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METABOLISM

CHAPTER OUTLINE

Metabolism: Chemical Reactions in the Body
Anabolic and Catabolic Reactions • Stages of
Energy Production • Energy for the Cell •
Adenosine Triphosphate (ATP) as an Energy
Source • Oxidation-Reduction Reactions: Key
Processes in Energy Metabolism • The Role of
Enzymes and Vitamins in Oxidation-Reduction
Reactions

ATP Production
Carbohydrate Metabolism • Glycolysis •
Transition Reaction • Citric Acid Cycle • The
Electron Transport Chain • Aerobic Respiration
• Glycogen Metabolism • Anaerobic
Respiration • Anaerobic Glycolysis • Aerobic
and Anaerobic Respiration 

Expert Opinion: Does a Metabolic Advantage
Exist for the High-Protein Diet?

Lipolysis: Fat Breakdown
Making ATP from Fatty Acids • Carbohydrate
Aids Fat Metabolism • Ketogenesis Is
Producing Ketone Bodies from Fatty Acids

Lipogenesis: Building Fatty Acids
Protein Metabolism

Producing Glucose from Amino Acids and
Other Compounds • Gluconeogenesis from
Typical Fatty Acids Is Not Possible • Disposing
of Excess Amino Groups from Amino Acid
Metabolism

What Happens Where: A Review
Regulating Metabolism

The Liver • Enzymes • Hormones • ATP
Concentrations • Vitamins and Minerals

Fasting and Feasting
Fasting • Feasting

Case Scenario Follow-Up
Nutrition Focus: Inborn Errors of Metabolism
Take Action

CASE SCENARIO:

Ana loves to eat, and she typically eats large quantities of food at pizza parties and

family gatherings. However, she doesn’t want to develop a weight problem. Both

her mother and father are overweight, and they both have type 2 diabetes. One of

Ana’s friends tells her that she can avoid both overweight and type 2 diabetes while

eating as much as she wants as long as she avoids carbohydrates and eats a lot of

high-fat foods. Another friend tells Ana that this is not true. Instead, she should focus

on high-protein foods. Then a third friend tells Ana that she can eat as much as she

wants as long as most of each meal is made up of carbohydrates that come from

fruits, vegetables, and starches such as pasta.

All of Ana’s friends think they know how each of these energy-yielding nutrients

(fats, proteins, and carbohydrates) behaves in the body, how each of these nutrients

contributes to the amount of energy she consumes, and what becomes of that food

energy. The friend who tells Ana to avoid carbohydrates thinks that carbohydrates

are more likely to be converted into body fat compared to the fat present in food.

The friend who tells Ana to focus on eating protein thinks that the body “burns” 

all the energy from protein, and so proteins in the diet cannot contribute to body fat.

By the end of this chapter you will know which of Ana’s friends is correct.

C H A P T E R  F O U R
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REFRESH YOUR MEMORY AS YOU BEGIN YOUR
STUDY OF METABOLISM IN CHAPTER 4, YOU MAY
WANT TO REVIEW:
• Various components of the macronutrient classes—carbohydrates, proteins, and lipids—in Chapter 1.
• Basic chemistry concepts in Appendix A.
• The components of the cell and functions of various organelles in Appendix C.
• Enzyme function and regulation in Chapter 3.
• Hormone function in Chapter 3.

Metabolism: Chemical Reactions in the Body
As noted in the chapter overview, metabolism refers to the entire network of chemi-
cal processes involved in maintaining life. It encompasses all the sequences of chemical
reactions that occur in the body. These chemical reactions enable cells to release and
use energy from foods, convert one substance into another, and prepare waste prod-
ucts for excretion.2

A progression of metabolic chemical reactions from beginning to end is called a
pathway. Compounds formed as the pathway proceeds are called intermediates.

112

Metabolism refers to the entire network of chemical processes involved in maintaining life. It en-

compasses all the sequences of chemical reactions that occur in the body. These biochemical

reactions enable us to release and use energy from foods, syn-

thesize one substance from another, and prepare waste products

for excretion.2 Although it may seem that an overwhelming num-

ber of reactions take place within your body, all of them can be

categorized as one of two classes. One class puts different mol-

ecules together, while the other class takes molecules apart.

Reactions that put molecules together require energy. The source

of this energy is the energy released when other molecules are

broken apart.

Studying metabolism can help you comprehend a variety of

nutrition concepts. Understanding metabolism clarifies how car-

bohydrates, proteins, fats, and alcohol are interrelated. You will

see, for example, how the carbons in proteins become the car-

bons of glucose, and why the carbons of most fatty acids cannot

become the carbons of glucose.

Studying metabolic pathways in the cell also sets the stage

for examining the roles of vitamins and minerals. Many vitamins

and minerals contribute to the enzyme activity that supports

metabolic reactions in the cell.8 Overall, the functions of both

macronutrients and micronutrients will be easier to understand if

you are familiar with the basic metabolic processes in the cell.

CHAPTER OBJECTIVES CHAPTER 4 IS DESIGNED
TO ALLOW YOU TO:

1. Define the terms energy metabolism, anabolism, catabolism,
aerobic metabolism, and anaerobic metabolism.

2. Describe aerobic and anaerobic metabolism of glucose with
reference to lactate production.

3. Describe why adenosine triphosphate (ATP) is considered the
energy source of the cell.

4. Outline how the energy potential of glucose, fatty acids, amino
acids, and alcohol is extracted—using metabolic pathways
such as glycolysis, the citric acid cycle, and the electron
transport chain—and eventually deposited into ATP.

5. Describe the roles vitamins and minerals play in energy
metabolism.

6. Explain the origin of CO2 and H2O generated by energy
metabolism.

7. Describe the central role of acetyl-CoA in cell metabolism.

8. State the source of ketone bodies and their role in energy
metabolism.

9. Describe the fate of energy from macronutrients during the fed
state.

10. Describe the fate of energy-yielding substances in the body
during the fasting state.

11. Briefly explain how metabolism is regulated.

intermediate A chemical compound formed in
one of many steps in a metabolic pathway.

Virtually every step in any pathway depends
on an enzyme to initiate the specific chemi-

cal reaction.

Metabolism � anabolism � catabolism
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Anabolic and Catabolic Reactions

Anabolic pathways build compounds (Figure 4-1). Energy must be expended for an-
abolic processes to take place. For example, to make sucrose (table sugar) plants com-
bine together the simple sugars glucose and fructose.

ANABOLISM
glucose � fructose sucrose

H2O

In addition, the chemical reactions that synthesize -C-C- bonds (fatty acid synthesis),

bonds (protein synthesis), –C–N– bonds (urea synthesis), and –C–O–
bonds2 (triglyceride synthesis) require anabolic energy input (see Appendix A for de-
tails). The chemical elements and compounds used to form the new substances often
are called building blocks.

Conversely, catabolic pathways break down compounds into small units. The su-
crose molecule discussed in the anabolism example will be broken down into glucose
and fructose in the GI tract during digestion.

CATABOLISM
sucrose glucose � fructose

H2O

Later, the complete catabolism of this glucose and fructose results in the release of car-
bon dioxide (CO2) and water (H2O). Energy is released in the process: some is
trapped for cell use and the rest is lost as heat. Recall from Chapter 1 that cells use this
energy for four specific purposes: building compounds, contracting muscles, conduct-
ing nerve impulses, and pumping ions (e.g., across cell membranes).2

Stages of Energy Production

The production of energy for cell use occurs in three stages.2 In the first stage, large
food molecules, e.g., proteins, are broken down during digestion and absorption into
smaller units, in this case amino acids. In the second stage, most of these and other
smaller compounds are further degraded to the two-carbon intermediate com-

pound acetic acid
q

,
r, the acid found in vinegar. In the third stage, acetic

acid (termed acetate or an acetyl group when a hydrogen ion is missing) is degraded
to carbon dioxide and water (Figure 4-2). Some of the energy released in this catabolic
process drives the synthesis of adenosine triphosphate (ATP). ATP is energy in a
form that cells use (Figure 4-3a). Chapter 3 introduced the first stage, digestion and
absorption. This chapter examines the last two stages.

Energy for the Cell

The energy that human cells use comes from chemical bonds found between the atoms
in carbohydrate, fat, protein, and alcohol. This energy is originally placed there during
photosynthesis, when plants use solar energy to make glucose and other organic 
(carbon-containing) compounds. The chemical reactions in photosynthesis form com-
pounds that contain more energy than carbon dioxide and water, the building blocks
used. Virtually all organisms use the sun—either directly, or indirectly as we do—as
their source of energy (Figure 4-3b).2

The by-products of eventual human energy metabolism are carbon dioxide, water,
and heat. Overall, chemical energy from ingested food that passes through body cells
is eventually and irretrievably dissipated to the environment as heat.

O
B

CH3C–OH

O
B

–C–N–

Figure 4-1 l Anabolism and Catabolism.
Anabolism relies on catabolism to provide the
needed energy input from ATP.

ADP Pi

ATP

Carbohydrate
Protein
Fat

Proteins
Glycogen
Triglycerides
  and other 
  lipids

Amino acids
Sugars
Fatty acids
Glycerol

CO2

H2O
NH3

�

C
A
T
A
B
O
L
I
S
M

A
N
A
B
O
L
I
S
M

A cids commonly lose a hydrogen ion at the
pH found in human cells (pH 7.4). When

that ion is lost, the name of the acid is changed
by dropping the reference to acid and adding
an ate ending. Thus, acetic acid become acetate.

adenosine triphosphate (ATP) The main energy
currency for cells. ATP energy is used to
promote ion pumping, enzyme activity, and
muscular contraction.

photosynthesis The process by which plants
use energy from the sun to produce energy-
yielding compounds, such as glucose.
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Breakdown of 
complex molecules
to their component
building blocks

Conversion of building
blocks to acetyl-CoA
(or other simple
intermediates)

Metabolism of 
acetyl-CoA to CO2 
and formation of ATP

Proteins Starches Lipids

Acetyl-CoA

Citric acid
cycle

(and Electron
transport chain)

Amino acids Single sugars Fatty acids,
glycerol

1
1

2 2

3
3

ATP

ATP

CO2

CO2

Catabolism

Stage

Stage

Stage

Figure 4-2 l Three stages of catabolism (steps 1–3).
respiration The use of oxygen; in the human
organism, the inhalation of oxygen and the
exhalation of carbon dioxide; in cells, the
oxidation (electron removal) of food molecules,
to obtain energy.

Sunflowers capture solar energy and transfer it
into chemical energy in the form of protein,
carbohydrate, and fat in the sunflower seeds.

Thus, in human respiration, the starting materials are energy-yielding compounds
such as glucose, which, through an elaborate multistep process, are converted to end
products such as carbon dioxide and water (e.g., C6H12O6 � 6 O2 → → 6 CO2 � 6
H2O). This process results in the transfer of energy from food to cells, which in turn
allows energy-requiring pathways in cells to function.3

Many chemical reactions in the body could not occur without the addition of out-
side energy supplied by food. Outside energy permits compounds, such as some forms
of amino acids, to be transformed into products such as glucose. And although amino
acids and glucose molecules themselves contain the energy needed for synthesis of still
other compounds, these and other energy-yielding molecules provide neither the right
amount of energy for a chemical reaction nor a form of energy that cells can use di-
rectly. For example, a glucose molecule contains over 100 times more energy than re-
quired to facilitate an individual chemical reaction in a cell. Thus, a cell must have a
means of breaking down energy-yielding molecules to release and then convert the
chemical energy trapped in them into smaller, usable energy forms.2

Adenosine Triphosphate (ATP) as an Energy Source

To release the energy in ATP, cells split it into adenosine diphosphate (ADP) plus Pi,
a free (inorganic) phosphate group (Figure 4-4). ADP can also be split into adenosine
monophosphate (AMP) plus Pi to yield energy, in a reaction muscles are capable of
performing during intense exercise when ATP is in short supply (ADP � ADP → ATP
� AMP). Only energy in ATP and its derivatives can be used directly by the cell.10

Every cell contains catabolic pathways that release energy to allow ADP to combine
with Pi to form ATP. An enzyme later can break the ATP bond to release energy
needed for anabolic reactions. ATP itself is very stable. It actually takes an enzyme to
unlock the energy that is stored in the molecule.10
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During metabolism, a cell is constantly breaking down ATP in one site while re-
building it in another. An exhausted muscle cell has a very high concentration of ADP
and a very low concentration of ATP. When this happens, muscle cell activity, such as
muscle contraction, may slow down or cease altogether. A low ATP concentration then
stimulates metabolic processes that produce ATP. Only by resynthesizing needed ATP
can the muscle cell ready itself for future action.10

1 2 3 4

ATP

ADP   

Respiration:
  Carbohydrate
  Fat
  Protein
  (Alcohol)

Energy use:
  Build compounds
  Move muscles
  Perform nerve conduction
  Pump ions

O2

(b)(a)

Pi�

CO2

�

 H2O

Figure 4-3 l Solar energy input and human energy output. (a) ATP synthesis and use. Energy from foods is used to synthesize ATP. The ATP then provides
energy for the cell. (b) The corn plant uses solar energy to synthesize glucose from carbon dioxide and water (step 1). We cook and eat the corn (step 2),
transferring much of the energy in the glucose from the corn to ATP energy for our cells to use (step 3). Eventually, this energy leaves our bodies as heat 
(step 4). Some energy may be stored as fat if we overeat, and a small amount is lost in urine and feces.

