amino group to other substances or release it in the
form of ammonia (NHs). In the process of losing the amino
group, the glutamic acid once again becomes a-ketoglutaric
acid, so the cycle can be repeated again and again. To initi-
ate this process, the excess amino acids in the cells, espe-
cially in the liver, induce activation of large quantities of
aminotransferases, the enzymes responsible for initiating
most deamination.

Urea Formation by the Liver. The ammonia released
during deamination of amino acids is removed from the
blood almost entirely by conversion into urea. Two mole-
cules of ammonia and one molecule of carbon dioxide
combine in the following net reaction:

2NH3 TF C02 = HzN—c— NH2 i Hzo
I
o

Essentially all urea formed in the human body is
synthesized in the liver. In the absence of the liver or in
persons with serious liver disease, ammonia accumulates
in the blood. This accumulation of ammonia is extremely
toxic, especially to the brain, and can lead to a state called
hepatic coma.

The stages in the formation of urea are essentially the
following:

Ornithine + CO, + NH4

— > Citrulline
-H,0
NH3

-H,0

Arginine

(Arginase)
+H20

Urea

After its formation, the urea diffuses from the liver cells
into the body fluids and is excreted by the kidneys.

Oxidation of Deaminated Amino Acids. Once amino
acids have been deaminated, the resulting keto acids can,
in most instances, be oxidized to release energy for meta-
bolic purposes. This oxidation usually involves two succes-
sive processes: (1) The keto acid is changed into an
appropriate chemical substance that can enter the citric
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acid cycle, and (2) this substance is degraded by the cycle
and used for energy in the same manner that acetyl coen-
zyme A (acetyl-CoA) derived from carbohydrate and lipid
metabolism is used, as explained in Chapters 68 and 69. In
general, the amount of adenosine triphosphate formed for
each gram of protein that is oxidized is slightly less than
that formed for each gram of glucose that is oxidized.

Gluconeogenesis and Ketogenesis. Certain deami-
nated amino acids are similar to the substrates normally
used by the cells, mainly the liver cells, to synthesize glucose
or fatty acids. For instance, deaminated alanine is pyruvic
acid, which can be converted into either glucose or glyco-
gen. Alternatively, it can be converted into acetyl-CoA,
which can then be polymerized into fatty acids. Also, two
molecules of acetyl-CoA can condense to form acetoacetic
acid, which is one of the ketone bodies, as explained in
Chapter 69.

The conversion of amino acids into glucose or glycogen
is called gluconeogenesis, and the conversion of amino acids
into keto acids or fatty acids is called ketogenesis. Of the 20
deaminated amino acids, 18 have chemical structures that
allow them to be converted into glucose, and 19 of them
can be converted into fatty acids.

Obligatory Degradation of Proteins

When a person eats no proteins, a certain proportion of
body proteins is degraded into amino acids and then deam-
inated and oxidized. This process involves 20 to 30 grams
of protein each day, which is called the obligatory loss of
proteins. Therefore, to prevent net loss of protein from the
body, the average person must ingest a minimum of 20 to
30 grams of protein each day, although this amount depends
on multiple factors, including muscle mass, activity, and
age; to be on the safe side, a minimum of 60 to 75 grams is
usually recommended.

The ratios of the different amino acids in the dietary
protein must be about the same as the ratios in the body
tissues if the entire dietary protein is to be fully usable to
form new proteins in the tissues. If one particular type of
essential amino acid is low in concentration, the others
become unusable because cells synthesize either whole
proteins or none at all, as explained in Chapter 3 in relation
to protein synthesis. The unusable amino acids are deami-
nated and oxidized. A protein that has a ratio of amino
acids different from that of the average body protein is
called a partial protein or an incomplete protein, and such
a protein is less valuable for nutrition than is a complete
protein.

Effect of Starvation on Protein Degradation. Except
for the 20 to 30 grams of obligatory protein degradation
each day, the body uses almost entirely carbohydrates or
fats for energy, as long as they are available. However, after
several weeks of starvation, when the quantities of stored
carbohydrates and fats begin to run out, the amino acids
of the blood are rapidly deaminated and oxidized for
energy. From this point on, the proteins of the tissues
degrade rapidly—as much as 125 grams daily—and, as a
result, cellular functions deteriorate precipitously. Because
carbohydrate and fat utilization for energy normally occurs
in preference to protein utilization, carbohydrates and fats
are called protein sparers.
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Unit Xl Metabolism and Temperature Regulation

Hormonal Regulation of Protein Metabolism

Growth Hormone Increases the Synthesis of Cellular
Proteins. Growth hormone causes the tissue proteins to
increase. The precise mechanism by which this increase
occurs is not known, but it is believed to result mainly
from increased transport of amino acids through the cell
membranes, acceleration of the DNA and RNA transcrip-
tion and translation processes for protein synthesis, and
decreased oxidation of tissue proteins.

Insulin Is Necessary for Protein Synthesis. Total lack of
insulin reduces protein synthesis to almost zero. Insulin
accelerates the transport of some amino acids into cells,
which could be the stimulus for protein synthesis. Also,
insulin reduces protein degradation and increases the avail-
ability of glucose to the cells, so the need for amino acids
for energy is correspondingly reduced.

Glucocorticoids Increase Breakdown of Most Tissue
Proteins. The glucocorticoids secreted by the adrenal
cortex decrease the quantity of protein in most tissues
while increasing the amino acid concentration in the
plasma, as well as increasing liver proteins and plasma
proteins. It is believed that the glucocorticoids act by
increasing the rate of breakdown of extrahepatic proteins,
thereby making increased quantities of amino acids avail-
able in the body fluids. This allows the liver to synthesize
increased quantities of hepatic cellular proteins and plasma
proteins.

Testosterone Increases Protein Deposition in Tissues.
Testosterone, the male sex hormone, causes increased
deposition of protein in tissues throughout the body, espe-
cially the contractile proteins of the muscles (a 30 to 50
percent increase). The mechanism of this effect is unknown,
but it is definitely different from the effect of growth
hormone, in the following way: Growth hormone causes
tissues to continue growing almost indefinitely, whereas
testosterone causes the muscles and, to a much lesser
extent, some other protein tissues to enlarge for only
several months. Once the muscles and other protein tissues
have reached a maximum, despite continued administra-
tion of testosterone, further protein deposition ceases.

Estrogen. Estrogen, the principal female sex hormone,
also causes some deposition of protein, but the effect of
estrogen is much less compared with that of testosterone.
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Thyroxine Increases Metabolism of Cells. Thyroxine
indirectly affects protein metabolism by increasing metab-
olism of the cells. If insufficient carbohydrates and fats are
available for energy, thyroxine causes rapid degradation of
proteins and uses them for energy. Conversely, if adequate
quantities of carbohydrates and fats are available and excess
amino acids are also available in the extracellular fluid,
thyroxine can actually increase the rate of protein synthe-
sis. In growing animals or human beings, deficiency of
thyroxine causes growth to be greatly inhibited because of
lack of protein synthesis. In essence, it is believed that
thyroxine has little specific effect on protein metabolism
but does have an important general effect by increasing the
rates of both normal anabolic and normal catabolic protein
reactions.
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