ADVANCED
NUTRITION
AND HUMAN
METABOLISM

FIFTH EDITION



Dietary Reference Intakes (DRI)

he Dietary Reference Intakes (DRI) include two sets of values that serve as goals for nutrient intake—Recommended Dietary Allowances (RDA) and Adequate

Intakes (Al). The RDA reflect the average daily amount of a nutrient considered adequate to meet the needs of most healthy people. If there is insufficient
evidence to determine an RDA, an Al is set. Al are more tentative than RDA, but both may be used as goals for nutrient intakes.

In addition to the values that serve as goals for nutrient intakes, the DRI include a set of values called Tolerable Upper Intake Levels (UL). The UL represent the
maximum amount of a nutrient that appears safe for most healthy people to consume on a regular basis.

Estimated Energy Requirements (EER), Recommended Dietary Allowances (RDA), and
Adequate Intakes (Al) for
Water, Energy, and the Energy Nutrients

/8 N
. O N o
&/ & & > /& /) 3 ©
@ o D S/ 8 & /) T T~ 3 S
¢ Y = 8/ ST/ I/ &/ F & N ¥
) o/ 3/ o8/ O/ I/ T/ 3/ &/ £/ £
S
S/ 88 £/ S5/ S5/ 8 S & & &5/ 5
/Y ) &/ &/ R/ A/ S/ S/ 8/ & &
62 (24) 6 (13) 0.7¢ 570 60 — 31 4.4 0.5 9.1 1.52
— 71 (28) | 9(20) 0.8f 743 95 — 30 4.6 0.5 11 1.2
— 86 (34) | 12(27) 1.3 1046 130 19 — 7 0.7 13 1.05
15.3 115 (45) 20 (44) 1.7 1742 130 25 — 10 0.9 19 0.95
17.2 | 144 (57) | 36 (79) 2.4 2279 130 31 — 12 1.2 34 0.95
20.5 | 174 (68) |61 (134) 3.3 3152h 130 38 — 16 1.6 52 0.85
22.5 | 177 (70) |70 (154) 3.7 3067" 130 38 — 17 1.6 56 0.8
3.7 3067" 130 38 — 17 1.6 56 0.8
3.7 3067" 130 30 — 14 1.6 56 0.8
— 62(24) | 6(13) 0.7¢ 520 60 — 31 4.4 0.5 9.1 1.52
— 71 (28) 9 (20) 0.8f 676 95 — 30 4.6 0.5 11 1.2
— 86 (34) | 12(27) 1.3 992 130 19 — 7 0.7 13 1.05
15.3 | 115 (45) | 20 (44) 1.7 1642 130 25 — 10 0.9 19 0.95
17.4 | 144 (57) | 37 (81) 2.1 2071 130 26 — 10 1.0 34 0.95
20.4 | 163 (64) |54 (119) 23 2368 130 26 — 11 1.1 46 0.85
163 (64) | 57 (126) 2403 130 25 — 12 1.1 46 0.8
2403 130 25 — 12 1.1 46 0.8
2403 130 21 — 11 1.1 46 0.8
+0 175 28 — 13 1.4 +25 1.1
+340 175 28 — 13 1.4 +25 1.1
+452 175 28 — 13 1.4 +25 1.1
+330 210 29 — 13 1.3 +25 1.3
+400 210 29 — 13 1.3 +25 1.3
NOTE: For all nutrients, values for infants are Al. Dashes indicate that values have not been “The linolenic acid referred to in this table and text is the omega-3 fatty acid known as alpha-
determined. linolenic acid.
aThe water Al includes drinking water, water in beverages, and water in foods; in general, drinking 9The values listed are based on reference body weights.
water and other beverages contribute about 70 to 80 percent, and foods, the remainder. Conver- €Assumed to be from human milk.
sion factors: 1 L = 33.8 fluid oz; 1 L = 1.06 qt; 1 cup = 8 fluid oz. fAssumed to be from human milk and complementary foods and beverages. This includes
bThe Estimated Energy Requirement (EER) represents the average dietary energy intake that will approximately 0.6 L (~3 cups) as total fluid including formula, juices, and drinking water.
maintain energy balance in a healthy person of a given gender, age, weight, height, and physical 9For energy, the age groups for young children are 1-2 years and 3-8 years.
activity level. The values listed are based on an “active” person at the reference height and weight "For males, subtract 10 kcalories per day for each year of age above 19.
and at the midpoint ages for each group until age 19. Chapter 8 provides equations and tables to iFor females, subtract 7 kcalories per day for each year of age above 19.

determine estimated energy requirements.

SOURCE: Adapted from the Dietary Reference Intakes series, National Academies Press. Copyright 1997, 1998, 2000, 2001, 2002, 2004, 2005 by the National Academies of Sciences.



Recommended Dietary Allowances (RDA) and Adequate Intakes (Al) for Vitamins

NOTE: For all nutrients, values for infants are Al.

“Vitamin A recommendations are expressed as retinol activity equivalents (RAE).
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0.2 0.3 2 5 1.7 0.1 65 0.4 125 40 400 5 4 2.0

0.3 0.4 4 6 1.8 0.3 80 0.5 150 50 500 5 5 25
0.5 0.5 6 8 2 0.5 150 0.9 200 15 300 5 6 30
0.6 0.6 8 12 3 0.6 200 1.2 250 25 400 5 7 55
9 0.9 12 20 4 1.0 300 1.8 375 45 600 5 11 60
2 1.3 16 25 5 1.3 400 2.4 550 75 900 5 15 75
2 1.3 16 30 5 1.3 400 24 550 90 900 5 15 120
.2 1.3 16 30 5 1.3 400 2.4 550 90 900 5 15 120
.2 1.3 16 30 5 1.7 400 24 550 90 900 10 15 120
2 1.3 16 30 5 17 400 2:4 550 90 900 15 15 120
0.9 0.9 12 20 4 1.0 300 1.8 375 45 600 5 1 60
1.0 1.0 14 25 5 1.2 400 2.4 400 65 700 5 15 75
1.1 1.1 14 30 5 1.3 400 24 425 75 700 5 15 90
1.1 1.1 14 30 5 1.3 400 24 425 75 700 5 15 90
1.1 1.1 14 30 5 1.5 400 2.4 425 75 700 10 15 90
1.1 1.1 14 30 5 1.5 400 2.4 425 75 700 15 15 90
1.4 1.4 18 30 6 1.9 600 2.6 450 80 750 5 15 75
1.4 1.4 18 30 6 1.9 600 2.6 450 85 770 5 15 90
1.4 4 18 30 6 1.9 600 2.6 450 85 770 5 15 90
1.4 1.6 17 35 7 2.0 500 28 | 550 | 115 1200 5 19 75
1.4 1.6 17 35 7 2.0 500 2.8 550 120 1300 5 19 90
1.4 1.6 17 35 7 2.0 500 2.8 550 120 1300 5 19 90

2Niacin recommendations are expressed as niacin equivalents (NE), except for recommendations for
infants younger than 6 months, which are expressed as preformed niacin.
bFolate recommendations are expressed as dietary folate equivalents (DFE).

dVitamin D recommendations are expressed as cholecalciferol and assume an absence of adequate
exposure to sunlight.
eVitamin E recommendations are expressed as a-tocopherol.

Recommended Dietary Allowances (RDA) and Adequate Intakes (Al) for Minerals
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180 | 400 | 210 | 100 30 | 027 | 2 10 | 15 | 200 | 0003 | 001 | 02 | 2
570 700 270 275 75 11 3 130 20 220 0.6 0.5 5.5 3
1500 | 3000 | 500 | 460 | 80 | 7 3 9 | 20 | 340 | 12 | 07 | m 17
1900 | 3800 | 800 | 500 | 130 | 10 5 9 | 30 | 440 | 15 10 | 15 22
2300 | 4500 | 1300 | 1250 | 240 | 8 8 120 | 40 | 700 | 19 | 2 25 34
2300 | 4700 | 1300 | 1250 | 410 | 11 11 150 | 55 | 890 | 22 3 35 43
2300 | 4700 | 1000 | 700 | 400 | 8 1 150 | 55 | 900 | 23 | 4 35 45
2300 | 4700 | 1000 | 700 | 420 | 8 1 150 | 55 | 900 | 23 | 4 35 45
2000 | 4700 | 1200 | 700 | 420 | 8 1 150 | 55 | 900 | 23 | 4 30 45
1800 | 4700 | 1200 | 700 | 420 | 8 1 150 | 55 | 900 | 23 | 4 30 45
2300 4500 1300 1250 240 8 8 120 40 700 1.6 2 21 34
2300 4700 1300 1250 360 15 9 150 55 890 1.6 3 24 43
2300 4700 1000 700 310 18 8 150 55 900 1.8 3 25 45
2300 4700 1000 700 320 18 8 150 55 900 1.8 3 25 45
2000 | 4700 | 1200 | 700 | 320 | 8 8 150 | 55 | 900 | 18 3 20 45
1800 | 4700 | 1200 | 700 | 320 | 8 8 150 | 55 | 900 | 1.8 3 20 45
2300 | 4700 | 1300 | 1250 | 400 | 27 12 | 220 | 60 | 1000 | 20 3 29 50
2300 | 4700 | 1000 | 700 | 350 | 27 1 220 | 60 | 1000 | 20 3 30 50
2300 | 4700 | 1000 | 700 | 360 | 27 1 220 | 60 | 1000 | 2.0 3 30 50
2300 | 5100 | 1300 | 1250 | 360 | 10 13 | 200 | 70 | 1300 | 26 3 44 50
2300 | 5100 | 1000 | 700 | 310 | 9 12 | 200 | 70 | 1300 | 26 | 3 45 50
2300 | 5100 | 1000 | 700 | 320 | 9 12 | 200 | 70 | 1300 | 26 3 45 50




Tolerable Upper Intake Levels (UL) for Vitamins

aThe UL for niacin and folate apply to synthetic forms
obtained from supplements, fortified foods, or a combination
of the two.
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30 300 1000 400 600 50 200
40 400 1000 650 900 50 300
60 600 2000 1200 1700 50 600
80 800 3000 1800 2800 50 800
100 1000 3500 2000 3000 50 1000
100 1000 3500 2000 3000 50 1000
80 800 3000 1800 2800 50 800
100 1000 3500 2000 3000 50 1000
80 800 3000 1800 2800 50 800
100 1000 3500 2000 3000 50 1000

bThe UL for vitamin A applies to the preformed vitamin only.
“The UL for vitamin E applies to any form of supplemental
a-tocopherol, fortified foods, or a combination of the two.

Tolerable Upper Intake Levels (UL) for Minerals

d9The UL for magnesium applies to synthetic forms obtained from supplements or drugs only.
¢Source of intake should be from human milk (or formula) and food only.

NOTE: An Upper Limit was not established for vitamins and minerals not listed and for those age
groups listed with a dash (—) because of a lack of data, not because these nutrients are safe to con-
sume at any level of intake. All nutrients can have adverse effects when intakes are excessive.
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Preface

Since the first edition was published in 1990, much has
changed in the science of nutrition. But the purpose of the
text—to provide thorough coverage of normal metabolism
for upper-division nutrition students—remains the same.
We continue to strive for a level of detail and scope of mate-
rial that satisfy the needs of both instructors and students.
With each succeeding edition, we have responded to sugges-
tions from instructors, content reviewers, and students that
have improved the text by enhancing the clarity of the mate-
rial and by ensuring accuracy. In addition, we have included
the latest and most pertinent nutrition science available to
provide future nutrition professionals with the fundamental
information vital to their careers and to provide the basis for
assimilating new scientific discoveries as they happen.

Just as the body of information on nutrition science has
increased, so has the team of authors working on this text.
Dr. James Groff and Dr. Sara Hunt coauthored the first edi-
tion. In subsequent editions, Dr. Sareen Gropper became
a coauthor as Dr. Sara Hunt entered retirement. In the
fourth edition, Dr. Jack L. Smith joined the author team.
Drs. Gropper and Smith have continued to devote their
efforts and time in coauthoring this fifth edition.

NEW TO THIS EDITION

In this edition, we worked to improve the clarity of the figures
and the two-color design introduced last edition to visually
emphasize important concepts in the chapters. The second
color is better used in the figures to highlight reactants, prod-
ucts, and movement through the biochemical pathways.
We hope this use of color will improve student learning. In
addition, we reorganized some content between chapters to
improve organization. This restructuring resulted in one less
chapter and should improve readability.

While the chapter text continues to concentrate on normal
nutrition and physiological function, we have tried to provide
more connections between normal and clinical nutrition and
between physiology and pathophysiology. The Perspectives
continue to deal with clinical, pathological, and applied aspects
germane to the subject of each corresponding chapter.

PRESENTATION

The presentation of the fifth edition is designed to make the
book easier for the reader to use. The second color draws
attention to important elements in the text, tables, and fig-
ures and helps generate reader interest. The Perspectives
provide applications of the information in the chapter text
and have been well received by reviewers and users.

Because this book focuses on normal human nutrition
and physiological function, it is an effective resource for
students majoring in either nutrition sciences or dietet-
ics. Intended for a course in advanced nutrition, the text
presumes a sound background in the biological sciences.
At the same time, however, it provides a review of the
basic sciences—particularly biochemistry and physiology,
which are important to understanding the material. This
text applies biochemistry to nutrient use from consump-
tion through digestion, absorption, distribution, and cel-
lular metabolism, making it a valuable reference for health
care workers. Health practitioners may use it as a resource
to refresh their memories with regard to metabolic and
physiological interrelationships and to obtain a concise
update on current concepts related to human nutrition.

We continue to present nutrition as the science that
integrates life processes from the molecular to the cellu-
lar level and on through the multisystem operation of the
whole organism. Our primary goal is to give a compre-
hensive picture of cell reactions at the tissue, organ, and
system levels. Subject matter has been selected for its rel-
evance to meeting this goal.

ORGANIZATION

Each of the 15 chapters begins with a topic outline, followed
by a brief introduction to the chapter’s subject matter. These
features are followed in order by the chapter text, a brief sum-
mary that ties together the ideas presented in the chapter, a
reference list, and a Perspective with its own reference list.
The text is divided into five sections. Section I (Chapters
1 and 2) focuses on cell structure, gastrointestinal tract
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anatomy, and function with respect to digestion and absorp-
tion. The information contained in the energy transformation
chapter of previous editions has been split between the chapter
on the cell (Chapter 1) and the carbohydrates chapter (Chapter
3). This reorganization associates similar information more
closely. Most of the body’s energy production is associated
with glycolysis or the tricarboxylic acid cycle by the way of the
electron transport and oxidative phosphorylation.

Section II (Chapters 3-8) discusses the metabolism of
the macronutrients. This section reviews primary meta-
bolic pathways for carbohydrates, lipids, and proteins,
emphasizing those reactions particularly relevant to issues
of health. We include a separate chapter on fiber. The dis-
cussion of alcohol metabolism has been moved from the
carbohydrates chapter (Chapter 3) to the lipids chapter
(Chapter 5). Alcohol contributes to the caloric intake
of many people. Its chemical structure more closely
resembles that of carbohydrates, but its metabolism is
more similar to that of lipids. Chapter 7 discusses the
interrelationships among the metabolic pathways that
are common to the macronutrients. This chapter also
includes a discussion of the regulation of the metabolic
pathways and a description of the metabolic dynamics of
the fed-fast cycle, along with a presentation of exercise
and sports nutrition and the effects of physical exertion
on the body’s metabolic pathways. The chapter on body
composition (Chapter 8) has been moved into this sec-
tion. It emphasizes energy balance and the influence of
energy balance on the various body compartments. This
chapter also includes a brief discussion of hormonal con-
trol of food intake, the prevalence of obesity, and the regu-
lation of body weight. The information on the change of
body composition through development has been moved
to the protein chapter (Chapter 6).

Section IIT (Chapters 9-13) concerns those nutrients con-
sidered regulatory in nature: the water- and fat-soluble vita-
mins and the minerals, including the macrominerals, micro-
minerals, and ultratrace minerals. These chapters cover
nutrient features such as digestion, absorption, transport,
function, metabolism, excretion, deficiency, toxicity, and
assessment of nutriture, as well as the latest recommended
dietary allowances or adequate intakes for each nutrient.

Section IV (Chapter 14) covers the maintenance of the
body’s homeostatic environment. It includes discussion of
body fluids and electrolyte balance, and pH maintenance.
The final chapter (Chapter 15), “Experimental Design and
Critical Interpretation of Research,” has been condensed.
It constitutes Section V and is supplementary to the rest of
the book. This chapter discusses the types of research and
the methodologies by which research can be conducted.
It is designed to familiarize students with research orga-
nization and implementation, to point out problems and
pitfalls inherent in research, and to help students critically
evaluate scientific literature.

SUPPLEMENTARY MATERIAL

To enhance teaching and learning from the textbook, a
Multimedia Manager CD-ROM is available. This multi-
media collection of visual resources provides instructors
with the complete collection of figures from the textbook.
Instructors may use illustrations to create custom class-
room presentations, visually based tests and quizzes, or
classroom support materials. In addition, a robust test
bank is available both electronically on the Multimedia
Manager CD-ROM and in printed form. Students will
find study guide resources and online practice tests for
each chapter on the book’s companion web site.
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The Cell: A Microcosm of Life

ells are the very essence of life. Cells may be defined as the basic

living, structural, and functional units of the human body. They vary

greatly in size, chemical composition, and function, but each one is a
remarkable miniaturization of human life. Cells move, grow, ingest food and
excrete wastes, react to their environment, and even reproduce. This chapter
provides a brief review of the basics of a cell, including cellular components,
communication, energy, and transport. An overview of the natural life span of
a typical cell is provided because of its importance in nutrition and disease.

Cells of all multicellular organisms are called eukaryotic cells (from the
Greek eu, meaning “true;” and karyon, “nucleus”). Eukaryotic cells evolved
from simpler, more primitive cells called prokaryotic cells. The major distin-
guishing feature between the two cell types is that eukaryotic cells possess a
defined nucleus, whereas prokaryotic cells do not. Also, eukaryotic cells are
larger and much more complex structurally and functionally than their ances-
tors. Because this text addresses human metabolism and nutrition, all descrip-
tions of cellular structure and function in this and subsequent chapters pertain
to eukaryotic cells.

Specialization among cells is a necessity for the living, breathing human,
but cells in general have certain basic similarities. All human cells have a plas-
ma membrane and a nucleus (or have had a nucleus), and most contain an
endoplasmic reticulum, Golgi apparatus, and mitochondria. For convenience
of discussion, this book considers a so-called “typical cell” to enable us to iden-
tify the various organelles and their functions, which characterize cellular life.
Considering the relationship between the normal functioning of a typical cell
and the health of the total organism—the human being—brings to mind the
old rule: “A chain is only as strong as its weakest link”

Figure 1.1 shows the fine structure of a typical animal cell. A similar view of
a typical animal absorptive cell (such as an intestinal epithelial cell) is included
in the discussion of digestion in Chapter 2.

Our discussion begins with the plasma membrane, which forms the outer
boundary of the cell, and then moves inward to examine the organelles held
within this membrane. This chapter covers the information about molecules in
the cell that is needed to understand cell structure and function. The chemical
structures of the molecules are described later in the appropriate chapters.
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Smooth endoplasmic reticulum

Cell membrane or plasma membrane Region of the endoplasmic reticulum
Cells are surrounded by a phospholipid bilayer that involved in lipid synthesis. Smooth
contains embedded proteins, carbohydrates, and lipids. endoplasmic reticula do not have Rough endoplasmic reticulum
Membrane proteins act as receptors sensitive to external ribosomes and are not involved in A series of membrane sacks that
stimuli and channels that regulate the movement of protein synthesis. contain ribosomes that build

substances into and out of the cell.

Golgi apparatus

The Golgi apparatus is a Smooth endoplasmic
Cell membrane  yaticulum

series of membrane sacks that
process and package proteins
after they leave the rough
endoplasmic reticulum.

Lysosome

Contains digestive enzymes
that break up proteins,
lipids, and nucleic acids.
They also remove and
recycle waste products.

and process proteins.

Rough endoplasmic
reticulum

Cytoplasm

The cytoplasm is the gel-like
substance inside cells. Cytoplasm
contains cell organelles, protein,
electrolytes, and other molecules.

Figure 1.1 Typical animal cell.

Components of Typical Cells

PLASMA MEMBRANE

The plasma membrane is the membrane encapsulating the
cell. By surrounding the cell, it lets the cell become a unit
by itself. The plasma membrane, like other membranes
found within the cell, has distinct functions and structural
characteristics. Nevertheless, all membranes share some
common attributes:

B Membranes are sheetlike structures composed primar-
ily of phospholipids and proteins held together by non-
covalent interactions.

B Membrane phospholipids have both a hydrophobic and
a hydrophilic moiety. This structural property of phos-
pholipids allows them to spontaneously form bimolecu-
lar sheets in water, called lipid bilayers. Figure 1.2 depicts
the cellular membrane as it would surround a cell.
Figure 1.3 shows a close up of the cell membrane that
illustrates several of its functions. Note the phospholipid
bilayer and the proteins in the cell membrane, and the

Nucleus Mitochondrion

The nucleus contains the DNA Organelles that produce
in the cell. Molecules of DNA most of the energy (ATP)
provide coded instructions used used by cells.

for protein synthesis.

intracellular space inside the cell and extra cellular space
outside the cell. The core of the bilayer is hydrophobic,
which inhibits many water-soluble compounds from
passing into and out of the cell. The integral transport
protein shown in this figure is part of a transport system
that enables essential water-soluble substances to cross the
plasma membrane. The hydrophobic bilayer also helps to
retain essential water-soluble substances within the cell.
Phosphoglycerides and phosphingolipids (phosphate-
containing sphingolipids) comprise most of the membrane
phospholipids. Chemical structures and properties of the
phospholipids in the cellular membrane are described
more fully in Chapter 5. Of the phosphoglycerides,
phosphatidylcholine and phosphatidylethanolamine are
particularly abundant in higher animals. Another impor-
tant membrane lipid is cholesterol, but its amount varies
considerably from membrane to membrane. Cholesterol
is present in the hydrophobic portion of the bilayer.

Membrane proteins give biological membranes their
functions: They serve as pumps, gates, receptors, energy
transducers, and enzymes. These functions are repre-
sented in Figure 1.3. Many of these proteins have either
lipid or carbohydrate attachments.
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Phosphoglycerides, which Water-attracting
consist of fatty acid tails, polar heads
attached to polar “heads.”
The polar heads are made
and a polar head group,
Hydrocarbon

up of glycerol, phosphate (P)
which can be ethanolamine,
serine, or inositol.
> core excludes
water
Fatty

acid
tails

Figure 1.2 Lipid bilayer structure of biological membranes.

B Membranes are asymmetrical. The inside and outside Membranes are not structurally distinct from the aque-
faces of the membrane are different. ous compartments of the cell they surround. For example,
the cytoplasm, which is a gel-like, aqueous, transparent

B Membranes are not static but are fluid structures. The substance that fills the cell, connects the various mem-
lipid and protein molecules within them move laterally — branes of the cell. This interconnection creates a structure

with ease and rapidity. that makes it possible for a signal generated at one part of
Hydrophobic portion
of cell membrane Part of transport
. inhibits passage of system allowing
Outside of Cell water-soluble specific water-soluble
substances into substances to pass
and out of the cell. through the membrane

Oligosaccharide
side chain

Glycocalyx
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‘.“.”.“ 2B 208095
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Cholesterol

Integral proteins

Phospholipid Peripheral
membrane protein
Cholesterol enhances
the mechanical
stability and
regulates membrane
Inside of Cell fluidity.

Figure 1.3 Fluid model of cell membrane. Lipids and proteins are mobile. They can move laterally in the membrane.



4 cHaprTeR 1 O The Cell: A Microcosm of Life

the cell to be transmitted quickly and efficiently to other
regions of the cell.

The plasma membrane protects the cellular compo-
nents while at the same time allowing them sufficient
exposure to their environment for stimulation, nourish-
ment, and removal of wastes. Plasma membranes are
chemically distinct from other membranes. Plasma mem-
branes have:

m Greater carbohydrate content, due to the presence of
glycolipids and glycoproteins. Some carbohydrate is
found in all membranes, but most of the glycolipids and
glycoproteins of the cell are associated with the plasma
membrane.

m Greater cholesterol content. Cholesterol enhances the
mechanical stability of the membrane and regulates its
fluidity.

Figure 1.3 illustrates the position of a cholesterol mol-
ecule between two phospholipid molecules. The hydrocar-
bon side chain of the cholesterol molecule associates with
the hydrocarbon fatty acid tails of the phospholipids, creat-
ing a hydrophobic region. The hydroxyl groups of the cho-
lesterol are positioned close to the polar head groups of the
phospholipid molecules, resulting in a more hydrophilic
region [1,2]. This layering of polar and nonpolar regions
has led to the concept of the lipid bilayer to describe the
plasma membrane structure. The cholesterol’s rigid pla-
nar steroid rings are positioned so as to interact with and
stabilize those regions of the hydrocarbon chains closest to
the polar head groups. The rest of the hydrocarbon chain
remains flexible and fluid. Cholesterol, by regulating flu-
idity of the membrane, regulates membrane permeabil-
ity, thereby exercising some control over what may pass
into and out of the cell. The fluidity of the membrane also
appears to affect the structure and function of the proteins
embedded in the lipid membrane.

The carbohydrate moiety of the glycoproteins and the
glycolipids in membranes helps maintain the asymmetry
of the membrane, because the oligosaccharide side chains
are located exclusively on the membrane layer facing
away from the cytoplasmic matrix. In plasma membranes,
therefore, the sugar residues are all exposed to the outside
of the cell, forming what is called the glycocalyx, the layer
of carbohydrate on the cell’s outer surface. On the mem-
branes of the organelles, however, the oligosaccharides are
directed inward, into the lumen of the membrane-bound
compartment. Figure 1.3 illustrates the glycocalyx and
the location of oligosaccharide side chains in the plasma
membrane.

Although the exact function of the sugar residues is
unknown, they are believed to act as specificity mark-
ers for the cell and as “antennae” to pick up signals for
transmission of substances in the cell. The membrane
glycoproteins are crucial to the life of the cell, very possibly
serving as the receptors for hormones, certain nutrients,

and various other substances that influence cellular
function. Glycoproteins also may help regulate the intra-
cellular communication necessary for cell growth and
tissue formation. Intracellular communication occurs
through pathways that convert information from one
part of a cell to another in response to external stimuli.
Generally, it involves the passage of chemical messengers
from organelle to organelle or within the lipid bilayers
of membranes. Intracellular communication is examined
more closely in the “Receptors and Intracellular Signal-
ing” section of this chapter.

Whereas the lipid bilayer determines the structure of the
plasma membrane, proteins are primarily responsible for
the many membrane functions. The membrane proteins
are interspersed within the lipid bilayer, where they medi-
ate information transfer (as receptors), transport ions and
molecules (as channels, carriers, and pumps), and speed
up metabolic activities (as enzymes). Figure 1.3 illustrates
the integral proteins which are involved in transporting
molecules into and out of the cell.

Membrane proteins are classified as either integral or
peripheral. The integral proteins are attached to the mem-
brane through hydrophobic interactions and are embed-
ded in the membrane. Peripheral proteins, in contrast, are
associated with membranes through ionic interactions and
are located on or near the membrane surface (Figure 1.3).
Peripheral proteins are believed to be attached to integral
membrane proteins either directly or through intermedi-
ate proteins [1,2].

Most receptor and carrier proteins are integral proteins,
whereas the glycoproteins of the cell recognition complex
are peripheral proteins [1]. Functions of membrane pro-
teins, as well as functions of proteins located intracellu-
larly, are described later in this chapter.