ADP Pi

PiPiPi

ATP

Energy output to
perform cell functions

Energy input to allow 
for energy storage

Adenosine
(adenine � ribose)

High-energy 
bonds(b)      Structure of ATP

(a)

�

Figure 4-4 l ATP stores and yields energy.
ATP is the high-energy state; ADP is the lower-
energy state. (a) When ATP is broken down to
ADP plus Pi, energy is released for cell use.
When energy is trapped by ADP plus Pi, ATP
can be formed. (b) ATP represents a storage
form of energy for cell use because it contains
high energy bonds. Pi is the abbreviation for an
inorganic phosphate group.
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Oxidation-Reduction Reactions: Key Processes 
in Energy Metabolism

Oxidation-reduction reactions form a vital link between the energy-yielding nutrients
and the formation of ATP.

A substance is oxidized when it loses one or more electrons.
A substance is reduced when it gains one or more electrons.

Electron flow governs oxidation-reduction processes. If one substance loses electrons
(is oxidized), another substance must gain electrons (is reduced). The two processes
go together; one cannot occur without the other.8

Consider the oxidation-reduction reaction involving iron:

Fe2� ↔ Fe3� � e�

Here, Fe2� has lost an electron (has been oxidized) (Fe2� → Fe3� � e�). Alternately,
Fe3� can gain an electron (be reduced) (Fe3� � e� → Fe2�). This oxidation and re-
duction of iron occurs during the transport of oxygen to body cells.

Oxidation-reduction reactions involving carbon-containing compounds are some-
what more difficult to visualize. A simple rule has been developed to determine
oxidation-reduction reactions in these compounds. If the compound gains oxygen or
loses hydrogen, it has been oxidized. If it loses oxygen or gains hydrogen, the com-
pound has been reduced. The following process illustrates this definition.

O

O�

 P

O

O

O

OH OH

High-energy
phosphate bonds

O�

 P

O

O�O

O�

 P

O

NH2

N

N

N

N
Adenine

Ribose

Chemical structure of adenosine triphosphate (ATP).The energy used to perform physical activity is
in the form of ATP.

Now that you are familiar with oxidation
and reduction reactions, you can examine

the term antioxidant. This term is typically
used to describe a compound that can donate
electrons to oxidized compounds, putting them
into a more reduced (stable) state. Oxidized
compounds tend to be highly reactive; they seek
electrons from other compounds to stabilize their
chemical configuration. Dietary antioxidants
such as vitamin E donate electrons to these
highly reactive compounds, in turn, putting these
oxidized compounds into a less reactive state
(see Chapter 9 for details).

CH3—CH3 
ethane

CH3—CH2—OH
ethanol

O

O

oxidation

reduction

CH3—C—C—O–

lactate

2H

2H

oxidation

reduction

CH3—C—C—O–

pyruvate

O
B

O
B

OH
A

O
B

H
A
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This method of determining oxidation and reduction—determining oxygen and hy-
drogen exchange—is used extensively in nutrition. For example, in the reaction illus-
trated, pyruvate (made from glucose) is reduced to form lactate by gaining two
hydrogens. This happens during intense exercise (see Chapter 14). Lactate is oxidized
back to pyruvate by losing two hydrogens.

Scientists generally use the terms oxidation and reduction as verbs or adjectives.
When the terms are used as verbs, pyruvate is said to be reduced to lactate, and lactate
is said to be oxidized to pyruvate. When the terms are used as adjectives, lactate is said
to be the reduced form of pyruvate, while pyruvate is the oxidized form of lactate.

The Role of Enzymes and Vitamins in Oxidation-Reduction
Reactions

Oxidation-reduction reactions in the body are controlled by enzymes. One important
class of these enzymes, designated dehydrogenases, removes hydrogens from energy-
yielding nutrients or their breakdown products. These hydrogens are eventually do-
nated to the final acceptor, oxygen, to form water. In the process, large amounts of
energy are transferred to ADP plus Pi to make ATP.2

Two B vitamins, niacin and riboflavin, assist dehydrogenase enzymes and, in turn,
play a role in transferring the hydrogens from glucose to oxygen in the metabolic path-
ways of the cell.8 Niacin functions as the coenzyme named nicotinamide adenine 
dinucleotide (NAD). This oxidized form can accept one hydrogen ion and two elec-
trons to become NADH � H�. (The extra hydrogen ion remains free in the cell.) In
other words, the oxidized form of niacin, NAD�, is reduced to form NADH � H�.
Note that NAD� indicates it has one less electron than in its complete configuration.
By accepting two electrons and one hydrogen ion, NAD� becomes NADH � H�,
with no net charge on the coenzyme.

Riboflavin plays a similar role. In its oxidized form, the coenzyme form is known as
flavin adenine dinucleotide (FAD). When it is reduced (gains two hydrogens, equiv-
alent to two hydrogen ions and two electrons), it is known as FADH2.

The reduction of oxygen (O) to form water (H2O) is the ultimate driving force for
life, because it is vital to the way cells synthesize ATP. Thus, oxidation-reduction reac-
tions are a key to life.

Metabolism encompasses all the sequences of chemical reactions in the body. Anabolic
processes build compounds using energy input, whereas catabolic processes break down
compounds into small units, yielding energy. Adenosine triphosphate (ATP) is the form of
energy used by a cell. The synthesis of ATP from ADP and Pi involves the transfer of en-
ergy from foodstuffs. This process uses oxidation-reduction reactions, in which electrons
(along with hydrogen ions) are transferred from energy-yielding macronutrients eventually
to oxygen. This reaction forms water and releases much energy, which can be used to pro-
duce ATP.

ATP Production
This section will look at how cells convert the energy found in food to energy stored
in the high-energy phosphate bonds of ATP. It will begin by examining how cells pro-
duce ATP from carbohydrates. Once you understand this process, you will turn your
attention to how ATP is produced using the energy stored in fats and proteins. Along
the way you will see how these energy-yielding processes are interconnected. (Cells can
also produce ATP using the energy stored in alcohol; that process is discussed in
Chapter 8.)

coenzyme A compound that combines with an
inactive protein, called an apoenzyme, to form
a catalytically active protein, called a
holoenzyme. In this manner, coenzymes aid in
enzyme function.

nicotinamide adenine dinucleotide (NAD) A
compound that readily accepts and donates
electrons and hydrogen ions; formed from the
vitamin niacin.

flavin adenine dinucleotide (FAD) A compound
that readily accepts and donates electrons and
hydrogen ions; formed from the vitamin
riboflavin.

A s each of the subsequent pathways is de-
scribed, a good way to understand them is

to diagram each step as you go. Afterward,
compare your figures with those provided
throughout the chapter. In addition, more de-
tailed pathways can be found in Appendix B.
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If oxygen is present, cellular respiration may be aerobic. In the absence of oxygen,
anaerobic respiration will occur. Aerobic respiration is far more efficient than anaero-
bic respiration at producing ATP. As an example, starting with a single molecule of glu-
cose, aerobic respiration will result in the net gain of 30 to 32 ATP. In contrast,
anaerobic respiration is limited to a net gain of 2 ATP per glucose.

The four stages of aerobic respiration can be explained using glucose as an example
(Figure 4-5):2,11

1. Glycolysis. This pathway breaks glucose down into pyruvate. This breakdown of
glucose also results in the production of NADH � H�. As well, energy released
during glycolysis generates a net production of two molecules of ATP. Glycolysis
occurs in the cytosol of cells.

2. Transition reaction. In this pathway, pyruvate is further oxidized to form an acetyl

group , which is then bonded to coenzyme A (CoA) to form acetyl-
CoA. The transition reaction produces NADH � H� and releases carbon dioxide
(CO2) as a waste product. The transition reaction takes place within mitochondria
of cells. Note that it is in these cellular structures that the reactions of aerobic res-
piration occur.

3. Citric acid cycle. In this pathway, the acetyl-CoA produced by the transition reac-
tion enters into the citric acid cycle, with the end result being the production of
NADH � H�, FADH2, ATP, and CO2. The CO2 is then released as a waste prod-
uct. Like the transition reaction, the citric acid cycle takes place within mitochon-
dria of cells.

4. Electron transport chain. The NADH � H� and FADH2 produced by stages 1
through 3 of respiration enter this pathway. In the electron transport chain,
NADH � H� is oxidized to NAD�, and FADH2 is oxidized to FAD. At the end
of the electron transport chain, oxygen is combined with hydrogen ions (H�) and
electrons to form water. It is in the electron transport chain that the majority of
the ATP is produced; keep in mind that it is an aerobic process. The electron trans-
port chain takes place within mitochondria of cells.

O
B

CH3–C–O
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aerobic Requiring oxygen.

anaerobic Not requiring oxygen.

Glycolysis

Glucose 2 Pyruvate

NADH �

e

e

e
and

Citric acid
cycle

Transition reaction Electron transport chain

2 ADP

2 ATP

2 ADP

2 ATP

26 or
28 ADP

26 or
28 ATP

2 CO2 2 CO2 2 CO2

302 � 12H� 6H2O

NADH �

NADH

FADH2

�

H�

H�
H�

1

2
3

4

Figure 4-5 l The four phases of energy metabolism. Glycolysis in the cytoplasm produces pyruvate (step 1), which enters mitochondria if oxygen 
is available. The transition reaction (step 2) and the citric acid cycle that follow occur inside the mitochondria (step 3). Also, inside mitochondria, the electron
transport chain receives the electrons that were removed from glucose breakdown products (step 4). The result of glucose breakdown is 30 to 32 ATP,
depending on the particular cell.

cytosol The water-based phase of the
cytoplasm; excludes organelles such as
mitochondria.

mitochondria The main sites of energy
production in a cell. They also contain the
pathway for oxidizing fat for fuel, among other
metabolic pathways.

war27505_ch04.qxd  2/7/06  9:45 AM  Page 118



www.mhhe.com/wardlawpers7 119

Carbohydrate Metabolism

Because glucose is the main carbohydrate involved in cell metabolism, this section will
track its step-by-step metabolism as an example of carbohydrate metabolism. The
metabolic pathways that comprise the complete oxidation of one glucose molecule can
be summarized in a single, simplified equation:

In this equation the conversion of C6H12O6 to CO2 represents an oxidation process,
whereas the conversion of O2 to H2O represents a reduction process.

Some of the energy that is released in this reaction is used to produce ATP, but
much of the energy is simply released as heat. However, this heat should not be con-
sidered wasted energy. It is used to maintain the body temperature needed to support
each cell’s metabolic reactions.2

Glycolysis

Glycolysis literally means “breaking down glucose.” The glycolysis pathway has a dual
role: It degrades carbohydrates such as glucose to generate energy, and it provides
building blocks for synthesizing needed cell compounds, such as glycerol for triglyc-
eride synthesis.11

Before glycolysis can begin, a cell must obtain glucose. Only a few types of cells,
such as liver and kidney cells, can produce their own glucose from certain amino acids,
and only liver and muscle cells store glucose to a major extent. This glucose is stored
as glycogen. Liver and muscle cells break down the glycogen to glucose (or a closely
related form). Other body cells must obtain glucose from the bloodstream, so the
body needs to maintain a fairly constant concentration of blood glucose to survive (see
Chapter 5 for details). The product of glycolysis is two units of a three-carbon com-
pound called pyruvate (Figures 4-6 and 4-7).

