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Learning Goals

1 Summarize the digestion and storage of lipids.

2 Describe the degradation of fatty acids by �-
oxidation.

3 Explain the role of acetyl CoA in fatty acid
metabolism.

4 Understand the role of ketone body production
in �-oxidation.

5 Compare �-oxidation of fatty acids and fatty
acid biosynthesis.

6 Describe the regulation of lipid and
carbohydrate metabolism in relation to the
liver, adipose tissue, muscle tissue, and the
brain.

7 Summarize the antagonistic effects of
glucagon and insulin.
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The metabolism of fatty acids and lipids revolves around the fate of acetyl CoA.
We saw in Chapter 22 that, under aerobic conditions, pyruvate is converted to
acetyl CoA, which feeds into the citric acid cycle. Fatty acids are also degraded to
acetyl CoA and oxidized by the citric acid cycle, as are certain amino acids. More-
over, acetyl CoA is itself the starting material for the biosynthesis of fatty acids,
cholesterol, and steroid hormones. Acetyl CoA is thus a key intermediary in lipid
metabolism.
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Approximately a third of all Americans are obese; that is, they
are more than 20% overweight. One million are morbidly
obese; they carry so much extra weight that it threatens their
health. Many obese people simply eat too much and exercise
too little, but others actually gain weight even though they eat
fewer calories than people of normal weight. This observation
led many researchers to the hypothesis that obesity in some
people is a genetic disorder.

This hypothesis was supported by the 1950 discovery of an
obesity mutation in mice. Selective breeding produced a strain
of genetically obese mice from the original mutant mouse. The
hypothesis was further strengthened by the results of experi-
ments performed in the 1970s by Douglas Coleman. Coleman
connected the circulatory systems of a genetically obese mouse
and a normal mouse. The obese mouse started eating less and
lost weight. Coleman concluded that there was a substance in
the blood of normal mice that signals the brain to decrease the
appetite. Obese mice, he hypothesized, can’t produce this “sati-
ety factor,” and thus they continue to eat and gain weight.

In 1987, Jeffrey Friedman assembled a team of researchers
to map and then clone the obesity gene that was responsible for
appetite control. In 1994, after seven years of intense effort, the
scientists achieved their goal, but they still had to demonstrate
that the protein encoded by the cloned obesity gene did, in-
deed, have a metabolic effect. The gene was modified to be
compatible with the genetic system of bacteria so that they
could be used to manufacture the protein. When the engi-
neered gene was then introduced into bacteria, they produced
an abundance of the protein product. The protein was then pu-
rified in preparation for animal testing.

The researchers calculated that a normal mouse has about
12.5 mg of the protein in its blood. They injected that amount
into each of ten mice that were so fat they couldn’t squeeze into
the feeding tunnels used for normal mice. The day after the first
injection, graduate student Jeff Halaas observed that the mice
had eaten less food. Injections were given daily, and each day the
obese mice ate less. After two weeks of treatment, each of the ten
mice had lost about 30% of its weight. In addition, the mice had
become more active and their metabolisms had speeded up.

When normal mice underwent similar treatment, their body
fat fell from 12.2% to 0.67%, which meant that these mice had

no extra fat tissue. The 0.67% of their body weight represented
by fat was accounted for by the membranes that surround each
of the cells of their bodies! Because of the dramatic results,
Friedman and his colleagues called the protein leptin, from the
Greek word leptos, meaning slender.

The leptin protein is a hormone, and ongoing research is
aimed at understanding how leptin works to control metabo-
lism and food intake. Friedman has hypothesized that it is a
signal in a metabolic thermostat. Fat cells produce leptin and
secrete it into the bloodstream. As a result, the leptin concen-
tration in a normal person is proportional to the amount of
body fat. The blood concentration of the hormone is monitored
by a center in the brain, probably the hypothalamus, a region
known to control appetite and set metabolic rates. When the
concentration reaches a certain level, it triggers the hypothala-
mus to suppress the appetite. If a genetically obese person, or
mouse, produces no leptin or only small amounts of it, the hy-
pothalamus “thinks” that the individual has too little body fat
or is starving. Under these circumstances it does not send a sig-
nal to suppress hunger and the individual continues to eat.

The human leptin gene also has been cloned and shown to
correct genetic obesity in mice. But what about obesity in hu-
mans? Leptin has been tested in a small number of obese indi-
viduals. Unfortunately, the dramatic results achieved with mice
were not observed with humans. Why? It seems that nearly all
of the obese volunteers already produced an abundance of lep-
tin. In fact, fewer than ten people have been found, to date,
who do not produce leptin. For these individuals, leptin injec-
tions do, indeed, reduce their appetites and lead to significant
weight loss.

For the majority of obese humans, who produce leptin, per-
haps a genetic defect exists in the leptin receptor. Or perhaps
the genetics of obesity in humans is more complex than in mice.
Clearly lipid metabolism in animals is a complex process and is
not yet fully understood. The discovery of the leptin gene, and
the hormone it produces, is just one part of the story. In this
chapter we will study other aspects of lipid metabolism: the
pathways for fatty acid degradation and biosynthesis and the
processes by which dietary lipids are digested and excess lipids
are stored.

Obesity: A Genetic Disorder?

Introduction
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23.1 Lipid Metabolism in Animals

Digestion and Absorption of Dietary Triglycerides
Triglycerides are highly hydrophobic (“water fearing”). Because of this they must
be processed before they can be digested, absorbed, and metabolized. Because pro-
cessing of dietary lipids occurs in the small intestine, the water soluble lipases, en-
zymes that hydrolyze triglycerides, that are found in the stomach and in the saliva
are not very effective. In fact, most dietary fat arrives in the duodenum, the first
part of the small intestine, in the form of fat globules. These fat globules stimulate
the secretion of bile from the gallbladder. Bile is composed of micelles of lecithin,
cholesterol, protein, bile salts, inorganic ions, and bile pigments. Micelles (Figure
23.1) are aggregations of molecules having a polar region and a nonpolar region.
The nonpolar ends of bile salts tend to bunch together when placed in water. The
hydrophilic (“water loving”) regions of these molecules interact with water. Bile
salts are made in the liver and stored in the gallbladder, awaiting the stimulus to
be secreted into the duodenum. The major bile salts in humans are cholate and
chenodeoxycholate (Figure 23.2).

Cholesterol is almost completely insoluble in water, but the conversion of cho-
lesterol to bile salts creates detergents whose polar heads make them soluble in the
aqueous phase and whose hydrophobic tails bind triglycerides. After a meal is eaten,
bile flows through the common bile duct into the duodenum, where bile salts emul-
sify the fat globules into tiny droplets. This increases the surface area of the lipid
molecules, allowing them to be more easily hydrolyzed by lipases (Figure 23.3).

