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Introduction

A In this chapter, we will discuss the storage,
degradation, and synthesis of lipids and amino acids
and the relationships between the metabolism of
amino acids, lipids, and carbohydrates.

A Triglycerides (fats and oils) are important dietary
sources of energy. Fat also functions as a major
form of energy storage (9 Cal/g).

I Because it is waténsoluble, fat can be stored in
larger quantities than carbohydrates.

i Carbohydrate reserves are depleted after about 1
day without food, but stored fat can provide
needed calories for 300 days.

A Amino acidsare the building blocks for proteins,
they provide C and N for the synthesis of other
biolr/n?lecules, and they are also sources of energy (:
Cal/qg). 2
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Blood Lipids

Digestion. of Triglycerides

A During digestion, triglycerides are hydrolyzed to
glycerol, fatty acids, and monoglycerides:

O

I I
CH,—O0—C—R CH,—OH CH,—O—C—R

3 | 2
CH—O—C—R —> CH—OH HO—C—R CH—OH

o ‘ fatty acid

I
CH,—0O—C—R CH,—OH CH,—OH

triglyceride glycerol monoglyceride

A Phosphoglycerides are also hydrolyzed to their
component substances (glycerol, fatty acids,
phosphate groups, aathinoalcohols
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Chylomicrons

A The smaller molecules that are produced, along with
cholesterol, are absorbed into cells of the intestinal
mucosa (the innermost layer of the gastrointestinal
wall), whereresynthesi®f the triglycerides and
phosphoglycerides occurs.

A For transport within the aqueous environment of
lymph and blood, watensoluble triglycerides,
phosphoglycerldes and cholesterol are complexed
with proteins to form lipoprotein aggregates called
chylomicrons. These aggregates can pass into the
lymph system and then into the bloodstream.

A Chylomicrons are modified by the liver into smaller
lipoprotein particles, the form in which most lipids
are transported to various parts of the body by the
bloodstream.

Digestion. and Absorption of Triglycerides
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Plasma Lipid Levels

A The behavior of blood lipids parallels that of blood
sugar.

I The concentration of plasma lipids increases after
a meal, and returns to normal as a result of
storage in fat depots and oxidation to provide
energy.

I The concentration of plasma lipids rises within 2
hours after a meals, peaks afte# Aours, then
drops to normal levels.
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Classifying Lipoproteins by Density

A Lipoproteins may be classified lignsity. Because
lipids are less dense than proteins, increasing the lig
concentration makes the lipoprotein less dense.

I Chylomicrons carry triglycerides from the _
intestines to the liver, skeletal muscle, and adipos
tissue.

i Very-low-density lipoproteins(VLDL ) carry
newly synthesized triglycerides from the liver to
adipose tissue

I Low-density lipoproteins(LDL ) carry cholesterol
from the |iver to cell
chol esterol 0)

I High-density lipoproteins(HDL ) collect
cholesterol from the b
baktotheliver (ngo
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A Low-Density Lipoprotein

ApoB-100 protein

I Unesterified cholesterol
[0 Phospholipid
[ Cholesteryl ester
[ Protein

[ Hydrophobic tails

Composition of Lipoproteins

x\/ 1%-2% protein

2%—7% cholesterol

3%—6% phosphoglyceride d < 0'95 g/ mL
80%-90% triglyceride
Chylomicron
5%—10% protein 10% triglyceride
5% triglyceride
10%—-15% cholesterol 229% phosphoglyceride
kzo% cholesterol
15%-20% phosphoglyceride \j 25% protein | J J 30% phosphoglyceride
55%—65% triglyceride 45% cholesterol 45%~50% protein
vLDL LDL HDL
d = 0.951.006 g/mL d=1.0191.063 g/mL d>1.063 g/mL

10
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Cholesteroland. ' DL 0 s
CH, E:ECHz)gz:SCHE ©\ OH OH O HO o
Q Q % 5

A Cholesterol is involved in the formation of cell
membranes, the insulation of nerves, the synthesis ¢
a number of hormones, and the digestion of food.

i L D L thamsport cholesterol into the wall of an
artery, causing the formation of plaques (an
accumulation and swelling in artery walls), and
leading to atherosclerosis.

I HD L éars able to remove cholesterol from
plagues in the arteries and transport it to the liver
for excretion or reuse.