CYTOPLASMIC MATRIX

The advent of the electron microscope opened a new fron-
tier in the study of cell structure and cell physiology. This
microscope was able to identify the microtrabecular lattice,
a fibrous web of connective tissue that supports and con-
trols the movement of cell organelles. Figure 1.4 shows the
spatial relationship of the components of the cytoplasm. An
intricate network of protein filaments extends throughout
the cell and provides support within the cytoplasm. The
microtubules are proteins that underlie the plasma mem-
brane, the surface of the endoplasmic reticulum. The lattice
appears to support certain extracellular extensions emanat-
ing from the cell surface. For example, the microvilli, which
are extensions of intestinal epithelial cells, are associated
with the microtrabeculae. Microvilli are designed to pres-
ent a large surface area to absorb dietary nutrients. Microtu-
bules, together with a network of filaments that interconnect
them, form the cytoskeleton. The cytoskeleton is a part of
the cellular matrix, most commonly called the cytoplasm.



Microtrabeculae suspend
the endoplasmic reticulum,
mitochondria, and the
microtubules.

Endoplasmic
reticulum

Ribosome

Microtrabecular
strand

Plasma membrane

Microfilaments and microtubules are complex poly-
mers of many different proteins, including actin, myo-
sin, and tubulin, the last of which is a protein necessary
to form microtubules. These structures provide mechani-
cal support for the cell and also serve as binding sur-
faces for soluble macromolecules, such as proteins and
nucleic acids, that are present in the aqueous portion
of the cytoplasmic matrix. The interior of the cell is in
continuous motion, and the cytoskeleton provides the
machinery for intracellular movement. The nonfilamen-
tous aqueous portion of the cell contains very few mac-
romolecules and that many proteins in the cytoplasmic
matrix are bound to the filaments for a large portion of
their lives. The fluid portion of the cytoplasmic matrix
not associated with the microtubules contains small
molecules such as glucose, amino acids, oxygen, and
carbon dioxide. This arrangement of the polymeric and
fluid portions apparently gives the cytoplasm its gel-like
consistency.

Figure 1.5 summarizes the structures of a cell in a
three-dimensional model. The spatial arrangement of the
cytoskeleton (which also includes the microfilaments)

cHAPTER 1 O The Cell: A Microcosm of Life 5

Plasma membrane

Figure 1.4 The cytokeleton (microtrabecular
lattice) provides a structure for cell organelles,
microvillae (as found in intestinal mucosa cells),

Mitochondrion

The polyribosomes are
located at the junctions of

the microtrabecular lattice.

300,000 times its actual size and was derived from
hundreds of images of cultured cells viewed in a
high-voltage electron microscope.

with the aqueous phase of the cell improves the efficiency
of the many enzyme-catalyzed reactions that take place in
the cytoplasm. Because the aqueous part of the cell con-
tacts with the cytoskeleton over a very broad surface area,
enzymes that are associated with the polymeric lattice are
brought into close proximity to their substrate molecules
in the aqueous portion, thereby facilitating the reaction
[see the “Catalytic Proteins (Enzymes)” section of this
chapter]. Furthermore, if enzymes that catalyze the reac-
tions of a metabolic pathway are oriented sequentially,
so that the product of one reaction is released in very
close proximity to the next enzyme for which it is a sub-
strate, the velocity of the overall pathway will be greatly
enhanced. Evidence indicates that such an arrangement
does in fact exist among the enzymes that participate in
glycolysis.

Possibly all metabolic pathways occurring in the
cytoplasmic matrix are influenced by its structural
arrangement. The separation or association of metabolic
pathways (or both) is important in regulating metabolism.
This topic is covered more fully in Chapter 8. Metabolic
pathways of particular significance that occur in the

and large molecules.The cytoplast is shown at about
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The nuclear membrane (or nuclear
envelope) with its pores makes
communication possible

between the nucleus and the
cytoplasmic matrix.

Smooth endoplasmic reticulum

Nuclear membrane

Nucleus

Plasma
membrane

Golgi
apparatus

Endoplasmic reticulum
provides continuity
between the nuclear
envelope, the Golgi
apparatus, and the
plasma membrane.

Lysosomes contain
enzymes capable of
splitting complex
molecules and are
contained within a
single thick membrane.

Nuclear membrane pore

Rough endoplasmic
reticulum

Lysosome

Mitochondria

Cytoplasm

Filamentous cytoskeleton

(microtubules)

Figure 1.5 Three-dimensional depiction of a typical mammalian liver cell.

cytoplasmic matrix and that might be affected by its
structure include:

m glycolysis
B hexose monophosphate shunt (pentose phosphate
pathway)

B glycogenesis and glycogenolysis
m fatty acid synthesis, including the production of nones-
sential, unsaturated fatty acids

Normal intracellular communication among all cellular
components is vital for cell activation and survival. The im-
portance of the microtubular network is evidenced by its
function to support and interconnect cellular components.
The network also helps components communicate.

The cytoplasmic matrix of eukaryotic cells contains a
number of organelles, enclosed in the bilayer membrane.
Each of these components is described briefly in the follow-
ing sections. Figures 1.1 and 1.5 show these organelles.

MITOCHONDRION

The mitochondria are the primary sites of oxygen use
in the cell and are responsible for most of the metabolic

energy (adenosine triphosphate, or ATP) produced in
cells. The size and shape of the mitochondria in differ-
ent tissues vary according to the function of the tissue.
In muscle tissue, for example, the mitochondria are held
tightly among the fibers of the contractile system. In the
liver, however, the mitochondria have fewer restraints,
appear spherical, and move freely through the cytoplas-
mic matrix.

Mitochondrial Membrane

The mitochondrion consists of a matrix or interior space
surrounded by a double membrane (Figures 1.6 and 1.7).

Outer membrane

Figure 1.6 The
mitochondrion.

Inner membrane



Pyruvate

Pyruvate

cycle

The electron transport chain
is positioned on the inner
membrane, and is central to
oxidative phosphorylation.

Figure 1.7 Overview of a cross section of the mitochondria.

The mitochondrial outer membrane is relatively porous,
whereas the inner membrane is selectively permeable,
serving as a barrier between the cytoplasmic matrix and
the mitochondrial matrix. The inner membrane has many
invaginations, called the cristae, which increase the surface
area of the inner membrane in which all the components
of the electron transport chain are embedded.

The electron transport (respiratory) chain is central to
the process of oxidative phosphorylation, the mechanism
by which most cellular ATP is produced. The components
of the electron transport chain carry electrons and hydro-
gens during catalytic oxidation of nutrient molecules by
enzymes in the mitochondrial matrix. The details of this
process are described more fully in Chapter 3. Briefly, the
mitochondria carry out the flow of electrons through the
electron transport chain. This electron flow is strongly
exothermic, and the energy released is used in part for
ATP synthesis, an endothermic process. Molecular oxy-
gen is ultimately, but indirectly, the oxidizing agent in
these reactions. The function of the electron transport
chain is to couple the energy released by nutrient oxi-
dation to the formation of ATP. The chain components
are precisely positioned within the inner mitochondrial
membrane, an important feature of the mitochondria,
because it brings the oxidizable products released in
the matrix into close proximity with molecular oxygen.

Fatty acids

cHAPTER 1 O The Cell: A Microcosm of Life 7

Outer membrane is
relatively porous.

Inner membrane is
selectively porous.

Fatty acids
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Figure 1.7 shows the flow of major reactants into and out
of the mitochondrion.

Mitochondrial Matrix

Among the metabolic enzyme systems functioning in the
mitochondrial matrix are those that catalyze the reactions
ofthe TCA cycle and fatty acid oxidation (Chapter 5). Other
enzymes are involved in the oxidative decarboxylation and
carboxylation of pyruvate (Chapter 3) and in certain reac-
tions of amino acid metabolism (Chapter 6).

The mitochondria reproduce by dividing in two.
Although the nucleus contains most of the cell's deoxyri-
bonucleic acid (DNA), the mitochondrial matrix contains
a small amount of DNA and a few ribosomes, so limited
protein synthesis occurs within the mitochondrion. The
genes contained in mitochondrial DNA, unlike those in
the nucleus, are inherited only from the mother [3]. The
primary function of mitochondrial genes is to code for
proteins vital to producing ATP [2]. Most of the enzymes
operating in the mitochondrion, however, are coded by
nuclear DNA and synthesized on the rough endoplasmic
reticulum (RER) in the cytoplasm. They are then incorpo-
rated into existing mitochondria.

All cells in the body, with the exception of the eryth-
rocyte, possess mitochondria. The erythrocyte disposes
of its mitochondria during the maturation process and
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then must depend solely on the energy produced through
anaerobic mechanisms, primarily glycolysis.

NUCLEUS

The cell nucleus is the largest of the organelles and, because
of its DNA content, initiates and regulates most cellular
activities. Surrounding the nucleus is the nuclear envelope.
The nuclear envelope is composed of two bilayer mem-
branes (an inner and an outer membrane) that are dynamic
structures (Figure 1.5). The dynamic nature of these mem-
branes makes communication possible between the nucleus
and the cytoplasmic matrix and allows a continuous chan-
nel between the nucleus and the endoplasmic reticulum. At
various intervals the two membranes of the nuclear envelope
fuse, creating pores in the envelope (Figure 1.5). The nucleus
and the microtubules of the cytoskeleton appear to be inter-
dependent. The polymerization and the intracellular distri-
bution of the microtubules are controlled by nucleus-based
activities. Clusters of proteins on the outer nuclear mem-
brane are centers of these activities. These clusters, called
microtubule organization centers (MTOCs), begin polym-
erizing and organizing the microtubules during mitosis.
A review of MTOC activity has been published [4,5].

The matrix held within the nuclear envelope contains
molecules of DNA that encode the cell’'s genetic information

plus all the enzymes. The matrix also contains the minerals
necessary for the activity of the nucleus. Condensed regions of
the chromatin within the nuclear envelope, called nucleoli,
contain not only DNA and its associated alkaline proteins
(histones) but also considerable amounts of RNA (ribonu-
cleic acid). This particular RNA is believed to give rise to the
microsomal RNA (i.e., RNA associated with the endoplas-
mic reticulum).

Encoded within the nuclear DNA of the cell are thou-
sands of genes that direct the synthesis of proteins. Each
gene codes for a single specific protein. The cell genome is
the entire set of genetic information: all of the DNA with-
in the cell. Barring mutations that may arise in the DNA,
daughter cells, produced from a parent cell by mitosis, pos-
sess the identical genomic makeup of the parent. The pro-
cess of DNA replication enables the DNA to be precisely
copied at the time of mitosis.

After the cell receives a signal that protein synthesis is
needed, protein biosynthesis occurs in phases called tran-
scription, translation, and elongation (Figure 1.8). Each
phase requires DNA activity, RNA activity, or both. These
phases, together with replication, are reviewed briefly in
this chapter, but the scope of this subject is large; inter-
ested readers should consult a current, comprehensive bio-
chemistry text for a more thorough treatment of protein
biosynthesis [6].

Cell signaling
=) Cell signaling communicates
) the need to synthesize a
B Y protein to the nucleus.
e WW
Cell :
membrane
Cytoplasm ——
(%
A
Cytoplasm \/ Transcription
\ 0 Transcription of a gene in the
Cell \S\Z/ Nucleus W nucleus results in the synthesis
membrane /’\\ > DNA of a strand of MRNA.
Nucl W mRNA [
ucleus
strand w%%
L%
Key -
@ Ribosome
; (5}
mRNA subunits — (5] Translation and Elongation
L MRNA strand @ <ytoplasm — The mRNA strand leaves the
(A Y, - nucleus, binds to ribosomes,
bun A T000000 @ and directs protein translation
tRNA subunits — PP ¢ with the help of tRNA subunits
| £ prTanEs and their associated amino
m Polypeptide acids. This elongation process
) id = strand A‘ RNA —0 b results in the production of a
amino acids m r— subunit ° polypeptide strand.
L Amino acid

Figure 1.8 Steps of protein synthesis.



Nucleic Acids

Nucleic acids (DNA and RNA) are formed from repeating
units called nucleotides, sometimes referred to as nucleo-
tide bases or just bases. Structurally, they consist of a nitro-
genous core (either purine or pyrimidine), a pentose sugar
(ribose in RNA, deoxyribose in DNA), and phosphate. Five
different nucleotides are contained in the structures of the
nucleic acids: Adenylic acid and guanylic acid are purines,
and cytidylic acid, uridylic acid, and thymidylic acid are
pyrimidines. The nucleotides are more commonly referred
to by their nitrogenous base core only—namely, adenine,
guanine, cytosine, uracil, and thymine, respectively. For
convenience, particularly in describing the sequence of the
polymeric nucleotides in a nucleic acid, the single-letter
abbreviations are most often used. Adenine (A), guanine
(G), and cytosine (C) are common to both DNA and RNA,
whereas uracil (U) is unique to RNA, and thymine (T) is
found only in DNA. When two strands of nucleic acids
interact with each other, as occurs in replication, transcrip-
tion, and translation, bases in one strand pair specifically
with bases in the second strand: A always pairs with T or U,
and G pairs with C, in what is called complementary base
pairing, Figure 1.9.

The nucleotides are connected by phosphates esterified
to hydroxyl groups on the pentose—that is, deoxyribose
or ribose—component of the nucleotide. The carbon
atoms of the pentoses are assigned prime (') numbers for

old ol
N

Base pairing

During translation
the double helix of
DNA makes new
strands by base
pairing.

The original
DNA molecule
unravels so new
identical DNA
molecules

can be
synthesized.

The two new
DNA molecules
contain an old
strand and a
new strand.

Old
Emerging progeny DNA

Figure 1.9 DNA replication.
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identification. The phosphate group connects the 3' carbon
of one nucleotide with the 5' carbon of the next nucleotide
in the sequence. The 3' carbon of the latter nucleotide in
turn is connected to the 5' carbon of the next nucleotide
in the sequence, and so on. Therefore, nucleotides are
attached to each other by 3, 5' diester bonds. The ends of a
nucleic acid chain are called either the free 3' end or the free
5'end, meaning that the hydroxyl groups at those positions
are not attached by phosphate to another nucleotide.

Cell Replication

Cell replication involves the synthesis of a daughter DNA
molecule identical to the parental DNA. At cell division,
the cell must copy its genome with a very high degree of
fidelity. Each strand of the DNA molecule acts as a tem-
plate for synthesizing a new strand. Figures 1.8 and 1.9
illustrate replication by base pairing and show the forma-
tion of the two new strands. The DNA molecule consists
of two large strands of nucleic acid that are intertwined
to form a double helix. During cell division the two
unravel, with each forming a template for synthesizing a
new strand through complementary base pairing. Incom-
ing nucleotide bases first pair with their complementary
bases in the template and then are connected through
phosphate diester bonds by DNA polymerase, an enzyme.
The end result of the replication process is two new
DNA chains that join with the two chains from the par-
ent molecule to produce two new DNA molecules. Each
new DNA molecule is therefore identical in base sequence
to the parent, and each new cell of a tissue consequently
carries within its nucleus identical information to direct
its functioning. The two strands in the DNA double helix
are antiparallel, which means that the free 5' end of one
strand is connected to the free 3' end of the other. With
this process, a cell is able to copy or replicate its genes
before it passes them on to the daughter cell. Although
errors sometimes occur during replication, mechanisms
exist that correct or repair mismatched or damaged DNA.
Refer to a biochemistry text [6] for details.

Cell Transcription

Transcription is the process by which the genetic infor-
mation (through the sequence of base pairs) in a single
strand of DNA makes a specific sequence of bases in an
mRNA chain (Figure 1.8). Transcription proceeds con-
tinuously throughout the entire life cycle of the cell. In the
process, various sections of the DNA molecule unravel,
and one strand—called the sense strand—serves as the
template for synthesizing messenger RNA (mRNA).
The genetic code of the DNA is transcribed into mRNA
through complementary base pairing, as in DNA repli-
cation, except that the purine adenine (A) pairs with the
pyrimidine uracil (U) instead of with thymine (T). Genes
are composed of critically sequenced base pairs along the
entire length of the DNA strand that is being transcribed.
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A gene, on average, is just over 1,000 base pairs in length,
compared with the nearly 5 million (5 x 10°) base pair
length of typical chromosomal DNA chains. Although
these figures provide a rough estimate of the number of
genes per transcribed DNA chain, not all the base pairs of
a gene are transcribed into functional mRNA.

Genes translate certain regions of nucleotide sequences
into complementary mRNA sequences that do not code
for a protein product. These segments, called introns
(intervening sequences), have to be removed from the
mRNA before it is translated into protein (see the “Trans-
lation” section of this chapter). Enzymes excise the introns
from the newly formed mRNA, and the ends of the func-
tional, active mRNA segments are spliced together in a
process called posttranscriptional processing. The gene
segments that get both transcribed and translated into
the protein product, called exons (expressed sequences),
require no posttranscriptional processing.

Translation

Translation is the process by which genetic information in
an mRNA molecule specifies the sequence of amino acids
in the protein product. After the mRNA is synthesized in
the nucleus (Figure 1.8), the mRNA is exported into the
cytoplasmic matrix, where it is attached to the ribosomes
of the rough endoplasmic reticulum (RER) or to the free-
standing polysomes (polyribosomes, Figure 1.4). On the
ribosomes, the transcribed genetic code is used to bring
amino acids into a specific sequence that produces a pro-
tein with a clearly delineated function.

The genetic code for specifying the amino acid sequence
of a protein resides in the mRNA in the form of three-base
sequences called codons. Each codon codes for a single
amino acid. Although a given amino acid may have sev-
eral codons (for example, the codons CUU, CUC, CUA,
and CUG all code for the amino acid leucine), codons can
code for only one amino acid. Each amino acid has one
or more transfer RNAs (tRNA), which deliver the amino
acid to the mRNA for peptide synthesis. The three-base
sequences of the tRNA attach to the codons by comple-
mentary base pairing.

Amino acids are first activated by ATP at their carboxyl
end and then transferred to their specific tRNAs that bear
the anticodon complementary to each amino acid’s codon.
For example, because codons that code for leucine are
sequenced CUU, CUC, CUA, or CUG, the only tRNAs to
which an activated leucine can be attached would need to
have the anticodon sequence GAA, GAG, GAU, or GAC.
The tRNAs then bring the amino acids to the mRNA
situated at the protein synthesis site on the ribosomes.
After the amino acids are positioned according to codon-
anticodon association, peptide bonds are formed between
the aligned amino acids in a process called elongation
(Figure 1.8). Elongation extends the polypeptide chain of
the protein product by translation.

Each incoming amino acid is connected to the end
of the growing peptide chain with the free carboxyl group
(C-terminal end) by formation of further peptide bonds.
New amino acids are incorporated until all the codons
(corresponding to one gene) of the mRNA have been trans-
lated. At this point, the process stops abruptly, signaled by
a “nonsense” codon that does not code for any amino acid.
The completed protein dissociates from the mRNA. After
translation, the new protein may require some chemical,
structural, or spatial modification to attain its active form.

ENDOPLASMIC RETICULUM
AND GOLGI APPARATUS

The endoplasmic reticulum (ER) is a network of mem-
branous channels pervading the cytoplasm and providing
continuity between the nuclear envelope, the Golgi appa-
ratus, and the plasma membrane. This structure, therefore,
is a mechanism for communication from the innermost
part of the cell to its exterior (Figures 1.1 and 1.5).

The ER cannot be separated from the cell as an
entity by laboratory preparation. During mechanical
homogenization, the structure of the ER is disrupted
and reforms into small spherical particles called micro-
somes. The ER is classified as either rough (granular) or
smooth (agranular). The granularity or lack of granu-
larity is determined by the presence or absence of ribo-
somes. Rough endoplasmic reticulum (RER), so named
because it is studded with ribosomes, abounds in cells
where protein synthesis is a primary function. Smooth
endoplasmic reticulum (SER) is found in most cells;
however, because it is the site of synthesis for a variety of
lipids, it is more abundant in cells that synthesize steroid
hormones (e.g., the adrenal cortex and gonads) and in
liver cells, which synthesize fat transport molecules (the
lipoproteins). In skeletal muscle, SER is called sarcoplas-
mic reticulum and is the site of the calcium ion pump, a
necessity for the contractile process.

Ribosomes associated with RER are composed of ribo-
somal RNA (rRNA) and structural protein. All proteins
to be secreted (or excreted) from the cell or destined to
be incorporated into an organelle membrane in the cell
are synthesized on the RER. The clusters of ribosomes
(i.e., polyribosomes or polysomes) that are freestand-
ing in the cytoplasm are also the synthesis site for some
proteins. All proteins synthesized in polyribosomes in
the cytosol (the liquid portion of the cytoplasm) remain
within the cytoplasmic matrix or are incorporated into
an organelle.

Located on the RER of liver cells is a system of enzymes
very important in detoxifying and metabolizing many dif-
ferent drugs. This enzyme complex consists of a family of
cytochromes, called the P450 system, that functions along
with other enzymes. The P450 system is particularly active
in oxidizing drugs, but because its action results in the



simultaneous oxidation of other compounds as well, the sys-
tem is collectively referred to as the mixed-function oxidase
system. Lipophilic substances—for example, the steroid
hormones and numerous drugs—can be made hydrophilic
by oxidation, reduction, or hydrolysis, thereby enabling
them to be excreted easily in the bile or urine. This system
is discussed further in Chapter 5.

The Golgi apparatus functions closely with the ER in
trafficking and sorting proteins synthesized in the cell. The
Golgi apparatus is particularly prominent in neurons and
secretory cells. The Golgi apparatus consists of four to eight
membrane-enclosed, flattened cisternae that are stacked in
parallel (Figures 1.1 and 1.5). The Golgi cisternae are often
referred to as “stacks” because of this arrangement. Tubu-
lar networks have been identified at either end of the Golgi
stacks:

B The cis-Golgi network is a compartment that accepts
newly synthesized proteins coming from the ER.

B The trans-Golgi network is the exit site of the Golgi
apparatus. It sorts proteins for delivery to their next
destination [7].

Proteins to be transferred into the Golgi apparatus are
synthesized on the RER. The polypeptide forms with-
in the Golgi apparatus as synthesis occurs. The Golgi
apparatus is the site for membrane differentiation and
the development of surface specificity. For example, the
polysaccharide moieties of mucopolysaccharides and of
the membrane glycoproteins are synthesized and attached
to the polypeptide during its passage through the Golgi
apparatus. Such an arrangement allows for the continual
replacement of cellular membranes, including the plasma
membrane.

The ER is a quality-control organelle in that it pre-
vents proteins that have not achieved normal tertiary or
quaternary structure from reaching the cell surface. The
ER can retrieve or retain proteins destined for residency
within the ER, or it can target proteins for delivery to the
cis-Golgi compartment. Retrieved or exported protein
“cargo” is coated with protein complexes called coatomers,
abbreviated COPs (coat proteins). Some coatomers are
structurally similar to the clathrin coat of endocytic vesicles
and are described later in this chapter. The choice of what
is retrieved or retained by the ER and what is exported to
the Golgi apparatus is probably mediated by signals that
are inherent in the terminal amino acid sequences of the
proteins in question. Certain amino acid sequences of
cargo proteins are thought to interact specifically with cer-
tain coatomers [8].

The membrane-bound compartments of the ER and the
Golgi apparatus are interconnected by transport vesicles,
in which cargo proteins are moved from compartment
to compartment. The vesicles leaving a compartment are
formed by a budding and pinching off of the compart-
ment membrane, and the vesicles then fuse with the
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membrane of the target compartment. The specificity of
vesicle-membrane interactions has been the focus of con-
siderable research [8].

Secretion from the cell of products such as proteins can
be either constitutive or regulated. If secretion follows a
constitutive course, the secretion rate remains relatively
constant, uninfluenced by external regulation. Regulated
secretion, as the name implies, is affected by regulatory
factors, and therefore its rate is changeable.

LYSOSOMES AND PEROXISOMES

Lysosomes and peroxisomes are cell organelles packed
with enzymes. Whereas the lysosomes serve as the cell’s
digestive system, the peroxisomes perform some specific
oxidative catabolic reactions. Lysosomes are particularly
large and abundant in cells that perform digestive func-
tions—for example, the macrophages and leukocytes.
Approximately 36 powerful enzymes capable of splitting
complex substances such as proteins, polysaccharides,
nucleic acids, and phospholipids are held within the con-
fines of a single thick membrane. The lysosome, just like
a protein synthesized for excretion, is believed to develop
through the combined activities of the ER and the Golgi
apparatus. The result is a very carefully packaged group of
lytic enzymes (Figures 1.1 and 1.5).

The membrane surrounding these catabolic enzymes
has the capacity for very selective fusion with other vesi-
cles so that catabolism (or digestion) may occur as nec-
essary. Wastes produced by this process can be removed
from the cells by exocytosis. Important catabolic activi-
ties performed by the lysosomes include participation in
phagocytosis, in which foreign substances taken up by
the cell are digested or rendered harmless. An example
of digestion by lysosomes is their action in the proximal
tubules of the kidney. Lysosomes of the proximal tubule
cells are believed to digest the albumin absorbed by endo-
cytosis from the glomerular filtrate. Lysosomal phagocy-
tosis protects against invading bacteria and is part of the
normal repair process following a wound or an infection.

A second catabolic activity of lysosomes is autolysis, in
which intracellular components, including organelles, are
digested following degeneration or cellular injury. Autoly-
sis also can serve as a survival mechanism for the cell as
a whole. Digesting dispensable intracellular components
can provide the cell with nutrients necessary to fuel func-
tions essential to life. The mitochondrion is an example
of an organelle whose degeneration requires autolysis. It
is estimated that the mitochondria of liver cells must be
renewed approximately every 10 days.

Another catabolic activity of the lysosomes is bone
resorption, an essential process in the normal modeling of
bone. Lysosomes of the osteoclasts promote mineral disso-
lution and collagen digestion, both of which are necessary
actions in bone resorption and in regulating calcium and
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phosphorus homeostasis. Lysosomes, with their special
membrane and numerous catabolic enzymes, also func-
tion in hormone secretion and regulation. Their role in the
secretion of the thyroid hormones is particularly impor-
tant (see Chapter 12).

In the early 1960s, the peroxisomes were first recog-
nized as separate intracellular organelles. These small bod-
ies are believed to originate by “budding” from the SER.
The peroxisomes are similar to the lysosomes in that they
are bundles of enzymes surrounded by a single membrane.
Rather than having digestive action, however, the enzymes
within the peroxisomes are catabolic oxidative enzymes.
Although the mitochondrial matrix is the major site where
fatty acids are oxidized to acetyl coenzyme A (acetyl CoA),
the peroxisomes can carry out a similar series of reactions.
Acetyl CoA produced in peroxisomes cannot be further
oxidized for energy at that site, however, and must be
transported to the mitochondria for oxidation through the
TCA cycle.

Peroxisomes are also the site for certain reactions
of amino acid catabolism. Some oxidative enzymes
involved in these pathways catalyze the release of hydrogen
peroxide (H,0,) as an oxidation product. Because H,0, is
a very reactive chemical that could cause cellular damage
if not promptly removed or converted, H,O,-releasing
reactions are segregated within these organelles. The
enzyme catalase, present in large quantities in the peroxi-
somes, degrades the potentially harmful H,O, into water
and molecular oxygen. Other enzymes in the peroxisomes
are important in detoxifying reactions. Particularly impor-
tant is the oxidation of ethanol to acetaldehyde.