Much of the lipid in these droplets is in the form of triglycerides, or triacyl-
glycerols, which are fatty acid esters of glycerol. A protein called colipase binds to
the surface of the lipid droplets and helps pancreatic lipases to stick to the surface
and hydrolyze the ester bonds between the glycerol and fatty acids of the triglyc-
erides (Figure 23.4). In this process, two of the three fatty acids are liberated, and
the monoglycerides and free fatty acids produced mix freely with the micelles of
bile. These micelles are readily absorbed through the membranes of the intestinal
epithelial cells (Figure 23.5).
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Learning Goal

1

See Sections 15.1 and 18.2 for a discussion
of micelles.

Triglycerides are described in Section 18.3.

Figure 23.1
The structure of a micelle formed from
the phospholipid lecithin. The straight
lines represent the long hydrophobic
fatty acid tails, and the spheres represent
the hydrophilic heads of the
phospholipid.
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Surprisingly, the monoglycerides and fatty acids are then reassembled into
triglycerides that are combined with protein to produce the class of plasma
lipoproteins called chylomicrons (Figure 23.5). These collections of lipid and pro-
tein are secreted into small lymphatic vessels and eventually arrive in the blood-
stream. In the bloodstream the triglycerides are once again hydrolyzed to produce
glycerol and free fatty acids that are then absorbed by the cells. If the body needs
energy, these molecules are degraded to produce ATP. If the body does not need
energy, these energy-rich molecules are stored.

Lipid Storage
Fatty acids are stored in the form of triglycerides. Most of the body’s triglyceride
molecules are stored as fat droplets in the cytoplasm of adipocytes (fat cells) that
make up adipose tissue. Each adipocyte contains a large fat droplet that accounts
for nearly the entire volume of the cell. Other cells, such as those of cardiac mus-
cle, contain a few small fat droplets. In these cells the fat droplets are surrounded
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Figure 23.2
Structures of the most common bile acids
in human bile: cholate and
chenodeoxycholate.
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Figure 23.3
Stages of lipid digestion in the intestinal
tract. Step 1 is the emulsification of fat
droplets by bile salts. Step 2 is the
hydrolysis of triglycerides in emulsified
fat droplets into fatty acids and
monoglycerides. Step 3 involves
dissolving fatty acids and
monoglycerides into micelles to produce
“mixed micelles.”
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Plasma lipoproteins are described in
Section 18.5.
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Figure 23.4
The action of pancreatic lipase in the
hydrolysis of dietary lipids.

Figure 23.5
Passage of triglycerides in micelles into
the cells of the intestinal epithelium.
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by mitochondria. When the cells need energy, triglycerides are hydrolyzed to re-
lease fatty acids that are transported into the matrix space of the mitochondria.
There the fatty acids are completely oxidized, and ATP is produced.

The fatty acids provided by the hydrolysis of triglycerides are a very rich en-
ergy source for the body. The complete oxidation of fatty acids releases much more
energy than the oxidation of a comparable amount of glycogen.

How do bile salts aid in the digestion of dietary lipids?

Why must dietary lipids be processed before enzymatic digestion can be effective?

23.2 Fatty Acid Degradation

An Overview of Fatty Acid Degradation
Early in the twentieth century, a very clever experiment was done to determine
how fatty acids are degraded. Recall from Chapter 10 that radioactive elements
can be attached to biological molecules and followed through the body. A German
biochemist, Franz Knoop, devised a similar kind of labeling experiment long be-
fore radioactive tracers were available. Knoop fed dogs fatty acids in which the
usual terminal methyl group had a phenyl group attached to it. Such molecules are
called �-labeled (omega-labeled) fatty acids (Figure 23.6). When he isolated the
metabolized fatty acids from the urine of the dogs, he found that phenyl acetate
was formed when the fatty acid had an even number of carbon atoms in the chain.
But benzoate was formed when the fatty acid had an odd number of carbon atoms.
Knoop interpreted these data to mean that the degradation of fatty acids occurs by
the removal of two-carbon acetate groups from the carboxyl end of the fatty acid.
We now know that the two-carbon fragments produced by the degradation of fatty
acids are not acetate, but acetyl CoA. The pathway for the breakdown of fatty
acids into acetyl CoA is called �-oxidation.

Q u e s t i o n  23.2

Q u e s t i o n  23.1
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Learning Goal

3

Learning Goal

2

This pathway is called �-oxidation
because it involves the stepwise
oxidation of the �-carbon of the fatty
acid.
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Figure 23.6
The last carbon of the chain is called the
�-carbon (omega-carbon), so the
attached phenyl group is an �-phenyl
group. (a) Oxidation of �-phenyl-labeled
fatty acids occurs two carbons at a time.
Fatty acids having an even number of
carbon atoms are degraded to phenyl
acetate and “acetate.” (b) Oxidation of �-
phenyl-labeled fatty acids that contain an
odd number of carbon atoms yields
benzoate and “acetate.”
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The �-oxidation cycle (steps 2–5, Figure 23.7) consists of a set of four reactions
whose overall form is similar to the last four reactions of the citric acid cycle. Each
trip through the sequence of reactions releases acetyl CoA and returns a fatty acyl
CoA molecule that has two fewer carbons. One molecule of FADH2, equivalent to
two ATP molecules, and one molecule of NADH, equivalent to three ATP mole-
cules, are produced for each cycle of �-oxidation.

23.2 Fatty Acid Degradation 701
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Figure 23.7
The reactions in �-oxidation of fatty
acids.
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Losing Those Unwanted Pounds of Adipose Tissue

Weight, or overweight, is a topic of great concern to the
American populace. A glance through almost any popular
magazine quickly informs us that by today’s standards, “beau-
tiful” is synonymous with “thin.” The models in all these mag-
azines are extremely thin, and there are literally dozens of ads
for weight-loss programs. Americans spend millions of dollars
each year trying to attain this slim ideal of the fashion models.

Studies have revealed that this slim ideal is often below a de-
sirable, healthy body weight. In fact, the suggested weight for a
6-foot tall male between 18 and 39 years of age is 179 pounds.
For a 5�6� female in the same age range, the desired weight is 142
pounds. For a 5�1� female, 126 pounds is recommended. Just as
being too thin can cause health problems, so too can obesity.

What is obesity, and does it have disadvantages beyond aes-
thetics? An individual is considered to be obese if his or her body
weight is more than 20% above the ideal weight for his or her

height. The accompanying table lists desirable body weights, ac-
cording to sex, age, height, and body frame.

Overweight carries with it a wide range of physical prob-
lems, including elevated blood cholesterol levels; high blood
pressure; increased incidence of diabetes, cancer, and heart dis-
ease; and increased probability of early death. It often causes psy-
chological problems as well, such as guilt and low self-esteem.