HO

11

Cholesteroland. DL 6 s

A There are several medications which have been usec
either lower the total cholesterol level in the bleod
stream, or to lower the concentration of k.
(Abado) cholesterol 1| eve

i Resin druggQuestranColestig bind with bile acids in the
digestive tract and remove them from operation; the liver
synthesizes more bile acids from cholesterol, so less
cholesterol available to be released into the blood frDin.

T Lopid, or large doses afiacinreduce the production of
triglycerides, which are involved in the formationL®iL ;
less cholesterol circulates in the blood.

T Statins(Mevacort Zocor, Pravachal Lipitor) block the
synthesis of cholesterol in the liver by inhibitiHiy1G-CoA
reductase, causing liver cells to remove cholesterol from th
circulating blood; they also help the body to reabsorb
cholesterol from plaque that has formed in blood vessels.

12
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Fat Mobilization
and
Glycerol Metabolism

13

Glycogen and Glucose Stores

A Carbohydrates from dietary sources and glycogen
catabolism are used preferentially for energy
production by some tissues, such as the brain and
active skeletal muscles.

A Body stores of glycogen are depleted after only a
few hours of fasting, which requires fatty acids
stored in triglycerides to be used as energy sources.

i Even when glycogen supplies are adequate,
resting muscle and liver cells use energy from
triglycerides because this conserves glycogen
stores and glucose for use by brain cells and red

blood cells.
ABrain cells do not obtain nutrients from blood.

ARed blood cells do not have mitochondria, and
cannot do fatty acid oxidation.

14
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Fat Mobilization

A When cells need fatty acids for energy, the endocrin
system produces several hormones, including
epinephrine, which interact witdipose tissue
stimulating the hydrolysis of triglycerides to fatty
acids and glycerol, which enter the bloodstream.
This process is callefdt mobilization.

i In the blood, mobilized fatty acids form a
lipoprotein with the plasma protein callsedrum
albumin.

i In this form, the fatty acids are transported to the
tissue cells that need them.

I The glycerol is water soluble, so it dissolves in the
blood and is also transported to cells that need it.

15

Glycerol Metabolism

A The glycerol hydrolyzed from triglycerides can
provide energy to cells. Itis converted to
dihydroxyacetone phosphate in two steps:

HC OH HC OH H,C—OH
|

H(' OH ﬁ II(_, OH ﬁ C=0 —— Glycolysis
\
H(_, OH H(_, OP H,C— OPO

ADP NAD® NADH + H'
glycerol glycerol- dihydroxyacetone
3-phosphate phosphate

i Dihydroxyacetone phosphate is one of the
chemical intermediates in glycolysis. Itis
converted to pyruvate, and thus contributes to
cellular energy production.

I The pyruvate can also be converted to glucose
through gluconeogenesis.

16
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The Oxidation of
Fatty Acids

17

The Formation of Fatty Acyl CoA

A Fatty acids that enter tissue cells cannot be oxidized
to produce energy until they pass through the
membrane of the mitochondria. This cannot occur
until the fatty acid is converted into fatty acyl CoA by
reaction with coenzyme A, with energy provided by
ATP:

I I
|

R —C —OH + HS —CoA

R—C—S5—CoA + H,0
fatty acid ; ; fatty acyl CoA

ATP AMP + PP;

I This reaction is catalyzed by acyl CoA synthetase

I This reaction is referred to astivation of the

fatty acid because the fatty acyl CoA is a high
energy compound.

18
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b-Oxidation: The Fatty Acid Spiral

A The fatty acyl CoA molecules that enter the
mitochondria then undergo a catabolic process
calledb-oxidation, in which the second (beta)
carbon away from the carbonyl group of the fatty
acyl CoA molecule is oxidized to a ketone:

R H e O
N
R—C—CH,—C—S —CoA R—C'-—CHI—C—*S—COA

2
|._ 1 \
b *

0 0
I I

Oxidation

)

H B
fatty acyl CoA

A There are four reactions in this pathway. The fatty
acyl CoA from the 1&arbon fatty acid stearic acid
will be used as an example:

