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BIG IDEAS
Cellular Respiration:  
Aerobic Harvesting 
of Energy (6.1–6.5)

Cellular respiration  

oxidizes fuel  

molecules and  

generates ATP  

for cellular work.

Stages of Cellular  
Respiration (6.6–6.11)

The main stages of cellular respiration are 

glycolysis, pyruvate oxidation and the citric 

acid cycle, and oxidative phosphorylation.
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How Cells Harvest 
Chemical Energy

A baby’s first cry! This welcome sound shows that the baby is breathing and taking in oxygen. 

But why is oxygen necessary for life? Oxygen is a reactant in cellular respiration—the process 

that breaks down sugar and other food molecules and generates ATP, the energy currency  

of cells. The process of cellular respiration also produces heat, which helps maintain a warm 

body temperature.

Cellular respiration occurred in this baby’s cells before she was born, but the oxygen and 

sugar her cells required were delivered from her mother’s blood. Now this baby takes in her own 

oxygen—although she still can’t obtain her own food. And if 

this baby is exposed to the cold, she can’t keep herself warm. 

If you get cold, you put on more clothes, move to a warmer 

place, or shiver—generating heat as your contracting muscles 

increase their production of ATP and heat. This baby can’t do any of those things yet. Instead, 

along her back she has a layer of a special kind of “baby fat,” called brown fat, that helps 

keep her warm. The cells of brown fat have a “short circuit” in their cellular respiration—they 

consume oxygen and burn fuel, but generate only heat, not ATP.

Scientists have long known that brown fat is important for heat production in small mammals, 

hibernating bears, and newborn infants. Studies have also shown brown fat to be involved in 

weight regulation in mice. As you will learn later in the chapter, brown fat deposits have recently 

been discovered in adult humans. Scientists are now exploring whether this heat-generating, 

calorie-burning tissue could be tapped in the fight against obesity.

We begin this chapter with an overview of cellular respiration and then focus on its stages: 

glycolysis, pyruvate oxidation and the citric acid cycle, and oxidative phosphorylation. We also 

consider fermentation, an extension of glycolysis that has deep evolutionary roots. We complete 

the chapter with a comparison of the metabolic pathways that break down and build up the 

organic molecules of your body.

Can brown fat keep a 
newborn warm and help 
keep an adult thin?
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Fermentation: Anaerobic 
Harvesting of Energy (6.12–6.13)

Fermentation regenerates NAD+,  

allowing glycolysis and ATP production to  

continue  

without  

oxygen.

Connections Between 
Metabolic Pathways (6.14–6.15)

The breakdown pathways of  

cellular respiration  

intersect  

with  

biosynthetic  

pathways.
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ATP

ECOSYSTEM

Photosynthesis
in chloroplasts

Cellular respiration 
in mitochondria

ATP powers most
cellular work

Heat
energy

Sunlight
energy

CO2  1  H2O 1
Organic

molecules
O2

Figure 6.1 The connection between photosynthesis and cellular 

respiration
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CO2O2
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Glucose 1 O2 CO2 1 H2O 1 ATP  
Cellular Respiration

Transported in bloodstream

Lungs

Muscle cells carrying out

Breathing

Figure 6.2 The connection between breathing and cellular respiration

Cellular Respiration: Aerobic Harvesting of Energy

6.1 Photosynthesis and cellular respiration provide energy for life

Life requires energy. Figure 6.1 illustrates how photosynthesis 
and cellular respiration together provide energy for living 
organisms. In almost all ecosystems, that energy ultimately 
comes from the sun. In photosynthesis, the energy of sun-
light is used to rearrange the atoms of carbon dioxide (CO2) 
and water (H2O), producing organic molecules and releasing 
oxygen (O2). In cellular respiration, O2 is consumed as 
organic molecules are broken down to CO2 and H2O, and the 
cell captures the energy released in ATP. Photosynthesis takes 
place in some prokaryotes and in the chloroplasts of plants 
and algae. Cellular respiration takes place in many prokary-
otes and in the mitochondria of almost all eukaryotes—in the 
cells of plants, animals, fungi, and protists.

This figure also shows that, as in all energy conversions, 
some energy is lost as heat. Life on Earth is solar powered, and 
energy makes a one-way trip through an ecosystem. Matter, 
however, is recycled. The CO2 and H2O released by cellular 
respiration are converted through photosynthesis to sugar and 
O2, which are then used in respiration. These processes are 
 fundamental illustrations of the theme of ENERGY AND MATTER  .  
(Photosynthesis will be explored in detail in Chapter 7.)

 The statement implies that cellular respiration does not occur in plant cells. 
In fact, almost all eukaryotic cells use cellular respiration to obtain energy for 
their cellular work.

? What is misleading about the following statement? “Plant 

cells perform photosynthesis, and animal cells perform  

cellular respiration.”

6.2 Breathing supplies O2 for use in cellular respiration and removes CO2

We often use the word respiration as a synonym for “breathing,” 
the meaning of its Latin root. In that case, respiration refers to 
an exchange of gases: An organism obtains O2 from its envi-
ronment and releases CO2 as a waste product. Biologists also 
define respiration as the aerobic (oxygen-requiring) harvesting 
of energy from food molecules by cells. This process is called 
cellular respiration to distinguish it from breathing.

Breathing and cellular respiration are closely related. As the 
runner in Figure 6.2 breathes in air, her lungs take up O2 and 
pass it to her blood. The bloodstream carries the O2 to her mus-
cle cells, where it is used in the process of cellular respiration 
to harvest energy from glucose and other organic molecules. 
Muscle cells use ATP generated by cellular respiration to power 
contractions. The runner’s bloodstream and lungs also perform 
the vital function of disposing of CO2, the waste produced in 
cellular respiration. Notice the positions of O2 and CO2 in the 
equation for cellular respiration at the bottom of the figure.

 In breathing, CO2 and O2 are exchanged between your lungs and the air.  
In cellular respiration, cells use the O2 obtained through breathing to break 
down fuel, releasing CO2 as a waste product.

? How is your breathing related to your cellular respiration?
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6.3 Cellular respiration banks energy in ATP molecules

1C6H12O6
6

Glucose Oxygen

ATP

Carbon
dioxide

Water

1 HeatH2O6 1 6 1CO2O2

Figure 6.3 Summary equation for cellular respiration
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Activity

Running
(8-9 mph)

979

Bicycling
(10 mph)

490

Swimming
(2 mph)

408

Walking
(3 mph)

245

Dancing
slow
204Driving

a car
61

Sitting
(writing)

28

Dancing
fast
510

Figure 6.4 Energy (kcal) consumed per hour by a 67.5-kg person 

doing various activities. Values do not include the kcal needed for body 

maintenance (BMR).

You breathe air and eat food to supply your 
cells with the reactants needed for cellular 
respiration—the process that generates ATP 
for cellular work. The chemical equation in 
Figure 6.3 summarizes cellular respiration. 
The simple sugar glucose (C6H12O6) is the fuel 
that cells use most often, although other organic molecules 
can also be “burned” in cellular respiration. The equation 
tells us that the atoms of the reactant molecules C6H12O6 and 
O2 are rearranged to form the products CO2 and H2O. In this 
exergonic (energy-releasing) process, the chemical energy 
of the bonds in glucose is released, and some is stored (or 
“banked”) in ATP (see Module 5.12) while the rest is released 
as heat. The series of arrows in Figure 6.3 indicates that cellu-
lar  respiration consists of many steps.