Cellular Proteins
|

Proteins synthesized on the cell’s free polyribosomes
remain within the cell to perform their specific struc-
tural, digestive, regulatory, or other functions. Among
the more interesting areas of biomolecular research has
been determining how newly synthesized protein finds
its way from the ribosomes to its intended destination.
At the time of synthesis, signal sequences direct proteins
to their appropriate target compartment. These targeting
sequences, located at the N-terminus of the protein, are
generally cleaved (though not always) when the protein
reaches its destination. Interaction between the signal
sequences and specific receptors located on the various
membranes permits the protein to enter its designated
membrane or become incorporated into the designated
organelle.

A long list of metabolic diseases is attributed to a defi-
ciency of, or the inactivity of, certain enzymes. Tay-Sachs
disease, phenylketonuria, maple syrup urine disease, and
the lipid and glycogen storage diseases are a few well-known

examples. As a result of research on certain mitochondrial
proteins, it is believed that in at least some cases the enzymes
are not necessarily inactive or deficient but rather fail to
reach their correct destination [9-11].

Several cellular proteins are of particular interest to the
health science student:

B receptors, proteins that modify the cell’s response to its
environment

B transport proteins, proteins that regulate the flow of
nutrients into and out of the cell

B enzymes, the catalysts for the hundreds of biochemical
reactions taking place in the cell

RECEPTORS AND INTRACELLULAR SIGNALING

Receptors are highly specific proteins located in the plas-
ma membrane facing the exterior of the cell. Bound to
the outer surface of these specific proteins are oligosac-
charide chains, which are believed to act as recognition
markers. Membrane receptors act as attachment sites for
specific external stimuli such as hormones, growth factors,
antibodies, lipoproteins, and certain nutrients and exam-
ples are shown in Figures 1.10 and 1.11. These molecular
stimuli, which bind specifically to receptors, are called
ligands. Receptors are also located on the membrane of
cell organelles; less is known about these receptors, but
they appear to be glycoproteins necessary for correctly
positioning newly synthesized cellular proteins.

Although most receptor proteins are probably integral
membrane proteins, some may be peripheral. In addition,
receptor proteins can vary widely in their composition
and mechanism of action. Although the composition and
mechanism of action of many receptors have not yet been
determined, at least three distinct types of receptors are
known to exist:

m those that bind the ligand stimulus and convert it into an
internal signal that alters behavior of the affected cell

m those that function as ion channels

m those that internalize their stimulus intact

Examples of these three types of receptors follow.

Internal Chemical Signal

The internal chemical signal most often produced by a
stimulus-receptor interaction is 3', 5'-cyclic adenosine
monophosphate (cyclic AMP, or cAMP). It is formed
from adenosine triphosphate (ATP) by the enzyme adenyl
cyclase. Cyclic AMP is frequently referred to as the second
messenger in the stimulation of target cells by hormones.
Figure 1.10 presents a model for the ligand-binding action
ofreceptors, whichleadsto production of theinternal signal
cAMP. As shown in the figure, the stimulated receptor
reacts with the guanosine triphosphate (GTP)-binding
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Figure 1.10 Anexample of internal chemical signal by a second
messenger.

protein (G-protein), which activates adenyl cyclase, trig-
gering production of cAMP from ATP. G-protein is a
trimer protein with three subunits (designated o, 3, and
Y). The o-subunit combines with GDP or GTP and has
GTPase activity. Attachment of a hormone to the recep-
tor stimulates the exchange of GDP for GTP. The GTP
binding causes the trimers to disassociate and the o unit
to associate with an effector protein, adenylyl cyclase. A
single hormone-binding site can produce many cAMP
molecules.

The mechanism of action of cAMP signaling within
the cell is complex, but it can be viewed briefly as follows:
cAMP is an activator of protein kinases. Protein kinases
are enzymes that phosphorylate (add phosphate groups to)
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Figure 1.11 Internalization of a stimulus into a cell via its receptor.

other enzymes and, in doing so, convert the enzymes from
inactive forms into active forms. In some cases, the phos-
phorylated enzyme is the inactive form. Protein kinases
that can be activated by cAMP contain two subunits, a
catalytic and a regulatory subunit. In the inactive form of
the kinase, the two subunits are bound in such a way that
the catalytic portion of the molecule is inhibited sterically
by the presence of the regulatory subunit. Phosphorylation
of the enzyme by cAMP causes the subunits to dissociate,
thereby freeing the catalytic subunit, which regains its full
catalytic capacity.

lon Channel

Receptors can also act as ion channels in stimulating a
cell. In some cases, the binding of the ligand to its recep-
tor causes a voltage change, which then becomes the sig-
nal for an appropriate cellular response. Such is the case
when the neurotransmitter acetylcholine is the stimulus.
The receptor for acetylcholine appears to function as an
ion channel in response to voltage change. Stimulation by
acetylcholine signals the channels to open, allowing sodi-
um (Na) ions to pass through an otherwise impermeable
membrane [12].

Internalization Stimulus

The internalization of a stimulus into a fibroblast by way
of its receptor is illustrated in Figure 1.11. Receptors that
perform in such a manner exist for a variety of biologically
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active molecules, including the hormones insulin and
triiodothyronine. Low-density lipoproteins (LDLs) are
taken up by certain cells in much the same fashion (see
Chapter 5), except that their receptors, rather than being
mobile, are already clustered in coated pits. These coated
pits, vesicles formed from the plasma membrane, are
coated with several proteins, among which clathrin is pri-
mary. A coated pit containing the receptor with its ligand
soon loses the clathrin coating and forms a smooth-walled
vesicle. This vesicle delivers the ligand into the depths of
the cell and then is recycled, along with the receptor, into
the plasma membrane. If the endocytotic process is for
scavenging, the ligand (perhaps a protein) is not used by
the cell but instead undergoes lysosomal degradation, as
shown in Figure 1.11 and exemplified by the endocytosis
of LDL.

The reaction of a fibroblast to changes in blood glu-
cose levels is a good example of cellular adjustment to
the existing environment that is made possible through
receptor proteins. When blood glucose levels are low,
muscular activity leads to release of the hormone epi-
nephrine by the adrenal medulla. Epinephrine becomes
attached to its receptor protein on the fibroblast, thereby
activating the receptor and causing it to stimulate the G
protein and adenyl cyclase, which catalyzes the forma-
tion of cCAMP from ATP. Then cAMP initiates a series of
enzyme phosphorylation modifications, as described ear-
lier in this section, which result in the phosphorolysis of
glycogen to glucose 1-phosphate for use by the fibroblast.

In contrast, when blood glucose levels are elevated,
the hormone insulin, secreted by the B-cells of the pan-
creas, reacts with its receptors on the fibroblast and is
transported into the cell by receptor-mediated endocyto-
sis (Figure 1.11). Insulin allows diffusion of glucose into
the cell by increasing the number of glucose receptors
in the cell membrane, which in turn promote diffusion
of glucose by its transport protein. Glucose transporters
are covered in Chapter 3. The hormone itself is degraded
within the cell [1].

Many intracellular chemical messengers are known other
than those cited as examples in this section [13]. Listed here,
along with cAMP, are several additional examples:

cyclic AMP

cyclic GMP

Ca+2

inositol triphosphate
diacyl glycerol

fructose 2,6-bisphosphate

TRANSPORT PROTEINS

The cell produces many different types of proteins. So
far, this chapter has covered the synthesis of structural

proteins. We will now focus on the functional proteins,
which include transport proteins and catalytic proteins. We
will then examine some of the factors that turn on or turn off
the activity of specific proteins. These factors are the basis for
nutritional control over the expression of certain genes.

Transport proteins regulate the flow of substances
(including nutrients) into and out of the cell. Transport
proteins may function by acting as carriers (or pumps), or
they may provide protein-lined passages (pores) through
which water-soluble materials of small molecular weight
may diffuse. Figure 1.3 shows the integral and peripheral
proteins of the cell membrane that function as transport
proteins.

The active transport protein that has been studied most
is the sodium (Na™) pump. The Na* pump is essential not
only to maintain ionic and electrical balance but also for
intestinal and renal absorption of certain key nutrients
(e.g., glucose and certain amino acids). These nutrients
move into the epithelial cell of the small intestine against
a concentration gradient, necessitating both a carrier and
a source of energy, both of which are provided by the Na™
pump.

The proposed mechanism by which glucose is actively
absorbed is called symport because it is a simultaneous
transport of two compounds (Na™ and glucose) in the
same direction. A transport protein with two binding sites
binds both Na™ and glucose. The attachment of Na* to the
carrier increases the transport protein’s affinity for glucose.
Sodium, because it is moving down a concentration gra-
dient created by energy released through Na*/K™* adeno-
sine triphosphatase (ATPase), is able to carry along with it
glucose that is moving up a concentration gradient. When
Na™ is released inside the cell, the carrier’s affinity for glu-
cose is decreased, and glucose also can be released into the
cell. Na*/K*-ATPase then “pumps” the Na ions back out
of the cell. The sodium pump is illustrated in Figure 1.12.

Na*/K*-ATPase works by first combining with ATP
in the presence of Na* on the inner surface of the cell
membrane. The enzyme then is phosphorylated by the
breakdown of ATP to adenosine diphosphate (ADP) and
consequently is able to move three Na ions out of the
cell. On the outer surface of the cell membrane, ATPase
becomes dephosphorylated by hydrolysis in the presence
of K ions and then is able to return two K ions to the cell.
The term pump is used because the Na and K ions are both
transported across the membrane against their concentra-
tion gradients. This pump is responsible for most of the
active transport in the body.

Transport of glucose and amino acids into the
epithelial cells of the intestinal tract is active in that the
carriers needed for their transport are dependent on
the concentration gradients achieved by the action of
Na*®/K"- ATPase at the basolateral membrane. The activ-
ity of Na*/K*-ATPase is the major energy demand of
the body at rest. The process of facilitated (non-energy
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Figure 1.12 The active transport of glucose.

dependent) transport is also a very important mechanism
for regulating the flow of nutrients into the cell. It is used
broadly across a wide range of cell types. Proteins involved
in this function are often called transporters; probably the
most thoroughly studied of these are the glucose trans-
porters, discussed in Chapter 3.

CATALYTIC PROTEINS (ENZYMES)

Enzymes are proteins that are distributed throughout all
cellular compartments. Enzymes that are components of
the cellular membranes are usually found on the inner
surface of the membranes. Exceptions are the digestive
enzymes: isomaltase, the disaccharidases (lactase, sucrase,
and maltase), and certain peptidases located on the brush
border of the epithelial cells lining the small intestine.
These enzymes are described more fully in Chapter 2.
Membrane-associated enzymes are found distributed
throughout the cell organelles, with the greatest concen-
tration found in the mitochondria. As mentioned earlier,
the enzymes of the electron transport chain, where energy
transformation occurs, are located within the inner mem-
brane of the mitochondria.

Metabolic processes occurring in the cells are governed by
enzymes that have been synthesized on the cell's RER under
the direction of mRNA that was produced from nuclear
DNA. The functional activity of most enzymes, however,
depends not only on the protein portion of the molecule but
also on a nonprotein prosthetic group or coenzyme. If the
nonprotein group is an organic compound, it usually con-
tains a chemically modified B-complex vitamin. Commonly,
however, the prosthetic group is inorganic (i.e., metal ions
such as Mg, Zn, Cu, Mn, or Fe).

Enzymes have an active center that possesses a high
specificity. This specificity means that a substrate must
fit perfectly into the specific contours of the active center.
The velocity of an enzyme-catalyzed reaction increases
as the concentration of the substrate that is available to
the enzyme increases. However, this relationship applies
only to a concentration of substrate that is less than the
concentration that “saturates” the enzyme. At saturation
levels of substrate, the enzyme molecule functions at its
maximum velocity (V__), and the occurrence of a still
higher concentration of substrate cannot increase the
velocity further.

K_, or the Michaelis constant, is a useful parameter that
aids in establishing how enzymes react in the living cell. K
represents the concentration of a substrate that is found in
an occurring reaction when the reaction is at one-half
its maximum velocity. If an enzyme has a high K _ value,
then an abundance of substrate must be present to raise the
rate of reaction to half its maximum; in other words, the
enzyme has a low affinity for its substrate. An example of
an enzyme with a high K _ is glucokinase, an enzyme oper-
ating in the liver cells. Because glucose can diffuse freely
into the liver, the fact that glucokinase has a high K _ is very
important to blood glucose regulation. The low affinity of
glucokinase for glucose prevents too much glucose being
removed from the blood during periods of fasting. Con-
versely, when the glucose load is high—for example, fol-
lowing a high-carbohydrate meal—excess glucose can still
be converted by glucokinase. The liver glucokinase does
not function at its maximum velocity when glucose levels
are in the normal range. The enzyme therefore can be
thought of as a protection against high cellular concentra-
tions of glucose.
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The nature of enzyme catalysis can be described by the
following reactions:

Enzyme (E) + substrate (S) <> E-S complex

(reversible reaction)
E-S <> E-P

The substrate activated by combination with the enzyme
is converted into an enzyme-product complex through
rearrangement of the substrate’s ions and atoms:

E-P—E+P

The product is released, and the enzyme is free to react
with more of the substrate.

Reversibility

Most biochemical reactions are reversible, meaning that
the same enzyme can catalyze a reaction in both direc-
tions. The extent to which a reaction can proceed in a
reverse direction depends on several factors, the most
important of which are the relative concentrations of
substrate (reactant) and product and the differences
in energy content between reactant and product. In
instances when a very large disparity in energy content
or concentration exists between reactant and product,
the reaction can proceed in only one direction. Such a
reaction is unidirectional rather than reversible. This
topic is discussed later in this chapter. In unidirection-
al reactions, the same enzyme cannot catalyze in both
directions. Instead, a different enzyme is required to
catalyze the reverse direction of the reaction. Compar-
ing glycolysis with gluconeogenesis allows us to see how
unidirectional reactions may be reversed by introducing
a different enzyme.

Simultaneous reactions, catalyzed by various multien-
zyme systems or pathways, constitute cellular metabolism.
Enzymes are compartmentalized within the cell and func-
tion in sequential chains. A good example of a multien-
zyme system is the TCA cycle located in the mitochondrial
matrix. Each sequential reaction is catalyzed by a different
enzyme, and some reactions are reversible, whereas others
are unidirectional. Although some reactions in almost any
pathway are reversible, it is important to understand that
removing one of the products drives the reaction toward
forming more of that product. Removing (or using) the
product, then, becomes the driving force that causes reac-
tions to proceed primarily in the desired direction.

Regulation

A very important aspect of nutritional biochemistry is the
regulation of metabolic pathways. Anabolic and catabolic
reactions must be kept in a balance appropriate for life
(and perhaps growth) of the organism. Regulation involves
primarily the adjustment of the catalytic activity of certain

participating enzymes. This regulation occurs through
three major mechanisms:

m covalent modification of enzymes through hormone
stimulation

® modulation of allosteric enzymes

B increase in enzyme concentration by induction

Covalent Modification The first of these mechanisms,
covalent modification of enzymes, is usually achieved by
the addition of or hydrolytic removal of phosphate groups
to or from the enzyme. This is the mechanism involving
cAMP and protein kinase activation covered in the “Inter-
nal Chemical Signal” section of this chapter. An example of
covalent modification of enzymes is the regulation of glyco-
genesis and glycogenolysis.

Allosteric The second important regulatory mecha-
nism is that exerted by certain unique enzymes called
allosteric enzymes. The term allosteric refers to the
fact that these enzymes possess an allosteric or specific
“other” site besides the catalytic site. Specific compounds,
called modulators, can bind to these allosteric sites and
profoundly influence the activity of these regulatory
enzymes. Modulators may be positive (i.e., causing an
increase in enzyme activity), or they may exert a nega-
tive effect (i.e., inhibit activity). Modulating substances
are believed to alter the activity of the allosteric enzymes
by changing the conformation of the polypeptide chain
or chains of the enzyme, thereby altering the binding of
its catalytic site with the intended substrate. Negative
modulators are often the end products of a sequence of
reactions. As an end product accumulates above a certain
critical concentration, it can inhibit, through an allosteric
enzyme, its own further production.

An excellent example of an allosteric enzyme is phos-
phofructokinase in the glycolytic pathway. Glycolysis gives
rise to pyruvate, which is decarboxylated and oxidized
to acetyl CoA and enters the TCA cycle by combination
with oxaloacetate to form citrate. Citrate is a negative
modulator of phosphofructokinase. Therefore, an accu-
mulation of citrate causes glycolysis inhibition by regulat-
ing phosphofructokinase. In contrast, an accumulation of
AMP or ADP, which indicates that ATP is depleted, signals
the need for additional energy in the cell in the form of ATP.
AMP or ADP therefore modulates phosphofructokinase
positively. The result is an active glycolytic pathway that
ultimately leads to the formation of more ATP through the
TCA cycle-electron transport chain connection.

Induction The third mechanism of enzyme regulation,
enzyme induction, creates changes in the concentration of
certain inducible enzymes. Inducible enzymes are adaptive,
meaning that they are synthesized at rates dictated by cellu-
lar circumstances. In contrast, constitutive enzymes, which



are synthesized at a relatively constant rate, are uninfluenced
by external stimuli. Induction usually occurs through the
action of certain hormones, such as the steroid hormones
and the thyroid hormones, and is exerted through changes
in the expression of genes encoding the enzymes. Dietary
changes can elicit the induction of enzymes necessary to
cope with the changing nutrient load. This regulatory
mechanism is relatively slow, however, compared to the first
two mechanisms discussed, which exert effects in terms of
seconds or minutes.

The reverse of induction is the blockage of enzyme syn-
thesis by blocking the formation of the mRNA of specific
enzymes. This regulation of translation is one of the means
by which small molecules, reacting with cellular proteins,
can exert their effect on enzyme concentration and the
activity of metabolic pathways.

Specific examples of enzyme regulation are described
in subsequent chapters that deal with metabolism of the
major nutrients. It should be noted at this point, however,
that enzymes targeted for regulation catalyze essentially uni-
directional reactions. In every metabolic pathway, atleast one
reaction is essentially irreversible, exergonic, and enzyme
limited. That is, the rate of the reaction is limited only by
the activity of the enzyme catalyzing it. Such enzymes are
frequently the regulatory enzymes, capable of being stimu-
lated or suppressed by one of the mechanisms described.
Logically, an enzyme catalyzing a reaction reversibly at near
equilibrium in the cell cannot be regulatory, because its up
or down regulation would affect its forward and reverse
activities equally. This effect, in turn, would not accom-
plish the purpose of regulation, which is to stimulate the
rate of the metabolic pathway in one direction to exceed
the rate of the pathway in the reverse direction.

Examples of Enzyme Types

Enzymes participating in cellular reactions are located
throughout the cell in both the cytoplasmic matrix (cyto-
plast) and the various organelles. The location of specific
enzymes depends on the site of the metabolic pathways or
metabolic reactions in which those enzymes participate.
Enzyme classification, therefore, is based on the type of
reaction catalyzed by the various enzymes. Enzymes fall
within six general classifications:

m Oxidoreductases (dehydrogenases, reductases, oxi-
dases, peroxidases, hydroxylases, and oxygenases) are
enzymes that catalyze all reactions in which one com-
pound is oxidized and another is reduced. Examples of
oxidoreductases are the enzymes found in the electron
transport chain located on the inner membrane of the
mitochondria. Other examples are the cytochrome P450
enzymes located on the ER of liver cells.

m Transferases are enzymes that catalyze reactions not
involving oxidation and reduction, in which a functional
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group is transferred from one substrate to another.
Included in this group of enzymes are transketolase,
transaldolase, transmethylase, and the transaminases.
The transaminases (0.-amino transferases), which figure
so prominently in protein metabolism, fall under this
classification and are located primarily in the mitochon-
drial matrix.

®m Hydrolases (esterases, amidases, peptidases, phospha-
tases, and glycosidases) are enzymes that catalyze cleav-
age of bonds between carbon atoms and some other
kind of atom by adding water. Digestive enzymes fall
within this classification, as do those enzymes contained
within the lysosome of the cell.

B Lyases (decarboxylases, aldolases, synthetases, cleavage
enzymes, deaminases, nucleotide cyclases, hydrases or
hydratases, and dehydratases) are enzymes that catalyze
cleavage of carbon-carbon, carbon-sulfur, and certain
carbon-nitrogen bonds (peptide bonds excluded) with-
out hydrolysis or oxidation-reduction. Citrate lyase,
which frees acetyl CoA for fatty acid synthesis in the
cytoplast, is a good example of an enzyme belonging to
this classification.

m Isomerases (isomerases, racemases, epimerases, and
mutases) are enzymes that catalyze the interconversion
of optical or geometric isomers. Phosphohexose isom-
erase, which converts glucose 6-phosphate to fructose
6-phosphate in glycolysis (occurring in the cytoplast),
exemplifies this particular class of enzyme.

m Ligases are enzymes that catalyze the formation of
bonds between carbon and a variety of other atoms,
including oxygen, sulfur, and nitrogen. Forming bonds
catalyzed by ligases requires energy that usually is pro-
vided by hydrolysis of ATP. A good example of a ligase
is acetyl CoA carboxylase, which is necessary to initiate
fatty acid synthesis in the cytoplast. Through the action
of acetyl CoA carboxylase, a bicarbonate ion (HCO?)
is attached to acetyl CoA to form malonyl CoA, the
initial compound in starting fatty acid synthesis.

PRACTICAL CLINICAL APPLICATION
OF CELLULAR ENZYMES

All of the hundreds of enzymes present in the human body
are synthesized intracellularly, and most of them function
within the cell in which they were formed. These are the
enzymes responsible for catalyzing the myriad of meta-
bolic reactions occurring in each cell. As explained in the
“Cellular Proteins” section of this chapter, proteins are
directed to specific locations within the cell or excreted
from the cell after they are synthesized on the ribosomes.
Many of the enzymes are secreted from the cell in an
inactive form, and are rendered active in the extracellular
fluids where they function. Examples of secreted enzymes
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are the digestive proteases and other hydrolases formed in
the cells of the pancreas and then secreted into the lumen
of the small intestine. Other secreted enzymes, called
plasma-specific enzymes, function in the bloodstream.
Examples include the enzymes involved in the blood-
clotting mechanism.

Diagnostic enzymology focuses on intracellular
enzymes, which, because of a problem within the cell
structure, escape from the cell and ultimately express
their activity in the serum. By measuring the serum
activity of the released enzymes, both the site and the
extent of the cellular damage can be determined. If the
site of the damage is to be determined with reasonable
accuracy, the enzyme being measured must exhibit a
relatively high degree of organ or tissue specificity. For
example, an enzyme having a concentration many times
greater in hepatocytes in the liver than its concentration
in other tissues could potentially be a marker for liver
damage should its serum activity increase. The rate at
which intracellular enzymes enter the bloodstream is
based on the rates at which enzymes leak from cells and
rates at which the enzyme is produced. Enzyme produc-
tion can be altered by increased synthesis within the cell
or by an increase in the number of cells producing the
enzyme.

Intracellular enzymes normally are retained within
the cell by the plasma membrane. The plasma membrane
is metabolically active, and its integrity depends on the
cell’s energy consumption and therefore its nutritive sta-
tus. Any process that impairs the cell’s use of nutrients can
compromise the structural integrity of the plasma mem-
brane. Membrane failure can also arise from mechanical
disruption, such as would be caused by a viral attack on
the cell. Damage to the plasma membrane is manifested
as leakiness and eventual cell death, allowing unimpeded
passage of substances, including enzymes, from intracel-
lular to extracellular compartments.

Factors contributing to cellular damage and resulting in
abnormal egress of cellular enzymes include the following
events:

B tissue ischemia, (ischemia refers to an impairment of
blood flow to a tissue or part of a tissue; it deprives
affected cells of oxygen and oxidizable nutrients)

M tissue necrosis
m viral attack on specific cells

B damage from organic chemicals such as alcohol and
organophosphorus pesticides

B hypoxia (inadequate intake of oxygen)

Increases in blood serum concentrations of cellular
enzymes can be good indicators of even minor cellular
damage because the intracellular concentration of enzymes
is hundreds or thousands of times greater than in blood
and also because enzyme assays are extremely sensitive.

Conditions for Diagnostic Suitability

Not all intracellular enzymes are valuable in diagnosing dam-
age to the cells in which they are contained. Several condi-
tions must be met for the enzyme to be suitably diagnostic:

B The enzyme must have a sufficiently high degree of organ
or tissue specificity. Suppose an enzyme is widely distrib-
uted among organ or tissue systems. Although an abnor-
mal increase in the activity of this enzyme in serum does
indicate a pathological process with cellular damage,
it cannot precisely identify the site of the damage. An
example is lactate dehydrogenase (LDH). LDH activity is
widely distributed among cells of the heart, liver, skeletal
muscle, erythrocytes, platelets, and lymph nodes. There-
fore, elevated serum activity of LDH can hardly be a spe-
cific marker for tissue pathology. In practice, however,
LDH does have diagnostic value if it is first separated into
its five different isoenzyme forms and each is quantified
individually. Each isoform is more organ-specific than
total LDH. For instance, one is primarily associated with
heart muscle, and another is associated with liver cells.

W A steep concentration gradient of enzyme activity must exist
between the interior and exterior of the cells under normal
conditions. If this condition were not true, small increases
in serum activity would not be detectable. Examples of
enzymes that are in compliance with this requirement and
that have been useful over the years as disease markers are
prostatic acid phosphatase, with a prostate cell to serum
concentration ratio of 103:1, and alanine aminotrans-
ferase, with a hepatocyte to serum ratio of 104:1. These
enzymes have been useful in diagnosing prostatic disease
(primarily carcinoma) and viral hepatitis, respectively.

B The enzyme must function in the cytoplasmic compart-
ment of the cell. If the enzyme is compartmentalized
within an organelle such as the nucleus or mitochon-
drion, its leakage from the cell is impeded even in the
event of significant damage to the plasma membrane.
An example of an enzyme that does not comply with
this condition is the mitochondrial enzyme ornithine
carbamoyl transferase, which functions within the urea
cycle. Although the enzyme adheres rigidly to the two
previous conditions (i.e., it is strictly liver specific, and
its cell to serum ratio is as high as 105:1), it provides little
value in diagnosing hepatic disease.

B The enzyme must be stable for a reasonable period of time
in the vascular compartment. Isocitrate dehydrogenase
has an extremely high activity in heart muscle. Yet, fol-
lowing the resultant damage of a myocardial infarction,
the released enzyme is rapidly inactivated upon entering
the bloodstream, thereby becoming indeterminable.

Increased Production Factors

The most common cause of increased production of an
enzyme, resulting in a spike in its serum concentration,



is malignant disease. Substances that occur in body fluids
as a result of malignant disease are called tumor markers.
A tumor marker may be produced by the tumor itself or by
the host, in response to a tumor.

In addition to enzymes and isoenzymes, other forms
of tumor markers include hormones, oncofetal protein
antigens such as carcinoembryonic antigen (CEA), and
products of oncogenes. Oncogenes are mutated genes that
encode abnormal, mitosis-signaling proteins that cause
unchecked cell division.

Products of malignant cells, such as intracellular enzymes,
exhibit a predictably increased rate of synthesis because of
the nature of the disease process. If the proliferating cells of
the tumor retain their capacity to synthesize the enzyme,
the gross output of the enzyme is markedly elevated. Fur-
thermore, the enzyme can be released into the systemic
circulation as a result of tumor necrosis or the change in per-
meability of the plasma membrane of the malignant cells.

Although tumor markers are present in higher quanti-
ties in cancer tissue or blood from cancer patients than in
benign tissue or the blood of normal subjects, few mark-
ers are specific for the organ in which the tumor is located,
because most enzymes are not unique to a specific organ.
A possible exception is prostate-specific antigen (PSA).