Many factors may contribute to obesity. These include ge-
netic factors, a sedentary lifestyle, and a preference for high-
calorie, high-fat foods. However, the real concern is how to lose
weight. How can we lose weight wisely and safely and keep the
weight off for the rest of our lives? Unfortunately, the answer is
not the answer that most people want to hear. The prevalence
and financial success of the quick-weight-loss programs suggest
that the majority of people want a program that is rapid and ef-
fortless. Unfortunately, most programs that promise dramatic

Men* Women**

Height Height

Small Medium Large Small Medium Large
Feet Inches Frame Frame Frame Feet Inches Frame Frame Frame

5 2 128–134 131–141 138–150 4 10 102–111 109–121 118–131
5 3 130–136 133–143 140–153 4 11 103–113 111–123 120–134
5 4 132–138 135–145 142–156 5 0 104–115 113–126 122–137
5 5 134–140 137–148 144–160 5 1 106–118 115–129 125–140
5 6 136–142 139–151 146–164 5 2 108–121 118–132 128–143
5 7 138–145 142–154 149–168 5 3 111–124 121–135 131–147
5 8 140–148 145–157 152–172 5 4 114–127 124–138 134–151
5 9 142–151 148–160 155–176 5 5 117–130 127–141 137–155
5 10 144–154 151–163 158–180 5 6 120–133 130–144 140–159
5 11 146–157 154–166 161–184 5 7 123–136 133–147 143–163
6 0 149–160 157–170 164–188 5 8 126–139 136–150 146–167
6 1 152–164 160–174 168–192 5 9 129–142 139–153 149–170
6 2 155–168 164–178 172–197 5 10 132–145 142–156 152–173
6 3 158–172 167–182 176–202 5 11 135–148 145–159 155–176
6 4 162–176 171–187 181–207 6 0 138–151 148–162 158–179

*Weights at ages 25–59 based on lowest mortality. Weight in pounds according to frame (in indoor clothing weighing 5 lb, shoes with 1� heels).
**Weights at ages 25–59 based on lowest mortality. Weight in pounds according to frame (in indoor clothing weighing 3 lb, shoes with 1� heels).
Reprinted with permission of the Metropolitan Life Insurance Companies Statistical Bulletin.
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weight reduction with little effort are usually ineffective or,
worse, unsafe. The truth is that weight loss and management
are best obtained by a program involving three elements.

1. Reduced caloric intake. A pound of body fat is equivalent to
3500 Calories (kilocalories). So if you want to lose 2
pounds each week, a reasonable goal, you must reduce
your caloric intake by 1000 Calories per day. Remember
that diets recommending fewer than 1200 Calories per day
are difficult to maintain because they are not very
satisfying and may be unsafe because they don’t provide
all the required vitamins and minerals. The best way to
decrease Calories is to reduce fat and increase complex
carbohydrates in the diet.

2. Exercise. Increase energy expenditures by 200–400 Calories
each day. You may choose walking, running, or mowing
the lawn; the type of activity doesn’t matter, as long as
you get moving. Exercise has additional benefits. It
increases cardiovascular fitness, provides a psychological
lift, and may increase the base rate at which you burn
calories after exercise is finished. The accompanying table
summarizes the caloric expenditure of several activities.

3. Behavior modification. For some people overweight is as
much a psychological problem as it is a physical problem,
and half the battle is learning to recognize the triggers that
cause overeating. Several principles of behavior
modification have been found to be very helpful.
a. Keep a diary. Record the amount of foods eaten and the

circumstances—for instance, a meal at the kitchen table
or a bag of chips in the car on the way home.

b. Identify your eating triggers. Do you eat when you feel
stress, boredom, fatigue, joy?

c. Develop a plan for avoiding or coping with your
trigger situations or emotions. You might exercise when
you feel that stress-at-the-end-of-the-day trigger or
carry a bag of carrot sticks for the midmorning-
boredom trigger.

d. Set realistic goals, and reward yourself when you reach
them. The reward should not be food related.

As you can see, there is no “quick fix” for safe, effective weight
control. A commitment must be made to modify existing diet
and exercise habits. Most important, those habits must be
avoided forever and replaced by new, healthier behaviors and
attitudes.

Activity Kilocalories per hour*

Badminton, competitive singles 480
Basketball 360–660
Bicycling

10 mph 420
11 mph 480
12 mph 600
13 mph 660

Calisthenics, heavy 600
Handball, competitive 660
Rope skipping, vigorous 800
Rowing machine 840
Running

5 mph 600
6 mph 750
7 mph 870
8 mph 1,020
9 mph 1,130

10 mph 1,285
Skating, ice or roller, rapid 700
Skiing, downhill, vigorous 600
Skiing, cross-country

2.5 mph 560
4 mph 600
5 mph 700
8 mph 1,020

Swimming, 25–50 yards per min. 360–750
Walking

Level road, 4 mph (fast) 420
Upstairs 600–1,080
Uphill, 3.5 mph 480–900

Gardening, much lifting, stooping, digging 500
Mowing, pushing hand mower 450
Sawing hardwood 600
Shoveling, heavy 660
Wood chopping 560

*Caloric expenditure is based on a 150-lb person. There is a 10% increase in
caloric expenditure for each 15 lb over this weight and a 10% decrease for each
15 lb under.
From E. L. Wynder, The Book of Health: The American Health Foundation. © 1981
Franklin Watts, Inc., New York. Used with permission.
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EXAMPLE 23.1 Predicting the Products of �-Oxidation of a Fatty Acid

What products would be produced by the �-oxidation of 10-
phenyldecanoic acid?

Solution

This ten-carbon fatty acid would be broken down into four acetyl CoA
molecules and one phenyl acetate molecule. Because four cycles through 
�-oxidation are required to break down a ten-carbon fatty acid, four NADH
molecules and four FADH2 molecules would also be produced.

What products would be formed by �-oxidation of each of the following fatty
acids? (Hint: Refer to Example 23.1.)

a. 9-Phenylnonanoic acid
b. 8-Phenyloctanoic acid
c. 7-Phenylheptanoic acid
d. 12-Phenyldodecanoic acid

What does � refer to in the naming of �-phenyl-labeled fatty acids?

The Reactions of �-Oxidation
The enzymes that catalyze the �-oxidation of fatty acids are located in the matrix
space of the mitochondria. Special transport mechanisms are required to bring
fatty acid molecules into the mitochondrial matrix. Once inside, the fatty acids are
degraded by the reactions of �-oxidation. As we will see, these reactions interact
with oxidative phosphorylation and the citric acid cycle to produce ATP.