Cellular respiration can produce up to 32 ATP molecules 
for each glucose molecule, a capture of about 34% of the 
 energy originally stored in glucose. The rest of the energy 
is lost as heat (see Module 5.10). This may seem inefficient, 
but it compares very well with the efficiency of most energy- 
conversion systems. For instance, the average automobile 

engine is able to convert only about 25% of the energy in gas-
oline to the kinetic energy of movement. And, as you learned 
in the chapter introduction, heat released in cellular respira-
tion helps maintain your warm body temperature.

How great are the energy needs of a cell? If ATP could not 
be regenerated through cellular respiration, you would use up 
nearly your body weight in ATP each day. Let’s consider the 
energy requirements for various human activities next.

 The demand for ATP is supported by an increased rate of cellular 
 respiration, but about 66% of the energy released from food produces  
heat instead of ATP.

? Why are sweating and other body-cooling mechanisms 

 necessary during vigorous exercise?

6.4 The human body uses energy from ATP for all its activities

Your body requires a continuous supply of 
energy just to stay alive—to keep your heart 
pumping and to keep you breathing. Your brain 

especially requires a huge amount of energy; its cells burn 
about 120 grams (g)—a quarter of a pound!—of glucose a day, 
which accounts for about 20% of total energy consumption. 
Maintaining brain cells and other life-sustaining activities 
uses as much as 75% of the energy a person takes in as food 
during a typical day.

Above and beyond the energy you need 
for body maintenance, cellular respiration 
 provides energy for voluntary activities. 
Figure 6.4 shows the amount of energy it 
takes to perform some of these activities. 
The energy units are kilocalories (kcal), 
a measure of the quantity of heat required to raise 
the temperature of 1 kilogram (kg) of water by 1°C. 
(The “Calories” listed on food packages are actually 
kilocalories, usually signified by a capital C.) The values 
shown do not include the energy the body needs for its basic 
life- sustaining activities, which may range from 1,300 to 1,800 
kcal a day. This energy requirement is known as your basal 
metabolic rate (BMR).

The U.S. National Academy of Sciences estimates that 
the average adult needs to take in food that provides about 
2,200 kcal of energy per day, although the number varies 
based on age, sex, and activity level. A balance of energy intake 
and expenditure is required to maintain a healthy weight.  
(We will explore nutritional needs further in Chapter 21.)   

CONNECTION

Now we begin the study of how cells liberate the energy stored 
in fuel molecules to produce the ATP used to power the work 
of your cells and thus the activities of your body.

 You would have to walk about 6 miles, which would take you about 2 hours. 
(Now you understand why the most effective exercise for losing weight  
is  pushing away from the table!)

? While walking at 3 mph, how far would you have to travel to 

“burn off” the equivalent of an extra slice of pizza, which has 

about 475 kcal? How long would that take?



96 CHAPTER 6 | How Cells Harvest Chemical Energy 

6.5 Cells capture energy from electrons “falling” from organic fuels to oxygen

2

NAD1

1

H1

H1

Controlled
release of 
energy for 
synthesis 
of ATP

Electron transport chain

ATP

1
2

O2

H2O

NADH

2 2

2 2

2 2

Figure 6.5C Electrons releasing energy for ATP synthesis as they 

fall down an energy staircase from NADH through an electron transport 

chain to O2

How do your cells extract energy from fuel molecules? The 
answer involves the transfer of electrons.

Redox Reactions During cellular respiration, electrons 
are transferred from glucose or other organic fuels to oxygen, 
releasing energy. Oxygen attracts electrons very strongly, 
and an electron loses potential energy when it moves to 
oxygen. If you burn a cube of sugar, this electron “fall” hap-
pens very rapidly, releasing energy in the form of heat and 
light. Cellular respiration is a more controlled descent of 
electrons—more like stepping down an energy staircase, with 
energy released in small amounts that can be stored in the 
chemical bonds of ATP.

The transfer of electrons from one molecule to another 
is an oxidation-reduction reaction, or redox reaction for 
short. In a redox reaction, the loss of electrons from one 
substance is called oxidation, and the addition of electrons 
to another substance is called reduction. A molecule is 
said to become oxidized when it loses one or more electrons 
and reduced when it gains one or more electrons. Because 
an  electron transfer requires both a donor and an acceptor, 
oxidation and reduction always go together.

In the cellular respiration equation in Figure 6.5A below, 
you cannot see any electron transfers. What you do see are 
changes in the location of hydrogen atoms. These hydro-
gen movements represent electron transfers because each 
hydrogen atom consists of an electron ( 2 ) and a proton 
(hydrogen ion, or H+ ). Glucose (C6H12O6) loses  hydrogen 
atoms (with their electrons) as it becomes oxidized to 
CO2;  simultaneously, O2 gains hydrogen atoms (and thus 
 electrons) as it becomes reduced to H2O. As they pass from 
glucose to  oxygen, the electrons lose energy, some of which 
cells capture to make ATP.

NADH and Electron Transport Chains An important 
player in the process of oxidizing glucose is a coenzyme  
called NAD+, which accepts electrons and becomes reduced  
to NADH. NAD+, which stands for nicotinamide adenine  
dinucleotide, is an organic molecule that cells make from the 
vitamin niacin and use to shuttle electrons in redox reactions. 
Figure 6.5B depicts the oxidation of an organic fuel molecule 
and the accompanying reduction of NAD+. An enzyme called 
dehydrogenase strips two hydrogen atoms from the organic 
fuel molecule and transfers two electrons and one proton to 
its coenzyme NAD+, reducing it to NADH. The other proton is 
released into the surrounding solution. (NADH is represented 

C6H12O6

(Glucose)

6  H2O 1 ATP 1  Heat 16  CO26 O2

Loss of hydrogen atoms
(becomes oxidized)

Gain of hydrogen atoms
(becomes reduced)

1

Figure 6.5A Movement of hydrogen atoms (with their electrons)  

in the redox reactions of cellular respiration

throughout this chapter as a light brown box carrying two 
blue electrons.)

Using the energy staircase analogy for electrons passing 
from glucose to oxygen, the transfer of electrons from an 
organic molecule to NAD +  is just the beginning. Figure 6.5C 
shows NADH delivering these electrons to the top of a chain 
of carrier molecules. Shown here as purple ovals, most of 
these carrier molecules are proteins. At the bottom of the 
staircase is an oxygen atom 11

2   O22, which accepts two 
 electrons, picks up two H+, and becomes reduced to water.

These carrier molecules form an electron transport 
chain. In a cell, a number of such molecules are built into 
the inner membrane of a mitochondrion. Through a series of 
redox reactions, electrons are passed from carrier to carrier, 
releasing energy that can be used to make ATP.

With an understanding of this basic mechanism of elec-
tron transfer and energy release, we can now explore cellular 
respiration in more detail.

NAD1

ReductionOxidation

2 2
1

2 H 

H1H1
NADH

Organic
fuel

Oxidized
fuel

1 2
2 2

Dehydrogenase

Figure 6.5B Oxidation of an organic fuel with accompanying 

reduction of NAD+ to NADH

TRY THIS Explain how the name dehydrogenase describes this 

enzyme’s function in oxidation reactions.

 Oxygen is extremely electronegative (see Module 2.6), making it very 
 powerful in pulling electrons down the electron transport chain.

? What chemical characteristic of the element oxygen 

accounts for its function in cellular respiration?
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Glycolysis

Glucose Pyruvate

Oxidative 
Phosphorylation
(electron transport
and chemiosmosis)

Citric Acid

Cycle

ATP
ATP

ATP

CYTOSOL

Stage 1 Stage 2 Stage 3

MITOCHONDRION

NADH FADH2
1Electrons carried byElectrons carried by

Pyruvate

Oxidation

CO2

H2O
O2

2 2 2 2

Figure 6.6  

An overview of the 

three stages of 

cellular respiration

Stages of Cellular Respiration

6.6 Overview: Cellular respiration occurs in three main stages

Cellular respiration consists of a sequence of many  chemical 
reactions that we can divide into three main stages. Figure 6.6

gives an overview of these stages and shows where they  
occur in a eukaryotic cell. (In prokaryotic cells that use aer-
obic respiration, these steps occur in the cytosol, and the 
electron transport chain is built into the plasma membrane.)