To begin glycolysis, a phosphate group from ATP is added to glucose, which makes the
glucose more reactive (step 1). Another phosphate group from ATP is added to the newly
formed glucose-phosphate compound (step 2), which then splits into two 3-carbon-
phosphate compounds (step 3). These are converted through a series of steps into two
molecules of the 3-carbon compound pyruvate (step 4). Thus, in glycolysis a cell starts
with a 6-carbon glucose molecule and produces two molecules of the 3-carbon compound
pyruvate. In the process, four hydrogens (containing a total of four electrons) are removed
(step 5), and four ATP are generated (steps 6 and 7). The electrons and hydrogen ions are
picked up by a carrier—in this case, NAD�. Recall that each NAD� (oxidized form) ac-
cepts two electrons and one hydrogen ion, yielding NADH � H� (reduced form).3

The end result of glycolysis includes the synthesis of 2 NADH � 2H�. There is also
a net gain of two ATP. This arises because it takes two ATP to “prime” glucose for fur-
ther metabolism (steps 1 and 2), but four ATP are then produced from each glucose
molecule (steps 6 and 7), yielding a net gain of two ATP. These two ATP represent only
about 5% of the total ATP that can be produced by the complete oxidation of one glu-
cose molecule. Most of the energy still resides in the pyruvate molecules and the NADH
� H� produced. (The latter must enter the electron transport chain to yield ATP.)

Glucose is not the only carbohydrate that can produce ATP by glycolysis. Other
simple carbohydrate forms, such as fructose, also can be converted to intermediate
compounds found in the glycolysis pathway. These compounds then follow the re-
maining steps in the pathway.

oxidation

C6H12O6 � 6O2 → 6CO2 � 6H2O � energy
glucose oxygen carbon water

dioxide
Reduction

glycolysis The metabolic pathway that converts
glucose into 2 molecules of pyruvate acid, with
the net gain of 2 ATP and 2 NADH � 2H�.

glycogen A carbohydrate made of multiple
units of glucose with a highly branched
structure; sometimes known as animal starch. It
is the storage form of glucose in humans and is
synthesized (and stored) in the liver and
muscles.

Glucose

Pyruvate

C

CH3

C

O

O�

O

O

CH2OH

OHH

OH H

HH
H

OHHO
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6
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6
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3

3
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3

Glucose
(6-carbon
molecule)

 Pyruvate

6-carbon molecule

6-carbon molecule

6-carbon molecule

3-carbon molecule

3-carbon molecules

 ADP

ATP

 ADP

ATP

 2 ADP

2 ATP

 2 ADP

2 ATP

1

2

3
5

6

4

7

2 NAD�

2 NADH �2     

 H2O

Two ATP used
to begin glycolysis

These ATP make 
up for those used 
to begin glycolysis.

These ATP represent
the net production 
of glycolysis.

2X

3-carbon molecules2X

3-carbon molecules2X

2X

H�

Figure 4-6 l Glycolysis simplified. The
process begins with one glucose (C6H12O6)
(step 1) and ends with two pyruvates (C3H4O3)
(step 4). Some ATP is both used (steps 1 and 2)
and produced by the process (steps 6 and 7) .
The four electrons and two of the hydrogen ions
released are captured by 2 NAD� (step 5). The
other two hydrogen ions float free in the
cytosol. Pyruvate then can undergo further
metabolism in the citric acid cycle.

A new tool for understanding how we as in-
dividuals differ in the metabolic response

to nutrients may lie in the ability to track the ac-
tual  metabolic intermediates made to form this
response, such as how we respond to exposure
from different fatty acids. This approach, called
metabolomics, should be more accurate than
merely looking for differences in DNA between
individuals to predict dietary responses.
Reference no. 7 reviews this new tool of 
research.
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Figure 4-7 l Glycolysis, step by step. This metabolic pathway begins with glucose and ends with pyruvate. Net gain of two ATP molecules can be
calculated by subtracting those used during the energy-investment steps from those produced during the energy-harvesting steps. Text in boxes to the far right
explains the reactions. See Figure B-1 in Appendix B for a more detailed view of glycolysis.
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The two pyruvate molecules formed at the end of glycolysis still contain much
stored energy. Pyruvate passes from the cytosol into mitochondria, where the transi-
tion reaction converts pyruvate into a form that can enter the citric acid cycle.3

Transition Reaction

In order to enter the citric acid cycle, pyruvate must be converted to an acetyl group
in a process called a transition reaction. The pyruvate is then attached to coenzyme A
(CoA), forming acetyl-CoA. This overall reaction is irreversible, which has important
metabolic consequences, as you will see. The conversion of pyruvate to acetyl-CoA re-
quires the B vitamins thiamin, riboflavin, niacin, and pantothenic acid. For this reason,
carbohydrate metabolism depends on the presence of these vitamins.8

The transition reaction oxidizes pyruvate and reduces NAD�. It can be summarized as:

pyruvate � CoA � NAD� → acetyl-CoA � CO2 � NADH � H�

Note that each glucose yields 2 pyruvate for the transition reaction. As with the
NADH � H� produced by glycolysis, the NADH � H� produced by the transition
reaction will eventually enter the electron transport chain.

To begin glycolysis, two phosphate groups from two ATP molecules are added to glucose
to make the glucose more reactive. This doubly phosphorylated glucose continues through
glycolysis in the form of various intermediates (steps 1–3). Eventually one of the intermedi-
ates is split into two molecules of a 3-carbon compound. Each of these 3-carbon com-
pounds goes through a series of chemical reactions (steps 4–7) to become the 3-carbon
pyruvate. Thus, in glycolysis, glucose with 6 carbons, 12 hydrogens, and 6 oxygens
(C6H12O6) is converted to two molecules of pyruvate, each composed of 3 carbons, 4 hy-
drogens, and 3 oxygens (C3H4O3). In the process, 4 hydrogens (containing 4 protons and
4 electrons) are removed, allowing NAD� to be reduced to form NADH � H�. Each
NAD� has accepted 2 electrons and 1 proton, producing NADH (the extra H� is an un-
bound proton). Also produced in this phase of glycolysis is four ATP. However, since two
ATP are needed to “prime” glucose (steps 1 and 2), there is a net gain of only two ATP
per glucose. Next, each pyruvate typically enters the transition reaction and is oxidized to 
a 2-carbon acetyl group carried by coenzyme A, and 2 NAD� are reduced to form 
2 NADH � 2 H�. CO2 is a waste product of the reaction.

Citric Acid Cycle

The acetyl-CoA molecules produced by the transition reaction enter the citric acid
cycle. The citric acid cycle is a series of chemical reactions used by cells to convert the
carbons of an acetyl group to carbon dioxide while at the same time harvesting energy
in order to produce ATP (Figure 4-8).10 Each complete turn of the citric acid cycle
produces NADH � H� and FADH2, which, like the NADH � H� generated by gly-
colysis and the transition reaction, will enter the electron transport chain. The details
of the citric acid cycle can be found in Figure 4-9.

How the Citric Acid Cycle Works
To begin the citric acid cycle, acetyl-CoA combines with a 4-carbon compound, ox-
aloacetate, to form the 6-carbon compound citrate (Figure 4-9, step 1). In the
process, the corresponding CoA molecule is released and can be reused. During one
complete turn of the citric acid cycle, the 6-carbon citrate molecule is metabolized
back to a 4-carbon oxaloacetate molecule (steps 2–8) and 2-carbon dioxide molecules
are released (steps 3 and 5). The cycle is now ready to begin again with oxaloacetate
and another acetyl-CoA.

122 Chapter 4 Metabolism

Metabolism is part of everyday life, and such
activity increases when we increase physical
activity.

C oA is short for coenzyme A. The A stands
for acetylation because CoA provides the

two carbon acetyl group to start the citric acid
cycle.

GTP from the citric acid cycle goes on to
form ATP.

Other names for the citric acid cycle are the
tricarboxylic acid cycle (TCA cycle) and

the Krebs cycle, named after Sir Hans Krebs, the
scientist who first described it.
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Each complete turn of the citric acid cycle yields potential ATP in the form of
guanosine triphosphate (GTP) (step 6) as well as NADH � H� (steps 2, 4, and 8) and
FADH2 (step 7). When reviewing this overall reaction, focus on the input of an acetyl
group that was produced by the oxidation of pyruvate and on the output of GTP,
NADH � H�, FADH2, and CO2.

From the Citric Acid Cycle to the Electron Transport Chain
In aerobic respiration, a cell starts with a 6-carbon glucose and eventually produces 
6 CO2, 10 NADH � H�, 2 FADH2, and 4 ATP. It takes two turns of the citric acid
cycle to process one glucose, because the glucose was split into two 3-carbon frag-
ments as a result of glycolysis.

All the carbons in glucose are released in the form of carbon dioxide. The carbon
dioxide eventually leaves the body by way of the lungs. In the process, ATP is synthe-
sized directly by both glycolysis and the citric acid cycle, and NADH � H� and
FADH2 are produced.

The final pathway of aerobic respiration is the electron transport chain. Most of the
ATP produced during aerobic respiration is produced by the electron transport chain. 
The NADH � H� and FADH2 produced previously by other reactions are used to supply
the energy needed for ATP synthesis in the electron transport chain. In this way, much
more of the energy released from glucose metabolism is transferred to ATP (Figure 4-10).2

The Electron Transport Chain

Most cells perform the electron transport chain. This metabolic process, called 
oxidative phosphorylation, requires the minerals iron and copper. Iron is a compo-
nent of cytochromes in the electron transport chain, and copper is a component of
an enzyme present.

During the first steps of the electron transport chain, both NADH � H� and FADH2
are oxidized (i.e., their hydrogens are removed; review Figure 4-9). The details of these steps
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Figure 4-8 l How the citric acid cycle works.
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Figure 4-9 l The transition reaction and the citric acid cycle. The net result of one turn of this cycle of reactions (steps 1–8) is the oxidation of an acetyl
group to two molecules of CO2 and the formation of three molecules of NADH � H� and one molecule of FADH2. One GTP molecule also results, which
eventually forms ATP. The citric acid cycle turns twice per glucose molecule. Note that oxygen does not participate in any of the steps in the citric acid cycle. It
instead participates in the electron transport chain (described on page 123). See Figure B-2 in Appendix B for a more detailed view of the citric acid cycle.
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Intermediates of the citric acid cycle, such as
oxaloacetate, can leave the cycle and go on

to form other compounds, such as glucose. Thus,
the citric acid cycle should be viewed as a traffic
circle rather than as a closed circle.
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in the pathway are illustrated in Figure 4-11, steps 1 and 2. Pairs of electrons are then sep-
arated by coenzyme Q (CoQ) (step 3). Thus, although NADH � H� and FADH2 trans-
fer their hydrogens to the electron transport chain, the hydrogen ions (H�), having been
separated from their electrons (H → H� � e�), are not carried down the chain with the
electrons. After the pairs of electrons have been separated, each is passed along a group of
iron-containing cytochromes. At each transfer from one cytochrome to the next, some en-
ergy is given off. A portion is eventually used to generate ATP from ADP and Pi, but much
is simply released as heat. At the end of the chain of cytochromes, oxygen, hydrogen ions,
and electrons are united to form water: 1/2C2 � 2H� � 2e� → H2O (step 4).3

The key thing to remember here is that the net result of the electron transport chain
is the production of ATP and water (steps 4 and 5).

Just How Many ATP Are Produced?
Once the NADH � H� and FADH2 have transferred their hydrogens to the electron
transport chain, they are again in the form of NAD� and FAD and are ready to shuttle
more hydrogens to the electron transport chain. In Figure 4-11, step 1, NADH � H�

donates its chemical energy to an FAD-related compound called flavin mononucleotide
(FMN). In contrast, FADH2 donates its chemical energy at a latter point in the electron
transport chain (Figure 4-11, step 2). This different placement of FAD and NAD� in
the electron transport chain results in a difference in ATP production. Each NADH �
H� in a mitochondrion releases enough energy to form the equivalent of 2.5 ATP, while
each FADH2 releases enough energy to form the equivalent of 1.5 ATP.2

Of all the ATP yielded by the complete oxidation of glucose, almost 90% are syn-
thesized in the electron transport chain.

So This Is Why Oxygen Is Important
Because oxygen is essential to the processes of the electron transport chain, the elec-
tron transport chain is part of aerobic metabolism. NADH � H� and FADH2 pro-
duced during the citric acid cycle can be regenerated into NAD� and FAD only by the
eventual transfer of their electrons and hydrogen ions to oxygen, as occurs in the elec-
tron transport chain. The citric acid cycle has no ability to oxidize NADH � H� and
FADH2 back to NAD� and FAD. This is ultimately why oxygen is essential to many
life forms; a final acceptor of the electrons and hydrogen ions generated from the
breakdown of energy-yielding nutrients is needed. Without oxygen, most of our cells
are unable to extract enough energy from energy-yielding nutrients to sustain life.2
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Low-energy
molecule, such as
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�

H2O

or

e�

e�

e�

e�

1
—
2 O2

ADP Pi ATP�

FADH2

NADH

NAD�

FADor

H�

H�

H�

H�

H�

Figure 4-10 l Simplified depiction of
electron transfer in energy metabolism. High-
energy compounds, such as glucose, give up
electrons and hydrogen ions to NAD� and
FAD. The NADH � H� and FADH2 that are
formed transfer these electrons and hydrogen
ions, using specialized electron carriers, to
oxygen to form water (H2O). The energy
yielded by the entire process is used to
generate ATP from ADP and Pi.

electron transport chain A series of reactions
using oxygen to convert NADH � H� and
FADH2 molecules to free NAD� and FAD
molecules with the donation of electrons and
hydrogen ions to oxygen, yielding water 
and ATP.