Reaction 1. The first step is an activation reaction that results in the production of
a fatty acyl CoA molecule. A thioester bond is formed between
coenzyme A and the fatty acid:

This reaction requires energy in the form of ATP, which is cleaved to
AMP and pyrophosphate. This involves hydrolysis of two
phosphoanhydride bonds. Here again we see the need to invest a
small amount of energy so that a much greater amount of energy can
be harvested later in the pathway. Coenzyme A is also required for
this step. The product, a fatty acyl CoA, has a high-energy thioester
bond between the fatty acid and coenzyme A. Acyl-CoA ligase, which

O
B

CH3O(CH2)nOCH2OCH2OC�SOCoA

Fatty acyl CoA

thioester bond

ATP     AMP � PPi
O
B

CH3O(CH2)nOCH2OCH2OC
A
OH

Fatty acid

Coenzyme A

Q u e s t i o n  23.4

Q u e s t i o n  23.3

Learning Goal

2

Acyl group transfer reactions are described
in Section 15.4.
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catalyzes this reaction, is located in the outer membrane of the
mitochondria. The mechanism that brings the fatty acyl CoA into the
mitochondrial matrix involves a carrier molecule called carnitine.
The first step, catalyzed by the enzyme carnitine acyltransferase I, is
the transfer of the fatty acyl group to carnitine, producing
acylcarnitine and coenzyme A. Next a carrier protein located in the
mitochondrial inner membrane transfers the acylcarnitine into the
mitochondrial matrix. There carnitine acyltransferase II catalyzes the
regeneration of fatty acyl CoA, which now becomes involved in the
remaining reactions of �-oxidation.

Reaction 2. The next reaction is an oxidation reaction that removes a pair of
hydrogen atoms from the fatty acid. These are used to reduce FAD to
produce FADH2. This dehydrogenation reaction is catalyzed by the
enzyme acyl-CoA dehydrogenase and results in the formation of a
carbon-carbon double bond:

Oxidative phosphorylation yields two ATP molecules for each
molecule of FADH2 produced by this oxidation–reduction reaction.

Reaction 3. The third reaction involves the hydration of the double bond
produced in reaction 2. As a result the �-carbon is hydroxylated.
This reaction is catalyzed by the enzyme enoyl-CoA hydrase.

Reaction 4. In this oxidation reaction the hydroxyl group of the �-carbon is now
dehydrogenated. NAD� is reduced to form NADH that is
subsequently used to produce three ATP molecules by oxidative
phosphorylation. L-�-Hydroxyacyl-CoA dehydrogenase catalyzes this
reaction.
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EXAMPLE 23.2

Reaction 5. The final reaction, catalyzed by the enzyme thiolase, is the cleavage
that releases acetyl CoA. This is accomplished by thiolysis, attack of a
molecule of coenzyme A on the �-carbon. The result is the release of
acetyl CoA and a fatty acyl CoA that is two carbons shorter than the
beginning fatty acid:

The shortened fatty acyl CoA is further oxidized by cycling through reactions
2–5 until the fatty acid carbon chain is completely degraded to acetyl CoA. The
acetyl CoA produced by �-oxidation of fatty acids then enters the reactions of the
citric acid cycle. Of course, this eventually results in the production of 12 ATP mol-
ecules per molecule of acetyl CoA released during �-oxidation.

As an example of the energy yield from �-oxidation, the balance sheet for ATP
production when the sixteen-carbon-fatty acid palmitic acid is degraded by �-
oxidation is summarized in Figure 23.8. Complete oxidation of palmitate results in
production of 129 molecules of ATP, three and one half times more energy than results
from the complete oxidation of an equivalent amount of glucose.

Calculating the Amount of ATP Produced in Complete Oxidation of a
Fatty Acid

How many molecules of ATP are produced in the complete oxidation of
stearic acid, an eighteen-carbon saturated fatty acid?

Solution

Step 1 (activation) �2 ATP
Steps 2–5:

8 FADH2 � 2 ATP/FADH2 16 ATP
8 NADH � 3 ATP/NADH 24 ATP
9 acetyl CoA (to citric acid cycle):

9 � 1 GTP � 1 ATP/GTP 9 ATP
9 � 3 NADH � 3 ATP/NADH 81 ATP
9 � 1 FADH2 � 2 ATP/FADH2 18 ATP

146 ATP

Write out the sequence of steps for �-oxidation of butyryl CoA.

What is the energy yield from the complete degradation of butyryl CoA via �-
oxidation, the citric acid cycle, and oxidative phosphorylation?

Q u e s t i o n  23.6

Q u e s t i o n  23.5
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23.3 Ketone Bodies
For the acetyl CoA produced by the �-oxidation of fatty acids to efficiently enter
the citric acid cycle, there must be an adequate supply of oxaloacetate. If glycoly-
sis and �-oxidation are occurring at the same rate, there will be a steady supply of
pyruvate (from glycolysis) that can be converted to oxaloacetate. But what hap-
pens if the supply of oxaloacetate is too low to allow all of the acetyl CoA to enter
the citric acid cycle? Under these conditions, acetyl CoA is converted to the so-
called ketone bodies: �-hydroxybutyrate, acetone, and acetoacetate (Figure 23.9).

Ketosis
Ketosis, abnormally high levels of blood ketone bodies, is a situation that arises
under some pathological conditions, such as starvation, a diet that is extremely
low in carbohydrates (as with the high-protein liquid diets), or uncontrolled dia-
betes mellitus. The carbohydrate intake of a diabetic is normal, but the carbohy-
drates cannot get into the cell to be used as fuel. Thus diabetes amounts to
starvation in the midst of plenty. In diabetes the very high concentration of ketone
acids in the blood leads to ketoacidosis. The ketone acids are relatively strong
acids and therefore readily dissociate to release H�. Under these conditions the
blood pH becomes acidic, which can lead to death.
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Complete oxidation of palmitic acid
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See Section 22.9 for a review of the
reactions that provide oxaloacetate.

Diabetes mellitus is a disease
characterized by the appearance of
glucose in the urine as a result of high
blood glucose levels. The disease is
usually caused by the inability to
produce the hormone insulin.
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Ketogenesis
The pathway for the production of ketone bodies (Figure 23.10) begins with a “re-
versal” of the last step of �-oxidation. When oxaloacetate levels are low, the enzyme
that normally carries out the last reaction of �-oxidation now catalyzes the fusion
of two acetyl CoA molecules to produce acetoacetyl CoA:
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Figure 23.9
Structures of ketone bodies.
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ketogenesis.
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Acetoacetyl CoA can react with a third acetyl CoA molecule to yield �-
hydroxy-�-methylglutaryl CoA (HMG-CoA):

If HMG-CoA were formed in the cytoplasm, it would serve as a precursor for
cholesterol biosynthesis. But ketogenesis, like �-oxidation, occurs in the mitochon-
drial matrix, and here HMG-CoA is cleaved to yield acetoacetate and acetyl CoA:

In very small amounts, acetoacetate spontaneously loses carbon dioxide to
give acetone. This is the reaction that causes the “acetone breath” that is often as-
sociated with uncontrolled diabetes mellitus. More frequently, it undergoes
NADH-dependent reduction to produce �-hydroxybutyrate:

Acetoacetate and �-hydroxybutyrate are produced primarily in the liver.
These metabolites diffuse into the blood and are circulated to other tissues, where
they may be reconverted to acetyl CoA and used to produce ATP. In fact, the heart
muscle derives most of its metabolic energy from the oxidation of ketone bodies,
not from the oxidation of glucose. Other tissues that are best adapted to the use of
glucose will increasingly rely on ketone bodies for energy when glucose becomes
unavailable or limited. This is particularly true of the brain.
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Diabetes Mellitus and Ketone Bodies

More than one person, found unconscious on the streets of
some metropolis, has been carted to jail only to die of compli-
cations arising from uncontrolled diabetes mellitus. Others are
fortunate enough to arrive in hospital emergency rooms. A
quick test for diabetes mellitus–induced coma is the odor of
acetone on the breath of the afflicted person. Acetone is one of
several metabolites produced by diabetics that are known col-
lectively as ketone bodies.