Stage 1: Glycolysis (shown with a teal background 
throughout this chapter) occurs in the cytosol of the cell. 
Glycolysis begins cellular respiration by breaking glucose into 
two molecules of a three-carbon compound called pyruvate.

Stage 2: Pyruvate oxidation and the citric acid 
cycle (shown in shades of orange) take place within 
the mitochondria. Pyruvate is oxidized to a two-carbon 
 compound. The citric acid cycle then completes the break-
down of glucose to carbon dioxide. Thus, the CO2 that  
you exhale is formed in the mitochondria of your cells during 
this second stage of respiration.

As suggested by the smaller ATP symbols in the diagram, 
the cell makes a small amount of ATP during glycolysis and 
the citric acid cycle. The main function of these first two 
stages, however, is to supply the third stage of respiration 
with electrons (shown with gold arrows).

Stage 3: Oxidative phosphorylation 
(purple background) involves electron 
transport and a process known as 
 chemiosmosis. NADH and a related 
electron carrier, FADH2, shuttle elec-
trons to electron transport chains 
embedded in the inner mitochondrial 

membrane. Most of the ATP produced by cellular 
 respiration is generated by oxidative phosphorylation, 
which uses the energy released by redox  reactions in  
the electron transport chain to make ATP. The electrons 
are  finally passed to oxygen, which becomes reduced  
to H2O.

What couples the electron transport chain to ATP 
 synthesis? As electrons are passed down the energy staircase, 
the electron transport chain also pumps hydrogen ions (H + ) 
across the inner mitochondrial membrane into the narrow 
intermembrane space (colored darker salmon in the  figure). 
The result is a concentration gradient of H +  across the 
 membrane. In chemiosmosis, the potential energy of this 
concentration gradient is used to make ATP. The details of 
this process are explored in Module 6.9.

In the next several modules, we look more closely at the 
stages of cellular respiration and the mechanisms by which 
ATP is synthesized.

 Stage 1, glycolysis, occurs in the cytosol.

? Of the three main stages of cellular respiration, which one 

does not take place in the mitochondria?
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6.7 Glycolysis harvests chemical energy by oxidizing glucose to pyruvate

Now that you have been introduced to the major players and 
processes, it’s time to focus on the individual stages of cellu-
lar respiration. The term for the first stage, glycolysis, means 
“splitting of sugar” (glyco, sweet, and lysis, split), and that’s 
exactly what happens during this phase.

Figure 6.7A below gives an overview of glycolysis, which 
begins with a single molecule of glucose and concludes with 
two molecules of pyruvate. (Pyruvate is the ionized form 
of pyruvic acid.) Each  represents a carbon atom in the 
molecules; glucose has six carbons, and these same six car-
bons end up in the two molecules of pyruvate (three carbons 
in each). The straight arrow shown running from glucose 
to pyruvate actually represents nine chemical steps, each 
catalyzed by its own enzyme. As these reactions occur, two 
molecules of NAD +  are reduced to two NADH, and a net gain 
of two molecules of ATP is produced.

Figure 6.7B illustrates how ATP is formed in glycolysis 
by substrate-level phosphorylation. In this process, an 
enzyme transfers a phosphate group ( P ) from a substrate 
molecule to ADP, forming ATP. You will see that some ATP 
is also generated by substrate-level phosphorylation in the 
citric acid cycle.

The oxidation of glucose to pyruvate during glycolysis 
releases energy, which is stored in ATP and in NADH. The cell 
can use the energy in ATP immediately, but for it to use the 
energy in NADH, electrons from NADH must pass down an 
electron transport chain located in the inner mitochondrial 
membrane. And the pyruvate molecules still hold most of 

ATP

Substrate

P

P

ADP

Product

P

Enzyme Enzyme

1

Figure 6.7B Substrate-level phosphorylation: transfer of a phosphate 

group from a substrate to ADP, producing ATP

2 Pyruvate

2

1 2       

ATP

P

2 ADP

1 2 H1   

2

NADH2

NAD1

2 2

PYRUVATE
OXIDATION 

CITRIC 

ACID

CYCLE

GLYCOLYSIS

ATP

OXIDATIVE 

PHOSPHORYLATION

Glucose

Figure 6.7A An overview 

of glycolysis—stage 1 of 

cellular respiration

the energy of glucose; these molecules will be oxidized in the 
second stage of cellular respiration.

Let’s take a closer look at glycolysis. Figure 6.7C, on the 
next page, shows simplified structures for all the organic 
 compounds that form in the nine chemical reactions of 
 glycolysis. Commentary on the left highlights the main 
 features of these reactions.

The sequential steps of glycolysis illustrate how, in a meta-
bolic pathway, each chemical step feeds into the next one. In 
other words, the product of one reaction serves as the reactant 
for the next. Compounds that form between an initial  reactant 
and a final product are known as  intermediates. A specific 
enzyme catalyzes each chemical step;  however, the figure does 
not include the enzymes.

As indicated in Figure 6.7C, the steps of glycolysis can 
be grouped into two main phases. Steps ➊–➍, the energy 
investment phase, actually consume energy. In this phase, two 

molecules of ATP are used to  energize a glucose molecule, 
which is then split into two small sugars.

Steps ➎–➒, the energy payoff phase, yield energy for 
the cell. This phase occurs after glucose has been split 
into two three-carbon molecules. Thus, the number 2 
precedes all molecules in the diagram for these steps. As 
you can see, two NADH molecules are produced for each 
initial glucose molecule, and four total ATP are generat-
ed. Remember that the first phase used two molecules of 
ATP, so the net gain to the cell is two ATP molecules for 
each glucose that enters glycolysis.

These two ATP molecules from glycolysis account for only 
about 6% of the energy that a cell can harvest from a glucose 
molecule. Some organisms—yeasts and certain bacteria, for 
instance—can satisfy their energy needs with the ATP pro-
duced by glycolysis alone. And some cells, such as your muscle 
cells, may use this anaerobic production of ATP for short peri-
ods when they do not have sufficient O2. Most cells and organ-
isms, however, have far greater energy demands. The stages of 
cellular respiration that follow glycolysis release much more 
energy. In the next modules, we see what happens in most 
organisms after glucose is oxidized to pyruvate in glycolysis.

 Two molecules of pyruvate, two molecules of ATP, and two molecules  
of NADH

? For each glucose molecule processed, what are the net 

molecular products of glycolysis?
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Steps ➏–➒ ATP and pyruvate are produced. This 
series of four chemical reactions completes glycolysis, 
producing two molecules of pyruvate for each initial 
molecule of glucose. In steps 6 and 9, ATP is produced by 
substrate-level phosphorylation, yielding a total of 4 ATP 
produced in the energy payoff phase. (Water is produced 
at step 8 as a by-product.)

Step ➎ A redox reaction generates NADH. The curved 
arrow indicates the transfer of  hydrogen atoms as each G3P is 
oxidized and NAD+ is reduced to NADH. This reaction also 
attaches a phosphate group to the substrate.