Note that a product called Coenzyme Q-10
is sold as a nutrient supplement in health

food stores (the number 10 signifies that it is the
form found in humans). However, when the mito-
chondria need coenzyme Q, they make it. Thus,
to maintain overall health, people do not need 
to take in coenzyme Q in their diet or in the
form of a supplement. (Such use may be helpful,
however, in people with heart failure; see 
Chapter 18.)
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Summary: The Electron Transport Chain Results 
in the Production of ATP and Water
The electron transport chain involves the passage of electrons along a series of electron
carriers. As electrons are passed along from one carrier to the next, small amounts of
energy are released. Some of this energy is ultimately used to generate ATP. NADH �
H� and FADH2 supply both hydrogen ions and electrons to the electron transport
chain. At the end of the electron transport chain, hydrogen ions, electrons, and oxy-
gen combine to form water.

In the citric acid cycle, a 2-carbon acetyl group in the form of acetyl-CoA combines with a
4-carbon oxaloacetate molecule to form the 6-carbon citrate molecule. Through various
chemical reactions, the cycle releases two carbon dioxide molecules and eventually yields
another oxaloacetate, the starting material. This new oxaloacetate can combine with 
another acetyl-CoA molecule to begin the process again. The NADH � H� and FADH2
produced by glycolysis, the transition reaction, and the citric acid cycle donate their elec-
trons and hydrogen ions to the electron transport chain, yielding water and ATP and in the
process regenerating NAD� and FAD.
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Figure 4-11 l Organization of the
electron transport chain. As electrons
move from one molecular complex to the other,
hydrogen ions (H�) are pumped from the
mitochondrial matrix into the intermembrane
space (steps 1–4). (Note that each
mitochondrion has an inner and outer
membrane.) As hydrogen ions flow down a
concentration gradient from the intermembrane
space into the mitochondrial matrix, ATP is
synthesized by the enzyme ATP synthase 
(step 5). ATP leaves the mitochondrial matrix 
by way of a channel protein. See Figure B-3 
in Appendix B for a more detailed view of the
electron transport chain.

While looking at electron microscopy slides of
muscle cells, you observe various organelles.
However, the large number of mitochondria
you see is remarkable. Your instructor asks you
to explain this observation to your classmates.
How would you do so?

A number of defects have been described re-
lated to the metabolic processes that take

place in mitochondria. A variety of medical 
interventions can be used to treat the muscle
weakness and muscle destruction typically 
arising from these disorders; the use of specific
nutrients and related metabolic intermediates in
treatment is reviewed in reference no. 9.
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Does a Metabolic Advantage Exist 
for the High-Protein Diet?

Andrea C. Buchholz, Ph.D., R.D., and Dale A. Schoeller, Ph.D.

High-protein/low-carbohydrate weight-loss diets have become very popular.
Despite initial skepticism by many investigators, results from a number of
studies have shown that these diets do initially yield greater weight losses
than do high-carbohydrate/low-fat diets. On average, high-protein diets re-

sult in a 12-week weight loss that is 2.5 kg greater, and in a 24-week weight
loss that is 4.0 kg greater, than the weight loss on high-carbohydrate/
low-fat diets. Assuming that this weight loss has the typical composition of
80% fat mass and 20% fat-free mass:

Expert Opinion

a9.5 kcal/g is the gross energy density of fat mass. It is higher than the 9 kcal/g metabolizable energy for dietary fat because
there is no adjustment for incomplete absorption.
b1.1 kcal/g is the energy density of fat-free mass. It is calculated from the gross energy value of protein adjusted for urinary
energy losses due to incomplete metabolism and the percentage of fat-free mass that is protein.

2.5 kg � 80% fat mass � 1000 g/kg � 9.5 kcal/g fata � 19,000 kcal
2.5 kg � 20% fat-free mass � 1000 g/kg � 1.1 kcal/g fat-free massb � 550 kcal

Total kcal represented by 2.5 kg weight loss � 19,550 kcal

4.0 kg � 80% fat mass � 1000 g/kg � 9.5 kcal/g fat � 30,400 kcal
4.0 kg � 20% fat-free mass � 1000 g/kg � 1.1 kcal/g fat-free mass � 880 kcal

Total kcal represented by 4.0 kg weight loss � 31,280 kcal

Thus, the difference in weight loss after 12 to 24 weeks of treatment re-
flects a 19,550 to 31,280 kcal difference in energy balance, respectively,
or roughly 200 kcal/day. This finding has caused several investigators to ask
whether a high-protein weight-loss diet provides a metabolic advantage to
the body.

Weight loss occurs because of negative energy balance, when energy
expenditure exceeds energy intake. Given that protein, fat, and carbohy-
drate are all used for energy metabolism but that the yield of ATP produced
can vary slightly depending on the route of metabolism, it is reasonable to
consider that diets differing in macronutrient distribution may influence total
energy expenditure. If a particular diet were to increase total energy expen-
diture relative to another, then for the same energy intake, energy balance
would be more negative for that diet and weight loss would likely be greater.
Is it possible that individuals on a high-protein diet “burn” more energy than
those on a high-carbohydrate/low-fat diet?

In controlled studies in which participants consume the same amount of
energy and in which protein intake is held constant and fat is substituted for
carbohydrate diet, neither total energy expenditure nor resting metabolism
of those participants on a high-carbohydrate differ from those on a high-fat
diet. However, increasing protein intake from 15% to 30 to 35% of total en-
ergy intake does increase resting metabolism and the degree to which the
body must increase energy expenditure to digest, absorb, and process the

macronutrients. This increase in energy use in sedentary individuals is esti-
mated to be 41 kcal/day on a 1500 kcal/day energy intake. This amount
represents only 20% of the 200 kcal/day difference in energy balance be-
tween the two diets. Thus, if there is a metabolic advantage associated with
a high-protein diet, it is only a small one.

If the difference in total energy expenditure does not adequately explain
the 200 kcal/day energy imbalance between a high-protein/low-
carbohydrate diet and a high-carbohydrate/low-fat diet, then there must be a
difference in energy intake. One important consideration in studies compar-
ing weight-loss treatments is the accuracy of participants’ energy intake data.
Ideally, weight-loss studies are conducted in free-living participants. While this
situation is desirable because it provides results under real-life conditions, it
also means that participants are ultimately responsible for their dietary re-
ports. Because of the well-known tendency of people to underreport their di-
etary intake, actual intake may be 10 to 50% greater than what is reported
in diet records. Even if meals are provided to participants, noncompliance
can occur and dietary intakes are likely to be higher than prescribed. Thus,
researchers’ knowledge of actual dietary intakes of free-living participants in
weight-loss studies—regardless of macronutrient distribution—are numeri-
cally uncertain.

Even if participants accurately reported their dietary intakes, there would
still remain the potential for errors in the calculation of metabolizable energy

(continued)
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intake. In considering this issue, it is worthwhile to briefly review thermody-
namics. The first law of thermodynamics states that energy can neither be
created nor destroyed, but only transformed. Thus, the human body is con-
stantly transforming energy—in this case, potential energy stored in C–C and
C–H bonds—by oxidizing food to produce heat while using some of that en-
ergy by shuttling it to ATP for use in muscle contraction, ion pumping, and
chemical synthesis. The human body, however, is not a perfect engine and
cannot utilize all the potential energy available in food. This is the concept
of metabolizable energy, or the difference between the gross energy of con-

sumed food and the chemical energy lost in feces (due to incomplete ab-
sorption) and urine (due to incomplete catabolism). The metabolizable en-
ergy values commonly used today are the general factors of 4 kcal/g for
carbohydrate, 9 kcal/g for fat, and 4 kcal/g for protein described by
Atwater in the early 1900s. However, Atwater clearly demonstrated that
these factors were average values: although they can be used to calculate
the metabolizable energy of a whole diet, they are in error to some degree
for most single food items. This problem is due to differences in the bioavail-
ability and chemical structure of individual macronutrients. These general
factors have been found to overestimate measured metabolizable energy by
1 to 18%, particularly for high-fiber foods. This overestimation might explain
some of the difference in weight loss observed on two diets differing in
macronutrient distribution even if the diets are prescribed under controlled
conditions. That is, while calculated energy intakes may be similar between
two groups of participants following diets differing in macronutrient distribu-
tion, actual energy intakes may be lower in one group relative to the other,
and thus weight loss would likely be greater. Experimental data, however,
are lacking.

Greater negative energy balance, and thus weight loss, has been ob-
served in individuals consuming a high-protein/low-carbohydrate diet than
those consuming a high-carbohydrate/low-fat weight-loss diet. Experimental
evidence shows that the small metabolic advantage of the high-protein diet
does not adequately explain this energy imbalance. The energy imbalance
must therefore be due to differences in energy intake. However, the cause is
difficult to determine because of widespread underreporting of energy in-
takes and because of possible errors in calculated versus metabolizable en-
ergy intakes. Further research on the effects of a high-protein diet on energy
intake is needed.

Dr. Buchholz is Assistant Professor of Foods and Nutrition at the
University of Guelph. She earned a Ph.D. in nutritional sciences from
the University of Toronto. Dr. Schoeller is Professor of Nutritional
Science at the University of Wisconsin–Madison. He earned a Ph.D.
in chemistry from Indiana University. Both have research interests in
energy metabolism and body composition.

Carbohydrate, protein, fat, and alcohol all contribute
chemical energy to the body.

Aerobic Respiration

As a result of the pathways of aerobic respiration, some of the energy in food is con-
verted to a form of energy that cells can use rather than just being converted immedi-
ately to heat, as would have happened if you had ignited the food with a match. The
ATP yield from the complete aerobic breakdown of one glucose is 30 to 32 ATP. These
ATP account for about 40% of the energy found in one molecule of glucose. The re-
maining energy (60%) escapes as heat via all the reactions that take place in which ATP,
GTP, NADH � H� and FADH2 are not made.2 The same 40:60 ratio applies to the
energy metabolism of fatty acids and amino acids. That ratio is fairly efficient given
that, for comparison, an automobile engine captures only about 10% of the chemical
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energy in gasoline. The human body is about four times more efficient than an auto-
mobile in extracting energy from carbon-based compounds. In the Expert Opinion, Dr.
Andrea Buchholz and Dr. Dale Schoeller discuss whether diet composition influences
this efficiency, as is claimed by some weight-loss diets (e.g., low carbohydrate diets).

Glycogen Metabolism

Glycogen synthesis involves adding glucose molecules to an existing glycogen mole-
cule. Glycogen provides liver and muscle cells with a short-term storage form of glu-
cose. Later, when glucose is needed, glycogen breakdown yields glucose as a glucose-
phosphate compound, which eventually enters into glycolysis. However, there is a dif-
ference in the way the body uses the glycogen stored in liver cells and the glycogen
stored in muscle cells. The glucose-phosphate compound formed when the liver breaks
down glycogen can eventually be released as glucose into the bloodstream. Therefore,
this glucose is available to all the cells of the body. In contrast, the glucose-phosphate
compound formed when muscle cells break down glycogen is available for use only by
that muscle.

Anaerobic Respiration

Some cells lack mitochondria and so are not capable of aerobic respiration. Other cells
are capable of turning to anaerobic respiration when oxygen is lacking. When per-
formed, this anaerobic respiration is not nearly as efficient as aerobic respiration, be-
cause it converts only about 5% of the energy in a molecule of glucose to energy stored
in the high-energy phosphate bonds of ATP.2

Anaerobic Glycolysis

The anaerobic glycolysis pathway encompasses glycolysis and the conversion of pyru-
vate to lactate (Figure 4-12).