PSA is a proteolytic enzyme produced almost exclu-
sively by the prostate gland. Its value as a tumor marker
is further enhanced by the fact that metastasized malig-
nant prostate cells produce nearly 10 times as much PSA
as do normal prostate cells. A significant rise in serum
PSA concentration therefore may signal that a tumor has
metastasized to other sites in the body, suggesting a differ-
ent therapeutic approach. Though other causes exist for an
increase in PSA levels besides cancer, PSA has become a
valuable screening and diagnostic tool. Prostate cancer is
the leading cause of death among older men.

Table 1 offers a list of enzymes that have been used
successfully as indicators of organ or tissue pathology.

Table 1 Diagnostically Important Enzymes
Enzyme

Significance

Principal Source Principal Clinical

Acid phosphatase  Prostate, erthrocytes Carcinoma of prostate
Alanine amino Liver, skeletal muscle, heart  Hepatic parenchymal
transferase cell disease

Aldolase Skeletal muscle, heart Muscle diseases

Amylase Pancreas, salivary glands Pancreatitis, carcinoma of

pancreas

Organophosphorus insecticide
poisoning, hepatic
parenchymal cell disease
Myocardinal infraction

Cholinesterase Liver

Creatine kinase Heart, skeletal muscle

(CK-2 isoform)

Gamma glutamyl  Liver, kidney Alcoholism, hepatobiliary
transferase disease

Prostate-specific ~ Prostate Carcinoma of prostate
antigen (PSA)
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The principal sources of the enzymes and the clini-
cal significance of their serum determination are also
included.

Apoptosis

Dying is said to be a normal part of living. So it is with
the cell. Like every living thing, a cell has a well-defined
life span, after which its structural and functional integ-
rity diminishes and it is removed by other cells through
phagocytosis.

As cells die, they are replaced by new cells that are con-
tinuously being formed by cell mitosis. However, both
daughter cells formed in the mitotic process do not always
enjoy the full life span of the parent. If they did, the num-
ber of cells, and consequently tissue mass, could increase
inordinately. Therefore, one of the two cells produced by
mitosis generally is programmed to die before its sister. In
fact, most dying cells are already doomed at the time they
are formed. Those targeted for death are usually smaller
than their surviving sisters, and their phagocytosis begins
even before the mitosis generating them is complete. The
processes of cell division and cell death must be carefully
regulated in order to generate the proper number of cells
during development. Once cells mature, the appropriate
number of cells must be maintained. The mechanism by
which naturally occurring cell death arises has been sub-
jected to intense research in recent years [14-16]. The
mechanisms involving cell death and those reactions that
control them are important in the development of certain
cancers and in immunological reactions.

PROGRAMMED DEATH

Many terms have been used to describe naturally occur-
ring cell death. It is now most commonly referred to as pro-
grammed cell death, to distinguish it from pathological cell
death, which is not part of any normal physiological pro-
cess. The emergent term describing programmed cell death
is apoptosis, a word borrowed from the Greek meaning to
“fall out”

POTENTIAL MECHANISMS

Several mechanisms result in apoptotic cell death. This
is an area of active research, and much has been learned
about those factors that initiate the process and those that
inhibit it. The details of the cell biology and biochemistry
of apoptosis exceed the scope of this book. Many excel-
lent reviews are available [14-17] for readers interested in
a detailed description.

In mammalian cells, apoptosis is triggered by intra- and
extracellular stimuli. The intracellular stimuli create DNA
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damage on specific genes. This damage causes a release of
proapoptotic factors from the mitochondria into the cyto-
plasm. The release of these factors is antagonized by pro-
teins originating from specific genes. One of the proteins
released from the mitochondria is cytochrome ¢ [16]. This
protein activates a group of cysteine protease enzymes
called caspases. The initial caspases activates additional
caspases. The enzymes are called caspases because they
hydrolyze the peptide chain at the amino acid cysteine.
This protolytic process is described in Chapter 6. One of
the factors activated was previously associated with onco-
genesis. If cell death is prevented from occurring, a trans-
formed cell can continue to grow rather than be destroyed,
creating a tumor. Caspases are normally inactive in the cell
and must be converted to an active form.

The release of cytochrome ¢ from the mitochondrion
into the cytoplasmic matrix is one factor that promotes
apoptosis. Once cytochrome c has translocated to the
cytoplasmic matrix, it activates the caspases. Protein des-
ignated Bcl-2 (B-cell lymphoma gene product) blocks the
release of mitochondrial cytochrome c. By blocking the
release of mitochondrial cytochrome ¢, Bcl-2 interferes
with the apoptotic process. Bcl-2 is an integral membrane
protein on the outer membrane of the mitochondrion.

Two observations are relevant:

B Bcl-2 prevents the efflux of cytochrome ¢ from the
mitochondrion to the cytoplasmic matrix.

B Genetic overexpression of Bcl-2 prevents cells from
undergoing apoptosis in response to various stimuli.

Therefore, a possible role of Bcl-2 in preventing apoptosis
is to block release of cytochrome ¢ from the mitochon-
drion [16].

The extracellular pathway for apoptosis is initiated by
the extracellular hormones or agonists that belong to the
tumor necrosis factor (TNF) family. TNFs are cytokines
that are very important in regulating metabolism. These
compounds are discussed in Chapter 8. TNFs recognize
and activate their corresponding receptors. Through a
series of protein-protein interactions, they recruit specific
adaptor proteins. TNFs trigger a cascade of active caspases
and inhibit anti-apoptotic factors that lead to cell death.

One of the caspases activated by cytochrome ¢ is a
potent DNAase that cleaves the genome of the cell into
fragments of approximately 180 base pairs. Dead cells are
removed by phagocytosis.

Cell death appears to be activated by specific genes in
dying cells. Genes designated Casp-9 and Apaf-1 must be
expressed within dying cells for cell death to occur. The
Casp-9 and Apaf-1 genes encode products (proteins) that
activate cytotoxic activity, and they therefore must be tightly
controlled to avoid damage to the wrong cells. A major con-
trol factor is a third gene, Bcl-2, which negatively regulates
the Casp-9 and Apaf-1 genes. Mutations to Bcl-2, which
inactivate the gene, have been shown to kill an animal

under study by causing the death of cells otherwise intend-
ed to survive [14-16].

Interestingly, many of the proteins released in the pro-
cess of apoptosis are found in the mitochondria. Most have
a specific role there. Only when they are released into the
cytoplasm do they have a role in apoptosis.

Other mechanisms of cell death exist. One such mecha-
nism is termed oncosis. Oncosis (from onksos, meaning
swelling) is defined as a prelethal pathway leading to cell
death accompanied by cellular swelling, organelle swell-
ing, and increased membrane permeability. The process of
oncosis results in the depletion of cellular energy stores.
Oncosis may result from toxic substances or pathogens
that interfere with ATP generation. This form of oncosis
differs from apoptosis that causes cell death without any
inflammation process.

As stated earlier, the investigation into the mechanism
of apoptosis is very active. The study of how cell death can
be controlled has important disease implications. Investi-
gating the death of cells in the heart following a myocardial
infarction, the relationship between preventing apoptosis
and oncogenesis, and cell death caused by pathological
organisms may lead to future breakthroughs.

Biological Energy

The previous sections of this chapter provide some
descriptive insight into the makeup of a cell, how it repro-
duces, and how large and small molecules are synthesized
within a cell or move in or out of a cell. All of these activities
require energy. The cell obtains this energy from small mol-
ecules transformed (oxidized) to provide chemical energy
and heat. There needs to be a constant supply of small mol-
ecules, which is supplied by the nutrients in food. The next
section covers some basics of energy needs in the cell.

Most of the processes that sustain life involve energy.
Some processes use energy, and others release it. The term
energy conjures an image of physical “vim and vigor,” the
fast runner or the weight lifter straining to lift hundreds
of pounds. This notion of energy is accurate insofar as the
contraction of muscle fibers associated with mechanical
work is an energy-demanding process, requiring adenosine
triphosphate (ATP), the major storage form of molecular
energy in the cell. Beyond the ATP required for physical
exertion the living body has other, equally important,
requirements for energy, including:

m the biosynthetic (anabolic) systems by which sub-
stances can be formed from simpler precursors

B active transport systems by which compounds or ions
can be moved across membranes against a concentra-
tion gradient

m the transfer of genetic information
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Figure 1.13 Adenosine triphosphate (ATP).

This section addresses the key role of energy transforma-
tion and heat production in using nutrients and sustaining
life.

ENERGY RELEASE AND CONSUMPTION
IN CHEMICAL REACTIONS

Energy used by the body is ultimately derived from the
energy contained in the macronutrients—carbohydrate,
fat, and protein (and alcohol). If this energy is released,
it may simply be expressed as heat, as would occur in the
combustion of flammable substances, or be preserved
in the form of other chemical energy. Energy cannot be
created or destroyed; it can only be transformed. Burn-
ing a molecule of glucose outside the body liberates heat,
along with CO, and H,O as products of combustion, as
shown:

CH,0, + 60,—= 6CO, + 6H,0 + heat

The metabolism of glucose to the same CO, and H,O
within the cell is nearly identical to that of simple com-
bustion. The difference is that in metabolic oxidation a
significant portion of the released energy is salvaged as
chemical energy in the form of new, high-energy bonds.
These bonds represent a usable source of energy for
driving energy-requiring processes. Such stored energy
is generally contained in phosphate anhydride bonds,

16CO, + 16H,0 + HEAT (2,340 kcal)
Simple combustion

CH;— (CHy);4 — COOH | + 230, + 130ADP + 130P

Palmitic acid
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chiefly those of ATP (Figure 1.13). The analogy between
the combustion and the metabolic oxidation of a typi-
cal nutrient (palmitic acid) is illustrated in Figure 1.14.
The metabolic oxidation illustrated released 59% of the
heat that was produced by the combustion and conserved
about 40% of the chemical energy.

UNITS OF ENERGY

The unit of energy used throughout this text is the calo-
rie, abbreviated cal. In the expression of the higher caloric
values encountered in nutrition, the unit kilocalories
(kcal) is often used: 1 kcal = 1,000 cal. The international
scientific community and many scientific journals use
another unit of energy, called the joule (J) or the kilojoule
(kJ). Students of nutrition should be familiar with both
units. Calories can easily be converted to joules by the
factor 4.18:

1cal = 4187, or1kcal = 4.18 kJ

To help you become familiar with both terms, this text
primarily uses calories or kilocalories, followed by the cor-
responding values in joules or kilojoules in parentheses.
Nutrition and the calorie have been closely linked over
the years. However, although you may be more comfort-
able with the calorie and kilocalorie units, as a student
of nutrition you should become familiar with joules and
kilojoules.

Free Energy

The potential energy inherent in the chemical bonds of
nutrients is released if the molecules undergo oxidation
either through combustion or through oxidation within
the cell. This energy is defined as free energy (G) if, on
its release, it is capable of doing work at constant tem-
perature and pressure—a condition that is met within
the cell.

CO, and H,O are the products of the complete oxi-
dation of organic molecules containing only carbon,

The energy liberated
from combustion
assumes the form
of heat only.

Approximately 40% of
the energy released by
metabolic oxidation is
salvaged as ATP, with the
remainder released in
the form of heat.

16CO, + 16H,0 + 130ATP + HEAT (1,384 kcal)
Cellular oxidation

Figure 1.14 A comparison of the simple combustion and the metabolic oxidation of the fatty acid palmitate.
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hydrogen, and oxygen, and they have an inherent free
energy. The energy released in the course of oxidation
of the organic molecules is in the form of either heat or
chemical energy. The products have less free energy than
do the original reactants. Because energy is neither cre-
ated nor lost during the reaction, the total energy remains
constant. Thus, the difference between the free energy in
the products and that in the reactants in a given chemical
reaction is a useful parameter for estimating the tendency
for that reaction to occur. This difference is symbolized
as follows:

G

products

-G = AG of the reaction

reactants

where G is free energy and A is a symbol signifying
change.

Exothermic and Endothermic Reactions

If the G value of the reactants is greater than the G value of
the products, as in the case of the oxidation reaction, the
reaction is said to be exothermic, or energy releasing, and
the change in G (AG) is negative. In contrast, a positive AG
indicates that the G value of the products is greater than
that of the reactants, indicating that energy must be sup-
plied to the system to convert the reactants into the higher-
energy products. Such a reaction is called endothermic, or
energy requiring.

Exothermic and endothermic reactions are sometimes
referred to as downhill and uphill reactions, respectively,
terms that help create an image of energy input and release.
The free energy levels of reactants and products in a typi-
cal exothermic, or downhill, reaction can be likened to a
boulder on a hillside that can occupy two positions, A and

Activation energy | -~/

is the amount of
energy required to
increase the energy
level to its transitional
state.

B, as illustrated in Figure 1.15. As the boulder descends to
level B from level A, energy capable of doing work is liber-
ated, and the change in free energy is a negative value. The
reverse reaction, moving the boulder uphill to level A from
level B, necessitates an input of energy, or an endothermic
process, and the change is a positive value. The quantity
of energy released in the downhill reaction is precisely the
same as the quantity of energy required for the reverse
(uphill) reaction—only the sign of AG changes.

Activation Energy

Although exothermic reactions are favored over endother-
mic reactions in that they require no external energy input,
they do not occur spontaneously. If they did, no energy-
producing nutrients or fuels would exist throughout the
universe, because they would all have transformed spon-
taneously to their lower energy level. A certain amount of
energy must be introduced into reactant molecules to acti-
vate them to their transition state, a higher energy level or
barrier at which the exothermic conversion to products can
indeed take place. The energy that must be imposed on the
system to raise the reactants to their transition state is called
the activation energy. Refer again to the boulder-and-
hillside analogy in Figure 1.15. The boulder does not spon-
taneously descend until the required activation energy can
dislodge it from its resting place to the brink of the slope.

Cellular Energy

The cell derives its energy from a series of chemical reactions,
each of which exhibits a free energy change. The reactions
occur sequentially as nutrients are systematically oxidized
ultimately to CO, and H,O. Nearly all the reactions in the cell

An example of activation
energy moves the boulder
up the hill to a point that it
can ‘fall"down the hill.

Figure 1.15 The uphill-downbhill concept
illustrating energy-releasing and energy-demanding
processes.



are catalyzed by enzymes. Within a given catabolic pathway—
for example, the oxidation of glucose to CO, and H,0—
some reactions may be energy consuming (have a +AG for
the reaction). However, energy-releasing (those with a —AG)
reactions are favored, so the net energy transformation for
the entire pathway has a —AG and is exothermic.

Reversibility of Chemical Reactions

Most cellular reactions are reversible, meaning that an
enzyme (E) that can catalyze the conversion of hypothet-
ical substance A into substance B can also catalyze the
reverse reaction, as shown:

A E B
v

Using the A, B interconversion as an example, let’s review
the concept of reversibility of a chemical reaction. In the
presence of the specific enzyme E, substance A is converted
to substance B. Initially, the reaction is unidirectional
because only A is present. However, because the enzyme
is also capable of converting substance B to substance A,
the reverse reaction becomes significant as the concentra-
tion of B increases. From the moment the reaction is ini-
tiated, the amount of A decreases, while the amount of B
increases to the point at which the rate of the two reactions
becomes equal. At that point, the concentration of A and
B no longer changes, and the system is said to be in equi-
librium. Enzymes are only catalysts and do not change the
equilibrium of the reaction. This concept is discussed more
fully later. Whether the A —» B reaction or the B—» A
reaction is energetically favored is indicated by the relative
concentrations of A and B at equilibrium.

The equilibrium between reactants and products can be
defined in mathematical terms and is called equilibrium
constant (K ). K, is simply the ratio of the equilibrium
concentration of product B to that of reactant A: Keq =
[B]/[A]. The [] signify the concentration. If the denomi-
nator ([A]) is very small, dividing it into a much larger
number results in K, being large. [A] will be small if most
of A (the reactant) is converted to the product B. In other
words, K, increases in value when the concentration of
A decreases and that of B increases. If K, _has a value greater
than 1, substance B is formed from substance A, whereas
avalue of K, less than 1 indicates that at equilibrium A will
be formed from B. An equilibrium constant equal to 1 in-
dicates that no bias exists for either reaction. The K of a
reaction can be used to calculate the standard free energy
change of the reaction.

Standard Free Energy Change

In order to compare the energy released or consumed in
different reactions, it is convenient to define the free energy
at standard conditions. Standard conditions are defined
precisely: a temperature of 25°C (298 K); a pressure of
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1.0 atm (atmosphere); and the presence of both the reac-
tants and the products at their standard concentrations,
namely 1.0 mol/L. The standard free energy change (AG®)
(the superscript zero designates standard conditions) for a
chemical reaction is a constant for that particular reaction.
The AG°is defined as the difference between the free energy
content of the reactants and the free energy content of the
products under standard conditions. Under such condi-
tions, AG' is mathematically related to K., by the equation

AG®= —23RTlog K,

where R is the gas constant (1.987 cal/mol) and T is the
absolute temperature, 298 K in this case. The factors
2.3, R, and T are constants, and their product is equal to
—2.3(1.987)(298), or —1,362 cal/mol. The equation there-
fore simplifies to

AG® = —1,362 log Keq

This topic is important in understanding the ener-
getics of metabolic pathways, but you should refer to a
biochemistry textbook for additional information on this
subject.

Equilibrium Constant and Standard
Free Energy Change

The equilibrium constant of a reaction determines the
sign and magnitude of the standard free energy change.
For example, referring once again to the A —» B reac-
tion, the logarithm of a K, _value greater than 1.0 will be
positive, and because it is multiplied by a negative num-
ber, the sign of AG® will be negative. We have established
that the reaction A —» B is energetically favored if AG®
is negative. Conversely, the log of a K, value less than 1.0
would be negative, and when multiSlied by a negative
number the sign of AG® would be positive. The AG? in
this case indicates that the formation of A from B (A <——
B) is favored in the equilibrium.

Standard pH

For biological reactions, a standard pH has been defined.
For most compartments in the body, the pH is near neu-
tral; for biochemical reactions, a standard pH value of 7
is adopted by convention. For human nutrition, the free
energy change of reactions is designated AGY. This book
uses this notation.

Nonstandard Physiological Conditions

Physiologically standard conditions do not often exist.
The difference between standard conditions and non-
standard conditions can explain why a reaction having a
positive AG” can proceed exothermically (-AG®) in the
cell. For example, consider the reaction catalyzed by the
enzyme triosephosphate isomerase (TPI) shown in Figure
1.16. This particular reaction occurs in the glycolytic
pathway through which glucose is converted to pyruvate.
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Fructose 1, 6-bisphosphate

Adolase

Dihydroxyacetone
phosphate (DHAP) —>

Triosephosphate
isomerase (TPI)

Glycerol 3-phosphate
(G-3P)

Favored under
standard conditions

(The chemical structures and the pathway are discussed in
detail in Chapter 3). In the glycolytic pathway, the enzyme
aldolase produces 1 mol each of dihydroxyacetone phos-
phate (DHAP) and glyceroldehyde 3-phosphate (G-3P)
from 1 mol of fructose 1,6-bisphosphate. Let us focus on
the reaction that TPI catalyzes, which is an isomeriza-
tion between the two products of the aldolase reaction. As
explained in Chapter 3, only the G 3-P is further degraded
in the subsequent reactions of glycolysis. This circumstance
results in a substantially lower concentration of the G 3-P
metabolite than of DHAP.

For this reaction, two important conditions within
the cell deviate from “standard conditions”: namely, the
temperature is ~37°C (310 K), and neither the G 3-P nor
DAHP are at 1.0 mol/L concentrations. The value of AG"
for the reaction DHAP (reactant) — G 3-P (product)
is +1,830 cal/mol (+7,657 J/mol), indicating that under
standard conditions the formation of DHAP is preferred
over the formation of G 3-P. If we assume that the cellular
concentration of DHAP is 50 times that of G 3-P because
G 3-P is further metabolized AG” for the reaction is cal-
culated to be equal to =577 cal/mol (-2,414 J/mol). The
negative AG? shows that the reaction is favored to form
G 3-P, as shown, despite the positive AG® for this reaction.

HsC —N— CH, — COO~

Phosphoenolpyruvate Phosphocreatine

N

Favored under
physiological conditions

Figure 1.16 Example of a shift in the equilibrium
by changing from standard conditions to physiological
conditions.

THE ROLE OF HIGH-ENERGY PHOSPHATE
IN ENERGY STORAGE

The preceding section addressed the fundamental prin-
ciple of free energy changes in chemical reactions and the
fact that the cell obtains this chemical free energy through
the catabolism of nutrient molecules. It also stated that this
energy must somehow be used to drive the various energy-
requiring processes and anabolic reactions so important
in normal cell function. This section explains how ATP
can be used as a universal source of energy to drive reac-
tions. Examples of very high energy phosphate compounds
are shown in Figure 1.17. Phosphoenolpyruvate and
1,3-diphosphoglycerate are components of the oxidative
pathway of glucose (Chapter 3) and phosphocreatine is a
storage form of high energy phosphate available to replenish
ATP in muscle. The hydrolysis of the phosphate anhydride
bonds of ATP can liberate the stored chemical energy when
needed. ATP thus can be thought of as an energy reservoir,
serving as the major linking intermediate between energy-
releasing and energy-demanding chemical reactions in the
cell. In nearly all cases, the energy stored in ATP is released
by the enzymatic hydrolysis of the anhydride bond connect-
ing the - and y-phosphates in the molecule (Figure 1.13).
The products of this hydrolysis are adenosine diphosphate

S

C—0~P—0"

| |
HO—|CH %
|

CH,—0—P—0"

High energy phosphate
bonds ~ contain more
energy than —~ of ATP.

s

o_
1,3-diphosphoglycerate

_/

_

Y

These compounds
can phosphorylate
ADP to make ATP.

Figure 1.17 Examples of very high energy phosphate compounds.



(ADP) and inorganic phosphate (P,). In certain instances,
the free phosphate group is transferred to various accep-
tors, a reaction that activates the acceptors to higher energy
levels. The involvement of ATP as a link between the en-
ergy-releasing and energy-requiring cellular reactions and
processes is summarized in Figure 1.18.

COUPLED REACTIONS INTHE TRANSFER
OF ENERGY

Some reactions require energy, and others yield energy.
The coupling of these reactions makes it possible for a
pathway to continue. The oxidation of glucose in the
glycolysis pathway demonstrates the importance of cou-
pled reactions in metabolism. An understanding of how
chemical energy is transformed from macronutrients (the
carbohydrate, protein, fat, and alcohol in food) to stor-
age forms (such as ATP), and how the stored energy is
used to synthesize needed compounds for the body, is
fundamental to the study of human nutrition. These top-
ics are covered in this section as well as throughout this
book. The AG® value for the phosphate bond hydrolysis
of ATP is intermediate between certain high-energy phos-
phate compounds and compounds that possess relatively
low-energy phosphate esters. ATP’s central position on
the energy scale lets it serve as an intermediate carrier of
phosphate groups. ADP can accept the phosphate groups
from high-energy phosphate donor molecules and then,
as ATP, transfer them to lower-energy receptor molecules.
Two examples of this transfer are shown in Figure 1.19. By

Nutrients

l

lo) —_— C02
2 .
Energy-releasing
catabolism

—————> ATP

—> H,0

\

~

ADP + P,
Heat

Energy-requiring processes

Muscular contraction
(mechanical work)

!

Biosynthesis
Anabolism
(chemical work)

7
N

Active transport
(osmotic work)

Figure 1.18 Anillustration of how ATP is generated from the coupling of ADP and
phosphate through the oxidative catabolism of nutrients and how it in turn is used for
energy-requiring processes.
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receiving the phosphate groups, the acceptor molecules
become activated to a higher energy level, from which
they can undergo subsequent reactions such as entering
the glycolysis pathway. The end result is the transfer of
chemical energy from donor molecules through ATP to
receptor molecules. The second example is the transfer
of a P, group from creatine phosphate to ADP. Creatine
phosphate serves as a ready reservoir to renew ATP levels
quickly, particularly in muscle.

If a given quantity of energy is released in an exothermic
reaction, the same amount of energy must be added to the
system for that reaction to be driven in the reverse direction.
For example, hydrolysis of the phosphate ester bond of
glucose 6-phosphate liberates 3,300 cal/mol (13.8 kJ/mol)
of energy, and the reverse reaction, in which the phosphate
is added to glucose to form glucose 6-phosphate, neces-
sitates the input of 3,300 cal/mol (13.8 kJ/mol). These
reactions can be expressed in terms of their standard
free energy changes as shown in Figure 1.20. To phos-
phorylate glucose, the reaction must be coupled with the
hydrolysis of ATP, which provides the necessary energy. The
additional energy from the reaction is dissipated as heat.

The addition of phosphate to a molecule is called a
phosphorylation reaction. It generally is accomplished by
the enzymatic transfer of the terminal phosphate group of
ATP to the molecule, rather than by the addition of free
phosphate as suggested in Figure 1.20. The reverse reac-
tion is hypothetical, designed only to illustrate the energy
requirement for phosphorylation of the glucose molecule.
In fact, the enzymatic phosphorylation of glucose by ATP
is the first reaction glucose undergoes upon entering the
cell. This reaction promotes glucose to a higher energy
level, from which it may be indirectly incorporated into
glycogen as stored carbohydrate or systematically oxi-
dized for energy. Phosphorylation therefore can be viewed
as occurring in two reaction steps:

1. hydrolysis of ATP to ADP and phosphate

2. addition of the phosphate to the substrate (glucose)
molecule

ATP Glucose The transfer of
high-energy
phosphate bond

AGY' = —3,000 cal/mol ¢ to glucose to
= —16.74 kJ/mol activate it so it
can enter the
(@) ADP Glucose 6-phosphate | Oxidative pathway.

ADP Phosphocreatine T(ansfer of
high-energy
phosphate bond

' from phosphocreatine
[
AG _ 4,000 cal/mol 4 to ATP. This provides
= —12.55 kJ/mol L
additional energy
. storage to quickly
(b) AP Creatine replenish ATP.

Figure 1.19 Examples of high-energy phosphate bonds being transferred.
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Glucose 6-phosphate S Glucose + P;
AGOY = —3,300 cal/mol (—13.8 kJ/mol)
Glucose 6-phosphate Glucose + P;

AGO" = +3,300 cal/mol (+13.8 kJ/mol)

Forward reaction favored

-
The hydrolysis of glucose 6-phosphate
to glucose and P; has a negative AGO’
and is favored. The reverse reaction is
not energetically favored.

ATP — ADP + P,
AGOY = —7,300 cal/mol (—30.54 kJ/mol)
ATP < ADP + P

AGY' = +7,300 cal/mol (+30.54 kl/mol)

A
The hydrolysis of ATP to ADP and P; has a
large negative AGOY" and is favored. The
reverse reaction occcurs with the
electron transport chain to provide the
energy needed.

Glucose + ATP

S > Glucose 6-phosphate + ADP
AGO = —4,000 cal/mol (—16.7 kJ/mol)

Coupled reaction favored

The coupled reaction phosphorylating
glucose and hydrolyzing ATP is
energetically favored, with a negative
AGY of 4,000 cal/mol.

Figure 1.20 Exothermic reactions.

A net energy change for the two reactions coupled together
is shown in Figure 1.20. The net AGY for the coupled reac-
tion is —4,000 cal/mol (16.7 kJ/mol).

The significance of these coupled reactions cannot be
overstated. They show that even though energy is consumed
in the endothermic formation of glucose 6-phosphate from
glucose and phosphate, the energy released by the ATP
hydrolysis is sufficient to force (or drive) the endother-
mic reaction that “costs” only 3,300 cal/mol. The coupled
reactions result in 4,000 cal/mol (16.7 kJ/mol) left over.
The reaction is catalyzed by the enzyme hexokinase or
glucokinase, both of which hydrolyze the ATP and trans-
fer the phosphate group to glucose. The enzyme brings the
ATP and the glucose into close proximity, reducing the
activation energy of the reactants and facilitating the phos-
phate group transfer. The overall reaction, which results
in activating glucose at the expense of ATP, is energetically
favorable, as evidenced by its high, negative standard free
energy change.