➊

➋

➌

➍

➎

➏

➐

➑

➒

Energy Investment Phase

Step

G3P

Energy Payoff Phase

Steps ➊–➌ Glucose is energized, using ATP. 
A sequence of three chemical reactions converts glucose 
to an energized intermediate. The curved arrows indicate 
the transfer of a phosphate group from ATP to another 
molecule. The cell invests 2 ATP, one at step 1 and one at step 
3, to produce a more reactive molecule.

Step ➍ A six-carbon intermediate splits into two 
three-carbon intermediates. An enzyme splits the highly 
reactive six-carbon molecule into two three-carbon molecules. 
Each of these molecules, called glyceraldehyde 3-phosphate 
(G3P), enters the next phase, so steps 5–9 occur twice per 
glucose molecule.

ATP

ADP

ATP

2 ADP

ATP

2 ADP

ADP

P

P

NAD12

2

2

2

ATP2

2

2

2

2

2 H2O

1 2 H1

P P

PP

P

P

P

P P

P

Glucose

Pyruvate

NADH2
2 2

Figure 6.7C Details of glycolysis

TRY THIS Identify the step of glycolysis that the substrate-level phosphorylation shown in Figure 6.7B represents.
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6.8  After pyruvate is oxidized, the citric acid cycle completes the energy-yielding 
oxidation of organic molecules

As pyruvate is produced at the end of glycolysis, it is 
transported from the cytosol, where glycolysis takes place, 
into a mitochondrion, where the citric acid cycle and 
oxidative  phosphorylation will occur. Pyruvate itself, 
however, does not enter the citric acid cycle. A large, 
multi-enzyme complex catalyzes three reactions (shown 
at the top of Figure 6.8A): ➊ A carboxyl group (}COO–) 
is removed from pyruvate and given off as a molecule 
of CO2 (this is the first step in which CO2 is released 
during  cellular respiration); ➋ the two-carbon compound 

➊

➋
➌

NAD1
CO2

NADH
2 2

1 H1 Acetyl CoA

2

ADP  

FAD

NAD1
FADH2

3 H1

1 P

CO2

3

3

1

NADH

2 2

2 2

ATP

CoA

Coenzyme A

CoA

Pyruvate

CITRIC
ACID

CYCLE

PYRUVATE

OXIDATION 

CITRIC 

ACID

CYCLE

GLYCOLYSIS

ATP

OXIDATIVE 

PHOSPHORYLATION

Figure 6.8A An overview of pyruvate oxidation and the citric acid cycle—stage 2  

of cellular respiration

TRY THIS Remember that 2 pyruvate are produced from each glucose. Use this figure 

to determine the per-glucose return of ATP, NADH, and FADH2 from the second stage of 

cellular respiration.

remaining is oxidized while a molecule of NAD + is reduced 
to NADH; and finally, ➌ a  compound called coenzyme A, 
derived from a B vitamin, joins with the two-carbon group 
to form a molecule called acetyl coenzyme A, abbreviated 
 acetyl CoA.

For each molecule of glucose that enters glycolysis, two 
molecules of pyruvate are produced. These are oxidized, and 
then two molecules of acetyl CoA are ready to enter the citric 
acid cycle. This cycle is often called the Krebs cycle in honor 
of Hans Krebs, the German-British scientist who worked out 

much of this pathway in the 1930s.
The lower portion of Figure 6.8A summa-

rizes the inputs and outputs of the citric acid 
cycle. Only the two-carbon part of the acetyl 
CoA molecule actually enters the citric acid 
cycle; coenzyme A splits off and is recycled. 
The outputs include two molecules of CO2, 
one ATP molecule, three NADH molecules, 
and one molecule of the electron carrier, 
FADH2. Remember that two acetyl CoA were 
derived from the two pyruvate molecules. 

Thus the cycle runs twice, and the outputs are doubled for 
each glucose molecule processed.

The citric acid cycle functions as a metabolic furnace that 
completes the oxidation of organic fuels. The inner workings 
of this cycle are shown and described in Figure 6.8B on 
the facing page. Each step is catalyzed by a specific enzyme 
located in the mitochondrial matrix or embedded in the 
inner mitochondrial membrane. As you can see, the two 
carbons entering the cycle from acetyl CoA are joined to a 
four-carbon molecule. As the resulting six-carbon molecule 
is processed through a series of redox reactions, two carbon 
atoms are removed as CO2, and the four-carbon molecule is 
regenerated; this regeneration accounts for the word cycle. 
The six-carbon compound first formed in the cycle is citrate, 
the ionized form of citric acid; hence the name citric acid 
cycle. More detailed explanations of the steps of this cycle are 
provided at the bottom of Figure 6.8B.

Our main objective in this chapter is to learn how cells 
harvest the energy of glucose and other nutrients in food 
to make ATP. But the two stages of respiration we have 
dissected so far—glycolysis and pyruvate oxidation and 
the citric acid cycle—produce only 4 ATP molecules per 
glucose molecule, all by substrate-level phosphorylation: 
2 net ATP from glycolysis and 2 ATP from the citric acid 

cycle. At this point, molecules of NADH 
(and FADH2) account for most of the ener-
gy extracted from each glucose molecule. 
For the cell to be able to harvest the energy 
banked in NADH and FADH2, these mole-
cules must shuttle their high-energy elec-
trons to an electron transport chain. There 
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CITRIC
ACID

CYCLE

Steps ➋–➌         
NADH, ATP, and CO2 are generated during 
redox reactions.

Successive redox reactions harvest energy by 

stripping hydrogen atoms from citrate and 

then alpha-ketoglutarate and producing 

energy-laden NADH molecules. In two places, 

an intermediate compound loses a CO2 

molecule. Energy is harvested by 

substrate-level phosphorylation of ADP to 

produce ATP. A four-carbon compound called 

succinate emerges at the end of step 3.

Step ➊       

Acetyl CoA stokes the furnace.

A turn of the citric acid cycle begins (top 

center) as enzymes strip the CoA portion 

from acetyl CoA and combine the 

remaining two-carbon group with the 

four-carbon molecule oxaloacetate (top 

left) already present in the mitochondri-

on. The product of this reaction is the 

six-carbon molecule citrate. All the acid 

compounds in this cycle exist in the cell in 

their ionized form, hence the suffix -ate.

Steps ➍–➏    

Further redox reactions generate FADH2 
and more NADH.

Succinate is oxidized as the electron carrier 

FAD is reduced to FADH2. Fumarate is 

converted to malate, which is then oxidized 

as one last NAD1 is reduced to NADH.

One turn of the citric acid cycle is 

completed with the regeneration of 

oxaloacetate, which is then ready to start 

the next cycle by accepting an acetyl

group from acetyl CoA.
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➎

ATP
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Figure 6.8B A closer look at the citric acid cycle. (Remember that the cycle runs two times for each glucose molecule oxidized.)

 10 NADH: 2 from glycolysis, 2 from the oxidation of pyruvate, and 6 from 
the citric acid cycle; and 2 FADH2 from the citric acid cycle. (Did you remem-
ber to double the output after the sugar-splitting step of glycolysis?)

? What is the total number of NADH and FADH2 molecules 

generated during the complete breakdown of one glucose 

molecule to six molecules of CO2? (Hint: Combine the outputs 

 discussed in Modules 6.7 and 6.8.)

the energy that was captured from the oxidation of organic 
molecules is used to phosphorylate ADP to ATP—hence the 
name  oxidative phosphorylation.

Almost 90% of the ATP generated in cellular respiration is 
made by oxidative phosphorylation, which involves electron 
transport and the process of chemiosmosis. We look at this 
final stage of cellular respiration next.