Anaerobic Glycolysis in Red Blood Cells
For cells, such as red blood cells, that lack mitochondria, anaerobic glycolysis is the
only available method for making ATP. Such cells lack the oxygen-requiring (aerobic)
pathway needed for using NADH � H� for ATP synthesis, and they also lack the abil-
ity to use this process to recycle NADH � H� back to NAD�. Therefore, when red
blood cells convert glucose to pyruvate, NADH � H� builds up in the cell. Eventually,
the NAD� concentration falls too low to permit glycolysis to continue, because most
of the NAD� present is in the form NADH � H�.3

The pathway that regenerates NAD� anaerobically involves a reaction that com-
bines pyruvate with NADH � H� to form lactate (review Figure 4-12). In the process,
NADH � H� turns into NAD�. The reaction that produces lactate to regenerate
NAD� can be summarized as:

pyruvate � NADH � H� → lactate � NAD�

The lactate produced by the red blood cell is then released into the bloodstream,
picked up primarily by the liver, and synthesized back into pyruvate, glucose, or some
other intermediate in aerobic respiration.

Anaerobic Glycolysis in Muscle Cells
Like red blood cells, muscles that are being exercised also produce lactate when they run
out of NAD�. By regenerating NAD�, the production of lactate allows anaerobic gly-
colysis to continue. Muscle cells can then make the ATP required for muscle contraction
even if little oxygen is present. However, as you will find out in Chapter 14, it will be-
come more difficult to contract those muscles as the lactate concentration builds up.

Quick bursts of activity rely on the production
of lactate to help meet the ATP energy demand.

W hen respiring anaerobically, some mi-
croorganisms such as yeast produce

ethanol, a type of alcohol, instead of lactate
from glucose. Other microorganisms produce
various forms of short-chain fatty acids. All this
anaerobic metabolism is referred to as 
fermentation.
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Aerobic and Anaerobic Respiration

Cells need to release energy stored in food fuels and then trap as much of this energy
as possible in the form of ATP. The body cannot afford to lose all energy immediately
as heat, even though some heat is necessary for maintenance of body temperature.
Glycolysis (aerobic and anaerobic), the transition reaction, the citric acid cycle, and the
electron transport chain accomplish many tasks in the body. Most important, however,
is that they enable cells to capture some of the chemical energy in food in the form of
ATP, which then acts as cellular fuel.2

Lipolysis: Fat Breakdown
Lipolysis is part of a process of splitting—breaking down—triglycerides into free fatty
acids and glycerol. The further breakdown of the fatty acids for energy production is
called fatty acid oxidation, because the donation of electrons from fatty acids to oxy-
gen is the net reaction in the energy-yielding process. This process takes place in the
mitochondria and peroxisomes of the cell, but only mitochondria can use the energy
released to form ATP.

Fatty acids are liberated from triglyceride storage in adipose cells by an enzyme
called hormone-sensitive lipase. The activity of this enzyme is increased by the hormones
glucagon, growth hormone, epinephrine, and others, and is decreased by the hormone
insulin. The fatty acids are taken up from the bloodstream by cells and are shuttled from
the cell cytosol into the mitochondria using a carrier called carnitine (Figure 4-13).5

lipolysis The breakdown of triglycerides to
glycerol and fatty acids.

peroxisome Cell organelle that uses oxygen to
remove hydrogens from compounds. This
produces hydrogen peroxide (H2O2), which
breaks down into O2 and H2O.

carnitine A compound used to shuttle fatty
acids from the cytosol of the cell into
mitochondria.
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Figure 4-12 l Anaerobic glycolysis with
lactate as the end product. This process “frees”
NAD� and it returns to the glycolysis pathway
to pick up more hydrogen ions and electrons.
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Making ATP from Fatty Acids

Almost all fatty acids in nature are composed of an even number of carbons, ranging
from 2 to 26. The first step in transferring the energy in such a fatty acid to ATP (fatty
acid oxidation) is to cleave the carbons, two at a time, and convert the two-carbon frag-
ments to acetyl-CoA. The process of converting a free fatty acid to multiple acetyl-CoA
molecules is called beta-oxidation, because the second carbon on a fatty acid (count-

ing after the acid end) is called the beta carbon.2 This is where the reaction
begins. During beta-oxidation, NADH � H� and FADH2 are produced. So as with
glucose, a fatty acid is eventually degraded into the 2-carbon compound acetate, in the
form of acetyl-CoA. Some of the chemical energy contained in the starting compound
is transferred to NADH � H� and FADH2 (Figure 4-14).

The acetyl-CoA enters the citric acid cycle, and two carbon dioxides are released,
just as with the acetyl-CoA produced from glucose. Thus, the breakdown product of
both glucose and fatty acids, acetyl-CoA, uses a common pathway—the citric acid
cycle. One big difference, however, is that a 16-carbon fatty acid yields 104 ATP,
whereas the 6-carbon glucose yields only 30 to 32 ATP. That results in a ratio of about
7 ATP per carbon for fatty acids versus about 5 ATP per carbon for glucose. This dif-
ference results from the greater number of C–H bonds per carbon in a fatty acid com-
pared to glucose. It is the oxidation of these chemical bonds that provides most of the
energy to drive ATP synthesis. Note that many of the carbons in glucose are also
bonded to hydroxyl groups (–OH) rather than only to hydrogen atoms, as is primarily
the case with fatty acids. Thus, as a whole, the carbons of glucose exist in a more oxi-
dized state. This is why fats yield more kcals/g than carbohydrates (9 versus 4)—fats
are less oxidized (more reduced) than carbohydrates.2

O
B

–C–OH

In healthy people, cells produce the carnitine
needed for synthesis, and carnitine supple-

ments provide no benefit. In patients hospitalized
with acute illnesses, however, carnitine synthesis
may be inadequate for their needs. These pa-
tients may need to have carnitine added to their
intravenous total parenteral nutrition 
solutions.
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Acetyl
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Lipolysis Figure 4-13 l Lipolysis. Because of the
action of hormone-sensitive lipase, fatty acids
are released from triglycerides in adipose cells
and enter the bloodstream. (Hormones such as
epinephrine increase the activity of this
enzyme.) The fatty acids are taken up from the
bloodstream by various cells and shuttled into
the inner portion of the cell mitochondria. This
shuttling utilizes carnitine. The fatty acid then
undergoes beta-oxidation to yield acetate
molecules, half as many as the number of
carbons in the fatty acid.
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Figure 4-14 l Beta-oxidation of fatty acids.
In beta-oxidation, each 2-carbon fragment
(acetyl group) yields electrons and hydrogen
ions to form NADH � H� and FADH2 as the
fragments are split off the parent fatty acid. The
2-carbon acetyl molecule then typically enters
the citric acid cycle (as acetyl-CoA).

beta-oxidation The breakdown of a fatty acid
into numerous acetyl-CoA molecules.
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No matter how many carbons a fatty acid contains, it is usually broken down into
acetyl-CoA. Occasionally, a fatty acid has an odd number of carbons, so the cell forms
many acetyl-CoA, plus one 3-carbon compound (propionyl-CoA). This enters the cit-
ric acid cycle directly, bypassing acetyl-CoA. It can then go on to yield NADH � H�,
FADH2, and carbon dioxide, and even other products such as glucose.

Carbohydrate Aids Fat Metabolism

In addition to its role in energy production, the citric acid cycle provides compounds
that leave the cycle and enter biosynthetic pathways. This means that even though
most oxaloacetate is reused in the cycle, a minimum amount of synthesis must still be
maintained because this removal from the citric acid cycle for biosynthetic reactions
could slow citric acid cycle activity. One potential source of this additional oxaloacetate
is pyruvate. Thus, as fatty acids create acetyl-CoA, carbohydrates such as glucose are
needed to keep the concentration of pyruvate high enough to resupply oxaloacetate to
the citric acid cycle. Overall, the entire pathway for fatty acid oxidation works better
when carbohydrate is available.

Ketogenesis is Producing Ketone Bodies from Fatty Acids

Ketone bodies are products of incomplete fatty acid oxidation.13 Hormonal imbalances—
chiefly, inadequate insulin production to balance glucagon action in the body—allow
for the development of some metabolic conditions that lead to significant production
of ketone bodies called ketosis (Figure 4-15).

1. Fatty acids stored in adipose cells are rapidly released into the bloodstream. A fall
in blood insulin is the key reason, because insulin inhibits lipolysis and, instead, fa-
vors fat storage. The bulk of the increase in fatty acids in the blood is taken up by
the liver.

2. Fatty acid oxidation to acetyl-CoA predominates over fatty acid synthesis in the
liver because the presence of a high amount of free fatty acids inhibits the first step
in fatty acid synthesis.

3. As the liver takes up the fatty acids and degrades them to acetyl-CoA, the ca-
pacity of the citric acid cycle to process the resulting acetyl-CoA molecules de-
creases. This is mostly because the metabolism of fatty acids to acetyl-CoA yields
many ATP, and high amounts of ATP slow citric acid cycle activity in liver cells.
Essentially, there is no need to use the citric acid cycle—the main role of which
is to transfer energy from fuels for use in ATP synthesis—when the cells have
plenty of ATP already. Other possible contributors include lack of enough ox-
aloacetate or coenzyme A to allow for all the fatty acids to be oxidized in the cit-
ric acid cycle.

ketone bodies Incomplete breakdown products
of fat, containing three or four carbons. Most
contain a chemical group called a ketone,
hence the name. An example is acetoacetic
acid.

ketosis The condition of having a high
concentration of ketone bodies and related
breakdown products in the bloodstream and
tissues.
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Figure 4-15 l Key steps in ketosis. Any condition that limits insulin availability to cells results in some ketone body production.

Pyruvate

C

O

C

O

O�

CO2

C

OO

O�

Oxaloacetate

CCH3

CH2 C O�

O

war27505_ch04.qxd  2/7/06  9:45 AM  Page 132



www.mhhe.com/wardlawpers7 133

These metabolic changes encourage the liver cells to first form acetyl-CoA and
then unite two acetyl-CoA molecules to form a 4-carbon compound. This com-
pound is further metabolized and eventually secreted into the bloodstream as the ke-
tone bodies acetoacetic acid and two related compounds, beta-hydroxybutyric acid
and acetone.

Most ketone bodies are subsequently converted back into acetyl-CoA in other body
cells, which use the ketone bodies for fuel. The acetyl-CoA is then pushed through the
citric acid cycle. One of the ketone bodies formed (acetone) leaves the body via the
lungs, giving the breath of a person in ketosis a characteristic, fruity smell.

Ketosis in Semistarvation or Fasting
When a person is in a state of semistarvation or fasting, carbohydrate availability falls,
and so insulin production falls. This fall in blood insulin then causes fatty acids to flood
into the bloodstream and eventually form ketone bodies, as just described. The heart,
muscles, and some parts of the kidneys then use ketone bodies for fuel. After a few days
of ketosis, the brain also begins to metabolize ketone bodies for energy.

This adaptive response is important to semistarvation or fasting. As more body cells
begin to use ketone bodies for fuel, the need for glucose as a body fuel diminishes. This
then reduces the need for the liver and kidneys to produce glucose from amino acids
(and as well from the glycerol released from lipolysis), sparing much body protein from
being used as a fuel source. The maintenance of body protein mass is a key to survival
in semistarvation or fasting. Death is seen when about half of the body protein is de-
pleted, usually coming after about 50 to 70 days of total fasting. In prolonged fasting,
about half the energy needs are met by the use of ketone bodies; only 5% of energy use
comes from glucose that was made from amino acids.20

Ketosis in Diabetes
In type 1 diabetes, little to no insulin is produced. This lack of insulin does not allow
for normal carbohydrate and fat metabolism. Without sufficient insulin and the related
inability to readily utilize carbohydrate, excess production of ketone bodies occurs.18

If the concentration of ketone bodies rises too high in the blood, the excess spills into
the urine, pulling the electrolytes sodium and potassium with it. Eventually, severe ion
imbalances occur in the body. The blood also becomes more acidic because two of the
three forms of ketone bodies contain acid groups. The resulting condition, known as
diabetic ketoacidosis (DKA), can induce coma or death if not treated immediately, such
as with insulin, electrolytes, and fluids (see Chapter 5 for more details). Ketoacidosis
usually occurs only in ketosis caused by uncontrolled type 1 diabetes; in fasting, blood
concentrations of ketone bodies usually do not rise high enough to cause the problem.

Lipogenesis: Building Fatty Acids
Lipogenesis is the formation of lipid. The majority of the pathways used are found in
the cytosol of liver cells. Ingested protein or carbohydrate that the body does not use
immediately can be converted into triglycerides and stored as such. Some of the pro-
tein can reside in amino acid pools in the body, but the amount is not significant. Most
carbohydrate is stored as glycogen, but the total amount rarely exceeds 350 g in the
entire body. Thus, when a lot of amino acids and/or glucose are left over in the body
after a large meal containing protein and/or carbohydrate, some of the carbons can be
used to synthesize fatty acids. (It is typically of minor importance in humans, how-
ever.)17 This process requires ATP and the B-vitamins biotin, niacin, and pantothenic
acid. Because ATP is used, lipogenesis is an energy-losing proposition for a liver cell.