The term diabetes was used by the ancient Greeks to desig-
nate diseases in which excess urine is produced. Two thousand
years later, in the eighteenth century, the urine of certain indi-
viduals was found to contain sugar, and the name diabetes mel-
litus (Latin: mellitus, sweetened with honey) was given to this
disease. People suffering from diabetes mellitus waste away as
they excrete large amounts of sugar-containing urine.

The cause of insulin-dependent diabetes mellitus is an in-
adequate production of insulin by the body. Insulin is secreted
in response to high blood glucose levels. It binds to the mem-
brane receptor protein on its target cells. Binding increases the
rate of transport of glucose across the membrane and stimu-
lates glycogen synthesis, lipid biosynthesis, and protein syn-
thesis. As a result, the blood glucose level is reduced. Clearly,
the inability to produce sufficient insulin seriously impairs the
body’s ability to regulate metabolism.

Individuals suffering from diabetes mellitus do not produce
enough insulin to properly regulate blood glucose levels. This
generally results from the destruction of the �-cells of the islets
of Langerhans. One theory to explain the mysterious disap-
pearance of these cells is that a virus infection stimulates the
immune system to produce antibodies that cause the destruc-
tion of the �-cells.

In the absence of insulin the uptake of glucose into the tis-
sues is not stimulated, and a great deal of glucose is eliminated
in the urine. Without insulin, then, adipose cells are unable to
take up the glucose required to synthesize triglycerides. As a
result, the rate of fat hydrolysis is much greater than the rate of
fat resynthesis, and large quantities of free fatty acids are liber-
ated into the bloodstream. Because glucose is not being effi-
ciently taken into cells, carbohydrate metabolism slows, and
there is an increase in the rate of lipid catabolism. In the liver
this lipid catabolism results in the production of ketone bodies:
acetone, acetoacetate, and �-hydroxybutyrate.

A similar situation can develop from improper eating, fast-
ing, or dieting—any situation in which the body is not pro-
vided with sufficient energy in the form of carbohydrates.
These ketone bodies cannot all be oxidized by the citric acid cy-

cle, which is limited by the supply of oxaloacetate. The acetone
concentration in blood rises to levels so high that acetone can
be detected in the breath of untreated diabetics. The elevated
concentration of ketones in the blood can overwhelm the
buffering capacity of the blood, resulting in ketoacidosis. Ke-
tones, too, will be excreted through the kidney. In fact, the pres-
ence of excess ketones in the urine can raise the osmotic
concentration of the urine so that it behaves as an “osmotic di-
uretic,” causing the excretion of enormous amounts of water.
As a result, the patient may become severely dehydrated. In ex-
treme cases the combination of dehydration and ketoacidosis
may lead to coma and death.

It has been observed that diabetics also have a higher than
normal level of glucagon in the blood. As we have seen,
glucagon stimulates lipid catabolism and ketogenesis. It may be
that the symptoms previously described result from both the
deficiency of insulin and the elevated glucagon levels. The ab-
sence of insulin may cause the elevated blood glucose and fatty
acid levels, whereas the glucagon, by stimulating ketogenesis,
may be responsible for the ketoacidosis and dehydration.

There is no cure for diabetes. However, when the problem is
the result of the inability to produce active insulin, blood glu-
cose levels can be controlled moderately well by the injection of
either animal insulin or human insulin produced from the
cloned insulin gene. Unfortunately, one or even a few injections
of insulin each day cannot mimic the precise control of blood
glucose accomplished by the pancreas.

As a result, diabetics suffer progressive tissue degeneration
that leads to early death. One primary cause of this degenera-
tion is atherosclerosis, the deposition of plaque on the walls
of blood vessels. This causes a high frequency of strokes, heart
attack, and gangrene of the feet and lower extremities, often ne-
cessitating amputation. Kidney failure causes the death of about
20% of diabetics under forty years of age, and diabetic retinopa-
thy (various kinds of damage to the retina of the eye) ranks
fourth among the leading causes of blindness in the United
States. Nerves are also damaged, resulting in neuropathies that
can cause pain or numbness, particularly of the feet.

There is no doubt that insulin injections prolong the life of
diabetics, but only the presence of a fully functioning pancreas
can allow a diabetic to live a life free of the complications noted
here. At present, pancreas transplants do not have a good track
record. Only about 50% of the transplants are functioning after
one year. It is hoped that improved transplantation techniques
will be developed so that diabetics can live a normal life span,
free of debilitating disease.
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What conditions lead to excess production of ketone bodies?

What is the cause of the characteristic “acetone breath” that is associated with
uncontrolled diabetes mellitus?

23.4 Fatty Acid Synthesis
All organisms possess the ability to synthesize fatty acids. In humans the excess
acetyl CoA produced by carbohydrate degradation is used to make fatty acids that
are then stored as triglycerides.

A Comparison of Fatty Acid Synthesis and Degradation
On first examination, fatty acid synthesis appears to be simply the reverse of �-
oxidation. Specifically, the fatty acid chain is constructed by the sequential addi-
tion of two-carbon acetyl groups (Figure 23.11). Although the chemistry of fatty
acid synthesis and breakdown are similar, there are several major differences be-
tween �-oxidation and fatty acid biosynthesis. These are summarized as follows.

Q u e s t i o n  23.8

Q u e s t i o n  23.7
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Figure 23.11
Summary of fatty acid synthesis. Malonyl
ACP is produced in two reactions:
carboxylation of acetyl CoA to produce
malonyl CoA and transfer of the malonyl
acyl group from malonyl CoA to ACP.
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• Intracellular location. The enzymes responsible for fatty acid biosynthesis
are located in the cytoplasm of the cell, whereas those responsible for the
degradation of fatty acids are in the mitochondria.

• Acyl group carriers. The activated intermediates of fatty acid biosynthesis
are bound to a carrier molecule called the acyl carrier protein (ACP) (Figure
23.12). In �-oxidation the acyl group carrier was coenzyme A. However, there
are important similarities between these two carriers. Both contain the
phosphopantetheine group, which is made from the vitamin pantothenic
acid. In both cases the fatty acyl group is bound by a thioester bond to the
phosphopantetheine group.

• Enzymes involved. Fatty acid biosynthesis is carried out by a multienzyme
complex known as fatty acid synthase. The enzymes responsible for fatty acid
degradation are not physically associated in such complexes.
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The structure of the phosphopantetheine
group, the reactive group common to
coenzyme A and acyl carrier protein, is
highlighted in yellow.