VISUALIZING 
THE CONCEPT 6.9 Most ATP production occurs by oxidative phosphorylation

Oxidative phosphorylation clearly illustrates the theme of 

   . Electron transport chains embedded 

in the inner membrane of a mitochondrion pump hydrogen 

ions into the intermembrane space. (Recall that ions cannot 

move through a membrane on their own.) In the process 

called chemiosmosis, the resulting concentration gradient 

drives H+ through the enzyme complex ATP synthase, 

whose molecular structure enables the synthesis of ATP. 

INTERMEMBRANE
SPACE

MITOCHONDRIAL
MATRIX

CYTOSOL

Electron Transport Chain Chemiosmosis

One of  four 

complexes of 

electron carriers 

(labeled I to IV)

Electrons shuttled from 

glycolysis, pyruvate 

oxidation, and the citric acid 

cycle are delivered to the 

electron transport chain. 

Some electron carriers 

pump H+ across the 

membrane as they 

transfer electrons.

Oxygen accepts 2 

electrons and picks 

up 2 H1, forming H2O.

H1 move one by 

one into binding 

sites, causing 

the rotor to spin. 

The rotor turns 

an internal rod, 

which activates 

sites that 

phosphorylate 

ADP to ATP. 

Electron
flow

I

II

III
IV

Rotor

Internal
rod

The folds (cristae) of the
inner membrane enlarge its 

surface area, providing space for 
thousands of electron transport 

chains and ATP synthases.
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Q
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Oxygen finally steps in
to play its critical role in

cellular respiration.

OXIDATIVE PHOSPHORYLATION

     Oxidative phosphorylation is illustrated below. Starting on 

the left, the gold arrows trace the transfer of electrons from 

the shuttle molecules NADH and FADH2 through the electron 

transport chain to oxygen, the final electron acceptor. The 

electron carriers in the chain sequentially pass electrons 

down the “energy staircase.” At three locations, the energy 

released from these electron transfers enables the 

active transport of H+ into the intermembrane space. 

The flow of H+ back through ATP synthase 

powers ATP synthesis. 

Mobile 
electron
carriers

FADH2

The flow of H+ through
ATP synthase acts somewhat 

like a rushing stream that
turns a waterwheel.

H+ cannot diffuse
back through the membrane, 
and its concentration gradient 
across the membrane stores

potential energy.

Inner
mitochondrial
membrane

Outer
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ATP
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STRUCTURE AND FUNCTION

 Without oxygen to “pull” electrons down the electron transport chain, the 
energy stored in NADH and FADH2 could not be harnessed for ATP synthesis.

? What effect would an absence of oxygen (O2) have on the 

process of oxidative phosphorylation?
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6.10 Scientists have discovered heat-producing, calorie-burning brown fat in adults

You may recall from Module 6.3 that cellular 
respiration captures about 34% of the energy in 
glucose molecules as ATP, with the rest released as 

heat. But sometimes cellular respiration can be used primarily to 
generate heat, as happens in the mitochondria of brown fat cells.

Ordinary body fat, called white fat, has little metabolic 
activity. Each cell is filled with a single large droplet of fat. 
Brown fat, on the other hand, actively burns energy. You 
learned in the chapter introduction that brown fat helps keep 
infants warm. Brown fat is named for its color, which comes 

from the brownish mitochondria 
that pack its cells. These mitochon-
dria are unique in that they can 
burn fuel and produce heat with-
out making ATP. How can they do 

that? Look back at the figure in Module 6.9 and imagine ion 
channels spanning the inner mitochondrial membrane that 
allow H +  to flow freely across the membrane. Such channels 
would dissipate the H +   gradient that the electron transport 
chain had produced. Without that gradient, ATP synthase 
could not make ATP, and all the energy from the burning of 
fuel molecules would be released as heat. The mitochondria 
of brown fat cells have just such channels.

Until recently, brown fat in humans was thought to disap-
pear after infancy. The presence of unidentified tissue in the 
PET scans of cancer patients, however, caused researchers to 
question that conclusion. To test whether this tissue could be 
brown fat, researchers analyzed 3,640 PET-CT scans that had 
been performed on 1,972 patients for various diagnostic rea-
sons. PET is a technique that identifies areas with high uptake 
of radioactively labeled glucose, and CT scans can detect adi-
pose (fat) tissue. The combined PET-CT scans revealed small 
areas in the neck and chest of some patients that fit the crite-
ria for brown fat—adipose tissue that was metabolically active 
(burning glucose). The researchers correlated the presence or 
absence of brown fat with each patient’s sex, age, weight, and 
other parameters, including the outdoor temperature. The 
results showed that 7.5% of the women and 3% of the men 
examined had deposits of brown fat. The tissues were found 
to be more prevalent both in patients who were thinner and 
when the scans had been taken in cold weather.

As is typical in science, the results from one study led to 
new questions and new research. Is brown fat activated by 
cold temperatures and, thus, could a much higher percent-
age of adults have brown fat than shown in scans of patients 
who were presumably not cold? Is the prevalence of this fat- 
burning tissue in thinner individuals related to why some 
people are thin and others are obese?

A second study looked at the presence and activity of brown 
fat in 24 men exposed to cold temperatures. Combined PET-
CT scans were taken of all research participants following a 
2-hour exposure at 16°C (60.8°F). The scans of all but one par-
ticipant (the one with the highest body mass index, or BMI) 
revealed activated brown fat tissues. One of the findings of 

SCIENTIFIC 
THINKING

this study is shown 
in Figure 6.10. The 
measured brown fat 
activity of the lean 
group was found 
to be significantly 
higher than that 
of the overweight/
obese group.

These results 
indicate that 
brown fat may be 
present in most 
people, and, when 
activated by cold, 
the brown fat of 
lean individuals is 
more active (burns 
more calories). Like 
before, this 
study raised 
interesting 
questions. 
Does the 
more active brown fat 
of thin individuals 
help keep them thin? Are there other ways to turn on brown 
fat besides exposure to cold? Could brown fat be a target for 
obesity-fighting drugs?

Research on this heat-producing, calorie-burning type of 
fat is continuing at a rapid pace. Many more experiments have 
confirmed that cold exposure stimulates brown fat activity. 
Illustrating the theme of INFORMATION  , recent studies are focus-
ing on the cell-signaling pathways and molecules involved in 
the changes in gene expression that activate such fat cells. Most 
of these studies have been done in mice, allowing for more con-
trol of variables such as calorie intake, temperature, and exer-
cise, as well as precise manipulation of gene expression.

In a new discovery that involved distinguishing unique 
genetic markers on individual cells, scientists have identified 
a third type of fat. In response to stimulation by cold or other 
signals, some white fat cells appear to convert to so-called 
beige cells, which then function like brown fat. Increasing 
the amount and activity of brown or beige fat could burn off 
excess stored fat. Medical researchers are searching for ways to 
activate brown fat or convert white fat to beige fat as possible 
treatments for obesity and type 2 diabetes. Expect to see news 
on both basic science and medical applications of brown/beige 
fat research for years to come.

Can brown fat keep 
a newborn warm 
and help keep an 
adult thin?

 Brown fat was activated and thus identified in response to the cold 
 temperature treatment of the second study.

? The initial study discussed identified brown fat in less than 

10% of the patients whose scans were analyzed. The second 

study identified brown fat in 96% of participants. What accounts 

for this difference in research results?

Lean group
(10 subjects with
BMI less than 25)

Overweight/obese group
(14 subjects with BMI

equal to or greater than 25)
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Figure 6.10 Activity level of brown fat of lean and 

overweight/obese participants after cold exposure

Data from W. D. van Marken Lichtenbelt et al., Cold-activated 
brown adipose tissue in healthy men, New England Journal 
of Medicine 360: 1500–8 (2009).