In lipogenesis, the liver begins with carbons from glucose and the carbons from
amino acids that are metabolized to acetyl-CoA. Cells in the liver bond the acetate

The use of a very-low-carbohydrate diet to in-
duce ketosis for weight loss is covered in
Chapter 13. Why is careful physician monitor-
ing needed if this type of diet is followed?

lipogenesis The building of fatty acids using
derivatives of acetyl-CoA.
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parts of acetyl-CoA molecules (actually in the form of malonyl-CoA) together in a se-
ries of steps to form a 16-carbon saturated fatty acid, palmitic acid. Insulin increases
activity of a key enzyme used in the pathway (fatty acid synthase). This 16-carbon fatty
acid can later be lengthened to an 18- or 20-carbon chain either in the cytosol or mi-
tochondria.2 Ultimately, the fatty acids are joined to a form of glycerol (produced dur-
ing glycolysis from glyceraldehyde 3-phosphate) to yield a triglyceride. The triglyceride
is later released to the general circulation as a very-low-density lipoprotein, or
VLDL (see Chapter 6). Cells that take up fat may use it for ATP production, or it may
be stored in cells (mostly adipose cells), along with other fats that originate from di-
etary intake.

Fatty acids are degraded into numerous acetyl-CoA molecules. These molecules participate
in the citric acid cycle and electron transport chain to yield carbon dioxide, water, and ATP.
To synthesize fat, a cell binds numerous acetate molecules together to form a fatty acid.
Three fatty acids can then be joined to glycerol to yield a triglyceride. If acetyl-CoA oxida-
tion in liver cells is limited, such as in cases of long-term fasting, the acetyl-CoA resulting
from fatty acid oxidation tends to force the production of ketone bodies. These ketone
bodies enter the bloodstream and are eventually metabolized to carbon dioxide and water
(after being converted back to acetyl-CoA) by various cells. In lipogenesis, carbons origi-
nally donated by acetyl-CoA are used to form fatty acids.

Protein Metabolism
Protein metabolism begins after proteins are degraded into amino acids. To use an
amino acid for fuel, cells must first split off the amino group (–NH2) (see Chapter 7).
These pathways often require vitamin B-6 to function. Removal of the amino group
produces carbon skeletons, which mostly enter the citric acid cycle. Some carbon
skeletons also yield acetyl-CoA or pyruvate (Figure 4-16).3

Amino acid metabolism mostly takes place in the liver. Only branched-chain amino
acids—leucine, isoleucine, and valine—are metabolized primarily at other sites—in this
case, the muscles.8 Branched-chain amino acids are added to some liquid meal re-
placement supplements given to hospitalized patients. Some fluid replacement formu-
las marketed to athletes also contain branched-chain amino acids (see Chapter 14).

It is important to note that some carbon skeletons enter the citric acid cycle as
acetyl-CoA, whereas others form intermediates of the citric acid cycle or glycolysis.
Any part of the carbon skeleton that can bypass acetyl-CoA and enter the citric acid
cycle directly, or form pyruvate, can eventually become part of glucose via gluconeo-
genesis. Such is true for the amino acids alanine, methionine, arginine, histidine, as-
partic acid, and others (review Figure 4-15).2

Producing Glucose from Amino Acids and Other Compounds

The entire pathway to produce glucose from compounds such as certain amino acids—
gluconeogenesis—is present only in liver cells and in certain kidney cells. A typical
starting material for this process is oxaloacetate, which is derived primarily from the
carbon skeletons of some amino acids, mostly the amino acid alanine. Pyruvate can also
be converted to oxaloacetate (review Figure 4-16).

The 4-carbon oxaloacetate loses one carbon dioxide and converts to a 3-carbon
compound phosphoenolpyruvate, which then reverses the path back through glycoly-

carbon skeleton What remains of an amino
acid after the amino group has been removed.

gluconeogenesis The production of new
glucose by metabolic pathways in the cell.
Amino acids derived from protein usually
provide the carbons for this glucose.

T he steps in protein synthesis are covered in
Chapter 7.

malonyl-CoA Building block in fatty acid

O O
B B

synthesis: HO–C–CH2–C–Coenzyme A

very-low-density lipoprotein (VLDL) The
lipoprotein created in the liver that carries both
the cholesterol and the lipids taken up from the
bloodstream by the liver and those that are
newly synthesized by the liver.
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sis to glucose. It takes two of this 3-carbon compound to produce the 6-carbon glu-
cose. Some steps in gluconeogenesis are simply a reversal or variation of the glycolysis
pathway. This entire process requires ATP as well as coenzyme forms of the B-vitamins
biotin, riboflavin, niacin, and B-6.3

To learn more about gluconeogenesis, examine Figure 4-16, which traces the path-
way in converting glutamic acid, an amino acid, to glucose. Glutamic acid first loses its
amino group to form its carbon skeleton. This enters the citric acid cycle directly and
is converted by stages to oxaloacetate. Oxaloacetate loses one carbon as carbon diox-
ide, and the 3-carbon phosphoenolpyruvate produced then moves through glycolysis
to form glucose. Eventually, two glutamic acid molecules are needed to form one glu-
cose molecule.

Gluconeogenesis from Typical Fatty Acids Is Not Possible

Why can’t a typical fatty acid be turned into glucose? A fatty acid with an even num-
ber of carbons—the typical form in the body—breaks down into many acetyl-CoA
molecules. The step between pyruvate and acetyl-CoA is irreversible; acetyl-CoA can
never re-form into pyruvate once the carbon dioxide molecule is lost. The only option
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Figure 4-16 l Gluconeogenesis. Carbon
skeletons of amino acids that become pyruvate
(such as alanine, glycine, cysteine, serine, and
threonine) (step 1) or enter directly into the
citric acid cycle (such amino acids include
asparagine, arginine, aspartic acid, histidine,
glutamic acid, glutamine, isoleucine,
methionine, proline, valine, and phenylalanine)
(step 3) or are called glucogenic amino acids
because these carbons can become the
carbons of glucose. Any parts of carbon
skeletons that become acetyl-CoA are called
ketogenic because these carbons cannot
become parts of glucose molecules (step 2).
These include leucine and lysine, and parts of
isoleucine, phenylalanine, tryptophan, and
tyrosine. The deciding factor is whether part or
all of the carbon skeleton of the amino acid
yields a “new” oxaloacetate molecule during
metabolism, two of which are needed to form
glucose (step 4).
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then for acetyl-CoA, besides forming fatty acids or ketones, is to combine with 
oxaloacetate in the citric acid cycle. However, two carbons of acetyl-CoA are added to
oxaloacetate at the beginning of the citric acid cycle, and two carbons are subsequently
lost as carbon dioxide when citrate converts back to the starting material, oxaloacetate.
So at the end of one cycle no carbons are left to turn into glucose. Thus it is impossi-
ble to convert typical fatty acids into glucose.3

The only part of a triglyceride that can become glucose is the glycerol portion.
Propionyl-CoA formed from the metabolism of odd-chain fatty acids can do the same.
Glycerol enters into the glycolysis pathway, and propionyl-CoA can directly enter the
citric acid cycle at succinyl-CoA. Propionyl-CoA can then flow through the citric acid
cycle to oxaloacetate and then through the process of gluconeogenesis to convert to
glucose. Glycerol can follow the gluconeogenesis pathway from glyceraldehyde 3-
phosphate to glucose. Glucose yield from these compounds is insignificant, however,
because the body produces little propionyl-CoA and only about 10% of the molecular
weight of a triglyceride is glycerol.2

Recall from the earlier discussion on ketosis that if there is an insufficient amount
of carbohydrate in the body to meet ongoing needs, the liver and kidneys are forced
to synthesize glucose from body protein to support the energy needs of the brain and
red blood cells. Liver and kidney cells primarily begin with carbon skeletons from
amino acids that are able to directly enter the citric acid cycle or form pyruvate. These
compounds are converted to oxaloacetate, then to a 3-carbon intermediate com-
pound, phosphoenolpyruvate, and finally to glucose. Initially when a person fasts, the
liver performs about 90% of total body gluconeogenesis. This falls to about 60% in pro-
longed fasting.

Disposing of Excess Amino Groups from Amino Acid
Metabolism

The catabolism of amino acids yields amino groups (–NH2), which then form ammo-
nia (NH3). The ammonia needs to be excreted because its buildup is toxic to cells. The
liver prepares the amino groups for excretion in the urine using the urea cycle. During
the urea cycle, two nitrogen groups—one ammonia group and one amino group—
react through a series of steps with carbon dioxide molecules to form urea 

O
‘

(H2NCNH2) and water. Eventually, urea is excreted in the urine (Figure 4-17).3 In
liver disease, ammonia can build up to toxic concentrations in the blood, whereas in
kidney disease the toxic agent is urea. The form of nitrogen in the blood—ammonia
or urea—is a diagnostic tool for detecting liver or kidney disease.

Individual amino acids lose an amino group and become carbon skeletons. Many carbon
skeletons can be further metabolized so that they enter either the citric acid cycle or the
glycolysis pathway. The carbons can then proceed through gluconeogenesis to form new
glucose. If the carbon skeleton forms acetyl-CoA, glucose production is not possible from
that part of the amino acid. The amino groups go on to form part of urea, which is ex-
creted from the body in urine.
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Figure 4-17 l Disposal of excess amino
groups. The nitrogen groups, one as 
ammonia and the other as an amino group,
form part of urea, which is excreted in 
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urine (H2NCNH2). The nitrogen groups
originally came from amino acids that went
through transamination reactions and ultimately
deamination to yield the free nitrogen groups.

What Happens Where: A Review
Glycolysis takes place in the cytosol of a cell. The end product of glycolysis, pyruvate,
enters the mitochondria, where it is further degraded in the citric acid cycle. The
NADH � H� made in the cytosol during glycolysis must be shuttled into the mito-
chondria if the electron transport chain is to be used to convert NADH � H� back to
NAD� and simultaneously produce ATP. The type of shuttle determines how many
ATP each NADH � H� yields. Generally, 2.5 ATP are formed. One type of shuttle
system results in the loss of one potential ATP, so only 1.5 ATP result.2

Fatty acid oxidation also occurs in the mitochondria. The product of beta-
oxidation, acetyl-CoA, is metabolized by the citric acid cycle in the mitochondria.
Fatty acids are synthesized primarily in the cytosol.2

Gluconeogenesis begins in the mitochondria with the production of oxaloacetate.
Oxaloacetate eventually returns to the cytosol, where new glucose is produced. The
same is true for the urea cycle; some stages occur in the cytosol and some in the 
mitochondria (Figure 4-18).2

war27505_ch04.qxd  2/7/06  9:45 AM  Page 137



138 Chapter 4 Metabolism

Since the electron transport chain yields most of the ATP for the cell, the mito-
chondria are the cell’s major energy-producing organelles. Cells that need to make a
lot of ATP, such as muscle cells, have thousands of mitochondria, whereas cells that
need very little ATP, such as adipose cells, have fewer mitochondria.

Energy metabolism can take many forms in the body. By stringing together the gly-
colysis pathway and the citric acid cycle, cells can convert carbohydrates into fatty
acids, convert carbohydrates into carbon skeletons for synthesis of certain amino acids,
and use the energy in carbohydrates to form ATP (review Figure 4-18). These path-
ways can also turn carbon skeletons of some amino acids into carbon skeletons of oth-
ers. Furthermore, they can convert carbon skeletons from some amino acids to glucose
or have them drive ATP synthesis. Finally, fatty acids can provide energy for ATP syn-
thesis or produce ketone bodies. The glycerol part of the triglyceride can either be
converted into glucose and be used for fuel, or can contribute to ATP synthesis via par-
ticipation in glycolysis, citric acid cycle, and electron transport chain metabolism
(Table 4-1).