Figure 23.13
Structure of NADPH. The phosphate
group shown in red is the structural
feature that distinguishes NADPH from
NADH.
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• Electron carriers. NADH and FADH2 are produced by fatty acid oxidation,
whereas NADPH is the reducing agent for fatty acid biosynthesis. As a
general rule, NADH is produced by catabolic reactions, and NADPH is the
reducing agent of biosynthetic reactions. These two coenzymes differ only by the
presence of a phosphate group bound to the ribose ring of NADPH (Figure
23.13). The enzymes that use these coenzymes, however, are easily able to
distinguish them on this basis.

List the four major differences between �-oxidation and fatty acid biosynthesis
that reveal that the two processes are not just the reverse of one another.

What chemical group is part of coenzyme A and acyl carrier protein and allows
both molecules to form thioester bonds to fatty acids?

23.5 The Regulation of Lipid and Carbohydrate
Metabolism

The metabolism of fatty acids and carbohydrates occurs to a different extent in dif-
ferent organs. As we will see in this section, the regulation of these two related as-
pects of metabolism is of great physiological importance.

The Liver
The liver provides a steady supply of glucose for muscle and brain and plays a
major role in the regulation of blood glucose concentration. This regulation is un-
der hormonal control. Recall that the hormone insulin causes blood glucose to be
taken up by the liver and stored as glycogen (glycogenesis). In this way the liver re-
duces the blood glucose levels when they are too high.

The hormone glucagon, on the other hand, stimulates the breakdown of glyco-
gen and the release of glucose into the bloodstream. Lactate produced by muscles
under anaerobic conditions is also taken up by liver cells and is converted to glu-
cose by gluconeogenesis. Both glycogen degradation (glycogenolysis) and gluconeo-
genesis are pathways that produce glucose for export to other organs when energy
is needed (Figure 23.14).

Q u e s t i o n  23.10

Q u e s t i o n  23.9

714 Chapter 23 Fatty Acid Metabolism

Learning Goal

6

Glycogenesis is described in Section 21.7.
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Figure 23.14
The liver controls the concentration of
blood glucose.
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The liver also plays a central role in lipid metabolism. When excess fuel is
available, the liver synthesizes fatty acids. These are used to produce triglycerides
that are transported from the liver to adipose tissues by very low density lipopro-
tein (VLDL) complexes. In fact, VLDL complexes provide adipose tissue with its
major source of fatty acids. This transport is particularly active when more calories
are eaten than are burned! During fasting or starvation conditions, however, the
liver converts fatty acids to acetoacetate and other ketone bodies. The liver cannot
use these ketone bodies because it lacks an enzyme for the conversion of acetoac-
etate to acetyl CoA. Therefore the ketone bodies produced by the liver are ex-
ported to other organs where they are oxidized to make ATP.

Adipose Tissue
Adipose tissue is the major storage depot of fatty acids. Triglycerides produced by
the liver are transported through the bloodstream as components of VLDL com-
plexes. The triglycerides are hydrolyzed by the same lipases that act on chylomi-
crons, and the fatty acids are absorbed by adipose tissue. The synthesis of
triglycerides in adipose tissue requires glycerol-3-phosphate. However, adipose
tissue is unable to make glycerol-3-phosphate and depends on glycolysis for its
supply of this molecule. Thus adipose cells must have a ready source of glucose to
synthesize and store triglycerides.

Triglycerides are constantly being hydrolyzed and resynthesized in the cells of
adipose tissue. Lipases that are under hormonal control determine the rate of hy-
drolysis of triglycerides into fatty acids and glycerol. If glucose is in limited sup-
ply, there will not be sufficient glycerol-3-phosphate for the resynthesis of
triglycerides, and the fatty acids and glycerol are exported to the liver for further
processing (Figure 23.15).

Muscle Tissue
The energy demand of resting muscle is generally supplied by the �-oxidation of
fatty acids. The heart muscle actually prefers ketone bodies over glucose.

Working muscle, however, obtains energy by degradation of its own supply of
glycogen. Glycogen degradation produces glucose-6-phosphate, which is directly
funneled into glycolysis. If the muscle is working so hard that it doesn’t get enough
oxygen, it produces large amounts of lactate. This fermentation end product, as
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VLDL is described in Section 18.5.
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well as alanine (from catabolism of proteins and transamination of pyruvate), is
exported to the liver. Here they are converted to glucose by gluconeogenesis
(Figure 23.16).

The Brain
Under normal conditions the brain uses glucose as its sole source of metabolic en-
ergy. When the body is in the resting state, about 60% of the free glucose of the body
is used by the brain. Starvation depletes glycogen stores, and the amount of glucose
available to the brain drops sharply. The ketone bodies acetoacetate and �-hydroxy-
butyrate are then used by the brain as an alternative energy source. Fatty acids are
transported in the blood in complexes with proteins and cannot cross the blood-
brain barrier to be used by brain cells as an energy source. But ketone bodies, which
have a free carboxyl group, are soluble in blood and can enter the brain.

How does the liver regulate blood glucose levels?

Why is regulation of blood glucose levels important to the efficient function of
the brain?

23.6 The Effects of Insulin and Glucagon on
Cellular Metabolism

The hormone insulin is produced by the �-cells of the islets of Langerhans in the
pancreas. It is secreted from these cells in response to an increase in the blood glu-
cose level. Insulin lowers the concentration of blood glucose by causing a number
of changes in metabolism (Table 23.1).

The simplest way to lower blood glucose levels is to stimulate storage of glu-
cose, both as glycogen and as triglycerides. Insulin therefore activates biosynthetic
processes and inhibits catabolic processes.

Insulin acts only on those cells, known as target cells, that possess a specific
insulin receptor protein in their plasma membranes. The major target cells for in-
sulin are liver, adipose, and muscle cells.

Q u e s t i o n  23.12

Q u e s t i o n  23.11
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Gluconeogenesis is described in
Section 21.6.

Figure 23.16
Metabolic relationships between liver
and muscle.

Liver Muscle

Glycogen

Glucose-6-phosphate Glucose

Gluconeogenesis

Pyruvate

Lactate
Alanine

Protein
degradation

Glucose

Glycolysis

Pyruvate

Lactate
Alanine

Learning Goal

7

The effect of insulin on glycogen
metabolism is described in Section 21.7.
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The blood glucose level is normally about 10 mM. However, a substantial meal
increases the concentration of blood glucose considerably and stimulates insulin
secretion. Subsequent binding of insulin to the plasma membrane insulin receptor
increases the rate of transport of glucose across the membrane and into cells.

Insulin exerts a variety of effects on all aspects of cellular metabolism:

• Carbohydrate metabolism. Insulin stimulates glycogen synthesis. At the
same time it inhibits glycogenolysis and gluconeogenesis. The overall result
of these activities is the storage of excess glucose.