Data from A. M. Cypess et al., Identification and importance of brown adipose 
tissue in adult humans, New England Journal of Medicine 360: 1509–17 (2009).
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6.11 Review: Each molecule of glucose yields many molecules of ATP

Let’s review what you have learned about cellular respira-
tion by following the oxidation of one molecule of glucose. 
Starting on the left in Figure 6.11, glycolysis, which occurs 
in the cytosol, oxidizes glucose to two molecules of pyru-
vate, produces 2 NADH, and produces a net of 2 ATP by 
substrate-level phosphorylation. Within the mitochondrion, 
the oxidation of 2 pyruvate yields 2 NADH and 2 acetyl CoA. 
The 2 acetyl CoA feed into the citric acid cycle, which yields 
6 NADH and 2 FADH2, as well as 2 ATP by substrate-level 
phosphorylation. Glucose has now been completely oxidized 
to CO2. NADH and FADH2 deliver electrons to the electron 
transport chain, where they are finally passed to O2, forming 
H2O. The electron transport chain pumps H +  into the inter-
membrane space. The resulting H +  gradient is tapped by ATP 
synthase to produce about 28 molecules of ATP by oxidative 
phosphorylation (according to current experimental data). 
Thus, the total yield of ATP molecules per glucose is about 32.

The number of ATP molecules cannot be stated exactly 
for several reasons. The NADH produced in glycolysis passes 

its electrons across the mitochondrial membrane to either 
NAD +  or FAD. Because FADH2 adds its electrons farther along 
the electron transport chain (see Module 6.9), it contributes 
less to the H +  gradient and thus generates less ATP. In addi-
tion, some of the energy of the H +  gradient may be used for 
work other than ATP production, such as the active transport 
of pyruvate into the mitochondrion.

Because most of the ATP generated by cellular respira-
tion results from oxidative phosphorylation, the ATP yield 
depends on an adequate supply of oxygen to the cell. Without 
oxygen to function as the final electron acceptor, electron 
transport and ATP production stop. But as we see next, some 
cells can oxidize organic fuel and generate ATP without oxygen.

 O2 accepts electrons at the end of the electron transport chain. CO2 
is released during the oxidation of intermediate compounds in pyruvate 
 oxidation and the citric acid cycle.

? Explain where O2 is used and CO2 is produced in cellular 

respiration.
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Oxidation
 2 Acetyl

CoA

Glucose
2

Pyruvate

Oxidative 
Phosphorylation
(electron transport
and chemiosmosis)

Citric Acid

Cycle

About
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phosphorylation
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phosphorylation
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by oxidative 
phosphorylation
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2
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2
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Figure 6.11  

An estimated tally of 

the ATP produced per 

molecule of glucose 

by substrate-level and 

oxidative phosphorylation 

in cellular respiration

Fermentation: Anaerobic Harvesting of Energy

6.12 Fermentation enables cells to produce ATP without oxygen

Fermentation is a way of harvesting energy that does not 
require oxygen. The pathway that generates ATP during 
fermentation is glycolysis, the same pathway that functions 
in the first stage of cellular respiration. Remember that 
glycolysis uses no oxygen; it simply generates a net gain of 
2 ATP while oxidizing glucose to two molecules of pyruvate 
and reducing NAD +  to NADH. The yield of 2 ATP is certain-
ly a lot less than the possible 32 ATP per glucose generated 
during aerobic respiration, but it is enough to keep your 

muscles contracting for a short time when oxygen is scarce. 
And many microorganisms supply all their energy needs 
through glycolysis.

There is more to fermentation, however, than just 
 glycolysis. To oxidize glucose in glycolysis, NAD +  must be 
present as an electron acceptor. This is no problem under 
aerobic conditions, because the cell regenerates its pool of 
NAD +  when NADH passes its electrons into the mitochon-
drion, to be transported to the electron transport chain. 
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Fermentation provides an anaerobic path for recycling 
NADH back to NAD+.

Lactic Acid Fermentation One common type of fermen-
tation is called lactic acid fermentation. Your muscle 
cells and certain bacteria can regenerate NAD +  by this pro-
cess, as illustrated in Figure 6.12A. You can see that NADH 
is oxidized back to NAD +  as pyruvate is reduced to lactate 
(the ionized form of lactic acid). Muscle cells can switch to 
lactic acid fermentation when the need for ATP outpaces the 
delivery of O2 via the bloodstream. The lactate that builds 
up in muscle cells was thought to cause the muscle soreness 
that occurs a day or so after intense exercise. Evidence shows, 
however, that within an hour, the lactate is carried by the 
blood to the liver, where it is converted back to pyruvate and 
oxidized. Muscle soreness is more likely caused by trauma to 
small muscle fibers, leading to inflammation and pain.

The dairy industry uses lactic acid fermentation by bacte-
ria to make cheese and yogurt. Other types of fermentation 
turn soybeans into soy sauce and cabbage into sauerkraut.

Alcohol Fermentation For thousands of years, people 
have used alcohol fermentation in brewing, winemaking, 
and baking. Yeasts are single-celled fungi that normally use 
aerobic respiration to process their food. But they are also 
able to survive in anaerobic environments. Yeasts and certain 
bacteria recycle their NADH back to NAD +  while converting 
pyruvate to CO2 and ethanol (Figure 6.12B). The CO2 pro-
vides the bubbles in beer and champagne. Bubbles of CO2 
generated by baker’s yeast cause bread dough to rise. Ethanol 
(ethyl alcohol), the two-carbon end product, is toxic to the 
organisms that produce it. Yeasts release their alcohol wastes 
to their surroundings, where it usually diffuses away. When 
yeasts are confined in a wine vat, they die when the alcohol 
concentration reaches 14%.

Types of Anaerobes Unlike muscle cells and yeasts, many 
prokaryotes that live in stagnant ponds and deep in the soil 
are called obligate anaerobes, meaning they require anaerobic 
conditions and are poisoned by oxygen. Yeasts and many 
other bacteria are called facultative anaerobes, and they can 
make ATP either by fermentation or by oxidative phosphor-
ylation, depending on whether O2 is available. On the cellu-
lar level, our muscle cells behave as facultative anaerobes.

For a facultative anaerobe, pyruvate is a fork in the meta-
bolic road. If oxygen is available, the organism will always use 
the more productive aerobic respiration. Thus, to make wine 
and beer, yeasts must be grown anaerobically so that they 
will ferment sugars and produce ethanol. For this reason, the 
wine barrels and beer fermentation vats in Figure 6.12C are 
designed to keep air out.
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Figure 6.12B Alcohol fermentation. 

NAD+ is regenerated as pyruvate is 

broken down to CO2 and ethanol.
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Figure 6.12C Wine barrels and beer fermentation vats

 The cell would have to consume glucose at a rate about 16 times the  
consumption rate in the aerobic environment (2 ATP per glucose molecule  
is made by fermentation versus 32 ATP by cellular respiration).

? A glucose-fed yeast cell is moved from an aerobic 

 environment to an anaerobic one. For the cell to continue 

generating ATP at the same rate, how would its rate of glucose 

consumption need to change?
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6.13 Glycolysis evolved early in the history of life on Earth

Glycolysis

Amino acids

Amino
groups

Sugars

Food, such as
peanuts

Glycerol Fatty acids

Glucose G3P Pyruvate

ATP

Citric
Acid

Cycle

Oxidative 
Phosphorylation

Carbohydrates Fats Proteins

Acetyl CoA

Figure 6.14 Pathways that break down various food molecules

EVOLUTION 
CONNECTION

Glycolysis is the universal energy-harvesting 
process of life. If you looked inside a bacterial 
cell, one of your body cells, or virtually any 

other living cell, you would find the metabolic machinery of 
glycolysis.