Regulating Metabolism
Among the organs, the liver plays the major role in regulating metabolism: it responds
to hormones and makes use of vitamins. Additional means of regulating metabolism
involve enzymes, ATP concentrations, and minerals.3

Figure 4-18 l A bird’s-eye view of cell
metabolism. Note that acetyl-CoA forms a
crossroads for many pathways and that the
citric acid cycle can also be used to help build
compounds, such as certain amino acids.
Anabolic and catabolic processes may appear
to share the same pathways, but generally this
is true for only a few steps. Separate enzymes
control anabolic and catabolic flow in a
pathway. This allows the cell significant control
over metabolism, since a specific set of
enzymes can be activated to promote either
anabolism or catabolism. If the chemical
reactions in anabolism and catabolism were
catalyzed by the same set of enzymes, the
direction of flow of compounds through these
pathways would be dictated exclusively by the
concentration of the starting materials rather
than by the cell’s changing needs for energy or
synthesis of needed compounds.
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The Liver

The liver is the location of many nutrient interconversions (Figure 4-19). Most nutri-
ents must pass first through the liver after absorption into the body. What leaves the
liver is often different from what entered. Key metabolic functions of the liver include
conversions between various forms of simple sugars, fat and cholesterol synthesis, pro-
duction of ketone bodies, amino acid metabolism, urea production, and alcohol me-
tabolism. Nutrient storage is an additional liver function.8

Enzymes

Enzymes are the key regulators of metabolic pathways; both their presence and their
rate of activity are critical to chemical reactions in the body. Enzyme synthesis and rates
of activity are controlled by cells and by the products of the reactions in which the en-
zymes participate. For example, a high-protein diet leads to increased synthesis of en-
zymes associated with amino acid catabolism and gluconeogenesis. Within hours of a
shift to a low-protein diet, the synthesis of enzymes associated with amino acid me-
tabolism will slow.3

Contributes Yields Fat Energy Cost 
to Energy Yields Amino Acids for Adipose of Conversion to

Nutrient in Diet Needs? Yields Glucose? for Body Proteins? Tissue Stores? Adipose Tissue Stores

Carbohydrate Yes Yes Yes, can provide carbons Yes, but not High
(glucose) for the carbon skeletons of readily

certain amino acids

Lipid Yes Generally not; the glycerol Indirectly by adding carbons to Yes Minimal
(triglycerides) present provides a minimal oxaloacetate that then can form

amount a carbon skeleton for certain
amino acids from a citric acid
cycle intermediate

Protein Yes, but generally Yes, excess amino acids can Yes, but not readily Yes High
(amino acids) not much be converted to glucose

Table 4-1 l Summary of Energy-Yielding Nutrient Metabolism

If you had unlimited resources to design a drug
that inhibits lipogenesis, which aspect of cellu-
lar respiration would you look to affect? What
unintended metabolic consequences might re-
sult from using such a drug? Reviewing Figure
4-18 might help you answer this question.

Fat

Cholesterol

Protein

Carbon
skeleton

Glycogen

Amino acids

VLDL

Glucose

Lactate

Blood proteins

Glycerol,
glucose,
galactose

Fructose

Urea

NH3

NH3

Amino
acids

Figure 4-19 l Liver metabolism. Most
nutrients must pass first through the liver after
absorption into the body. What leaves the liver
is often different from what entered. VLDL
stands for very-low-density lipoprotein. This
lipoprotein carries fat from the liver to other
body cells (see Chapter 6 for details).
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Hormones

Hormones, including insulin, serve as regulators of metabolic processes. Low levels of
insulin in the blood promote gluconeogenesis, protein breakdown, and lipolysis.
Increased blood insulin promotes the synthesis of glycogen, fat, and protein.

ATP Concentrations

ATP concentration in a cell plays a role in the regulation of metabolism. High ATP
concentrations decrease energy-yielding reactions such as glycolysis and promote ana-
bolic reactions, such as lipogenesis, that use ATP. High ADP concentrations, on the
other hand, stimulate energy-yielding pathways.12

Vitamins and Minerals

Many vitamins and minerals participate in metabolic pathways (Figure 4-20). Most no-
table are the B-vitamins thiamin, riboflavin, niacin, pantothenic acid, biotin, vitamin B-6,
folate, and vitamin B-12 as well as the minerals iron and copper. Because so many
metabolic pathways depend on nutrient input, health problems can develop from 
nutrient deficiencies.8 The roles that vitamins and minerals play in metabolism will be
discussed in greater detail in Chapters 9, 10, 11, and 12.

Glycolysis takes place in the cytosol of the cell; the transition reaction, citric acid cycle, and
electron transport chain occur in mitochondria. Fatty acid oxidation occurs in mitochondria;
fatty acids are synthesized mostly in the cytosol. Both urea formation and gluconeogenesis take
place in both mitochondria and the cytosol. Hormone balance, enzyme activity, and the need
for ATP all influence the rate at which these metabolic pathways operate. Because many meta-
bolic pathways converge at acetyl-CoA, it is central to energy metabolism.

Carbohydrates
(glycogen in particular)

Vitamin B-6

Thiamin
Niacin
Pantothenic 
   acid
Riboflavin
Magnesium

Thiamin
Niacin

Niacin

Pantothenic acid
Biotin
Vitamin B-12

Vitamin B-6

Riboflavin
Biotin
Pantothenic
   acid

Niacin

Folate
Vitamin B-12
Vitamin B-6

Biotin
Thiamin

Folate
Vitamin B-12
Iron

Thiamin
Riboflavin
Niacin
Copper

Folate
Vitamin B-12

Biotin

Vitamin B-6

Vitamin B-12
FolateNiacin

Vitamin B-6

Vitamin C
Vitamin K

Acetyl-CoA
(pantothenic acid)

Monosaccharides

CO2 � H2O � Energy

Fatty acids and gycerol

Lipids Proteins

Amino acids

Figure 4-20 l Many vitamins and minerals participate in the metabolic pathways.
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Fasting and Feasting
This chapter ends with a brief discussion of the consequences of fasting and feasting.
Some of the material in this section will repeat what you have already learned, and
some will serve as a preview for subsequent chapters.

Fasting

When individuals fast, their metabolic rate slows, reducing their need for energy. The
decrease in metabolic rate is due to decreased food intake and organ breakdown (pro-
tein breakdown). With the resultant fall in insulin production, fasting encourages 
gluconeogenesis, protein breakdown, and fat breakdown with subsequent production
of ketone bodies (Figure 4-21).5,13 Loss of body protein, as it is broken down for en-
ergy, is rapid until the nervous system adapts to using ketone bodies for energy. For
the first few days of a fast, protein supplies about 90% of needed glucose, with the re-
maining 10% coming from glycerol. (In prolonged fasting, about half the body’s en-
ergy needs are met by ketone bodies; only 5% of energy use comes from glucose that
was made from amino acids.)

Sodium and potassium depletion can also result as the two elements are drawn into
the urine along with ketone bodies. Finally, increased blood urea levels result because
of the breakdown of protein.

The maintenance of body protein mass is a key to survival in semistarvation or fast-
ing. Death is seen when about half the body protein is depleted, usually coming after
about 50 to 70 days of total fasting.

Feasting

The most obvious result of feasting is the accumulation of body fat. In addition, feast-
ing, with the resultant increase in insulin production by the pancreas, encourages the
burning of glucose for energy needs as well as the synthesis of glycogen and, to a lesser
extent, protein and fat (Figure 4-22).5,17

Excess Carbohydrate
Any carbohydrate consumed in excess will first be used to ensure that glycogen stores
are maximized. Once glycogen stores have been filled, the consumption of carbohy-
drate will stimulate carbohydrate catabolism. This then lessens the need for any fat 

Energy needs

Fasting

Ketone
bodies

Fatty acids Amino acids

Urea

Glycerol

Carbohydrate
(from glycogen)

Fat
(from adipose stores)

Protein
(from body cells)

Glucose

Glucose

NH3

Figure 4-21 l Fasting (solid line) initially
encourages use of glucose, fatty acids, and
amino acids for energy needs. Prolonged
fasting (dashed line), which ends up depleting
glycogen stores, leads to increased production
of glucose from both glycerol and certain
carbon skeletons of amino acids. This supplies
glucose to glucose-dependent cells, such as red
blood cells. Ketone body production also
increases.

Feasting especially encourages the synthesis of
glycogen and storage of fat.
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catabolism. There are two caveats to this statement. First, recall that carbohydrate con-
sumption stimulates insulin secretion, and increased amounts of insulin in the blood
have an affect on fat metabolism. Second, if excess energy is consumed, carbohydrate
can be synthesized into fat and so contribute to body fat stores. However, again this
pathway is not very active in humans.17 In addition, it is energetically expensive to con-
vert carbohydrate to body fat (review Table 4-1).

Excess Protein
Contrary to what you may have heard, increased protein/amino acid consumption
does not promote muscle development. Any protein consumed in excess will first
stimulate increased protein catabolism and then will contribute to fat synthesis and the
accumulation of body fat.8 However, the energy cost of converting protein into body
fat is higher than it is for the conversion of dietary fat to body fat (review Table 4-1).

Excess Fat
Unlike the consumption of excess carbohydrate and protein, consumption of fat does
not promote fat catabolism. Most of the fat in a meal goes immediately into storage in
adipose cells.8 Furthermore, compared to the conversion of carbohydrate and protein,
relatively little energy is required to convert dietary fat into body fat. Therefore, high-
fat diets promote accumulation of body fat (review Table 4-1).

142 Chapter 4 Metabolism

Figure 4-22 l Feasting (solid line)
encourages glycogen and triglyceride synthesis
and storage and allows amino acids to
participate in the synthesis of body proteins.
Minimal synthesis (dashed line) of fatty acids
using glucose or carbon skeletons of amino
acids occurs unless intake is quite excessive in
comparison to overall energy needs.

Triglycerides

Feasting

Fatty acids Amino acids

Urea

Glycerol

Carbohydrate
intake

Fat
intake

Protein
intake

Glucose

Glycogen

Glycerol phosphate Body proteins

NH3

F asting encourages

Glycogen breakdown
Fat breakdown
Gluconeogenesis
Synthesis of ketone bodies

F easting encourages

Glycogen synthesis
Protein synthesis
Fat synthesis
Urea synthesis

As you have learned in this chapter, one of Ana’s friends got it wrong and the
other two did not quite get it right. While it requires a large amount of energy

to convert either carbohydrate or protein into body fat, it takes very little energy to con-
vert dietary fat into body fat. In addition, a gram of fat contains more energy than a
gram of either carbohydrate or protein, so if Ana eats equal amounts of carbohydrate (or
protein) and fat, she will obtain more energy from the fat than from the carbohydrate (or
protein). Still, Ana says she likes to eats a lot, but this does not mean that she is allowed
as much carbohydrate or protein as she wants. Excess consumption of any energy-
yielding nutrients—carbohydrate, protein, or fat—will ultimately lead to the accumulation
of body fat.

war27505_ch04.qxd  2/7/06  9:45 AM  Page 142



Your knowledge of metabolism has a very practical
application: some people have inborn errors of me-
tabolism. This means that the person lacks a spe-
cific enzyme to perform normal metabolic
functions. The metabolic pathway in which this en-
zyme is supposed to participate now no longer
functions properly. Typically this will cause alterna-
tive metabolic products to be formed, some of
which are toxic to the body.

How does a person develop an inborn error of
metabolism? The person inherits defective gene
coding for a specific enzyme from both parents.
Both parents are likely to be carriers in that they
have one healthy gene and one defective gene for
the enzyme in their chromosomes. Each parent
then donates the defective form of the gene to the
offspring, causing the offspring to have two defec-
tive copies of the gene, and therefore little or no
activity of the enzyme that the gene normally
would produce. Chapter 7 will cover in detail how
a gene is used to produce proteins such as enzymes.
For now, realize that if a person has a defective
gene, he or she will produce a defective protein
based on the instructions contained in that defec-
tive gene. There is also the possibility that one or
both parents may actually have the disease them-
selves and not simply be carriers. Generally, how-
ever, these individuals are counseled against having
children, or at the very least should see a genetic
counselor to assess the risk of passing the inborn
error of metabolism on to their offspring.

Some characteristics of inborn errors of metab-
olism include the following:19

• They appear soon after birth. Such a disorder is
suspected when otherwise physically well children
develop loss of appetite, vomiting, dehydration,
physical weakness, or developmental delays soon
after birth. For some of these conditions, infants
are screened for the potential to have a specific in-
born error of metabolism, such as phenylke-
tonuria (PKU). (Review the discussion of PKU in
Chapter 1.)

• They are very specific, involving only one or a few
enzymes. These enzymes usually participate in
catabolic pathways (in which compounds are de-
graded), such as for the amino acid phenylalanine.