REDUCTION POTENTIALS

As we will see when we discuss the formation of ATP
in Chapter 3, ATP is formed in the electron transport
chain after the macronutrients are oxidized. To bet-
ter understand these oxidations and reductions, you
need to understand reduction potentials. The energy to

synthesize ATP becomes available following a sequence
of individual reduction-oxidation (redox) reactions
along the electron transport chain, with each component
having a characteristic ability to donate and accept elec-
trons. The released energy is used in part to synthesize
ATP from ADP and phosphate. The tendency of a com-
pound to donate and to receive electrons is expressed in
terms of its standard reduction potential, E,. The more
negative the values of E, are, the greater the ability of
the compound to donate electrons, whereas increasingly
positive values signify an increasing tendency to accept
electrons. The reducing capacity of a compound (its
tendency to donate H* and electrons) can be expressed
by the E,, value of its half-reaction, also called the com-
pound’s electromotive potential.

MH, > < NAD*
M NADH > +H*

Free energy changes accompany the transfer of elec-
trons between electron donor-acceptor pairs of com-
pounds and are related to the measurable electromotive
force of the electron flow. Remember that in electron
transfer, an electron donor reduces the acceptor, and in
the process the electron donor becomes oxidized. Conse-
quently, the acceptor, as it is reduced, oxidizes the donor.
The quantity of energy released is directly proportional to
the difference in the standard reduction potentials, AE,
between the partners of the redox pair. The free energy

of a redox reaction and the AE, of the interacting com-
pounds is related by the expression

AG" = —nFAE,

where AGY is the standard free energy change in calories,
n is the number of electrons transferred, and F is a constant
called the faraday (23,062 cal absolute volt equivalent).
An example of a reduction-oxidation reaction that
occurs within the electron transport system is the trans-
fer of hydrogen atoms and electrons from NADH through
the flavin mononucleotide (FMN)-linked enzyme NADH
dehydrogenase to oxidized coenzyme Q (CoQ). The half-
reactions and E; values for each of these reactions follow:

NADH + H" —» NAD* + 2H* + 2¢~
E, = — 0.32 volt
CoQH, — CoQ + 2H' + 2e
E; = +0.04 volt

Because the NAD™ system has a relatively more negative
E,, value than the CoQ system, NAD™ has a greater reduc-
ing potential than the CoQ system, because electrons
tend to flow toward the system with the more positive E,.
The reduction of CoQ by NADH therefore is predictable,



and the coupled reaction, linked by the FMN of NADH
dehydrogenase, can be written as follows:

NADH + H* CoQH,
= —0.32 volt = +0.04 volt
NAD* FMNH CoQH,
= 0.36 volt
SUMMARY

his brief walk through the cell—beginning with its

outer surface, the plasma membrane, and moving into
its innermost part, where the nucleus is located—provides
a view of how this living entity functions. Characteristics
of the cell that seem particularly notable are these:

B The flexibility of the plasma membrane in adjusting or
reacting to its environment while protecting the rest of
the cell as it monitors what may pass into or out of the
cell. Prominent in the membrane’s reaction to its envi-
ronment are the receptor proteins, which are synthe-
sized on the rough endoplasmic reticulum and moved
through the Golgi apparatus to their intended site on the
plasma membrane.

® The communication among the various components
of the cell made possible through the cytoplast, with its
microtrabecular network, and also through the endo-
plasmic reticulum and Golgi apparatus. The network-
ing is such that communications flow not only among
components within the cell but also between the nucle-
us and the plasma membrane.

m The efficient division of labor among the cell compo-
nents (organelles). Each component has its own specific
functions to perform, with little overlap. Furthermore,
much evidence is accumulating to support the concept
of an “assembly line” not only in oxidative phosphory-
lation on the inner membrane of the mitochondrion
but also in almost all operations, wherever they occur.

B The superb management exercised by the nucleus to
ensure that all the proteins needed for a smooth opera-
tion are synthesized. Proteins needed as recognition
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Inserting this value for AE, into the energy equation gives
AGY = -2(23,062)(0.36) = —16,604 cal/mol

The amount of energy liberated from this single
reduction-oxidation reaction within the electron trans-
port chain therefore is more than enough to phosphorylate
ADP to ATP, which, as you'll recall, requires approximately
7,300 cal/mol (35.7 kJ).

markers, receptors, transport vehicles, and catalysts are
available as needed.

m The fact that, like all living things, cells must die a natu-
ral death. This programmed process is called apoptosis, a
particularly attractive focus of current research.

Despite the efficiency of the cell, it is still not a totally
self-sufficient unit. Its continued operation is contingent
on receiving appropriate and sufficient nutrients. Nutrients
needed include not only those that can be used to produce
immediate metabolic energy (ATP) or for storage as chemi-
cal energy. Most of this energy is needed to maintain normal
body temperature, but much of it is also conserved in the
form of high-energy phosphate bonds, principally ATP. The
ATP can, in turn, activate various substrates by phosphory-
lation to higher energy levels from which they can undergo
metabolism by specific enzymes. The exothermic hydrolysis
of the ATP phosphate is sufficient to drive the endothermic
phosphorylation, thereby completing the energy transfer
from nutrient to metabolite. The oxidative pathways for
the macronutrients (carbohydrate, fat, protein, and alcohol)
provide a continuous flow of energy for maintaining heat
and replenishing ATP. The cell also needs nutrients required
as building blocks for structural macromolecules. In addi-
tion, the cell must have an adequate supply of the so-called
regulatory nutrients (i.e., vitamins, minerals, and water).

With a view of the structure of the “typical cell,” the divi-
sion of labor among its component parts, and the location
within the cell where many of the key metabolic reactions
necessary to continue life take place, we can now consider
how the cell receives its nourishment.
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Nutritional Genomics: The Foundation for Personalized
Nutrition, by Ruth M. DeBusk, Ph.D., R.D.

What Is Nutritional Genomics?

utritional genomics focuses on the interaction

among genes and environmental factors,

specifically bioactive components in food. This
emerging discipline represents fundamental concepts
that underlie effective nutrition therapy for disease
management and disease prevention. Each person’s
genetic material (deoxyribonucleic acid or DNA) contains
the information essential for the development and
function of an organism, including the human body.
Genes are units of information within DNA that translate
into the myriad of proteins that carry out the work of the
body’s cells. Genes code for the amino acid sequence of
each protein. Noncoding sequences of the DNA molecule
are also important; they are key elements in controlling
how the various genes are expressed into their protein
products.

Because DNA serves as the blueprint of information
for each cell, processes have evolved to ensure that the
DNA molecule is inherited by new cells from their parent
cells and from one generation of humans to the next.
The term genetics refers to the study of how genes are
inherited. In keeping with the times during which this
discipline developed, genetics focuses on understanding
the role of single genes in the overall functioning of the
organism and, thus, a gene’s role in health and disease.
In contrast, the term genomics is a newer one. It also
encompasses the study of genes and their functions
and inheritance. However, it also includes more global
and complex phenomena, such as the effect of specific
variations in a gene on an organism’s function and its
adaptation to its environment and also the influence
of environmental factors on gene expression. Nutrition
is a major factor in this interplay among genes and the
environment in which an organism must function. Not
surprisingly, gene-diet interactions are an important
focus of current research.

Nutritional genomics is the field of study concerned
with these complex interactions among genes
and environmental factors. There are two major
subcategories of nutritional genomics: nutrigenetics
and nutrigenomics. Nutrigenetics is concerned
with the effect of gene variations (also called gene
variants) on the organism’s functional ability,
specifically its ability to digest, absorb, and use food
to sustain life. The particular gene variants a person
has determine the nutritional requirements for that
person. Nutrigenomics, in contrast, is concerned with
how bioactive components within food affect gene
expression and function. The nomenclature for the

field of nutritional genomics is still evolving, and it is
common to see “nutrigenomics” used as a shorthand
version of “nutritional genomics.” However, keeping the
concepts separate can be helpful when sorting out the
underlying mechanisms involved. A number of reviews
provide an excellent overview of the breadth and depth
of nutritional genomics [1-14].

Pharmacogenomics as a Model

The significant advances in genetic technology that
resulted from the Human Genome Project have
spurred a genomics revolution in health care. Like
nutritional genomics, large-scale genomic technologies
have enabled pharmacogenomics to move beyond
its traditional roots to begin to individualize care.
Pharmacogenomics, the study of how genes and
drugs interact, is one of the earliest manifestations of the
genomics revolution’s practical applications. Physicians
have long observed that the same drug at the standard
dosage elicits different results in different people. Some
will not benefit from the drug, others will be helped
in the ways intended, and still others will have serious
adverse reactions. Until the integration of genomics into
medicine, the approach was to try different dosages
and different drugs until an appropriate combination
was found. With the advances in genomics research and
technology, physicians can now analyze a patient’s key
drug-metabolizing enzymes and predict which drugs
and dosage will be effective for that person.

Nutritional genomics is often likened to
pharmacogenomics and predicted to follow the path of
pharmacogenomics in terms of clinical applicability. In
principle, the two fields are much alike. Genes and the
proteins they encode underlie the ultimate physiological
outcomes, and variations in the genes affect how
well the proteins carry out their functions. However,
important differences will cause nutritional genomics to
lag considerably behind pharmacogenomics in terms of
being integrated into practice.

Pharmacogenomics is able to draw on decades of
pharmaceutical research into drug metabolism and
the genes involved. In contrast, nutrition research is in
its infancy. Gene-diet associations are just now being
identified and studied. Additionally, pharmacogenomics
involves a single, highly purified compound,
administered in a defined chemical form and known
amount. Food, in contrast, is composed of a myriad
of compounds in highly varying amounts. However,
these limitations do not diminish the importance of
nutritional genomics. They affect only how quickly

nutritional genomics will achieve widespread clinical
integration.

The role of genes in physiological function is
fundamental and, therefore, must be integrated into
both managing and preventing disease if therapies are to
be effective and people are to reach their optimal health
potential and, more broadly, their full genetic potential.
A recent review by Ghosh and colleagues addresses the
synergies and differences between pharmacogenomics
and nutritional genomics [15].

Mechanisms Underlying
Nutritional Genomics

Nutrigenetics is the more familiar of the two subtypes
of nutritional genomics. At one end of the spectrum are
the highly penetrant single gene disorders that give rise
to inborn errors of metabolism. In this instance a single
gene contains a mutation that affects the function of
the protein encoded by that gene in a major way. Classic
examples include disorders of amino acid metabolism,
such as phenylketonuria and maple syrup urine disease;
of carbohydrate metabolism, such as galactosemia and
hereditary fructose intolerance; and of lipid metaholism,
such as familial hypercholesterolemia and medium-
chain acyl-CoA dehydrogenase deficiency. Nutrition
professionals have long made an important contribution
to caring for people with these disorders. For a recent
review for nutritional aspects of inborn errors of
metabolism see [16].

More recently less penetrant, more subtle variations
have been identified that also affect the gene-encoded
protein’s function. However, such variations do not in
themselves cause disease. Instead, they alter a person’s
susceptibility for developing a disease. Depending on the
speific gene variant, the person’s likelihood of developing
a disorder may be increased or reduced. These genes are
the primary focus of nutritional genomics, because they
are common within the global population, they affect
dietary recommendations about the types and amounts
of food that best fit a person, and practical interventions
are possible. These interventions can potentially improve
the health potential of individual people and, by
extrapolation, the populations in which they live.

For the numerous genes that are influenced by
dietary factors, such variations offer the potential to
manipulate the diet and thereby modulate genetic
outcomes. For example, the 677C>T variation in the
gene for 5,10-methylenetetrahydrofolate reductase
(MTHFR) results in an altered enzyme that, in the
absence of adequate folate, increases the risk for



colon cancer, fetal neural tube defects, and possibly
cardiovascular disease. People with this variation

must be particularly diligent in maintaining adequate
folate intake and, quite possibly, may need more than
the standard recommended amount [17]. Ames and
colleagues published a seminal paper in 2002 detailing
at least 50 enzymes, involved in metabolism, with gene
variants that decreased the enzymes’ function [18].
People with these variants needed more than the
recommended nutrient levels to compensate for the
decreased function of these enzymes. On the other hand,
people with certain variations in the APOAT gene, which
encodes the major protein of high-density lipoprotein
cholesterol, are relatively immune to saturated fat in the
diet. Clearly, knowing a person’s genotype is a critical
factor when developing dietary recommendations. For
discussions of genetic variations and their effects on
nutrient requirements, see references [19-21].

Nutrigenomics reflects the complex communication
that occurs between the environment and an
organism’s command center. Even the most primitive
bacterium has a mechanism by which it monitors
the nutritional sufficiency of its environment and
transmits that information to its genetic material.

This information triggers increased or decreased gene
expression, as appropriate. Consider the /ac and trp
operons in bacteria, in which external food molecules
cause specific gene expression to be turned on or off,
respectively. Humans have similar communication
processes by which important environmental
information is transferred to the nucleus. There, it
influences gene expression, either by direct interaction
with DNA or through signal transduction, by which
molecular events at the cell membrane are transmitted
to the DNA.

The details of the mechanisms by which gene
expression is modulated are under investigation. The
primary mechanism appears to be transcriptional
regulation. Specific DNA sequences in the regulatory
region upstream from the coding region of a gene serve
as response elements, to which regulatory proteins
(called transcription factors) bind. Binding leads to
conformational changes in the DNA molecule. These
changes either permit or inhibit RNA polymerase
from attaching to the promoter region and initiating
transcription of the message encoded in the gene.

The binding of transcription factors to response
elements is influenced by various ligands. For example,
transcription of a number of genes involved in lipid
metabolism and oxidation requires the coordinated
binding of two transcription factors: the retinoic

30

acid receptor (RXR) and the peroxisome proliferator
activator receptor gamma (PPARgamma). These two
proteins must form a heterodimer in order to bind

to the response element in the regulatory region of
these genes. To form the heterodimer, each protein
must bind its respective ligand. For RXR, the ligand is
a vitamin A derivative; for PPARgamma, the ligand is
a polyunsaturated fatty acid, such as an omega-3 fat.
Thus, food components are integral in communicating
the state of the environment to the command center
and effecting the appropriate response. Numerous
transcription factors and their response elements and
effector ligands are being studied. A discussion of
dietary fatty acid interaction with various lipid-
sensitive transcription factors, with particular emphasis
on dyslipidemia and the metabolic syndrome is
provided [22,23].

Such an understanding of the underlying
mechanisms, coupled to information about a person’s
genotype, forms the basis for developing targeted
nutritional interventions. For example, knowing that
omega-3 fats down-regulate key genes involved in
chronic inflammation provides a logical rationale for
developing diet and lifestyle recommendations for
people whose genotype puts them at increased risk for
developing chronic inflammation [24—-26].

Nutritional Genomics and Lipid
Metabolism

From a health perspective, the major concerns regarding
genes and lipid metabolism center around susceptibility
to vascular disease [27, 28]. Genes involved with
cholesterol homeostasis offer examples of how genetic
variations affect lipid metabolism and, thereby, disease
risk. They also present opportunities for nutritional
genomics to guide diet and lifestyle choices that can
minimize one’s risks. Examples of such diet-gene
interactions include the genes APOE, APOAI, and CETP.
The APOE gene encodes a protein that facilitates
the interaction among triglyceride-rich chylomicrons,
intermediate-density lipoprotein particles, and their
respective receptors. This gene has three common
variants (alleles): E2, E3, and E4. E3 is the most common
form. Six possible genotypes can occur: E2/E2, E2/E3,
E3/E3, E3/E4, and E4/E4. Corella and Ordovas review the
numerous studies that have investigated the diet-gene
interaction for APOE variants [29]. Dietary response
varies with both the allele present and the number of
copies. In general, people with at least one E4 allele have
the highest basal levels of various lipids and show the
greatest lipid-lowering response to a low-fat diet. Those

with at least one copy of the E2 allele have the lowest
basal lipid levels and are helped least by a low-fat diet.

Taking into account which APOE alleles a person has is
helpful in developing diet and lifestyle interventions for
improving serum lipid levels. Those with one or more E2
alleles tend to have the lowest serum total cholesterol,
low-density lipoprotein-cholesterol (LDL-C), and apoB
levels and the highest triglyceride levels of the six possible
genotypes. Such people are the least responsive to a low-
fat diet but appear to respond well to oat bran and other
soluble fibers [30]. They also can lower serum triglyceride
level with fish oil supplementation [31]. Endurance exercise is
particularly effective in increasing HDL-cholesterol levels [32].

In contrast, those with one or more E4 alleles
have the highest serum total cholesterol, LDL-C,
and apoB levels, the lowest HDL-C levels, and have
elevated fasting and postprandial triglyceride levels
[29]. They respond best to a low-fat diet but are the
least responsive to soluble fiber for lowering serum
lipids or to exercise for increasing HDL levels. Fish
oil supplementation in these people increases total
cholesterol and reduces HDL [31]. Key lifestyle choices
to be aware of with this genotype are alcohol and
smoking. Alcohol increases LDL-C levels and does not
beneficially increase HDL-C levels [33,34], and smoking
increases both LDL-C levels and carotid artery intima-
media thickening [35,36]. Whether a person has the E2
allele or the E4 allele appears to make a difference in
the diet and lifestyle recommendations that would be
appropriate for improving vascular health.

The APOAI gene codes for apolipoprotein A-1,
the primary protein in high-density lipoprotein (HDL).
The -75G>A variant has a single nucleotide change in
which the guanine component has been replaced with
an adenine at position 75 within the regulatory region
of the APOA-1 gene. This change affects HDL levels
in response to low-fat diets [37]. A common practice
in treating dyslipidemia is to reduce the saturated fat
content of the diet and increase the polyunsaturated
fat content. Typically, HDL levels fall in women with
the more common G allele as the polyunsaturated
content of the diet increases, an effect counter to the
desired one. These women would benefit from a fat-
modified diet that keeps amounts of both saturated
and polyunsaturated fat low and increases amounts
of monounsaturated fat. Women with the A allele,
however, respond differently. Increasing polyunsaturated
dietary fat leads to increased HDL levels, and the effect
is “dose-dependent,” meaning that the increase is more
dramatic in the presence of two A alleles than it is with
just one. For these women, a diet low in saturated fat,



moderate in polyunsaturated fat (8% or greater of total
calories), and supplying the rest in monounsaturated

fat has the greatest benefit in raising HDL levels. Clearly,
whether a person has the -756>A APOA/ variant, and
how many copies are present, will affect any therapeutic
intervention developed to correct dyslipidemia.

Another gene that affects HDL levels is CETP, which
codes for the cholesteryl ester transfer protein that
transfers cholesteryl esters from HDL to other lipoproteins.
This protein is also called the “lipid transfer protein.”
People with two copies of a common allele at position
279 of this gene tend to have low HDL levels and
elevated levels of LDL and VLDL. A variation (279G>A)
that decreases plasma levels of CETP is associated with
increased HDL levels, decreased LDL and VLDL levels,
and a lower risk of cardiovascular disease than the more
common (GG) form [38]. These people are responsive to
alcohol and further increase their HDL levels with regular
moderate intake [39].

Once gene variants relating to dietary manipulation
of lipid metabolism have been detected, diet and
lifestyle interventions can be factored in when
developing therapeutic interventions. In addition to
manipulating the macronutrient content of the diet,
adding many functional foods and dietary supplements
can help in achieving desired outcomes. The continued
discovery of how hioactive components within food
affect gene expression is leading to an increasingly
targeted use of food and isolated food components to
achieve desired outcomes. Similarly, understanding
how lifestyle choices, such as exercise and exposure to
tobacco smoke or other environmental toxins, interact
with specific gene variants creates yet another set of
tools for promoting health.

Opportunities for Nutrition
Professionals

The opportunities for nutrition professionals with
competency in nutritional genomics are expanding and
promise to be an integral part of future nutrition practice
in all its manifestations. From research opportunities to
food science opportunities, nutritional genomics will
promote research into genes and their interactions with
dietary components; genetic testing technologies; the
development of gene-based nutritional interventions;
the isolation, characterization, and possible selling of
bioactive components from food; and the development
of functional foods targeted to particular genotypes.
Sales and marketing research related to functional foods,
dietary supplements, and genetic technologies will
present additional opportunities. Education will be an

ongoing need at all levels, from health care professionals
to food and nutrition students to the lay public. The
opportunities appear quite varied. See DeBusk et al. [40]

for a discussion of nutrition practice in the age of
nutritional genomics.
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The Digestive System:
Mechanism for Nourishing
the Body

erages provides the body with at least one, if not more, of the nutrients

needed to nourish the body. The body needs six classes of nutrients: car-
bohydrate, lipid, protein, vitamins, minerals, and water. For the body to use the
carbohydrate, lipid, protein, and some vitamins and minerals found in foods,
the food must be digested first. In other words, the food first must be broken
down mechanically and chemically. This process of digestion occurs in the
digestive tract and, once complete, yields nutrients ready for absorption and
use by the body.

N utrition is the science of nourishment. Ingestion of foods and bev-

The Structures of the Digestive Tract

and the Digestive Process
_________________________________________________________________________________|

The digestive tract, approximately 16 ft in length, includes organs that comprise
the alimentary canal (also called the gastrointestinal tract or gut) as well as
certain accessory organs. The main structures of the digestive tract include the
oral cavity, esophagus, and stomach (collectively referred to as the upper diges-
tive tract), and the small and large intestines (called the lower digestive tract).
The accessory organs include the pancreas, liver, and gallbladder. The accessory
organs provide or store secretions that ultimately are delivered to the lumen of
the digestive tract and aid in the digestive and absorptive processes. Figure 2.1
illustrates the digestive tract and accessory organs. Figure 2.2 provides a cross-
sectional view of the gastrointestinal tract that shows the lumen (interior pas-
sageway) and the four main tunics, or layers, of the gastrointestinal tract:

m the mucosa
m the submucosa
m the muscularis externa

B the serosa, or adventitia

Some of these layers contain sublayers. The mucosa, the innermost layer, is
made of three sublayers: the epithelium or epithelial lining, the lamina propria,
and the muscularis mucosa. The mucosal epithelium, which lines the lumen of
the gastrointestinal tract, is the surface that is in contact with nutrients in the food
we eat. Exocrine and endocrine cells also are found among the epithelial cells of
the mucosa. The exocrine cells secrete a variety of substances, such as enzymes and
juices, into the lumen of the gastrointestinal tract, and the endocrine cells secrete
various hormones into the blood. The lamina propria lies below the epithelium

33
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Accessory
organs

Salivary glands—release a
mixture of water, mucus, and
enzymes

Liver—produces bile, an
important secretion needed
for lipid digestion

Gallbladder—stores and
releases bile, needed for
lipid digestion r

Pancreas—releases
pancreatic juice that
neutralizes chyme and
contains enzymes needed
for carbohydrate, protein,
and lipid digestion

Figure 2.1 The digestive tract and its accessory organs.

and consists of connective tissue and small blood and lym-
phatic vessels. Lymphoid tissue also is found within the
lamina propria. This lymphoid tissue contains a number of
white blood cells, especially macrophages and lymphocytes,
which provide protection against ingested microorganisms.
The third sublayer of the mucosa, the muscularis mucosa,
consists of a thin layer of smooth muscle.

Next to the mucosa is the submucosa. The submucosa,
the second tunic or layer, is made up of connective tis-
sue and more lymphoid tissue and contains a network of
nerves called the submucosal plexus, or plexus of Meissner.
This plexus controls, in part, secretions from the mucosal
glands and helps regulate mucosal movements and blood
flow. The lymphoid tissue in the submucosa is similar to
that found in the mucosa and protects the body against

Organs of the
gastrointestinal tract

Oral cavity—mechanical
breakdown, moistening, and
mixing of food with saliva

Pharynx—propels food from
the back of the oral cavity
into the esophagus

Esophagus—transports
food from the pharynx
to the stomach

contractions mix food
with acid and enzymes,
W causing the chemical

J Stomach—muscular

and physical breakdown
of food into chyme

Small intestine—major site
of enzymatic digestion and

nutrient absorption

Large intestine—receives
and prepares undigested
food to be eliminated from
the body as feces

foreign substances. The submucosa binds the first mucosal
layer of the gastrointestinal tract to the muscularis externa,
or third layer of the gastrointestinal tract.

The muscularis externa contains both circular and lon-
gitudinal smooth muscle, important for peristalsis, as well
as the myenteric plexus, or plexus of Auerbach. This plexus
controls the frequency and strength of contractions of the
muscularis to affect gastrointestinal motility.

The outermost layer, the serosa or adventitia, consists
of connective tissue and the visceral peritoneum. The
peritoneum is a membrane that surrounds the organs
of the abdominal and pelvic cavities. In the abdominal
cavity, the visceral peritoneum surrounds the stomach
and intestine, and the parietal peritoneum lines the cavity
walls. The arrangement creates a double-layered membrane
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* Connective tissue
* Outer cover that protects
the Gl tract
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Figure 2.2 The sublayers of the small intestine.

within the abdominal cavity. These membranes are some-
what permeable and highly vascularized. Between the two
membranes is the peritoneal cavity. The selective perme-
ability and the rich blood supply of peritoneal membranes
allow the peritoneal cavity to be used in the treatment of
renal failure, a process called dialysis.

The digestive process begins in the oral cavity and pro-
ceeds sequentially through the esophagus, stomach, small
intestine, and finally into the colon (large intestine). The
next subsections of this chapter describe the structures and
digestive processes that occur in each of these parts of the
digestive tract. Other sections include information on the
structures and roles of the pancreas, liver, and gallbladder
and the roles of a variety of enzymes. Table 2.1 provides
an overview of some of the enzymes and zymogens (pro-
enzymes or inactive enzymes, which must be chemi-
cally altered to function as an enzyme) that participate in
digesting the nutrients in foods.

Mucosa
* Innermost mucous membrane layer
* Produces and releases secretions
needed for digestion

THE ORAL CAVITY

The mouth and pharynx (or throat) constitute the oral cavity
and provide the entryway to the digestive tract. On entering
the mouth, food is chewed by the actions of the teeth and jaw
muscles and is made ready for swallowing by mixing with
secretions (saliva) released from the salivary glands. Three
pairs of small, bilateral saliva secreting salivary glands—the
parotid, the submandibular, and the sublingual—are located
throughout the lining of the oral cavity, along the jaw from the
base of the ear to the chin (Figure 2.3). These glands are af-
fected by the actions of the parasympathetic and sympathetic
nervous systems. Secretions (about 1 L/day) from these glands
constitute saliva. Specifically, the parotid glands secrete wa-
ter, electrolytes (sodium, potassium, chloride), and enzymes.
The submandibular and sublingual glands secrete water,
electrolytes, enzymes, and mucus. Saliva is primarily (99.5%)
water, which helps dissolve foods. The principal enzyme
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of saliva is o amylase (also called ptyalin) (Table 2.1). This
enzyme hydrolyzes internal a1-4 bonds within starch. A sec-
ond digestive enzyme, lingual lipase, is produced by lingual
serous glands on the tongue and in the back of the mouth.
This enzyme hydrolyzes dietary triacylglycerols (triglycer-
ides) in the stomach, but its activity both diminishes with
age and is limited by the coalescing of the fats within the stom-
ach. Activity of lingual lipase in infants against triglycerides
in milk improves digestion of dietary fats. Mucus secretions
found in saliva contain glycoproteins (compounds consist-
ing of both carbohydrates and proteins). Mucus lubricates
food and coats and protects the oral mucosa. Antibacterial
and antiviral compounds, one example being the antibody
IgA (immunoglobulin A), along with trace amounts of or-
ganic substances (such as urea) and other solutes (i.e., phos-
phates, bicarbonate), are also found in saliva.