19
(o]
|
First spiral starts CH,(CH,),.CH, — CH, — C —S — CoA
FAD — s
P! (1) Dehydrogenation
FADH, <
(o]
|
CH,(CH,),,CH=CH — C —§ — CoA
H,0 — -
)| (2 Hydration
OH (6]
| |
CH,(CH,),,CH— CH,— C —$ — CoA
NAD* — )
N B Dehydrogenation
NADH + H* «
O (¢}
| |
CH,(CH,),,C — CH,— C—S — CoA
CoA—SH~
(®) Release of the acetyl unit
0 o
| |
CH,(CH,),,C—$ —CoA + CH,—C—$ —CoA
acetyl CoA
Process repeats and is summarized as: o
CH,—CH,—CH,—CH,—CH,—CH,—CH,— CH,— CH,—CH,—CH,—CH,— CH,— CH,— CH,— C—S$ — CoA
Eighth spiral Seventh Sixth Fifth Fourth Third Second
spiral spiral spiral spiral spiral spiral
N N 7 e 7 Fé
: 20

acetyl CoA
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The Fatty Acid Spiral

A In the final step ob-oxidation (Step 4), the bond
between tha- andb-carbons is broken by reaction
with coenzyme A. A new fatty acyl CoA is formed,
which is two carbons shorter than the original
molecule, and a unit of acetyl CoA is released:

O ! O

Il
CH,(CH,),,— C— CH,—(

O O
Il
S$—CoA + H—S—CoA— CH;(CH,);,— C—S—CoA +CH;—C—S—CoA

new fatty acyl CoA acetyl CoA

B-carbon 16 carbons 2 carbons

18 carbons

A The new fatty acyl compound enters thexidation
process at Step 1, and the process is repeated.

AWith every pass through
chain is shortened by two carbons, until the fatty

acyl CoA is completely degraded into acetyl CoA
units. ”

The Fatty Acid Spiral

A Every run through the spiral produces one molecule
each of acetyl CoA, NADH, and FADHuntil the
fatty acyl CoA is only four carbons long:

O

I
R—CH,CH,—C—S—CoA + NAD" +FAD +H,0O + CoA—SH —

fatty acyl CoA
entering the spiral

0 1
R—C—S—CoA + CH,C—S—CoA+NADH +H"+FADH,
fatty acyl CoA acetyl CoA

2 carbons shorter

22
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The Fatty Acid Spiral

A In the last spiral, the forzarbon chain of butyryl
CoA passes through tleoxidation sequence, and
produces one FAD) one NADH, and two acetyl
Co A0 s

O

|
CH,—CH,— CH,—C—S—CoA + NAD" + H,0 +FAD + CoA —SH —

butyryl CoA
0
2CH,—C—S5—CoA + NADH + H' + FADH,
2 acetyl CoA molecules

23

The Fatty Acid Spiral

A The complete conversion of a fatty acyl CoA to two
carbon fragments of acetyl CoA always produces
one more molecule of acetyl CoA than of FADb#
NADH.

I Thus, the breakdown of 18 stearic acid requires
8 passes through the spiral, and produces 9 acety
Co A bigonly SFADHG s  aNnAdD H36 s

A Net reaction:
T
CH,(CH,),,C —S— CoA +8FAD +8NAD" +8H,0O + 8CoA — SH —>
0

Il
9CH,C —S—CoA + 8FADH, + SNADH + 8H"

24
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The Energy from Fatty Acids
How much energy do we get from a fatty acid?

A The activation of stearic acid by coenzyme A to
form stearoyl CoA comes from the hydrolysis of 2
ATP@tal=2ATP)d s

AAs a stearoyl CoA mol ec
theb-oxidation spiral, 9 acetyCT o A,& §ADH,0 s ,
and 8N A D Haéresproduced.

I Acetyl CoA can enter the citric acid cycle /
electron transport chain and formAOT P 6 s
(total=9x10=9A T P)0 s

I Each FADH yields 1.5A T P @otal=8x1.5=12
A T P)pasd each NADH yields 2AT P 6 s
(total=8x2.5= 20).

I Thus, from one 18C stearic acid molecule, 120
molecules of ATP are formed.

25

The Energy from Fatty Acids

Table 24.1 Energy Produced by the Oxidation of Stearic Acid

Oxidation Product or Step ATP/Unit Total ATP
Activation step —2
9 acetyl CoA 10 90
8 FADH, 1.5 12
8 (NADH + H*) 25 20
Total ATP from the 18-carbon fatty acid 120

26
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An Energy Comparison: Fatty Acids vs. Gluc
AStearic acid (18 Cds) v

I The complete oxidation of a single glucose
molecule produces 32 T P.0 s

iStince three glucose mo
(3x6=18), three glucose molecules would produce
96ATP.6 s

TA stearic acid mol ecul
120A T P.O6 s

I On the basis of an equal number of carbons, lipid:
are nearly 25% more efficient than carbohydrates
as energystorage systems.