The role of glycolysis in both fermentation and respiration 
has an evolutionary basis. Ancient prokaryotes are thought to 
have used glycolysis to make ATP long before oxygen was pres-
ent in Earth’s atmosphere. The oldest-known fossils of bacte-
ria date back more than 3.5 billion years, and they resemble 
some types of photosynthetic bacteria still found today. The 
evidence indicates, however, that significant levels of O2, 
formed as a by-product of bacterial photosynthesis, did not 
accumulate in the atmosphere until about 2.7 billion years 
ago. Thus, early prokaryotes most likely generated ATP exclu-
sively from glycolysis, a process that does not require oxygen.

The fact that glycolysis is the most widespread metabolic 
pathway found in Earth’s organisms today suggests that it 
evolved very early in the history of life. The location of glycol-
ysis within the cell also implies great antiquity; the pathway 
does not require any of the membrane-enclosed organelles of 
the eukaryotic cell, which evolved about a billion years after 
the first prokaryotic cell. Glycolysis is a metabolic heirloom 
from early cells that continues to function in fermentation 
and as the first stage in the breakdown of organic molecules 
by cellular respiration.

 Glycolysis occurs universally (functioning in both fermentation and respira-
tion), does not require oxygen, and does not occur in a membrane-enclosed 
organelle.

? List some of the characteristics of glycolysis that indicate 

that it is an ancient metabolic pathway.

Connections Between Metabolic Pathways

6.14 Cells use many kinds of organic molecules as fuel for cellular respiration

Throughout this chapter, we have spoken of glucose as the 
fuel for cellular respiration. But free glucose molecules are 
not common in your diet. You obtain most of your calories 

as carbohydrates (such as sucrose and other disaccharide 
sugars and starch, a polysaccharide), fats, and proteins. 
You consume all three of these classes of organic molecules 
when you eat a handful of peanuts, for instance.

Figure 6.14 uses color-coded arrows to illustrate how a 
cell can use these three types of molecules to make ATP. 
A wide range of carbohydrates can be funneled into gly-
colysis, as indicated by the blue arrows on the far left of 
the diagram. For example, enzymes in your digestive tract 
hydrolyze starch to glucose, which is then broken down 

by cellular respiration. Similarly, glycogen, the 
polysaccharide stored in your liver and muscle 
cells, can be hydrolyzed to glucose to serve as fuel 
between meals.

Fats make excellent cellular fuel because they con-
tain many hydrogen atoms and thus many energy- 
rich electrons. As the diagram shows (tan arrows), a 

cell first hydrolyzes fats to glycerol and fatty 
acids. It then converts the glycerol to G3P, 
one of the intermediates in glycolysis. The 

fatty acids are broken into two- 
carbon fragments that enter the 
citric acid cycle as acetyl CoA. A 
gram of fat yields more than twice 
as much ATP as a gram of carbo-
hydrate. Because so many calories 
are stockpiled in each gram of fat, 
you must expend a large amount 
of energy to burn fat stored in your 
body. This helps explain why it is so 
difficult for a dieter to lose excess fat.
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Proteins (purple arrows in Figure 6.14) can also be used 
for fuel, although your body usually burns sugars and fats 
first. To be oxidized as fuel, proteins must first be digest-
ed to their constituent amino acids. Typically, a cell will 
use most of these amino acids to make its own proteins. 
Enzymes can convert excess amino acids to intermedi-
ates of glycolysis or the citric acid cycle, and their  energy 
is then harvested by cellular respiration. During the  Most animals are mobile and benefit from a compact and concentrated 

form of energy storage. Also, because fats are hydrophobic, they can be stored 
without extra water associated with them (see Module 3.8).

? Animals store most of their energy reserves as fats, not  

as polysaccharides. What is the advantage of this  

mode of storage for an animal?
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Acetyl CoA

Figure 6.15 Biosynthesis of organic molecules from intermediates 

of cellular respiration

6.15 Organic molecules from food provide raw materials for biosynthesis

Not all food molecules are destined to be oxidized as fuel for 
making ATP. Food also provides the raw materials your cells 
use for biosynthesis—the production of organic molecules 
using energy-requiring metabolic pathways. A cell must be 
able to make its own molecules to build its structures and 
perform its functions. Some raw materials, such as amino 
acids, can be incorporated directly into your macromole-
cules. However, your cells also need to make 
molecules that are not present in your food. 
Indeed, glycolysis and the citric acid cycle 
function as metabolic interchanges that 
enable your cells to convert some kinds of 
molecules to others as you need them.

Figure 6.15 outlines the pathways by 
which your cells can make three classes of 
organic molecules using some of the interme-
diate molecules of glycolysis and the citric  
acid cycle. By comparing Figures 6.14 and 6.15,  
you can see clear connections between the 
energy-harvesting pathways of cellular 
respiration and the biosynthetic pathways 
used to  construct the organic  molecules  
of the cell.

The interconnections among these  pathways 
provide a clear example of the theme of  
INTERACTIONS  in producing the emergent prop-

erty of a balanced metabolism. Basic  principles 
of supply and demand regulate these pathways. If there is  
an excess of a certain amino acid, for  example, the pathway 
that synthesizes it is switched off. The most common 
mechanism for this control is feedback inhibition: The 
end product inhibits an enzyme that catalyzes an early 
step in the pathway (see Module 5.15). Feedback inhibi-
tion also controls cellular respiration. If ATP  accumulates in 
a cell, it inhibits an early enzyme in glycolysis,  slowing down 
respiration and conserving resources. On the other hand, 
the same enzyme is activated by a buildup of ADP in the cell, 
signaling the need for more energy.

The cells of all living organisms—including those of the 
red panda shown in Figure 6.15 and the plants they eat—have 
the ability to harvest energy from the breakdown of organic 
molecules. In the process of cellular respiration, the atoms of 
the starting materials end up in carbon dioxide and water.  
In contrast, the ability to make organic molecules from 
carbon dioxide and water is not universal. Animal cells lack 
this ability, but plant cells can actually produce organic  If caloric intake is excessive, body cells use metabolic pathways to convert 

the excess to fat. The glycerol and fatty acids of fats are made from G3P  
and acetyl CoA, respectively, both produced from the oxidation of 
carbohydrates.

? Explain how someone can gain weight and store fat  

even when on a low-fat diet. (Hint: Look for G3P and acetyl 

CoA in Figures 6.14 and 6.15.)

molecules from inorganic ones using the energy of sunlight 
in the process of photosynthesis. (We explore photosynthesis 
in Chapter 7.)

conversion, the amino groups are stripped off and later 
disposed of in urine.
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drives H+ back through ATP synthase complexes in the inner mem-
brane, synthesizing ATP.

6.10 Scientists have discovered heat-producing, calorie-burning 

brown fat in adults.

6.11 Review: Each molecule of glucose yields many molecules of 

ATP. Substrate-level phosphorylation and oxidative phosphory-
lation produce up to 32 ATP molecules for every glucose molecule 
oxidized in cellular respiration.

Fermentation: Anaerobic Harvesting of Energy 
(6.12–6.13) 

6.12 Fermentation enables cells to produce ATP without oxygen. 
Under anaerobic conditions, muscle cells, yeasts, and certain bac-
teria produce ATP by glycolysis. NAD+ is recycled from NADH as 
pyruvate is reduced to lactate (lactic acid fermentation) or alcohol 
and CO2 (alcohol fermentation).

6.13 Glycolysis evolved early in the history of life on Earth. Glycol-
ysis occurs in the cytosol of the cells of nearly all organisms and is 
thought to have evolved in ancient prokaryotes.