THE ESOPHAGUS

From the mouth, food, now mixed with saliva and called a
bolus, is passed through the pharynx into the esophagus.
The esophagus is about 10 inches long (Figure 2.1). The

Table 2.1 Digestive Enzymes and Their Actions

Enzyme or Zymogen/Enzyme Site of Secretion

passage of the bolus of food from the oral cavity into the
esophagus constitutes swallowing. Swallowing, which can
be divided into several stages—voluntary, pharyngeal, and
esophageal—is a reflex response initiated by a voluntary

Mouth

Salivary glands ——
Parotid

Sublingual

Submandibular/

submaxillary Y
Saliva containing
Water
Electrolytes
Mucus
Enzymes*

Antibacterial and
antiviral compounds

*Main enzyme in saliva is salivary amylase,
which hydrolyzes o. 1-4 bonds in starch.

Figure 2.3 Secretions of the oral cavity.

Preferred Substrate(s)

Primary Site of Action

Salivary o amylase Mouth
Lingual lipase Mouth
Pepsinogen/pepsin Stomach
Gastric lipase Stomach
Trypsinogen/trypsin Pancreas
Chymotrypsinogen/chymotrypsin Pancreas
Procarboxypeptidase/

carboxypeptidase A Pancreas
carboxypeptidase B Pancreas
Proelastase/elastase Pancreas
Collagenase Pancreas
Ribonuclease Pancreas
Deoxyribonuclease Pancreas
Pancreatic o amylase Pancreas
Pancreatic lipase and colipase Pancreas
Phospholipase Pancreas
Cholesterol esterase Pancreas
Retinyl ester hydrolase Pancreas

Small intestine
Small intestine
Small intestine
Small intestine
Small intestine
Small intestine
Small intestine
Small intestine

Amino peptidases

Dipeptidases

Nucleotidase

Nucleosidase

Alkaline phosphatase

Monoglyceride lipase

Alpha dextrinase or isomaltase
Glucoamylase, glucosidase, and sucrase

Trehalase Small intestine
Disaccharidases Small intestine
Sucrase
Maltase

Lactase

o 1-4 bonds in starch, dextrins Mouth

Triacylglycerol Stomach, small intestine
Carboxyl end of phe, tyr, trp, met, leu, glu, asp Stomach

Triacylglycerol (mostly medium chain) Stomach

Small intestine
Small intestine

Carboxyl end of lys, arg
Carboxyl end of phe, tyr, trp, met, asn, his

Small intestine
Small intestine

Small intestine
Small intestine
Small intestine
Small intestine
Small intestine
Small intestine
Small intestine
Small intestine
Small intestine
Small intestine

(C-terminal neutral amino acids
C-terminal basic amino acids

Fibrous proteins

Collagen

Ribonucleic acids

Deoxyribonucleic acids

o 1-4 bonds, in starch, maltotriose
Triacylglycerol

Lecithin and other phospholipids
Cholesterol esters

Retinyl esters

N-terminal amino acids

Dipeptides Small intestine
Nucleotides Small intestine
Nucleosides Small intestine
Organic phosphates Small intestine

Small intestine
Small intestine
Small intestine

Monoglycerides
o 1-6 bonds in dextrins, oligosaccharides
o 1-4 bonds in maltose, maltotriose

Trehalose Small intestine
Small intestine

Sucrose

Maltose

Lactose
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action and regulated by the swallowing center in the
medulla of the brain. To swallow food, the esophageal
sphincter relaxes, allowing the esophagus to open. Food
then passes into the esophagus. Simultaneously, the larynx
(part of the respiratory tract) moves upward, inducing the
epiglottis to shift over the glottis. The closure of the glottis
is important in keeping food from entering the trachea,
which leads to the lungs. Once food is in the esophagus,
the larynx shifts downward to allow the glottis to reopen.

When the bolus of food moves into and down the
esophagus, both the striated (voluntary) muscle of the
upper portion of the esophagus and the smooth (invol-
untary) muscle of the distal portion are stimulated by
cholinergic (parasympathetic) nerves. The result is peri-
stalsis, a progressive wavelike motion that moves the
bolus through the esophagus into the stomach. The pro-
cess usually takes less than 10 seconds.

Cardia

At the lower (distal) end of the esophagus, just above
the juncture with the stomach, lies the gastroesophageal
sphincter, also called the lower esophageal sphincter
(Figure 2.4). The presence of this sphincter may be a mis-
nomer, because no consensus exists about whether this
particular muscle area is sufficiently hypertrophied to
constitute a true sphincter. Several sphincters or valves,
which are circular muscles, are located throughout the
digestive tract; these sphincters allow food to pass from
one section of the gastrointestinal tract to another. On
swallowing, the gastroesophageal sphincter pressure
drops. This drop in gastroesophageal sphincter pres-
sure relaxes the sphincter so that food may pass from the
esophagus into the stomach.

Multiple mechanisms, including neural and hormonal,
regulate gastroesophageal sphincter pressure. The muscula-
ture of the gastroesophageal sphincter has a tonic pressure

The stomach has 3
layers of muscle— Longitudinal

longitudinal, circular, Circular
and diagonal. Forceful Diagonal
contractions of these
muscles enable food to
mix with gastric juice to
form chyme.

The lining of the stomach
has many folds called
rugae. As the stomach fills
with food, these folds
flatten, allowing the walls
of the stomach to expand.

Pyloric sphincter—
regulates the flow of chyme
from the stomach into the
upper or proximal small
intestine called the duodenum

Figure 2.4 Structure of the stomach.

Lower esophageal or
gastroesophageal sphincter—
regulates the flow of food

from the esophagus into

the stomach

Fundus

s Greater curvature
N Pacemaker

- NS

© Dr. Fred Hossler /Visuals Unlimited

Entrance to gastric pits
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that is normally higher than the intragastric pressure (the
pressure within the stomach). This high tonic pressure at
the gastroesophageal sphincter keeps the sphincter closed.
Keeping this sphincter closed is important, because it pre-
vents gastroesophageal reflux: the movement of substances
from the stomach back into the esophagus.

Selected Diseases and Conditions
of the Esophagus

A person experiencing gastroesophageal reflux feels a
burning sensation in the midchest, a condition referred
to as heartburn. Gastric acid, when refluxed from the
stomach and present in the esophagus, is an irritant
to the esophageal mucosa. Repeated exposure of the
esophageal mucosa to this gastric acid can irritate the
esophagus and lead to esophagitis, or inflammation of
the esophagus. Foods and food-related substances can
indirectly affect gastroesophageal sphincter pressure
and cause reflux. Smoking, chocolate, high-fat foods,
alcohol, and carminatives such as peppermint and
spearmint, for example, promote relaxation of the gas-
troesophageal sphincter and increase the likelihood of
acid reflux into the esophagus. Gastroesophageal reflux
disease, reflux esophagitis, and treatments for these
conditions are described in the Perspective at the end
of this chapter.

THE STOMACH

Once the bolus of food has passed through the gastro-
esophageal sphincter, it enters the stomach, a J-shaped organ
located on the left side of the abdomen under the diaphragm.
The stomach extends from the gastroesophageal sphincter to
the duodenum, the upper or proximal section of the small
intestine. The stomach contains four main regions (shown
in Figure 2.4):

B The cardia region lies below the gastroesophageal
sphincter and receives the swallowed food from the
esophagus.

m The fundus lies adjacent or lateral to and above the cardia.

m The large central region of the stomach is called the body.
The body of the stomach serves primarily as the reservoir
for swallowed food and is the main production site for
gastric juice.

® The antrum or distal pyloric portion of the stomach
consists of the lower or distal one-third of the stomach.

The antrum grinds and mixes food with the gastric juices,
thus forming a semiliquid chyme (partially digested food
existing as a thick semiliquid mass). The antrum also
provides strong peristalsis for gastric emptying through
the pyloric sphincter into the duodenum. The pyloric
sphincter is found at the juncture of the stomach and
duodenum.

The stomach begins mixing the food with gastric juices
and enzymes using circular, longitudinal, and oblique
smooth muscles of the stomach. It holds the partially
digested chyme before releasing it in small quantities, at
regular intervals, into the duodenum. The volume of the
stomach when empty (resting) is about 50 mL (~2 oz),
but on being filled it can expand to accommodate from
1 L to approximately 1.5 L (~37-52 oz) or more. When the
stomach is empty, folds (called rugae, see Figure 2.4) pres-
ent in all but the antrum section of the stomach are visible;
however, when the stomach is full, the rugae disappear.

The digestive process is facilitated by gastric juices,
which are produced in significant quantities by glands in
the body of the stomach. The stomach is lined with epi-
thelial cells that contain millions of gastric glands. Gastric
juice is produced by three functionally different gastric
glands, found within the gastric mucosa and submucosa
of the stomach:

m the cardiac glands, found in a narrow rim at the junc-
ture of the esophagus and the stomach

m the oxyntic glands, found in the body of the stomach

B the pyloric glands, located primarily in the antrum

Several cell types, which secrete different substances,
may be found within a gastric gland, as shown in Figure 2.5.
For example, some of the cells found in a gastric oxyntic
gland include:

m neck (mucus) cells, located close to the surface mucosa,
which secrete bicarbonate and mucus

B parietal (oxyntic) cells, which secrete hydrochloric acid
and intrinsic factor

B chief (peptic or zymogenic) cells, which secrete
pepsinogens

m enteroendocrine cells, which secrete a variety of
hormones

Unlike the oxyntic glands, the cardiac glands contain no
parietal cells. The pyloric glands contain mucus and pari-
etal cells, as well as enteroendocrine cells called G-cells.

The main constituents of gastric juice produced by the
different cells of the gastric glands include water, electro-
lytes, hydrochloric acid, enzymes, mucus, and intrinsic
factor. The next section describes some of the main con-
stituents—hydrochloric acid, enzymes, and mucus—of
gastric juice.

Gastric juice contains an abundance of hydrochloric acid
secreted from gastric parietal cells (Figure 2.6). Parietal cells
contain both a potassium chloride transport system and a
hydrogen (proton) potassium ATPase exchange system.
The potassium chloride system transports both ions into
the gastric lumen. The hydrogen potassium ATPase system
(H*, K*-ATPase), also referred to as a proton pump, allows
the exchange of two potassium ions for two hydrogens
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Gastric pits contain specialized
cells that produce gastric juice.

Gastric mucosal
barrier

Gastric pit

Mucus-secreting neck cells on the surface
of the gastric pit produce an alkaline
mucus that forms the gastric mucosal
barrier. This protects the mucosal lining
from the acidity of the gastric juice.

Chief (peptic or zymogenic) cells produce
enzymes needed for protein digestion.

Parietal (oxyntic) cells produce hydrochloric
acid (HCl) and intrinsic factor, which is
needed for the absorption of vitamin B, ;.

Enteroendocrine G-cells produce the

Mucosa —
hormone gastrin, which stimulates
— parietal and chief cells.
Submucosa — TE=——— Artery

and vein

Diagonal muscle

—— Circular muscle

—— Longitudinal
muscle

——Serosa

(protons) with each ATP molecule hydrolyzed. Some dif-
fusion of chloride into and out of the parietal cell and some
diffusion of potassium into gastric juice also have been
proposed. Nonetheless, the net effect is that hydrogen and
chloride or hydrochloric acid are secreted into the gastric
lumen as part of gastric juice. The high concentration of hy-
drochloric acid in the gastric juice is responsible for its low
pH, about 2. The pH value is the negative logarithm of the
hydrogen ion concentration. The lower the pH is, the more
acidic the solution is. Figure 2.7 shows the approximate pH
values of body fluids and, for comparison, some other
compounds and beverages. Notice that the pH of orange
juice (and typically of all fruit juices) is higher than that
of gastric juice. Thus, drinking such juices cannot lower

— Muscularis

Figure 2.5 Agastric gland and its secretions in
the body of the stomach.

the gastric pH. Hydrochloric acid has several functions in

gastric juice, including:

B converting or activating the zymogen pepsinogen to
form pepsin

B denaturing proteins, which results in the destruction of
the tertiary and secondary protein structure and thereby
opens interior bonds to the proteolytic effect of pepsin

W releasing various nutrients from organic complexes
B acting as bactericide agent, killing many bacteria ingested
along with food

Three enzymes (Table 2.1) are found in gastric juice.
The main enzyme, pepsin, is made by the chief cells and
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Lumen of the
gastric gland
where gastric
juice is formed
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Figure 2.6 A proposed mechanism by which hydrochloric acid (HCl) is secreted
into the stomach by parietal cells. Dashed line indicates diffusion. An empty circle
indicates non-energy dependent transport.

functions as the principal proteolytic enzyme in the stom-
ach. Pepsin is derived from either of two pepsinogens,
I or II. Pepsinogen I is found primarily in the body of
the stomach, where most hydrochloric acid is secreted.
Pepsinogen II is found in both the body and the antrum
of the stomach. The distinction between the two groups
of pepsinogens has no known implications for digestion;
however, higher concentrations of pepsinogen I correlate
positively with acid secretion and have been associated
with an increased incidence of peptic ulcers. Pepsinogens
are secreted in granules into the gastric lumen from chief
cells when they are stimulated by acetylcholine, acid, or
both. Pepsinogens can be converted to pepsin, an active
enzyme, in an acid environment (pH < ~5) or in the pres-
ence of previously formed pepsin.

Acid or pepsin

Pepsinogen ——— > Pepsin

Pepsin functions as a protease, an enzyme that hydrolyzes
proteins. Specifically, pepsin is an endopeptidase, meaning
that it hydrolyzes interior peptide bonds within proteins.
Optimal pepsin activity occurs at about pH 3.5. Another
enzyme present in the gastric juice is @ amylase, which orig-
inates from the salivary glands in the mouth. This enzyme,
which hydrolyzes starch, retains some activity in the stom-
ach until it is inactivated by the low pH of gastric juice. The

pH scale
A
Basic
13
12

1 Ammonia
10
9 Baking soda

Bile
Pancreatic juice
Intestinal juice

Blood
Milk
Neutral 7 Saliva
6  Urine
5 Coffee

4 Orange juice

3 Vinegar

Lemon juice
Gastric juice

Acidic
\/ )

Figure 2.7 Approximate pHs of selected body fluids, compounds, and
beverages.

third enzyme found in gastric juice is gastric lipase, which
is made by chief cells. Gastric lipase hydrolyzes primarily
short- and medium-chain triacylglycerols and is thought
to be responsible for up to about 20% of lipid digestion in
humans. Additional information about pepsin and amy-
lase can be found in Chapters 6 and 3, respectively. Gastric
lipase is discussed further in Chapter 5.

Mucus, secreted by gastric neck or mucus cells, also is
found in gastric juice. Secretion of mucus is stimulated by
various prostaglandins and by nitric oxide. Mucus, which
consists of a network of glycoproteins (mucin), glycolip-
ids, water, and bicarbonate ions (HCO;), lubricates the
ingested gastrointestinal contents and coats and protects
the gastric mucosa from mechanical and chemical dam-
age. Mucus forms a layer about 2 mm thick on top of the
gastric mucosa. Tight junctions between gastric cells also
help prevent H* from penetrating into the gastric mucosa
and initiating peptic ulcer formation.

Another constituent of gastric juice is intrinsic factor.
Intrinsic factor is secreted by parietal cells and is necessary
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to absorb vitamin B, ,. Intrinsic factor is discussed in more
detail in Chapter 9, “The Water-Soluble Vitamins.”

In summary, gastric juice contains several important
compounds that aid in the digestive process. However, very
little chemical digestion of nutrients occurs in the stomach
except for the initiation of protein hydrolysis by the prote-
ase pepsin and the limited continuation of starch hydrolysis
by salivary a amylase. The only absorption that occurs in
the stomach is that of water, alcohol, a few fat-soluble drugs
such as aspirin, and a few minerals. The hydrochloric acid
and intrinsic factor generated in the stomach are important
for absorbing nutrients such as iron and especially vitamin
B,, respectively. For example, nourishment and survival are
possible without the stomach as long as a person receives
injections of vitamin B ,. Nevertheless, a healthy stomach
makes attaining adequate nourishment much easier.

Regulation of Gastric Secretions

Gastric secretions are regulated by multiple mechanisms
including various hormones and peptides. Several of these
hormones and peptides and their actions are shown in
Figure 2.8. Hormones that inhibit gastric secretions include
peptide YY, enterogastrone, glucose-dependent insulino-
tropic peptide (formerly called gastric inhibitory peptide—
GIP), and secretin. Somatostatin, synthesized by pancreatic
and intestinal cells, acts in a paracrine fashion by entering
gastric juice, and inhibits gastric secretions. The release of
gastric secretions also is inhibited by the neuropeptides
vasoactive intestinal polypeptide (VIP) and substance
powder (P), some prostaglandins, and nitric oxide.

Inhibits gastric motility
and/or secretions
Cholecystokinin

Enterogastrone

Gastric inhibitory polypeptide
Peptide YY

Secretin

Somatostatin

Substance P

Vasoactive intestinal polypeptide

Inhibits intestinal
motility

Glucagon-like peptides
Peptide YY

Secretin

Inhibits pancreas and/or
gallbladder secretions
Peptide YY

Somatostatin

In contrast, other hormones and neuropeptides stim-
ulate gastric secretions. Gastrin-releasing peptide (GRP),
also called bombesin, is released from enteric nerves and
stimulates gastrin and hydrocholoric acid release. Gas-
trin, synthesized primarily by enteroendocrine G-cells in
the stomach and proximal small intestine, acts on parietal
cells directly to stimulate hydrochloric acid release as well
as on chief cells to stimulate pepsinogen release. Gastrin
also stimulates gastric motility and the cellular growth
of (that is, has trophic action on) the stomach. Gastrin
release occurs in response to vagal stimulation, gastric
distention, hydrochloric acid in contact with gastric
mucosa, as well as gastrin-releasing peptide, epinephrine,
and ingestion of specific substances or nutrients such as
coffee, alcohol, calcium, amino acids, and peptides. The
role of gastrin in acid secretion is especially evident in
people with Zollinger-Ellison syndrome. This condition,
usually caused by a tumor, is characterized by extremely
copious secretion of gastrin into the blood, which pro-
duces higher than normal blood concentrations of gas-
trin (referred to as hypergastrinemia). Hypergastrinemia
leads to gastric hypersecretion and the formation of mul-
tiple ulcers in the stomach, duodenum, and sometimes
even the jejunum.

In addition to being stimulated by gastrin, acid release
into the stomach is also stimulated by other means. For
example, the vagus nerve releases acetylcholine and
stimulates the release of histamine. Both acetylcholine
and histamine stimulate acid secretion. Moreover, gastrin
also stimulates histamine release. Thus, direct mediators or

Stimulates gastric motility
and/or secretions

Gastrin

Gastrin-releasing peptide
Histamine

Motilin

Secretin

Stimulates intestinal motility
and/or secretions
Cholecystokinin

Gastrin

Motilin

Substance P

Vasoactive intestinal polypeptide

Stimulates pancreas and/or
gallbladder secretions
Cholecystokinin

Secretin

Substance P

Vasoactive intestinal polypeptide

Figure 2.8 The effects of selected gastrointestinal hormones/peptides on gastrointestinal tract secretions and motility.
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potent secretogogues (compounds that stimulate secretion)
of hydrochloric acid release by the parietal cells include:

B gastrin, which acts on parietal cells in the stomach

B acetylcholine, released from the vagus nerve for action
on parietal cells

B histamine, released from gastrointestinal tract mast
(enterochromaffin) cells, which binds to H, receptors
on parietal cells

Selected Diseases and Conditions of the Stomach

Understanding how hydrochloric acid is produced in the
body and what stimulates its release is essential to un-
derstanding the treatment of peptic ulcers. Peptic ulcers
typically result when the normal defense and repair sys-
tems that protect the mucosa of the gastrointestinal tract
are disrupted. The most common cause of peptic ulcers is
the bacterium Helicobacter pylori; however, chronic use of
many substances, including aspirin, alcohol, and nonsteroi-
dal anti-inflammatory drugs (NSAID) like ibuprofen, can
disrupt the mucus-rich and bicarbonate-rich barriers that
protect the mucosa and deeper layers of the gastrointestinal
tract and can promote the development of ulcers. Several
drugs used to treat peptic ulcers—cimetidine (Tagamet),
ranitidine (Zantac), famotidine (Pepcid), and nizatidine
(Axid)—prevent histamine from binding to H, receptors
on parietal cells. These drugs, known as H, receptor block-
ers, bind to the H, receptors on the parietal cells. When
histamine is released, it cannot bind to the H, receptor (the
drug blocks histamine’s ability to bind), and acid release
from the parietal cell is diminished. Other drugs used to
treat ulcers—omeprazole (Prilosec) and esomeprazole
(Nexium)—work by binding to the ATPase/proton pump
(Figure 2.6) at the secretory surface of the parietal cell and
thus directly inhibit hydrogen release into the gastric juice.
Drug therapies are quite effective in treating peptic ulcers;
however, foods that irritate the gastric mucosa also must
be avoided during acute peptic ulcer episodes. If a pep-
tic ulcer results in bleeding into the gastrointestinal tract,
further medical nutrition therapy may require increased
consumption of nutrients such as protein and iron.

Regulation of Gut Motility and Gastric Emptying

When food is swallowed, the proximal portion of the
stomach relaxes to accommodate the ingested food. The
relaxation, considered to be a reflex, is controlled by two
processes mediated by the vagus nerve: receptive relaxation
and gastric accommodation. Signals for antral contraction
(necessary for gastric emptying) occur at regular intervals
and begin in the proximal stomach at a point along the
greater curvature. The signals then migrate distally toward
the pyloric sphincter at the juncture of the stomach and the
small intestine. The pacemaker, located between the fundus
and body of the stomach (Figure 2.4), signals the antrum.
The pacemaker determines the frequency of the contractions

that occur. As the food moves into the antrum, the rate of
contractions increases so that in the distal portion of the
stomach food is liquefied into chyme. The rate of contrac-
tions is about 3 per minute in the stomach and increases to
about 8 to 12 per minute in the proximal small intestine.
The rate per minute decreases slightly to about 7 per min-
ute in the distal small intestine.

The migrating motility or myoelectric complex, a
series of contractions with several phases, moves distally
like a wave down the gastrointestinal tract, but mainly in
the stomach and intestine. The migrating motility com-
plex waves occur approximately every 80 to 120 minutes
during interdigestive periods, but their frequency changes
during digestive periods. The migrating motility complex
sweeps out gastrointestinal (especially gastric and intes-
tinal) contents and prevents bacterial overgrowth in the
intestine. Its activity is influenced by a variety of factors,
including hormones and peptides. For example, the pep-
tide motilin, secreted by cells of the duodenum, causes
intestinal smooth muscle to contract and may be involved
in regulating different phases of the migrating motility
complex.

Gastric emptying is also influenced by several other
factors. Receptors in the duodenal bulb (the first few
centimeters of the proximal duodenum) are sensitive to
the volume of chyme and to the osmolarity of the chyme
present in the duodenum. Large volumes of chyme, for
example, result in increased pressure within the stomach
and promote gastric emptying. The presence of hypertonic/
hyperosmolar (very concentrated) or hypotonic/hyposmo-
lar (verydilute) chyme in the duodenum activates osmore-
ceptors. Activation of the osmoreceptors in turn slows
gastric emptying, to facilitate the formation of chyme
that is isotonic. In addition to volume and osmolarity, the
chemical composition of the chyme also affects gastric emp-
tying. Carbohydrate-rich and protein-rich foods appear to
empty at about the same rate from the stomach; high-fat
foods, however, slow gastric emptying into the duodenum.
Salts and monosaccharides also slow gastric emptying, as
do many free amino acids, such as tryptophan and phe-
nylalanine, and complex carbohydrates, especially soluble
fiber. The presence of acid in the duodenum stimulates the
secretion of hormones and regulatory peptides that, along
with some reflexes, also influence gastric emptying. For
example, hormones such as secretin, glucose-dependent
insulinotropic peptide (GIP), somatostatin, peptide YY,
and enterogastrone decrease or inhibit gastric motility, as
does the ileogastric reflex.

Although contractions within the stomach promote
physical disintegration of solid foods into liquid form,
complete liquefaction is not necessary for the stomach
contents to empty through the pyloric sphincter into the
duodenum. Particles as large as 3 mm in diameter (~§ in.)
can be emptied from the stomach through the sphincter,
but solid particles are usually emptied with fluids when
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they have been degraded to a diameter of about 2 mm or
less. Approximately 1 to 5 mL (~1 tsp) of chyme enters the
duodenum about twice per minute. Contraction of the
pylorus and proximal duodenum is thought to be coordi-
nated with contraction of the antrum to facilitate gastric
emptying. Gastric emptying following a meal usually takes
between 2 and 6 hours.

THE SMALL INTESTINE

Once through the pyloric sphincter, chyme enters the
small intestine. The small intestine (Figure 2.9), which
represents the main site for nutrient digestion and absorp-
tion, is composed of the duodenum (slightly less than 1 ft
long) and the jejunum and ileum (which together are ap-
proximately 9 ft long). Microscopy is generally needed to
identify where one of these sections of the small intestine
ends and the other begins. However, the Treitz ligament, a
suspensory ligament, is found at about the site where the
duodenum and jejunum meet. The lumen of the jejunum
is generally larger than that of the ileum.

Structural Aspects of the Small Intestine

Although the structure of the small intestine consists of the
same layers identified in Figure 2.2, the epithelial lining
or mucosa of the small intestine is structured to maximize

surface area and thus maximize its ability to absorb
nutrients. The small intestine has a surface area of approxi-
mately 300 m?, an area about equal to a 3-ft-wide sidewalk
more than three football fields in length. Several structures,
shown in Figure 2.10, that contribute to this enormous
surface area include:

m large circular folds of mucosa, called the folds of
Kerckring, that protrude into the lumen of the small
intestine

m fingerlike projections, called villi, that project out into the
lumen of the intestine and consist of hundreds of cells
(enterocytes, also called absorptive epithelial cells) along
with blood capillaries and a central lacteal (lymphatic
vessel) for transport of nutrients out of the enterocyte

B microvilli, hairlike extensions of the plasma membrane
of the enterocytes that make up the villi

The microvilli possess a surface coat, or glycocalyx, as
shown in Figure 2.11; together, these make up the brush
border of the enterocytes. Covering the brush border is
an unstirred water (fluid) layer. That is, the unstirred
water layer lies between the brush border membrane of
the intestine and the intestinal lumen. Its presence can
have the greatest effect on lipid absorption, as discussed
in Chapter 5.
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The small intestine is divided into 3 regions: the duodenum, jejunum,
and ileum. The ileocecal sphincter regulates the flow of material from
the ileum, the last segment of the small intestine, into the cecum, the
first portion of the large intestine.

Figure 2.9 The small intestine.

The duodenum receives secretions from the gallbladder via the
common bile duct. The pancreas releases its secretions into the
pancreatic duct, which eventually joins the common bile duct.
The sphincter of Oddi regulates the flow of these secretions into
the duodenum.
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Figure 2.10 The structure of the small intestine.