• No cure is possible, but typically they can be con-
trolled. This control might include reducing intake

of the substance that must be catabolized, such as
phenylalanine. Other examples of therapies in spe-
cific cases include pharmacological doses of vita-
mins, such as vitamin B-12, and replacement of
the blocked product, such as the amino acid tyro-
sine in PKU (see the next section for details).9

Phenylketonuria
The majority of cases of PKU occur because the en-
zyme phenylalanine hydroxylase does not function
efficiently in the liver. Because of this, phenylala-
nine builds up in the blood of the person with
PKU. If not corrected early (within 30 days of
birth), this buildup of phenylalanine leads to pro-
duction of toxic phenylalanine by-products, such as
phenylpyruvic acid, which then can lead to severe
mental retardation.6

PKU occurs in about one per 10,000 births.
Most carriers can be detected with a simple blood
test. People of Irish descent are especially affected.
Today, most infants are diagnosed within a few days
of life and are started on a phenylalanine-restricted
diet.14 This diet utilizes a low-phenylalanine infant
formula, which is very expensive. During infancy,
nutritional needs can change on a weekly basis, so
these infants are monitored continually through
blood phenylalanine testing.

Phenylalanine, protein, and energy intakes
must be carefully monitored.1 The amino acid
phenylalanine is an essential nutrient, which means
that even someone with PKU has to obtain phenyl-
alanine from his or her diet; however, the amount of
phenylalanine consumed needs to be monitored6

carefully to prevent toxic amounts from building up.
Starting in infancy, special formulas are avail-

able to provide nutrients for individuals with PKU.
Because infants have high-protein needs, satisfying
protein requirements—without also having high
intakes of phenylalanine—is impossible without
these specially prepared formulas. Some of these
formulas provide no phenylalanine; others provide
a small amount. For infants, formulas are designed
to provide about 90% of protein needs and 80% of
energy needs. Human milk or regular infant for-
mula then can be used to make up the difference.19

Later in life, foods can be used to make up
the difference, especially foods low in phenylala-
nine. Fruits and vegetables are naturally low in
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An infant who does not develop
properly may have an inborn error of
metabolism. A physician needs to
investigate this possibility.

Inborn Errors of Metabolism

NUTRIT ION FOCUS
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phenylalanine, and breads and cereals have a mod-
erate amount. Dairy products, eggs, meats, nuts,
and cheeses are very high in phenylalanine and so
are not allowed on the diet. Diet soft drinks and
other foods and beverages containing the alterna-
tive sweetener aspartame are also not allowed be-
cause these contain phenylalanine (see Chapter 5
for details). Older children and adults can use a for-
mula that is very low in phenylalanine, which al-
lows the person to consume more foods but still
limits intake of phenylalanine. Overall, the majority
of the person’s nutrient intake throughout life will
come from a special formula. Note that this for-
mula has a very disagreeable smell and taste.

The diet is ideally followed for life. Physicians
used to recommend that it was appropriate to end
the diet after age 6 because brain development was
complete. Later it was found, however, that diet
discontinuation led to decreased intelligence and
behavior problems such as aggressiveness, hyperac-
tivity, and inattention.19

If a woman with PKU has abandoned the diet,
she needs to return to the diet at least 6 months be-
fore becoming pregnant.4 Otherwise the fetus—
even though it does not have PKU—will be
exposed to a high blood phenylalanine and related
toxic products from the mother. This could result
in miscarriage, or the infant could be born with a
low birth weight or heart defects.

Galactosemia

In galactosemia, two principal specific enzyme de-
fects lead to a reduction in the galactose metabolism
to glucose (a third form is very rare). Galactose then
builds up in the bloodstream, which can lead to
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Children with PKU must be careful not to
consume diet soft drinks containing
aspartame, which contains
phenylalanine.

very serious bacterial infections, men-
tal retardation, and cataracts in the
eye. An infant with galactosemia typi-
cally develops vomiting after a few
days of consuming infant formula or
breast milk. Both contain much galac-
tose as part of the milk sugar lactose.
This child will be switched to a soy
formula. In addition, all dairy prod-
ucts and other lactose-containing

products (butter, milk solids), organ meats, and
some fruits and vegetables must be avoided. Strict
label reading is also important for controlling the
disease because lactose can be found in a variety of
products. Note that even in well-controlled cases,
slight mental retardation (such as speech delays)
and cataracts are seen. Galactosemia occurs in 1 in
65,000 births.15

Glycogen Storage Disease
Glycogen storage disease is a group of diseases that
result from the inability to metabolize glycogen to
glucose in the liver. There are a number of possible
enzyme defects along the pathway from glycogen
to glucose. The most common forms cause poor
physical growth, low blood glucose, and liver en-
largement, and occur in 1 in 60,000 births. Low
blood glucose results because liver glycogen break-
down is typically used to maintain blood glucose
between meals (see Chapter 5 for details). People
with glycogen storage disease typically have to con-
sume frequent meals in order to regulate blood
glucose. They also consume raw cornstarch be-
tween meals; this is slowly digested and so helps
maintain steady blood glucose. Careful monitoring
of blood glucose is very important in these people
in order to know when blood glucose is too low
and needs to be treated.19

A number of other very rare inborn errors of
metabolism involve various amino acids, fatty acids,
and the sugars fructose and sucrose. Typically, in
large hospitals and in state health departments,
physicians, nurses, and registered dietitians can
help affected persons and their families with these
and other inborn errors of metabolism.19

sufficient phenylalanine hydroxylase activity
Normal: phenylalanine ——————————————————> tyrosine

reduced phenylalanine hydroxylase activity
PKU: phenylalanine ——————————————————>

phenylpyruvic acid
phenyllactic acid
other related products
u

galactosemia A rare genetic disease
characterized by the buildup of the
single sugar galactose in the
bloodstream, resulting from the inability
of the liver to metabolize it. If present at
birth and left untreated, this disease can
cause severe mental retardation and
cataracts in the infant.
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1. Plants capture solar energy by way of photosynthesis. Virtually all
energy available to fuel the human body ultimately comes from
the sun as solar energy.

2. ATP is the major form of energy used for cellular metabolism. As
ATP breaks down to ADP plus Pi, energy is released from the bro-
ken bond. In humans, metabolic pathways make it possible to ex-
tract energy from C–H bonds in food and transform it into ATP;
in the process, some energy is lost as heat.

3. In glycolysis, glucose is degraded into two pyruvate molecules,
yielding NADH � H� (a form of potential energy) and ATP.
Pyruvate can proceed through aerobic pathways to form carbon
dioxide and water. Pyruvate also can react with NADH � H� in
an anaerobic pathway to form lactate. Both pathways allow
NADH � H� to eventually be re-formed into NAD�, which is
needed for glycolysis to continue.

4. Prior to entry into the citric acid cycle, pyruvate is formed into
acetyl-CoA in what is called a transition reaction. One NADH �
H� is produced and one carbon dioxide molecule is released.

5. Acetyl-CoA undergoes many metabolic conversions in the citric
acid cycle, eventually yielding two more carbon dioxide molecules.
In this way, the citric acid cycle accepts two carbons from acetyl-
CoA and yields two carbons as carbon dioxide. In the process,
NADH � H�, FADH2, and a form of energy that can yield ATP
directly (GTP) are formed.

6. NADH � H� and FADH2 enter the electron transport chain to
yield numerous ATP molecules. Water forms as oxygen combines
with the electrons and hydrogen ions (released from NADH �
H� and FADH2) in the electron transport chain.

7. In fatty acid oxidation, 2-carbon fragments are cleaved from a fatty
acid at a time, producing multiple acetyl-CoA molecules. These
enter the citric acid cycle and electron transport chain, and as did
the acetyl-CoA that arose from carbohydrate breakdown, yield
carbon dioxide, NADH � H�, FADH2 and ATP. Likewise, these
NADH � H� and FADH2 enter the electron transport chain to
yield numerous ATP molecules and water.

8. In fat synthesis (lipogenesis), acetyl groups in effect are combined
to yield a fatty acid, primarily the 16-carbon palmitic acid. These
fatty acids can then react with a form of glycerol to produce a
triglyceride.

9. During low carbohydrate intakes and uncontrolled diabetes, more
acetyl-CoA is produced in the liver than can be metabolized to
carbon dioxide and water. This excess acetyl-CoA is synthesized
into ketone bodies, which flood into the bloodstream and are me-
tabolized by other tissues, such as nervous tissue.

10. When amino acids are broken down, they lose their amino groups
and become carbon skeletons. These can be metabolized to other
compounds that enter the citric acid cycle, eventually yielding en-
ergy for ATP synthesis. Some carbon skeletons can be formed into
oxaloacetate, an intermediate found in the citric acid cycle, which
in turn can be used to form glucose. Converting the carbon skele-
tons of amino acids to glucose is part of a process known as 
gluconeogenesis.

11. Acetyl-CoA molecules, and thus fatty acids in general, cannot par-
ticipate in gluconeogenesis.

12. Glycolysis takes place in the cytosol of a cell, whereas the transi-
tion reaction, the citric acid cycle, and the electron transport chain
take place in the mitochondria. Fatty acid oxidation takes place in
the mitochondria, and fatty acids for the most part are synthesized
in the cytosol. The synthesis of urea and the pathway for gluco-
neogenesis both take place partly in the cytosol and partly in the
mitochondria. Urea is made in the liver, while glucose is made in
the liver and kidneys.

13. Acetyl-CoA is pivotal in cell metabolism because carbohydrates,
proteins, amino acids, fatty acids, and alcohol all can yield acetyl-
CoA during their metabolism. The coordination of various meta-
bolic pathways for food fuels allows the carbons of glucose to
become the carbons of fatty acids and the carbons of some amino
acids to become the carbons of glucose.

14. The vitamins thiamin, niacin, riboflavin, biotin, pantothenic acid,
and vitamin B-6 and the minerals magnesium, iron, and copper
play important roles in the metabolic pathways.

15. The body responds to fasting by reducing its metabolic rate.
During a fast the body breaks down both amino acids and fats for
energy. The loss of protein can ultimately cause death. A conse-
quence of the breakdown of lipids is the formation of ketone bod-
ies, which can provide energy to certain body cells, and ketosis.

16. Feasting results in the accumulation of body fat. The use of pro-
tein as an energy source will increase urea synthesis.

1. Many vitamins and minerals are used in energy metabolism.
Identify three vitamins and/or minerals and describe their roles in
ATP synthesis.

2. For what purposes do cells use ATP energy?
3. Explain how the ATP concentration is maintained in a cell. What

is the key stimulus to ATP production?
4. What is the “common denominator” compound of the many

pathways of energy metabolism (citric acid cycle, glycolysis, be-

taoxidation, etc.)? Why is it considered important in the body’s
chemical processes?

5. What is lactate, and how and where is it formed in the cell? Which
tissues produce the most lactate? Why?

6. Trace the steps in gluconeogenesis from body protein to the for-
mation of glucose.

7. How are fat and carbohydrate metabolism related? Use the term
ketosis.
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BOOST YOUR STUDY
Check out the Perspectives in Nutrition: Online Learning
Center www.mhhe.com/wardlawpers7 for quizzes, flash
cards, activities, and web links designed to further help you learn
about metabolism.

8. List the metabolic processes discussed throughout this chapter
and their location in the cell.

9. Describe the reason most fatty acids do not turn into glucose in
the body.

10. Explain how physicians can use certain aspects of protein metabo-
lism to diagnose kidney or liver disease.
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portance with regard to the increase in blood
triglycerides seen after a meal.
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148 Chapter 4 Metabolism

I. Put Your Knowledge of Metabolism into Practice
A friend is very overweight and describes to you his method of weight loss. He fasted completely for 1 week and then initiated a strict
diet of 400 to 600 kcal/day under a physician’s supervision. The food energy comes from a liquid formula, which he drinks for break-
fast. He skips lunch and eats a small dinner of 3 ounces of protein, 1/2 cup of vegetables, 1 cup of fruit, and two starch items (a small
potato, a piece of bread, etc.). He has lost approximately 25 lb in 12 weeks.

Based on your knowledge of energy metabolism, answer the following questions he poses:

1. During the fasting stage, what were the likely sources of energy for the body’s cells? What metabolic processes occurred to pro-
vide glucose for red blood cells? brain? kidneys?

2. During the restrictive phase, how did the metabolic processes in the body most likely change from the fasting state?

II. Reinforce Your Knowledge of Metabolism
By this stage in your education, you have likely had a number of exposures to the topic of cell metabolism. Review your textbooks or
notes from previous courses that discussed metabolism and see how the following topics were presented from the standpoint of that dis-
cipline. For example, coverage of glycolysis might have a different emphasis in a biology class than in a nutrition class.

ATP

Glycolysis

Citric acid cycle

Electron transport chain

Hormones that regulate aspects of metabolism:

Insulin

Glucagon

Enzyme activity

A general knowledge of metabolism will benefit you throughout a career in the sciences, whether in the health sciences or the biologi-
cal sciences. Understanding metabolism especially will help you see how new developments in your field relate to cell function.
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