27

An Energy Comparison: Fatty Acids vs. Gluc
AStearic acid (18 Co6s) v

I On a mass basis, one mole of stearic acid weighs
284 g, and yields 120 mol of ATP.

I Three moles of glucose weighs 540 g and yields
96 mol of ATP.

i On this basis, 284 g of glucose would produce 50
mol of ATP.

I On an equaimass basis, lipids contain more than
twice the energy of carbohydrates.

A This is partially because lipids, which are primarily
hydrocarbons, are a more reduced form of the fuel,
while glucose, which contains a lot of OH groups, is
already partially oxidized.

28
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Ketone Bodies

29

Changes Caused by Fasting

A Under normal conditions, most acetyl CoA produced
during fatty acid metabolism is processed through
the citric acid cycle.

A During fasting, the balance between carbohydrate
and fatty acid metabolism is lost, and fatty acids
become the bodyds pri ma

I Because minimal amounts of cellular glucose are
available, the level of glycolysis decreases, and a
reduced amount of oxaloacetate is synthesized.

I Oxaloacetate is also used for gluconeogenesis to
greater extent as the cells make their own glucost

I The lack of oxaloacetate reduces the activity of
the citric acid cycle, and acetyl CoA produced by
fatty acid oxidation builds up faster than it can be
processed by the citric acid cycle.

30
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Ketone Bodies

A As the concentration of acetyl CoA builds up, the
excess is converted in the liver to #etone bodies
acetoacetate -bydroxybutyrate, and acetone.

S DR A
CH,—C—CH,—C—0" CH,—CH—CH,—C—0" CH,—C—CH,

acetoacetate B-hydroxybutyrate acetone
(not a ketone)

A These ketone bodies are carried by the blood to bod
tissues, mainly the brain, heart, and skeletal muscle:
where they may be oxidized to meet energy needs.

A Under normal conditions, the ;
concentration of ketone bodles
in the blood averages
0.5 mg/100mL. v e

~

31

Diabetes and Ketosis

A Diabetes mellitusalso produces an imbalance in
carbohydrate and lipid metabolism. Even though
blood glucose reaches hyperglycemic levels, a
deficiency of insulin prevents the glucose from
entering tissue cells in sufficient amounts to meet
cellular energy needs.

I This results in an increase in fatty acid
metabolism, and the excessive production of
acetyl CoA, and a substantial increase in the leve
of ketone bodies in the blood of untreated
diabetics.

A A concentration of ketone bodies higher than 20 mg
/ 100 mL of blood is calleletonemia( n k et o n ¢
t he bl oodo) .

32
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Diabetes and Ketosis

A At a level of about 70 mg/100 mL of blood, the renal
threshold for ketone bodies is exceeded, and ketone
bodies are excreted in the urine, resulting in
ketonuria( fket ones in the wur

A Acetone levels in the blood can reach levels so high
that it is expelled through the lungs, producing
acetone breath

A Whenketonemiaketonuria, and acetone breath exist
simultaneously, the condition is callketosis

33

Ketoacidosis

A Two of the ketone bodies are acids, and their
accumulation in the blood results in a particular
acidosis(low blood pH) calleketoacidosis

i If this condition is uncontrolled, the person
becomes severely dehydrated because the kidne
excrete excessive amounts of water in response t
low blood pH.

I Prolonged ketoacidosis leads to general
debilitation, coma, or death.

A Patients suffering from diabeteslated ketosis are
usually given insulin as a first step in treatment. The
insulin restores normal glucose metabolism and
reduces the rate of formation of ketone bodies.

A Acid-base balance can be resorted by the
intravenous administration of sodium bicarbonate.

34
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Fatty Acid Synthesis

35

Fatty Acid Synthetase System

A Excess nutrients are converted to fatty acids, and
then to body fat. The process for fatty acid synthesi:
Is separate from that of fatty acid degradation, and
occurs in the cytoplasm rather than in the
mitochondria.

I In both processes, the reactions occur in@o
fragments from acetyl CoA.

A Acetyl CoA is generated in the mitochondria, and
transported to the cytoplasm for fatty acid synthesis
in the form of citrate (Step 1 of the citric acid cycle).

A Fatty acid synthesis occurs in a complex series of
reactions catalyzed by an complex calledféisy
acid synthetase systemThis system consists of six
enzymes and a protein called the acyl carrier proteir
(ACP), to which all intermediate are attached.