Most of the digestive enzymes produced by the
intestinal mucosal cells are found embedded on the brush
border, and they hydrolyze already partially digested
nutrients, mainly carbohydrate and protein (Table 2.1).
Structurally, the digestive enzymes are glycoproteins.
The carbohydrate (glyco) portion of these glycopro-
tein enzymes may in part make up the glycocalyx. The
glycocalyx, which lines the luminal side of the intestine, is
thought to consist of numerous fine filaments that extend
almost perpendicular from the microvillus membrane
to which it is attached. Digestion of nutrients is usually
completed on the brush border but may be completed
within the cytoplasm of the enterocytes. More detailed

In the small intestine,
the mucosa and the
submucosa are
arranged in circular
folds of Kerckring.

Each villus is made of
absorptive cells called
enterocytes.

The circular folds are
covered with finger-like
projections called villi.
Each villus contains a
capillary network and a
lymphatic vessel (lacteal).

Crypts of Lieberkiihn—cells

in these crypts will migrate up

to eventually become absorptive
cells in the tips of the villus.

information on carbohydrate, fat, and protein digestion is
provided in Chapters 3, 5, and 6.

The small intestine also contains small pits or pockets
called crypts of Lieberkiihn (Figure 2.10) that lie between
the villi. Epithelial cells in these crypts continuously
undergo mitosis. The new cells gradually migrate upward
and out of the crypts toward the tips of the villi. Toward
the tip, many former crypt cells function as absorptive
enterocytes. Ultimately, the enterocytes are sloughed off
into the intestinal lumen and excreted in the feces. Intesti-
nal cell turnover is rapid, approximately every 3 to 5 days.
Cells in the crypts include Paneth cells that secrete anti-
microbial peptides (called defensins) with broad activity,
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Figure 2.11 Structure of the absorptive cell of the small intestine.

enterochromaffin (mast) cells with endocrine functions,
and goblet cells that secrete both small cysteine-rich pro-
teins with antifungal activity and mucus. Mucus adheres
to the mucosa and acts as a barrier to protect the epithelial
mucosal cell surface from the acid chyme. Cells and glands
in the crypts of Lieberkithn also secrete large volumes
of intestinal juices and electrolytes into the lumen of the
small intestine to facilitate nutrient digestion. Much of this
fluid is typically reabsorbed by the villi.

Chyme moves through the small intestine propelled
by various contractions influenced by the nervous system
(Figure 2.12). Contractions of longitudinal smooth muscles,
often called sleeve contractions, mix the intestinal contents
with the digestive juices. Standing contractions of circular
smooth muscles, called segmentation, produces bidirec-
tional flow of the intestinal contents, occurs many times
per minute, and mixes and churns the chyme with digestive
secretions in the small intestine. Peristaltic waves, or pro-
gressive contractions, also accomplished primarily through
action of the circular muscles, move the chyme distally along
the intestinal mucosa toward the ileocecal valve.

Chyme moving from the stomach into the duodenum
initially has a pH of about 2 because of its gastric acid con-
tent. The duodenum is protected against this gastric acidity
by secretions from the Brunner’s glands and from the pan-
creas. The Brunner’s glands are located in the mucosa and
submucosa of the first few centimeters of the duodenum
(duodenal bulb). The mucus-containing secretions are vis-
cous and alkaline, with a pH of approximately 8.2 to 9.3.

Brush border

Enterocyte

The mucus itself is rich in glycoproteins and helps protect
the epithelial mucosa from damage. The pancreatic secre-
tions released into the duodenum are rich in bicarbonate,
which helps to neutralize the acid released from the stom-
ach. Disruptions or inadequate release of these alkaline-
rich secretions or excessive gastric acid secretion into the
duodenum can precipitate the development of duodenal
ulcers, which typically form around the duodenal bulb.
As with gastric peptic ulcers, medications to suppress acid
production are helpful in treating duodenal ulcers.

Regulation of Intestinal Secretions and Motility

Several hormones and peptides influence the release
of intestinal secretions as well as intestinal motility. For
example, vasoactive intestinal polypeptide (VIP), pres-
ent in neurons within the gut, has been shown to stimu-
late intestinal secretions and relax most gastrointestinal
sphincters. The neuropeptide substance P, the peptide
motilin, and, to a lesser extent, the hormone cholecystoki-
nin (CCK, also called CCK-pancreozymen and abbreviated
CCK-PZ) increase intestinal motility. Conversely, motility
of the intestine is inhibited or diminished by peptide YY,
secretin, and glucagon-like peptides.

Immune System Protection
of the Gastrointestinal Tract

A variety of immune system cells and lymphoid tissue
protects the digestive tract. The lymphoid tissue is found
primarily in the mucosa (especially the lamina propria)
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Figure 2.12 Movement of chyme in the gastrointestinal tract.

and submucosa and is called mucosa-associated lym-
phoid tissue (MALT) or, if found in the nonmucosal layer
of the gastrointestinal tract, gut-associated lymphoid
tissue (GALT). Both MALT and GALT are composed of
multiple types of cells including T- and B-lymphocytes,
plasma cells, natural killer (NK) cells, and macrophages,
among others. The leukocytes tend to be located between
the intestinal epithelial cells and make up approximately
15% of the epithelial mucosa. The majority of the body’s
plasma cells are found in the lamina propria. The plasma
cells produce secretory IgA, which binds antigens ingested
with foods, inhibits the growth of pathogenic bacteria, and
inhibits bacterial translocation. In addition to these cells,
microfold (M) cells are associated with some lympho-
cytes and cover or overlie, usually in a single layer, Peyer
patches. Peyer patches are aggregates of lymphoid tissue
that also are located in the mucosa and submucosa. The
M-cells pass or transport foreign antigens to the MALT
lymphocytes, which in turn mount an immune response.
After processing the foreign antigens, some of these lym-
phocytes are released from the Peyer patches and enter
circulation to augment the immune response. Dendritic
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Circular muscles

muscles
contract

Circular
muscles relax

Longitudinal —|

Longitudinal
muscles relax
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Peristalsis. Peristalsis consists of a series of wavelike
rhythmic contractions and relaxation involving both the
circular and longitudinal muscles. This action propels food
forward through the Gl tract.

cells, a type of macrophage, also are found in the gastroin-
testinal tract. They destroy foreign antigens and stimulate
lymphocytes to destroy antigens.

Although the gastrointestinal tract provides a defense
against bacteria and other foreign substances that may
have been ingested with consumed food, this barrier can
be easily destroyed. Atrophy of the mucosal and submu-
cosal layers of the gastrointestinal tract, which may occur
with illness, injury, starvation, or extended periods with
little food intake, can lead to bacterial translocation. Bac-
terial translocation (the presence of gastrointestinal tract—
derived bacteria or their toxins in the blood or lymph) can
result in sepsis (infection) and, potentially, multiple system
organ failure.

THE ACCESSORY ORGANS

Three organs, the pancreas, liver, and gallbladder, facilitate
digestive and absorptive processes in the small intestine.
The next section of this chapter describes each of these

organs and its role in nutrient digestion, absorption, or
both.
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The Pancreas

The pancreas is a slender, elongated organ that ranges in
length from about 6 to 9 inches. The pancreas is found
behind the greater curvature of the stomach, lying
between the stomach and the duodenum (Figures 2.1 and
2.13). Two types of active cells are found in the pancreas
(Figure 2.13b):

B ductless endocrine cells that secrete hormones, primar-
ily insulin and glucagon, into the blood

B acinar exocrine cells that produce the digestive enzymes,
which get packaged in secretory structures called gran-
ules and released by exocytosis into pancreatic juice

Pancreatic juice, also produced by the acinar cells,
contains:

B bicarbonate, important for neutralizing the acid chyme
passing into the duodenum from the stomach and for
maximizing enzyme activity within the duodenum

B clectrolytes, including the cations sodium, potassium,
and calcium and the anion chloride

B pancreatic digestive enzymes in a watery solution

To facilitate the release of pancreatic juice, the acinar
cells of the pancreas are arranged into circular glands that
are attached to small ducts. The pancreatic juice is secreted
into the small ducts within the pancreas. These small ducts
coalesce to form a large main pancreatic duct (Wirsung
duct), which later joins with the common bile duct at the
greater duodenal papilla, also called the ampulla of Vater,
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to form the bile pancreatic duct. The bile pancreatic duct
empties into the duodenum through the sphincter of Oddi
(Figure 2.13a). Blockage of this duct, as may occur with
gallstones from the gallbladder, may impair the release of
pancreatic juice out of the pancreas and can lead to acute
pancreatitis (inflammation of the pancreas), a potentially
life-threatening condition. Pancreatitis is described in the
Perspective at the end of this chapter.

Regulation of Pancreatic Secretions Pancreatic juice is
released when pancreatic acinar cells are stimulated by
hormones and the parasympathetic nervous system. The
hormone secretin, secreted into the blood by enteroendo-
crine S-cells found in the mucosa of the proximal small
intestine, is secreted in response to the release of acid chyme
into the duodenum. Secretin stimulates the pancreas to
secrete water, bicarbonate, and pancreatic enzymes. In addi-
tion to secretin, cholecystokinin secreted by enteroendocrine
I-cells of the proximal small intestine, enteric nerves, and the
neuropeptide substance P stimulate the secretion of pan-
creatic juices and enzymes into the duodenum. Similarly,
vasoactive intestinal polypeptide (VIP), present in neu-
rons within the gut, also stimulates pancreatic bicarbonate
release into the small intestine. In contrast, somatostatin,
which works in a paracrine fashion, inhibits pancreatic exo-
crine secretions. A variety of other gastrointestinal-derived
hormones and peptides affect pancreatic insulin release
including amylin, galanin, and somatostatin (inhibitory)
and glucose-dependent insulinotropic polypeptide and
glucagon-like peptide (stimulatory).
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Figure 2.13 (a) The ducts of the gallbladder, liver, and pancreas. (b) Schematic representation of the exocrine

and endocrine portions of the pancreas.
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Pancreatic Digestive Enzymes The enzymes released by
the pancreas, listed in Table 2.1, digest approximately half
(50%) of all ingested carbohydrates, half (50%) of all pro-
teins, and almost all (80% to 90%) of ingested fat. Prote-
ases—enzymes that digest proteins—found in pancreatic
juice and secreted into the duodenum include trypsinogen,
chymotrypsinogen, procarboxypeptidases, proelastase,
and collagenase. As a group, proteases hydrolyze peptide
bonds, either internally or from the ends, and the net result
of their collective actions is the production of polypeptides
shorter in length than the original polypeptide or protein,
oligopeptides (typically 4-10 amino acids in length), tri-
peptides, dipeptides, and free amino acids. The latter three
may be absorbed into the enterocyte. Oligopeptides and
some tripeptides may be further hydrolyzed by brush bor-
der aminopeptidases before being absorbed. More detailed
information on protein digestion is given in Chapter 6.
Only one enzyme, pancreatic o amylase, is secreted by the
pancreas into the duodenum for carbohydrate digestion;
carbohydrate digestion is covered in detail in Chapter 3.
Enzymes necessary for lipid digestion produced by the
pancreas include pancreatic lipase, the major fat digesting
enzyme, and colipase. These enzymes and fat digestion
are described in detail in Chapter 5.

The Liver

Another accessory organ to the gastrointestinal tract is
the liver, pictured in Figures 2.1, 2.13, and 2.14. The liver,
the largest single internal organ of the body, is made up
of two lobes, the right lobe and left lobe. These lobes in
turn contain functional units called lobules. The lobules
(Figure 2.14) are made up of plates or sheets of liver cells,
also called hepatocytes. The plates of cells are arranged
so that they radiate out from central veins. Thus, the liver
has multiple plates of cells radiating from multiple central
veins. The central veins direct blood from the liver into
general circulation through hepatic veins and then ulti-
mately into the inferior vena cava. Blood passes between
the plates of liver cells by way of sinusoids, which function
like a channel and arise from branches of the hepatic artery
and from the portal vein. The portal vein takes blood rich
in nutrients away from the digestive tract and pancreas
to the liver. Sinusoids allow blood from these two blood
vessels (the portal vein and the hepatic artery) to mix and
also enable uptake of nutrients through the endothelial
cells that line the sinusoids. Sinusoids also contain macro-
phages called Kupffer’s cells, which phagocytize bacteria
and other foreign substances and thus serve to protect the
body. Bile canaliculi lie between the hepatocytes in the
hepatic plates. Bile, covered in the section on the gallblad-
der, drains from the canaliculi into bile ducts. As shown
in Figure 2.13, the right and left hepatic bile ducts join
to form the common hepatic duct. The common hepatic
duct unites with the cystic duct from the gallbladder to
form the common hepatic bile duct.
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Figure 2.14 Structure of a liver lobule.

The Gallbladder

The gallbladder, a small organ with a capacity of approxi-
mately 40 to 50 mL (1.4-1.8 0z), is located on the surface
of the liver (Figures 2.9 and 2.13). The gallbladder concen-
trates and stores the bile made in the liver until it is needed
for fat digestion in the small intestine. The hormone
cholecystokinin, secreted into the blood by enteroendo-
crine cells (called I-cells) of the proximal small intestine,
stimulates the gallbladder to contract and release bile into
the duodenum. In contrast, somatostatin, which works in
a paracrine fashion, inhibits gallbladder contraction. Bile
flow into the duodenum is regulated by the intraduodenal
segment of the common hepatic bile duct and the sphinc-
ter of Oddi, located at the junction of the common hepatic
bile duct and the duodenum (Figure 2.13). Bile synthesis,
storage, function in fat digestion, recirculation, and excre-
tion are described in the next sections.

Bile Synthesis Bile is a greenish-yellow fluid composed
mainly of bile acids and salts but also cholesterol, phos-
pholipids, and bile pigments (bilirubin and biliverdin)
dissolved in an alkaline solution. The bile acids are syn-
thesized in the hepatocytes from cholesterol, which in a
series of reactions is oxidized to chenodeoxycholic acid
and cholic acid, the two principal or primary bile acids
(see Chapter 5 for further details). Chenodeoxycholate and
cholate, once formed, conjugate primarily (~75%) with the
amino acid glycine to form the conjugated bile acids gly-
cochenodeoxycholic acid (glycochenodeoxycholate) and
glycocholic acid (glycocholate), respectively.

Bile Acid Amino Acid  Conjugated Bile Acid
Cholic acid + glycine ——>  Glycocholic acid
Chenodeoxycholic + glycine ——>  Glycochenodeoxy-
acid cholic acid
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Alternately and to a lesser (25%) extent, chenodeoxycho-
late and cholate conjugate with the amino acid taurine to
form two additional primary conjugated bile acids.

Bile Acid Amino Acid  Conjugated Bile Acid

Cholic acid + taurine ——>  Taurocholic acid

Chenodeoxycholic + taurine

acid

—>  Taurochenodeoxy-
cholic acid

Conjugation of the bile acids with these amino acids
results in better ionization and thus in improved ability to
form micelles. The formation and role of micelles in fat
digestion are discussed in Chapter 5. Chenodeoxycholate
and cholate are primary bile acids and make up 80% of the
body’s total bile acids. The remaining 20% of the bile acids
is made up of secondary products produced in the large
intestine from bacterial action on chenodeoxycholic acid
to form lithocholate and on cholic acid to form deoxycho-
late. In addition to being conjugated to amino acids, most
conjugated bile acids are present in bile as bile salts owing
to bile’s pH (~7.6-8.6). Sodium is the predominant biliary
cation, although potassium and calcium bile salts may also
be found in the alkaline bile solution.

Although bile acids and salts make up a large portion
of bile, other substances are also found in bile. These other
substances include both cholesterol and phospholipids, es-
pecially lecithin, and make up what is referred to as the bile
acid—-dependent fraction of bile. In addition, water, elec-
trolytes, bicarbonate, and glucuronic acid conjugated bile
pigments (mainly bilirubin, biliverdin, or both—waste end
products of hemoglobin degradation that are excreted in bile
and give bile its color) are secreted into bile by hepatocytes.
This alkaline-rich fraction of the bile is referred to as bile
acid-independent. The bile components must remain in the
proper ratio to prevent gallstone formation (cholelithiasis),
although other factors influence gallstone production.

Selected Conditions/Diseases of the Gallbladder Gallstones
are thought to form when bile becomes supersaturated with
cholesterol. Cholesterol precipitates out of solution and
provides a crystalline-like structure within which calcium,
bilirubin, phospholipids, and other compounds deposit,
ultimately forming a “stone.” Gallstones may reside silently
in the gallbladder, or they may irritate the organ, causing
cholecystitis (inflammation of the gallbladder), or lodge in
the common bile duct, blocking the flow of bile (choledo-
cholithiasis) into the duodenum. Gallstones also may block
the pancreatic duct, causing pancreatitis (inflammation of
the pancreas), as described in the Perspective at the end of
this chapter.

Bile Storage During the interdigestive periods, bile is sent
from the liver to the gallbladder, where it is concentrated
and stored. The gallbladder concentrates the bile so that as
much as 90% of the water, along with some of the electro-
lytes, is reabsorbed by the gallbladder mucosa. The fluid

reabsorption thus leaves the remaining bile constituents
(i.e., bile acids and salts, cholesterol, lecithin, bilirubin, and
biliverdin) in a less dilute form. Concentration of the bile
permits the gallbladder to store more of the bile produced
by the liver between periods of food ingestion. Cholecys-
tokinin, released in response to chyme entering the duo-
denum, stimulates gallbladder contraction. Bile is secreted
into the duodenum through the sphincter of Oddi.

The Function of Bile Bile acids and bile salts act as deter-
gents to emulsify lipids, that is, to break down large fat glob-
ules into small (about 1 mm diameter) fat droplets. Bile acids
and salts, along with phospholipids, help to absorb lipids by
forming small (<10 nm) spherical, cylindrical, or disklike
complexes called micelles. Micelles can contain as many as
40 bile salt molecules. More thorough coverage of the func-
tions of bile is found in Chapter 5.

The Recirculation and Excretion of Bile The human body
contains a total bile acid pool of about 2.5 to 5.0 g. Greater
than 90% of the bile acids and salts secreted into the
duodenum is reabsorbed by active transport in the ileum.
Small amounts of the bile may be passively reabsorbed
in the jejunum and the colon. About half of the choles-
terol contained within the bile is taken up by the jeju-
num and used in forming chylomicrons (see Chapter 5).
The remainder of the cholesterol is excreted. Bile that is
absorbed in the ileum enters the portal vein and is trans-
ported, attached to the plasma protein albumin in the
blood, back to the liver. Once in the liver, the reabsorbed
bile acids are reconjugated to amino acids if necessary and
secreted into bile along with the newly synthesized bile
acids. New bile acids typically are synthesized in amounts
about equal to those lost in the feces. New bile, mixed
with recirculated bile, is sent through the cystic duct to be
stored in the gallbladder. The circulation of bile, termed
enterohepatic circulation, is pictured in Figure 2.15. The
pool of bile is thought to recycle at least twice per meal.

Some of the bile acids that are not reabsorbed in the
ileum may be deconjugated by bacteria in the colon and
possibly the terminal ileum to form secondary bile acids
(Figure 2.16). For example, cholic acid, a primary bile
acid, is converted to the secondary bile acid deoxycholic
acid, which can be reabsorbed. Chenodeoxycholic acid
is converted to the secondary bile acid lithocholic acid,
which unlike deoxycholic acid typically is excreted in the
feces. Certain dietary fibers present in the gastrointesti-
nal tract may bind to the bile salts and acids, however,
and prevent bacterial deconjugation and conversion to
secondary bile acids. About 0.5 g of bile salts are lost daily
in the feces.

Bile Circulation and Hypercholesterolemia Knowing how
bile is recirculated and is excreted helps in understand-
ing the mechanisms by which various drug therapies
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© The liver uses these
constituents to resynthesize
bile, which is then stored

in the gallbladder.

Gallbladder
— Hepatic
portal vein

Cystic duct

| Duodenum
Common bile duct
Sphincter of Oddi

@ After aiding in lipid digestion, the
bile constituents are reabsorbed from

the ileum and returned to the liver
via the hepatic portal vein.

Figure 2.15 Enterohepatic circulation of bile.

Intestinal
bacteria

Intestinal
bacteria

Chenodeoxycholic acid

Figure 2.16 The synthesis of secondary bile acids by intestinal bacteria.

and functional foods help to treat high blood cholesterol
concentrations (hypercholesterolemia). People with hy-
percholesterolemia are often given certain medications—
specifically, resins such as cholestyramine (Questran). The
function of the medications is to bind bile in the gastroin-
testinal tract and enhance its fecal excretion from the body.

@ Bile is made in the liver, and is transported
to the gallbladder where it is stored.

(&> —Esophagus

@ When the gallbladder contracts,
bile is released into the cystic

duct. The cystic duct joins the
common bile duct.

Stomach

© Bile aids in lipid
digestion by enabling
large lipid globules to
disperse in the watery
environment of the
small intestine.

H5C
HO
CHs3
CO0™
CHs
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Deoxycholic acid
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In addition, some food manufacturers add plant (phyto)
stanols and sterols to foods such as margarines, orange
juice, and granola bars. These phytostanols and phytoster-
ols bind bile as well as dietary and endogenous cholesterol
in the gastrointestinal tract and enhance fecal excretion
from the body. The increased fecal excretion of the bile,
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decreased recirculation of the bile, and decreased absorp-
tion of cholesterol requires the body to use cholesterol to
synthesize new bile acids. The increased use of cholesterol
to make more bile diminishes the body’s cholesterol con-
centrations. Thus, the goal of using such medications and
functional foods is to lower blood cholesterol concentra-
tions and reduce risk of cardiovascular disease. Health
claims on the labels of some of the products containing
phytosterols state that “Plant sterols, eaten twice a day
with food for a total of 0.8 g daily total, may reduce heart
disease risk in a diet low in saturated fat and cholesterol.”
Daily consumption of plant sterols has been shown to
decrease total and LDL plasma cholesterol concentra-
tions in people with normal blood lipid and high blood
lipid concentrations.

THE DIGESTIVE AND ABSORPTIVE PROCESSES

Most nutrients must be digested—that is, broken down
into smaller pieces—before they can be absorbed. Nutrient

digestion occurs both in the lumen of the gastrointestinal
tract and on the brush border and is accomplished through
enzymes from the mouth, stomach, pancreas, and small
intestine and with the help of bile from the liver. Once
digested, nutrients must move into the cells of the gastroin-
testinal tract by a process known as absorption. Although
some nutrient absorption may occur in the stomach, the
absorption of most nutrients begins in the duodenum and
continues throughout the jejunum and ileum, as shown
in Figure 2.17. Generally, most absorption occurs in the
proximal (upper) portion of the small intestine.

Digestion and absorption of nutrients within the small
intestine are rapid, with most of the carbohydrate, protein,
and fat being absorbed within 30 minutes after chyme has
reached the small intestine. The presence of unabsorbed
food in the ileum may increase the amount of time material
remains in the small intestine and therefore may increase
nutrient absorption.

Nutrients may be absorbed into enterocytes by diffu-
sion, facilitated diffusion, active transport, or, occasionally,

Esophagus
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lodide
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Calcium ~ Stomach Molybdenum
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Magnesium
Iron
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Niacn — (  [ZTTTTTTT—7 Biotin
Biotin Folate
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Figure 2.17 Sites of nutrient
absorption in the gastrointestinal tract.
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Diffusion Cell membrane

-'.'- Water Diffusion. Some substances, such as water and small lipid molecules, cross
membranes freely. The concentration of substances that can diffuse across
cell membranes tends to equalize on the two sides of the membrane, so that
the substance moves from the higher concentration to the lower; that is, it

° . .
° <, Small lipids moves down a concentration grad\ent.
°

Facilitated diffusion Cell membrane

Carrier L . .
Facilitated diffusion. Other compounds cannot cross cell membranes

without a specific carrier. The carrier may affect the permeability of the

0=<—>0 membrane in such a way that the substance is admitted, or it may shuttle
the compound from one side of the membrane to the other. Facilitated
0= diffusion, like simple diffusion, allows an equalization of the substance on
2] both sides of the membrane. The figure illustrates the shuttle process:

@ Carrier loads particle on outside of cell.
@ Carrier releases particle on inside of cell.

© Reversal of @ and @.

Active transport Cell membrane

Carrier Active transport. Substances that need to be concentrated on one side of the
cell membrane or the other require active transport, which involves energy
expenditure. The energy is supplied by ATP, and Na+ is usually involved in the
active transport mechanism. The figure illustrates the unidirectional

movement of a substance requiring active transport:

Energy
(ATP)

@ Carrier loads particle on outside of cell.
@ Carrier releases particle on inside of cell.
@ Carrier returns to outside to pick up another particle.

Pinocytosis %/ Cell membrane
o © Pinocytosis. Some large molecules are moved into the cell via engulfment by
the cell membrane. The figure illustrates the process:
@ Substance contacts cell membrane.
O 2) @ Membrane wraps around or engulfs the substance.

@ The sac formed separates from the membrane and moves into the cell.

(@ e

Figure 2.18 Primary mechanisms for nutrient absorption.

pinocytosis or endocytosis (Figure 2.18). In addition, a few
nutrients may be absorbed by a paracellular (between-cells)
route. The mechanism of absorption for a nutrient depends
on several factors:

m solubility (fat versus water) of the nutrient
B concentration or electrical gradient

B size of the molecule to be absorbed

The absorption and transport of amino acids, pep-
tides, monosaccharides, fatty acids, monoacylglycerols,
and glycerol—that is, the end products of macronutrient

digestion—are considered in depth in Chapters 3, 5, and 6.
The digestion and mechanisms of absorption for each
of the vitamins and minerals are described in detail in
Chapters 9 to 13; the sites of absorption are shown in
Figure 2.17.

Unabsorbed intestinal contents are passed from the
ileum through the ileocecal valve into the colon, although
some may serve as substrates for bacteria that inhabit the
small intestine. Bacterial counts in the small intestine
range up to about 10° per gram of intestinal contents;
counts may be even higher near the ileocecal sphincter.
Examples of some of the bacteria that may be found in
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the small intestine include bacteroides, enterobacteria,
lactobacilli, streptococci, and staphylococci.

THE COLON OR LARGE INTESTINE

From the ileum (which is the distal or terminal section of
the small intestine), unabsorbed materials empty through
the ileocecal valve into the cecum, the right side of the colon
(large intestine). From the cecum, materials move sequen-
tially through the ascending, transverse, descending, and
sigmoid sections of the colon (Figure 2.19). The colon in its
entirety is almost 5 ft long and is larger in diameter than the
small intestine, thus explaining the terminology distinction
(large versus small) between the two intestines.

Rather than being a part of the entire wall of the diges-
tive tract, as it is in the upper digestive tract, the longitu-
dinal muscle in the colon is gathered into three muscular
bands or strips called teniae (also spelled taenia or teneae)
coli that extend throughout most of the colon. Contraction
of a strip of longitudinal muscle, along with contraction of
circular muscle, causes the uncontracted portions of the
colon to bulge outward, creating pouches (haustra). Con-
tractions typically occur in one area of the colon and then
move to a different, nearby area.

On initially entering the colon, the intestinal material is
still quite fluid. Contraction of the musculature of the large
intestine is coordinated so as to mix the intestinal contents
gently and to keep material in the proximal (ascending)
colon a sufficient length of time to allow nutrients to be
absorbed. As described by Guyton [1], the fecal material is
slowly dug into and rolled over in the colon as one would
spade the earth, so that deeper, moister fecal matter is put
in contact with the colon’s absorptive surface.

The proximal colonic epithelia absorb sodium, chloride,
and water more effectively than does the small intestinal
mucosa. For example, about 90% to 95% of the water and
sodium entering the colon each day is absorbed. Colonic
absorption of sodium is influenced by a number of factors,

Mesentary

Transverse

lleocecal
sphincter

Cecum

Appendix

including hormones. Antidiuretic hormone, for example,
decreases sodium absorption, whereas glucocorticoids and
mineralocorticoids increase sodium absorption in the colon.