• Protein metabolism. Insulin stimulates transport and uptake of amino acids,
as well as the incorporation of amino acids into proteins.

• Lipid metabolism. Insulin stimulates uptake of glucose by adipose cells, as
well as the synthesis and storage of triglycerides. As we have seen, storage of
lipids requires a source of glucose, and insulin helps the process by
increasing the available glucose. At the same time, insulin inhibits the
breakdown of stored triglycerides.

As you may have already guessed, insulin is only part of the overall regulation
of cellular metabolism in the body. A second hormone, glucagon, is secreted by the
�-cells of the islets of Langerhans in response to decreased blood glucose levels.
The effects of glucagon, generally the opposite of the effects of insulin, are sum-
marized in Table 23.1. Although it has no direct effect on glucose uptake, glucagon
inhibits glycogen synthesis and stimulates glycogenolysis and gluconeogenesis. It
also stimulates the breakdown of fats and ketogenesis.

The antagonistic effects of these two hormones, seen in Figure 23.17, are criti-
cal for the maintenance of adequate blood glucose levels. During fasting, low
blood glucose levels stimulate production of glucagon, which increases blood glu-
cose by stimulating the breakdown of glycogen and the production of glucose by
gluconeogenesis. This ensures a ready supply of glucose for the tissues, especially
the brain. On the other hand, when blood glucose levels are too high, insulin is
secreted. It stimulates the removal of the excess glucose by enhancing uptake and
inducing pathways for storage.

Summarize the effects of the hormone insulin on carbohydrate, lipid, and amino
acid metabolism.

Summarize the effects of the hormone glucagon on carbohydrate and lipid
metabolism.

Q u e s t i o n  23.14

Q u e s t i o n  23.13
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Table 23.1 Comparison of the Metabolic Effects of Insulin
and Glucagon

Actions Insulin Glucagon

Cellular glucose transport Increased No effect
Glycogen synthesis Increased Decreased
Glycogenolysis in liver Decreased Increased
Gluconeogenesis Decreased Increased
Amino acid uptake and protein synthesis Increased No effect
Inhibition of amino acid release and protein degradation Decreased No effect
Lipogenesis Increased No effect
Lipolysis Decreased Increased
Ketogenesis Decreased Increased

Metabolism

Fasting
(  glucose)

Absorption
of meal

(  glucose)

Insulin
Glucagon

Insulin/glucagon
ratio

Formation of
glycogen, fat,
and protein

     Blood
Glucose
Amino acids
Fatty acids
Ketone bodies

Insulin
Glucagon

Insulin/glucagon
ratio

Hydrolysis of
glycogen, fat,
and protein

+
Gluconeogenesis
and ketogenesis

     Blood
Glucose
Amino acids
Fatty acids
Ketone bodies

Figure 23.17
A summary of the antagonistic effects of
insulin and glucagon.
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Summary

23.1 Lipid Metabolism in Animals
Dietary lipids (triglycerides) are emulsified into tiny fat
droplets in the intestine by the action of bile salts. Pancre-
atic lipase catalyzes the hydrolysis of triglycerides into
monoglycerides and fatty acids. These are absorbed by in-
testinal epithelial cells, reassembled into triglycerides, and
combined with protein to form chylomicrons. Chylomicrons
are transported to the cells of the body through the blood-
stream. Fatty acids are stored as triglycerides (triacylglyc-
erols) in fat droplets in the cytoplasm of adipocytes.

23.2 Fatty Acid Degradation
Fatty acids are degraded to acetyl CoA in the mitochondria
by the �-oxidation pathway, which involves five steps: (1)
the production of a fatty acyl CoA molecule, (2) oxidation
of the fatty acid by an FAD-dependent dehydrogenase, (3)
hydration, (4) oxidation by an NAD�-dependent dehydro-
genase, and (5) cleavage of the chain with release of acetyl
CoA and a fatty acyl CoA that is two carbons shorter than
the beginning fatty acid. The last four reactions are re-
peated until the fatty acid is completely degraded to acetyl
CoA.

23.3 Ketone Bodies
Under some conditions, fatty acid degradation occurs
more rapidly than glycolysis. As a result, a large amount of
acetyl CoA is produced from fatty acids, but little oxaloac-
etate is generated from pyruvate. When oxaloacetate levels
are too low, the excess acetyl CoA is converted to the ketone
bodies acetone, acetoacetate, and �-hydroxybutyrate.

23.4 Fatty Acid Synthesis
Fatty acid biosynthesis occurs by the sequential addition of
acetyl groups and, on first inspection, appears to be a sim-
ple reversal of the �-oxidation pathway. Although the bio-
chemical reactions are similar, fatty acid synthesis differs
from �-oxidation in the following ways: It occurs in the cy-
toplasm, utilizes acyl carrier protein and NADPH, and is
carried out by a multienzyme complex, fatty acid synthase.

23.5 The Regulation of Lipid and
Carbohydrate Metabolism

Lipid and carbohydrate metabolism occur to different ex-
tents in different organs. The liver regulates the flow of
metabolites to brain, muscle, and adipose tissue and ulti-
mately controls the concentration of blood glucose. Adipose
tissue is the major storage depot for fatty acids. Triglycerides

are constantly hydrolyzed and resynthesized in adipose tis-
sue. Muscle oxidizes glucose, fatty acids, and ketone bod-
ies. The brain uses glucose as a fuel except in prolonged
fasting or starvation, when it will use ketone bodies as an
energy source.

23.6 The Effects of Insulin and Glucagon on
Cellular Metabolism
Insulin stimulates biosynthetic processes and inhibits ca-
tabolism in liver, muscle, and adipose tissue. Insulin is syn-
thesized in the �-cells of the pancreas and is secreted when
the blood glucose levels become too high. The insulin re-
ceptor protein binds to the insulin. This binding mediates a
variety of responses in target tissues, including the storage
of glucose and lipids. Glucagon is secreted when blood glu-
cose levels are too low. It has the opposite effects on me-
tabolism, including the breakdown of lipids and glycogen.

Key Terms

Questions and Problems

Lipid Metabolism in Animals

23.15 What is the major storage form of fatty acids?
23.16 What tissue is the major storage depot for lipids?
23.17 What is the outstanding structural feature of an adipocyte?
23.18 What is the major metabolic function of adipose tissue?
23.19 What is the general reaction catalyzed by lipases?
23.20 Why are the lipases that are found in saliva and in the

stomach not very effective at digesting triglycerides?
23.21 List three major biological molecules for which acetyl CoA is a

precursor.
23.22 Why are triglycerides more efficient energy-storage molecules

than glycogen?
23.23 What are chylomicrons, and what is their function?
23.24 a. What are very low density lipoproteins?

b. Compare the function of VLDLs with that of chylomicrons.
23.25 What is the function of the bile salts in the digestion of dietary

lipids?

acyl carrier protein (ACP)
(23.4)

adipocyte (23.1)
adipose tissue (23.1)
bile (23.1)
chylomicron (23.1)
colipase (23.1)
diabetes mellitus (23.3)
glucagon (23.6)

insulin (23.6)
ketoacidosis (23.3)
ketone bodies (23.3)
ketosis (23.3)
lipase (23.1)
micelle (23.1)
�-oxidation (23.2)
phosphopantetheine (23.4)
triglyceride (23.1)
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23.26 What is the function of colipase in the digestion of dietary
lipids?