36



Chapterl4 Lipid and Amino Acid Metabolism

The Synthesis of Palmitic Acid

A The reaction shown below for the synthesis of
palmitic acid from acetyl CoA requires a large input
of energy intheformof AT Pénd 14ANADPH G s
(a phosphate derivative bIADH):

O
Il
8CH; —C—S—CoA +14NADPH + 13H™ + 7ATP —

acetyl CoA
CH,(CH,),,COO ™+ 8CoA —SH + 6H,0 + 14NADP"+ 7ADP + 7P,

palmitate

A Fatty acids are incorporated into triglycerides and
stored in the form of fat indipose tissues

A This large input of energy is stored in the
synthesized fatty acids, and is one of the reasons it |
difficult to lose excess weight due to fat.

37

Fatty Acids and the Liver

A The liver is the most important organ involved in fatt
acid and triglyceride synthesis. It is able to modify
body fats by lengthening or shortening the chain, or
saturating ounsaturatinghe chain.

i The only fatty acids that cannot be synthesized by
the body are those that are polyunsaturated

I Linoleic and linolenic acids from the diet can be
converted to other polyunsaturated fatty acids.

A The human body can convert glucose to fatty acids,
but cannot convert fatty acids to glucose.

I Humans have no enzyme that catalyzes the
conversion of acetyl CoA to pyruvate, which is
required for gluconeogenesis.

I Plants, and some bacteria do possess such enzyr

38
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Amino Acid Metabolism

39

The Amino Acid Pool

A The most important function of amino acids (about
75% of amino acid utilization) is to provide building
blocks for the synthesis of proteins in the body.

A The maintenance of body proteins must occur
constantly because tissue proteins break down from
normal wear and tear, from injuries, and from
diseases.

A The amino acids that are used in this maintenance
come from themino acid poolof the body. These
amino acids can come from:

I proteins that are eaten and hydrolyzed during
digestion

ithe bodyods own degrade
I the synthesis in the liver of certain amino acids.

40
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Protein Turnover and HalLife

A The process in which body proteins are continuously
hydrolyzed and resynthesized is calpgdtein
turnover.

I Theturnover rate, or life expectancy, of body
proteins is a measure of how fast they are broken
down and resynthesized, expressed as difalf

AThe halflife of liver proteins is about 10 days: over a
10-day period, half the proteins in the liver are
hydrolyzed to amino acids and replaced.

APlasma proteins = 10 days
AHemoglobin = 120 days
AMuscle protein = 180 days
ACollagen = as high as 1000 days

AEnzyme and polypeptide hormones = as short as a few

minutes. (Insulin =-10 minutes)
41

Other Compounds from Amino Acids

A The frequent turnover of proteins allows the body to
continually renew important molecules and respond
to changing needs.

A There is also a constant draw on the amino acid poc
for the synthesis of other-bbntaining biomolecules,
such as the bases in DNA and RNA, the heme in
hemoglobin and myoglobin, treaninoalcoholsn
phospholipids, and neurotransmitters.

Amino Acid Product Function
Tyrosine dopamine Neurotransmiller
norepinephrine Neurotransmitter, hormone
epinephrine Hormone
thyroxine (T3 & T4) Hormone
melanin Skin pigmentation
Tryptophan serotonin Neurotransmitter
Histidine histamine Involved in
Serine ethanolamine
Cysleine taurine compound of bile salts 42
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Amino Acid Metabolic Pathways

A Amino acids in excess of immediate body
requirements cannot be stored for later use.

I The N atoms are converted to either ammonium
ions, urea, or uric acid (depending on the
organism), and excreted.

I Their carbon skeletons are converted to pyruvate,
acetyl CoA, or one of the intermediates in the
citric acid cycle and used for energy production,
the synthesis of glucose through gluconeogenesis
or conversion to triglycerides.

43

Amino Acid Metabolic Pathways

Citric acid
Body proteins cyFIe
(Turnover) Carbon
skeletons
Dietary Digestion Amino acid Catabolism
proteins pool

NH, "

5

Nitrogen l
compounds
Synthesis Urea
in the liver (excretion)

44
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Amino Acid Catabolism:
The Fate of the
Nitrogen Atoms

45

The Fate of Nitrogen Atoms

A The N atoms in amino acids are either excreted or
used to synthesize otherddntaining compounds.
There are three stages in nitrogen catabolism:

i Stage 1: Transamination
I Stage 2: Deamination
I Stage 3: Urea Formation

46