Connections Between Metabolic Pathways 
(6.14–6.15) 

6.14 Cells use many kinds of organic molecules as fuel for cellular 

respiration.

6.15 Organic molecules from food provide raw materials for 

 biosynthesis. Cells use intermediates from cellular respiration  
and ATP for biosynthesis of other organic molecules. Metabolic 
pathways are often regulated by feedback inhibition.

CONNECTING THE CONCEPTS
1. Fill in the blanks in this summary map to help you review the key 

concepts of cellular respiration.

Cellular
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REVIEWING THE CONCEPTS
Cellular Respiration: Aerobic Harvesting  
of Energy (6.1–6.5) 

6.1 Photosynthesis and cellular respiration provide energy for life. 
Photosynthesis uses solar energy to produce organic molecules 
and O2 from CO2 and H2O. In cellular respiration, O2 is consumed 
during the breakdown of organic molecules to CO2 and H2O, and 
energy is released.

6.2 Breathing supplies O2 for use in cellular respiration and 

removes CO2.

6.3 Cellular respiration banks energy in ATP molecules.

1C6H12O6
6

Glucose Oxygen

ATP

Carbon
dioxide

Water

1 HeatH2O6 1 6 1CO2O2

6.4 The human body uses energy from ATP for all its activities.

6.5 Cells capture energy from electrons “falling” from organic fuels 

to oxygen. Electrons removed from fuel molecules (oxidation) are 
transferred to NAD+ (reduction). NADH passes electrons to an elec-
tron transport chain. As electrons “fall” from carrier to carrier and 
finally to O2, energy is released.

Stages of Cellular Respiration (6.6–6.11)

6.6 Overview: Cellular respiration occurs in three main stages.

6.7 Glycolysis harvests chemical energy by oxidizing glucose to 

pyruvate. ATP is used to prime a glucose molecule, which is split 
in two. These three-carbon intermediates are oxidized to two 
molecules of pyruvate, yielding a net of 2 ATP and 2 NADH. ATP is 
formed by substrate-level phosphorylation, in which a phosphate 
group is transferred from an organic molecule to ADP.

6.8 After pyruvate is oxidized, the citric acid cycle completes the 

energy-yielding oxidation of organic molecules. The oxidation of 
pyruvate yields acetyl CoA, CO2, and NADH. For each turn of the 
citric acid cycle, two carbons from acetyl CoA are added, 2 CO2 are 
released, and 3 NADH and 1 FADH2 are produced.

6.9 Most ATP production occurs by oxidative phosphorylation. In 
mitochondria, electrons from NADH and FADH2 are passed down 
the electron transport chain to O2, which picks up H+ to form 
water. Energy released by these redox reactions is used to pump H+ 
into the intermembrane space. In chemiosmosis, the H+ gradient 
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11. Explain how your body can convert excess carbohydrates in the 
diet to fats. Can excess carbohydrates be converted to protein? 
What else must be supplied?

12. An average adult human requires 2,200 kcal of energy per day. 
Suppose your diet provides an average of 2,300 kcal per day. How 
many hours per week would you have to walk to burn off the extra 
calories? Swim? Run? (See Figure 6.4.)

13. Your body makes NAD +  and FAD from two B vitamins, niacin and 
riboflavin. The Recommended Dietary Allowance for niacin is 
20 mg and for riboflavin, 1.7 mg. These amounts are thousands of 
times less than the amount of glucose your body needs each day  
to fuel its energy needs. Why is the daily requirement for these 
vitamins so small?

Level 3: Synthesis/Evaluation

14. Oxidative phosphorylation involves the flow of both electrons and 
hydrogen ions (H+). Explain the roles of these movements in the 
synthesis of ATP.

15. In the citric acid cycle, an enzyme oxidizes malate to oxaloacetate, 
with the production of NADH and the release of H+. You are study-
ing this reaction using a suspension of bean cell mitochondria and 
a blue dye that loses its color as it takes up H+. You set up reaction 
mixtures with mitochondria, dye, and three different concentra-
tions of malate (0.1 mg/L, 0.2 mg/L, and 0.3 mg/L). Which of the 
following graphs represents the results you would expect, and why?
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16. ATP synthase enzymes are found in the prokaryotic plasma mem-
brane and in the inner membrane of a mitochondrion. What does 
this suggest about the evolutionary relationship of this eukaryotic 
organelle to prokaryotes?

17. SCIENTIFIC THINKING  Several studies have found a correlation be-
tween the activity levels of brown fat tissue in research participants 
following exposure to cold and their percentage of body fat (see 
Module 6.10). Devise a graph that would present the results from 
such a study, labeling the axes and drawing a line to show whether 
the results show a positive or negative correlation between the 
variables. Propose two hypotheses that could explain these results.

18. For a short time in the 1930s, some physicians prescribed low doses 
of a compound called dinitrophenol (DNP) to help patients lose 
weight. This unsafe method was abandoned after some patients 
died. DNP uncouples the chemiosmotic machinery by making the 
inner mitochondrial membrane leaky to H+. Explain how this drug 
could cause profuse sweating, weight loss, and possibly death.

19. Explain how the mechanism of brown fat metabolism is similar 
to the effect that the drug DNP described above has on mitochon-
dria. Pharmaceutical companies may start targeting brown fat 
for weight loss drugs. How might such drugs help patients lose 
weight? What dangers might such drugs pose?

Answers to all questions can be found in Appendix 4.

TESTING YOUR KNOWLEDGE
Level 1: Knowledge/Comprehension

2. A biochemist wanted to study how various substances were used 
in cellular respiration. In one experiment, she allowed a mouse to 
breathe air containing O2 “labeled” by a particular isotope. In the 
mouse, the labeled oxygen first showed up in
a. ATP.
b. NADH.
c. CO2.
d. H2O.

3. In glycolysis, _________ is oxidized and _________ is reduced.
a. NAD +  p glucose
b. glucose p oxygen
c. ATP p ADP
d. glucose p NAD +

4. Most of the CO2 from cellular respiration is released during
a. glycolysis.
b. pyruvate oxidation.
c. the citric acid cycle.
d. oxidative phosphorylation.

5. Which of the following is the most immediate source of energy for 
making most of the ATP in your cells?
a. the transfer of P  from intermediate substrates to ADP
b. the movement of H+ across a membrane down its concentra-

tion gradient
c. the splitting of glucose into two molecules of pyruvate
d. electrons moving through the electron transport chain

6. Which of the following is a true distinction between cellular 
 respiration and fermentation?
a. NADH is oxidized by passing electrons to the electron transport 

chain in respiration only.
b. Only respiration oxidizes glucose.
c. Substrate-level phosphorylation is unique to fermentation; 

 cellular respiration uses oxidative phosphorylation.
d. Fermentation is the metabolic pathway found in prokaryotes; 

cellular respiration is unique to eukaryotes.

Level 2: Application/Analysis

7. The poison cyanide binds to an electron carrier within the elec-
tron transport chain and blocks the movement of electrons. When 
this happens, glycolysis and the citric acid cycle soon grind to a 
halt as well. Why do you think these other two stages of cellular 
respiration stop? (Explain your answer.)
a. They run out of ATP.
b. Unused O2 interferes with cellular respiration.
c. They run out of NAD +  and FAD.
d. Electrons are no longer available.

8. In which of the following is the first molecule becoming reduced 
to the second molecule?
a. pyruvate S acetyl CoA
b. pyruvate S lactate
c. glucose S pyruvate
d. NADH + H+ S NAD+ + 2 H

9. Which of the three stages of cellular respiration is considered the 
most ancient? Explain your answer.

10. Compare and contrast fermentation as it occurs in your muscle 
cells and in yeast cells.