23.27 Describe the stages of lipid digestion.
23.28 Describe the transport of lipids digested in the lumen of the

intestines to the cells of the body.

Fatty Acid Degradation

23.29 What products are formed when the �-phenyl-labeled
carboxylic acid 14-phenyltetradecanoic acid is degraded by
�-oxidation?

23.30 What products are formed when the �-phenyl-labeled
carboxylic acid 5-phenylpentanoic acid is degraded by
�-oxidation?

23.31 Calculate the number of ATP molecules produced by
complete �-oxidation of the fourteen-carbon saturated fatty
acid tetradecanoic acid (common name: myristic acid).

23.32 a. Write the sequence of steps that would be followed for one
round of �-oxidation of hexanoic acid.

b. Calculate the number of ATP molecules produced by
complete �-oxidation of hexanoic acid.

23.33 How many molecules of ATP are produced for each molecule
of FADH2 that is generated by �-oxidation?

23.34 How many molecules of ATP are produced for each molecule
of NADH generated by �-oxidation?

23.35 What is the fate of the acetyl CoA produced by �-oxidation?
23.36 How many ATP molecules are produced from each acetyl

CoA molecule generated in �-oxidation that enters the citric
acid cycle?

Ketone Bodies

23.37 Draw the structures of acetoacetate and �-hydroxybutyrate.
23.38 Describe the relationship between the formation of ketone

bodies and �-oxidation.
23.39 Why do uncontrolled diabetics produce large amounts of

ketone bodies?
23.40 How does the presence of ketone bodies in the blood lead to

ketoacidosis?
23.41 When does the heart use ketone bodies?
23.42 When does the brain use ketone bodies?

Fatty Acid Synthesis

23.43 a. What is the role of the phosphopantetheine group in fatty
acid biosynthesis?

b. From what molecule is phosphopantetheine made?
23.44 What molecules involved in fatty acid degradation and fatty

acid biosynthesis contain the phosphopantetheine group?
23.45 How does the structure of fatty acid synthase differ from that

of the enzymes that carry out �-oxidation?
23.46 In what cellular compartments do fatty acid biosynthesis and

�-oxidation occur?

The Regulation of Lipid and Carbohydrate Metabolism

23.47 What is the major metabolic function of the liver?
23.48 What is the fate of lactate produced in skeletal muscle during

rapid contraction?
23.49 What are the major fuels of the heart, brain, and liver?
23.50 Why can’t the brain use fatty acids as fuel?
23.51 Briefly describe triglyceride metabolism in an adipocyte.
23.52 What is the source of the glycerol molecule that is used in the

synthesis of triglycerides?

The Effects of Insulin and Glucagon on Cellular Metabolism

23.53 Where is insulin produced?
23.54 Where is glucagon produced?
23.55 How does insulin affect carbohydrate metabolism?
23.56 How does glucagon affect carbohydrate metabolism?
23.57 How does insulin affect lipid metabolism?
23.58 How does glucagon affect lipid metabolism?
23.59 Why is it said that diabetes mellitus amounts to starvation in

the midst of plenty?
23.60 What is the role of the insulin receptor in controlling blood

glucose levels?

Critical Thinking Problems

1. Suppose that fatty acids were degraded by sequential oxidation
of the �-carbon. What product(s) would Knoop have obtained
with fatty acids with even numbers of carbon atoms? What
product(s) would he have obtained with fatty acids with odd
numbers of carbon atoms?

2. Oil-eating bacteria can oxidize long-chain alkanes. In the first
step of the pathway, the enzyme monooxygenase catalyzes a
reaction that converts the long-chain alkane into a primary
alcohol. Data from research studies indicate that three more
reactions are required to allow the primary alcohol to enter the
�-oxidation pathway. Propose a pathway that would convert
the long-chain alcohol into a product that could enter the �-
oxidation pathway.

3. A young woman sought the advice of her physician because
she was 30 pounds overweight. The excess weight was in the
form of triglycerides carried in adipose tissue. Yet when the
woman described her diet, it became obvious that she actually
ate very moderate amounts of fatty foods. Most of her caloric
intake was in the form of carbohydrates. This included candy,
cake, beer, and soft drinks. Explain how the excess calories
consumed in the form of carbohydrates ended up being stored
as triglycerides in adipose tissue.

4. Olestra is a fat substitute that provides no calories, yet has a
creamy, tongue-pleasing consistency. Because it can withstand
heating, it can be used to prepare foods such as potato chips
and crackers. Recently the Food and Drug Administration
approved olestra for use in prepared foods. Olestra is a sucrose
polyester produced by esterification of six, seven, or eight fatty
acids to molecules of sucrose. Develop a hypothesis to explain
why olestra is not a source of dietary calories.

5. Carnitine is a tertiary amine found in mitochondria that is
involved in transporting the acyl groups of fatty acids from the
cytoplasm into the mitochondria. The fatty acyl group is
transferred from a fatty acyl CoA molecule and esterified to
carnitine. Inside the mitochondria the reaction is reversed and
the fatty acid enters the �-oxidation pathway.

A seventeen-year-old male went to a university medical
center complaining of fatigue and poor exercise tolerance.
Muscle biopsies revealed droplets of triglycerides in his muscle
cells. Biochemical analysis showed that he had only one-fifth of
the normal amount of carnitine in his muscle cells.

What effect will carnitine deficiency have on �-oxidation?
What effect will carnitine deficiency have on glucose
metabolism?

Critical Thinking Problems 719
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6. Acetyl CoA carboxylase catalyzes the formation of malonyl
CoA from acetyl CoA and the bicarbonate anion, a reaction that
requires the hydrolysis of ATP. Write a balanced equation
showing this reaction.

The reaction catalyzed by acetyl CoA carboxylase is the
rate-limiting step in fatty acid biosynthesis. The malonyl group
is transferred from coenzyme A to acyl carrier protein; similarly,
the acetyl group is transferred from coenzyme A to acyl carrier

protein. This provides the two beginning substrates of fatty
acid biosynthesis shown in Figure 23.11.

Consider the following case study. A baby boy was
brought to the emergency room with severe respiratory
distress. Examination revealed muscle pathology, poor growth,
and severe brain damage. A liver biopsy revealed that the child
didn’t make acetyl CoA carboxylase. What metabolic pathway
is defective in this child? How is this defect related to the
respiratory distress suffered by the baby?

720 Chapter 23 Fatty Acid Metabolism

23-26