Secretions into the lumen of the colon are few, but
some nutrient exchange occurs. Goblet cells in the crypts
of Lieberkiihn secrete mucus. Mucus protects the colonic
mucosa and acts as a lubricant for fecal matter. Potassium
is secreted, possibly through an active secretory pathway,
into the colon. Bicarbonate is also secreted in exchange
for chloride absorption. Bicarbonate provides an alka-
line environment that helps neutralize acids produced
by colonic anaerobic bacteria. Sodium and hydrogen ion
exchanges also occur, permitting electrolyte absorption.

The end result of the passage of material through the
colon, which usually takes about 12 to 70 hours, is that the
unabsorbed materials are progressively dehydrated. Typi-
cally, the approximately 1 L of chyme that enters the large
intestine each day is reduced to less than about 200 grams
of defecated material containing sloughed gastrointestinal
cells, inorganic matter, water, small amounts of unabsorbed
nutrients and food residue, constituents of digestive juices,
and bacteria.

Intestinal Bacteria (Microflora),
Pre- and Probiotics, and Disease

Both gram-negative and gram-positive bacteria strains,
representing over 400 species of at least 40 genera, have
been isolated from human feces. Although intestinal bac-
terial counts in the large intestine have been reported to
be as high as 10'? per gram of gastrointestinal tract con-
tents, bacteria are found throughout the gastrointestinal
tract. The mouth contains mostly anaerobic bacteria. The
stomach contains few bacteria because of its low pH, but
some more acid-resistant bacteria that are present include
lactobacillus and streptococcus. The proximal small intes-
tine contains both aerobes and facultative anaerobes. Most
bacteria found in the ileum and large intestine are anaer-
obes, including bacteriodes, lactobacilli, and clostridia.

Descending
colon

Sigmoid
colon

Figure 2.19 The colon.
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Other examples of intestinal microflora (bacteria adapted
to living in a specific environment) that inhabit the large
intestine are bifidobacteria, methanogens, eubacteria, and
streptococci. Anaerobic species are thought to outnumber
aerobic species by at least 10 fold, but the exact composi-
tion of the microflora is affected by a variety of factors
such as substrate availability, pH, medications, and diet,
among others.

Bacteria gain nutrients for their own growth through
unabsorbed food residues in the intestines. Bacteria use
primarily dietary carbohydrate, and to a lesser extent
amino acids and undigested protein, as substrates nec-
essary for their growth. For example, starch that has not
undergone hydrolysis by pancreatic amylase may be used
by gram-negative bacteroides and by gram-positive bifi-
dobacteria or eubacteria. Glycoproteins (mainly mucins)
found in mucus secretions of the gastrointestinal tract may
be broken down and used by bacteria such as bacteroides,
bifidobacteria, and clostridia. In addition, sugar alcohols
such as sorbitol and xylitol, disaccharides such as lactose,
and some fibers such as some hemicelluloses, fructose
oligosaccharides, pectins, and gums may be degraded by
selected bacteria found in the colon. Digestive enzymes
themselves may even serve as substrate for bacteria such as
bacteroides and clostridia. The breakdown of carbohydrate
and protein by bacteria is an anaerobic process referred to
as fermentation.

As described above, bacteria degrade mostly carbohy-
drate but also some amino acids and protein as substrates
for the production of substances, such as energy and
carbon atoms, necessary for bacterial growth and main-
tenance. Acids are one of the principal end products of
bacterial carbohydrate fermentation in the large intestine.
Specifically, lactate and various short-chain fatty acids—
acetate, butyrate, and propionate—are generated from
bacterial action. These short-chain fatty acids, formerly
called volatile fatty acids, serve many purposes. They are
thought to stimulate gastrointestinal cell proliferation. The
presence of the acids lowers the luminal pH in the colon to
effect changes in nutrient absorption and in the growth of
certain species of bacteria. In addition, these acids provide
substrates for body cell use. Butyrate, for example, may be
absorbed by a Na™/H* or a K¥/H" exchange system in
the colon, where it is a preferred energy source for colonic
epithelial cells. Butyrate also may regulate gene expression
and cell growth. Propionate and lactate are absorbed in
the colon and taken up for use by liver cells. Acetate is ab-
sorbed and used by muscle and brain cells. Absorption of
these acids appears to be concentration dependent.

In addition to the short-chain fatty acids, bacteria
generate a number of other substances. For example,
several different gases are produced by colonic bacte-
ria, including methane (CH,), hydrogen (H,), hydrogen
sulfide (H,S), and carbon dioxide (CO,). One estimate

suggests that colonic bacterial fermentation of about 10 g
of carbohydrate can generate several liters of hydrogen
gas. Much of the hydrogen and other gases that are gen-
erated can be used by other bacteria in the colon. Gases
not used are excreted. Measurement of the hydrogen
gas produced by bacteria is used as a basis to diagnose
lactose intolerance, a condition in which the enzyme
lactase is not made in sufficient quantities and thus is
not available to digest the disaccharide lactose. Lactose
intolerance is fairly common among adults, especially
those of African American, American Indian, and Asian
heritage. When someone with lactose intolerance ingests
the sugar lactose (for example, by drinking milk), the lac-
tose cannot be digested in the small intestine and enters
the colon undigested. In the colon, the undigested lactose
is fermented by colonic bacteria. These colonic bacteria,
upon fermenting large quantities of lactose, in turn pro-
duce a lot more hydrogen gas than usual. Much of the
hydrogen gas made by the bacteria is absorbed by the body
and then exhaled in the breath. To diagnose lactose intol-
erance, a person usually is asked to consume about 50 g of
lactose, and their breath is analyzed for hydrogen gas for
the next several hours. Generally, if the person is lactose
intolerant, hydrogen gas excretion in the breath increases
about an hour to 1% hours after lactose is consumed. An
absence of an increase in breath hydrogen gas concentra-
tions suggests adequate lactose digestion. Symptoms of
lactose intolerance include bloating, gas (flatulence), and
abdominal pain.

Amino acids also are degraded by bacteria. For
example, bacterial degradation of the branched-chain
amino acids generates branched-chain fatty acids such
as isobutyrate and isovalerate. Deamination of aromatic
amino acids (see Chapter 6) yields phenolic compounds.
Amines such as histamine result from bacterial decar-
boxylation of amino acids such as histidine. Ammonia
is generated by bacterial deamination of amino acids as
well as by bacterial urease action on urea (secreted into
the gastrointestinal tract from the blood). The ammonia
can be reabsorbed by the colon and recirculated to the
liver, where it can be reused to synthesize urea or amino
acids. About 25%, or about 8 g, of the body’s urea may be
handled in this fashion. This process must be controlled
in people with liver disease. High amounts of ammonia
in the blood are thought to contribute to the development
of hepatic encephalopathy and coma in people with liver
disease (cirrhosis). Thus, low-protein diets are commonly
needed in people with advanced liver disease. Uric acid
and creatinine also may be released into the digestive tract
and metabolized by colonic bacteria.

Probiotics (promeans “life” in Greek), foods that contain
live cultures of specific strains of bacteria, are gaining inter-
est in the health field. The intent of consuming probiotics
is for the bacteria to survive the passage through the upper
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digestive tract and then establish themselves in (colonize)
the lower gastrointestinal tract, primarily the colon. At
present, probiotics are mostly consumed as yogurt with live
cultures or in fermented milk. In the United States, yogurt
is often fermented by Lactobacillus bulgaricus and Strep-
tococcus thermophilus, and milk is usually fermented by
L. acidophilus and L. casei. Other bacteria used to manufac-
ture dairy products include various species of leuconostoc
and lactococcus. The most common probiotic bacteria are
lactic acid bacteria such as bifidobacteria and lactobacilli.

In addition to probiotics, prebiotics also are being
developed and promoted. Prebiotics are food ingredients
that are not digested by human digestive enzymes but can
benefit the host by acting as substrate for the growth and
activity of one or more selected species of bacteria in the
colon and thus improve the health of the host. For example,
consuming various types of fiber such as oligosaccharides,
beta-glucan, and pectin appears to effectively increase
selected microbial populations, especially bifidobacteria
and lactobacilli. The increased presence of these health-
promoting bacteria in turn helps to inhibit the growth of
other, pathogenic bacteria. Prebiotics and their uses are
discussed in more detail in Chapter 4.

Probiotics appear to be beneficial in preventing and
treating several conditions. Some of these conditions
include diarrhea, inflammatory bowel diseases (Crohm’s
disease and ulcerative colitis), colon cancer, infected pancre-
atic necrosis, and postoperative liver transplant infections;
however, with the exception of certain types of diarrheal
illnesses, data are not sufficient to support routine probiotic
use [2-7].

The mechanisms by which probiotics exert their effects
are not clear, but some of the several hypotheses include
both immunological and nonimmunological roles. Probiot-
ics are generally thought to:

m enhance the hosts immune defense system by increas-
ing secretory IgA production, tightening the mucosal
barrier, enhancing lymphocyte cytokine responses, and
enhancing phagocytic activity, among other actions

m displace, exclude, or antagonize pathogenic bacteria
from colonizing, for example, by competing for attach-
ment sites on the intestinal mucosa or by strengthening
the mucosal barrier to normalize intestinal permeabil-
ity and to prevent pathogenic bacterial translocation

m acidify the colonic pH by producing fermentation prod-
ucts such as short-chain fatty acids

m transform and promote excretion of toxic substances
such as bile acids, nitrosamines, heterocyclic amines,
and mutagenic compounds

m enhance fecal bulk production, which may decrease
(speed up) transit time and thereby lower the colon’s
exposure time to toxic substances [2-7]

Coordination and Regulation

of the Digestive Process
|

NEURAL REGULATION

The sympathetic and parasympathetic nervous systems,
as well as the enteric nervous system, mediate gastrointes-
tinal activities. Sympathetic nervous system fibers, aris-
ing in the thoracic and lumbar regions of the spinal cord,
innervate all areas of the gastrointestinal tract. Generally,
norepinephrine, released from the nerve endings, acts
on smooth muscle of the digestive tract to inhibit activ-
ity. Sympathetic efferent neurons, for example, decrease
muscle contractions and constrict sphincters to diminish
gastrointestinal motility. In contrast, the parasympathetic
nervous system typically stimulates the digestive tract pro-
moting motility (peristalsis), gastrointestinal reflexes, and
secretions. For example, the facial and glossopharyngeal
nerves stimulate saliva production, and the vagus nerve,
which innervates the esophagus, stomach, pancreas, and
proximal colon, stimulates gastric acid secretion, among
other processes.

The nervous system of the gastrointestinal tract is
referred to as the enteric (relating to the intestine) ner-
vous system. The system includes millions of neurons and
their processes embedded in the wall of the gastrointesti-
nal tract beginning in the esophagus and extending to the
anus. The enteric nervous system, which is connected to
the central nervous system largely through the vagus nerve
and other pathways out of the spinal cord, can be divided
into two neuronal networks, or plexuses: the myenteric
plexus (or plexus of Auerbach) and the submucosal plexus
(or plexus of Meissner). The location and actions of these
two plexuses are given here:

Myenteric Plexus Submucosal Plexus

Lies in the submucosa
(mostly in the
intestines)

Lies in the muscularis
externa between
longitudinal and
circular muscles of the
muscularis propria

Controls peristaltic activity
and gastrointestinal
motility

Controls mainly
gastrointestinal secretions
and local blood flow

Impulses, either stimulatory or inhibitory, are sent
from the enteric nervous system to the smooth circular
and longitudinal muscles of the gastrointestinal tract. The
myenteric plexus controls peristalsis, and when this plexus is
stimulated, gastrointestinal activity generally increases. The
submucosal plexus typically controls secretion release, receiv-
ing information from stretch receptors and gastrointestinal
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epithelial cells in the intestinal wall. Also under control by
the enteric nervous system is the regulation of gut motility
by the migrating myoelectric or motility complex, described
in the “Regulation of Gut Motility and Gastric Emptying”
section of this chapter.

The enteric nervous system also affects gastrointestinal
reflexes, called enterogastric reflexes. Reflexes are an in-
voluntary response to stimuli and in the gastrointestinal
tract affect secretions, blood flow, and peristalsis as well
as other processes involved in digestion. Two examples
of enterogastric reflexes include the ileogastric reflex and
the gastroileal reflex. With the ileogastric reflex, gastric
motility is inhibited when the ileum becomes distended.
With the gastroileal reflex, ileal motility is stimulated
when gastric motility and secretions increase. Other
reflexes affect the small and large intestines. For example,
the colonoileal reflex from the colon inhibits the empty-
ing of the contents of the ileum into the colon. The intes-
tinointestinal reflex diminishes intestinal motility when a
segment of the intestine is overdistended.

REGULATORY PEPTIDES

Factors influencing digestion and absorption are coor-
dinated, in part, by a group of gastrointestinal tract mol-
ecules called regulatory peptides or, more specifically,
gastrointestinal hormones and neuropeptides. Regulatory
peptides affect a variety of digestive functions, including
gastrointestinal motility, intestinal absorption, cell growth,
and the secretion of digestive enzymes, electrolytes, water,
and other hormones.

Some of the regulatory peptides—such as gastrin, cho-
lecystokinin, secretin, glucose-dependent insulinotropic
peptide (GIP), and motilin—are considered hormones. In
fact, many of the hormones can be categorized together
(and called families) based on their amino acid sequences.

Some regulatory peptides are termed paracrines and
neurocrines. When released by endocrine cells, paracrines

diffuse through extracellular spaces to their target tissues
rather than being secreted into the blood (like hormones)
for transport to target tissues. Some paracrines affecting
the gastrointestinal tract include somatostatin, glucagon-
like peptides, and insulin-like growth factor.

The functions of regulatory peptides with respect to the
gastrointestinal tract and the digestive process are numer-
ous and have been addressed to varying degrees in the sec-
tions on regulation of gastric and intestinal secretions and
motility. Most, but not all, hormones and peptides have
multiple actions; some are strictly inhibitory or stimulatory,
whereas some mediate both types of responses. More than
100 regulatory peptides are thought to affect gastrointesti-
nal functions. Table 2.2 summarizes some of the functions
of a few of these peptides.

Gastrin, secreted into the blood primarily by enteroen-
docrine G-cells in the antrum of the stomach and proximal
small intestine, acts mainly in the stomach. Gastrin release
occurs in response to vagal stimulation, ingestion of specific
substances or nutrients, gastric distention, hydrochloric
acid in contact with gastric mucosa, and the effects of local
and circulating hormones. Gastrin principally stimulates
the release of hydrochloric acid, but it also stimulates gastric
and intestinal motility and pepsinogen release. Gastrin also
stimulates the cellular growth of (that is, has trophic action
on) the stomach and both the small and large intestines.

Cholecystokinin (CCK), secreted into the blood by
enteroendocrine I-cells of the proximal small intestine
and by enteric nerves, principally stimulates secretion of
pancreatic juice and enzymes into the duodenum. It also
stimulates gallbladder contraction, which facilitates the
release of bile into the duodenum, and to a limited extent,
it stimulates gastric motility.

Secretin, secreted into the blood by enteroendocrine
S-cells found in the proximal small intestine, is secreted
in response to the release of acid chyme into the duode-
num. Secretin acts primarily on pancreatic acinar cells to
stimulate the release of pancreatic juice and enzymes into

Table 2.2 Selected Regulatory Hormones/Peptides of the Gastrointestinal Tract, Their Production Site, and Selected Functions

Production Sites (if known)

Hormone/Peptide

Some Selected Function(s)

Gastrin Stomach and small intestine
Cholecystokinin Small intestine
Secretin Small intestine
Motilin Small intestine

Glucose-dependent Small intestine

Insulinotropic Peptide

Peptide YY Small intestine
Enterogastrone Small intestine
Amylin Pancreas, stomach, small intestine

Somatostatin Pancreas and small intestine

Glucagon-like Peptides
Substance P

Small and large intestines
Neurons and small intestine

Stimulates motility and gastric acid release
Stimulates gall bladder contraction

Stimulates pancreas juice and enzyme secretion
Stimulates gastric and intestinal motility

Stimulaltes insulin secretion and inhibits
gastric secretions and motility

Inhibits motility and gastric and pancreatic secretions
Inhibits gastric secretions and motility

Inhibits gastric emptying

Inhibits gastric secretions and motility, and
pancreatic and gall bladder secretions

Inhibits gastrointestinal tract motility

Inhibits gastric secretions and stimulates
intestinal motility
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the intestine. Secretin is thought to stimulate pepsinogen
release but inhibit gastric acid secretion. It may also inhibit
motility of most of the gastrointestinal tract, especially the
stomach and proximal small intestine.

Motilin, a peptide secreted by enteroendocrine M-cells
of the duodenum and jejunum, stimulates gastric and duo-
denal motility, gastric and pancreatic secretions, and gall-
bladder contraction.

Glucose-dependent insulinotropic peptide (GIP), pre-
viously called gastric inhibitory peptide, is produced by
enteroendocrine K-cells of the duodenum and jejunum
and primarily stimulates insulin secretion. GIP also inhib-
its gastric secretions and motility.

Peptide YY, secreted by enteroendocrine cells of the
ileum, inhibits gastric acid and pancreatic juice secretions
and inhibits gastric and intestinal motility.

Enteroglucagon, secreted by the ileum, inhibits to a
minor extent gastric and pancreatic secretions.

Amylin, secreted by the pancreatic cells and gastric
and intestinal endocrine cells, delays gastric emptying and
inhibits postprandial glucagon secretion.

Paracrine-acting substances usually work by entering
secretions. Three examples of paracrine-acting peptides are:

B Somatostatin, synthesized by pancreatic A (D) cells
and intestinal cells, appears to mediate the inhibition
of gastrin release as well as the release of GIP, secretin,
VIP, and motilin and thus inhibits gastric acid, gastric
motility, pancreatic exocrine secretions, and gallblad-
der contraction.

B Glucagon-like peptides are secreted by enteroendo-
crine L-cells of the ileum and colon and by the ner-
vous system. These peptides decrease gastrointestinal
motility and increase proliferation of the gastrointes-
tinal tract; they also influence glucagons and insulin
secretion.

m Insulin-like growth factors, also secreted by endocrine
cells of the gastrointestinal tract, increase proliferation
of the gastrointestinal tract.

Four examples of neurocrine peptides are:

B Vasoactive intestinal polypeptide (VIP) is present in
central and peripheral neurons. It is not thought to be
present in intestinal endocrine cells. VIP is thought
to stimulate intestinal secretions, relax most gastroin-
testinal sphincters, inhibit gastric acid secretion, and
stimulate the release of pancreatic secretions.

SUMMARY

Examining the various mechanisms in the gastroin-
testinal tract that allow food to be ingested, digested,
and absorbed, and its residue to then be excreted, reveals
the complexity of the digestion and absorption processes.

B Gastrin-releasing peptide (GRP), also called bombesin,
released from enteric nerves, stimulates gastrin release as
well as other peptides like cholecystokinin, glucagon-like
peptides, and somatostatin.

m Neurotensin, produced by neurons and N-cells of the
small intestine mucosa (especially the ileum), has no
physiological role in digestion at normal circulating
concentrations; however, neurotensin has multiple
actions in the brain.

m Substance powder (P), another neuropeptide found in
nerve and endocrine cells in the gastrointestinal tract,
increases blood flow to the gastrointestinal tract, inhib-
its acid secretion, increases motility of the small intes-
tine, and binds to pancreatic acinar cells associated with
enzyme secretion.

In addition to effects on gastrointestinal tract secretions
and motility, many hormones and peptides influence food
intake. Ghrelin, for example, a peptide secreted primarily
from endocrine cells of the stomach and small intestine,
stimulates food intake. Plasma concentrations of ghrelin
typically rise before eating (e.g., a fasting situation) and
decrease immediately after eating, especially carbohy-
drates. Ghrelin also stimulates expression of neuropep-
tide Y. Neuropeptide Y also stimulates eating, but inhibits
secretion of gastric ghrelin and insulin. Neuropeptide Y
is typically effective as long as leptin concentrations are
relatively low.

Leptin is secreted mainly by white adipose tissue
and the amount secreted is proportional to fat stores.
Leptin suppresses food intake and inhibits neurons from
releasing neuropeptide Y and agouti-related protein,
with the net effect of suppressing these appetite-stimu-
lating peptides. Leptin is known to work in conjunction
with a melanocyte stimulating hormone (o-MSH). Spe-
cifically, leptin’s ability to inhibit food intake is based, at
least in part, on o-MSH’s stimulation of MC, receptors
primarily in the hypothalamus. Corticotropin-releasing
factor (CRF) also is involved in leptin’s suppression of
food intake.

Some of the other hormones that control gastrointes-
tinal tract secretions also have been shown to affect food
intake. Cholecystokinin and gastrin-releasing peptides
are thought to serve as satiety factors. Thus, the various
mediators of the digestive process work in concert to
stimulate and inhibit food intake and to break down and
absorb the nutrients.

Normal digestion and absorption of nutrients depend not
only on a healthy digestive tract but also on integration
of the digestive system with the nervous, endocrine, and
circulatory systems.



58 cHApPTER 2 O The Digestive System: Mechanism for Nourishing the Body

The many factors that influence digestion and
absorption—including dispersion and mixing of ingested
food, quantity and composition of gastrointestinal secre-
tions, enterocyte integrity, the expanse of intestinal absorp-
tive area, and the transit time of intestinal contents—must
be coordinated so that the body can be nourished without
disrupting the homeostasis of body fluids. Much of the
coordination required is provided by regulatory peptides,
some of which are provided by the nervous system as well
as by the endocrine cells of the gastrointestinal tract.

Although the basic structure of the digestive tract,
which consists of the mucosa, submucosa, muscularis
externa, and serosa, remains the same throughout, struc-
tural modifications enable various segments of the gas-
trointestinal tract to perform more specific functions.
Gastric glands that underlie the gastric mucosa secrete
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An Overview of Selected Digestive
System Disorders with Implications
for Nourishing the Body

n Chapter 2, digestion is defined as a process by

which food is broken down mechanically and

chemically in the gastrointestinal (GI) tract.
Digestion ultimately provides nutrients ready for
absorption into the body through the cells of the Gl tract,
principally the cells of the small intestine (enterocytes).
Secretions required to digest nutrients are produced
by multiple organs of the Gl tract. These secretions
include principally enzymes, but also hydrochloric acid
important for gastric digestion, and bicarbonate and
bile important for digestion and absorption in the
intestine. If one or more organs malfunctions because
of disease, fewer secretions may be synthesized and
released into the Gl tract. Without secretions, or with
less than normal amounts of secretions, nutrient
digestion may be impaired, resulting in nutrient
malabsorption.

Many conditions or diseases alter the function of
organs of the Gl tract and thus affect digestion. For
example, some Gl tract diseases may cause decreased
synthesis and release of secretions needed for nutrient
digestion. Other conditions or diseases that affect the Gl
tract—for example, malfunction of sphincters—can
alter motility or clearing of the Gl contents through the
organs of the Gl tract. Clearing problems may cause back
fluxes (refluxes) of secretions from, for example, the
stomach into the esophagus (remember, normally the
contents of the Gl tract move from the esophagus to the
stomach, and not vice versa). Conditions in which the Gl
mucosa is inflamed or damaged, as well as conditions
that increase transit time or speed up the movement of
Gl contents (food and nutrients) through the Gl tract,
typically result in nutrient malabsorption, because the
body does not have enough time to digest and absorb
nutrients.

An understanding of the physiology of the Gl tract
and its accessory organs, and of the diseases affecting
the Gl tract, is essential to understanding how to
modify a person’s diet from the standard dietary
recommendations for healthy populations of the United
States. This perspective addresses, in a general fashion,
four disorders that affect the gastrointestinal tract
and outlines the implications of these conditions for
nourishing the body.

Disorder 1: Gastroesophageal
Reflux Disease

Gastroesophageal reflux disease (GERD) is a disorder
marked by reflux or backward flow of gastric contents
(acidic chyme) from the stomach to the esophagus.

After food is chewed and swallowed, the food

enters the esophagus and then passes through the
gastroesophageal sphincter into the stomach. Normally,
the gastroesophageal sphincter displays a relatively high
pressure that prevents the reflux of stomach contents
into the esophagus. However, changes or decreases in
the gastroesophageal sphincter pressure, sometimes
called lower esophageal sphincter incompetence,

can ultimately result in GERD. Increases in abdominal
pressure, such as may occur with overeating, bending,
lifting, lying down, vomiting, or coughing, also can
increase reflux and cause GERD.

Recurrent reflux of gastric contents, including
hydrochloric acid, into the esophagus from the stomach
can damage and inflame the esophageal mucosa
and result in reflux esophagitis (inflammation of the
esophagus caused by the refluxed gastric contents).

The severity of the esophagitis depends in part on the
volume and acidity of the gastric contents that are
refluxed and on the length of time the gastric contents
are in contact with the esophageal mucosa. The more
acidic the contents, and the longer the contents are in
contact with the mucosa, the more damage results.
Weak peristalsis and delays in gastric emptying are
likely to prolong contact time and increase damage.
The resistance of the esophageal mucosa also affects
the severity of the damage. Repeated bouts of GERD
resulting in reflux esophagitis cause, to varying degrees,
esophageal edema (swelling); esophageal tissue
damage, including erosion and ulceration; blood vessel
(usually capillary) damage; spasms; and fibrotic tissue
formation, which can cause a narrowing (stricture)
within the esophagus.

A person experiencing GERD or reflux esophagitis
typically complains of heartburn, that is, a burning
sensation in the midchest region. The symptoms usually
occur within an hour of eating and worsen if the person
lies down soon after eating.

To address nutrition implications of this condition,
we first need to reexamine some of the foods,
nutrients, or substances in foods that influence
gastroesophageal sphincter pressure, that may promote
increased acid production, and that may irritate an
inflamed esophagus. Several substances decrease
gastroesophageal sphincter pressure, including high-fat
foods, chocolate, nicotine, alcohol, and carminatives
[1-5]. Carminatives are volatile oil extracts of plants,
most often oils of spearmint and peppermint. Other
substances increase gastric secretions, especially
acid production. Alcohol, calcium, decaffeinated

and caffeinated coffee, and tea (specifically,
methylxanthines) stimulate gastric secretions, including
hydrochloric acid [6-10]. Citrus products and other acidic
foods or beverages, as well as some spices, are known
to directly irritate an inflamed esophagus. Ingesting
these substances or foods is likely to aggravate irritated
esophageal mucosa.

Based on this knowledge, some of the
recommendations for the patient with GERD or reflux
esophagitis have the specific goal of avoiding:

m substances that can further decrease lower
gastroesophageal sphincter pressure, which is
already low because of the condition

m substances that may promote the secretion
of acid, which would be present in higher
concentrations than normal if refluxed

m foods or substances that may irritate an inflamed
esophagus

To implement these recommendations, people with
GERD or reflux esophagitis must be told which foods or
substances to avoid, such as high-fat foods or meals,
chocolate, coffee, tea, alcohol, carminatives such as
peppermint and spearmint, citrus products, acidic foods,
and spices such as red and black pepper, nutmeg, cloves,
and chili powder.

In addition to avoiding substances that reduce
gastroesophageal sphincter pressure, that promote
the secretion of acid, and that can irritate an inflamed
esophagus, recommendations can also include
increasing the intake of foods or nutrients that increase
gastroesophageal sphincter pressure. Protein is a
nutrient that increases gastroesophageal sphincter
pressure [10]. Consequently, a higher than normal
protein intake is encouraged; however, excessive protein
intakes, especially from foods high in calcium such as
dairy products, are not recommended. The reason for
avoiding excessively high intakes of dairy foods relates to
the fact that the amino acids and peptides (generated by
digesting the protein in the dairy products) and calcium
in dairy products are known to stimulate gastrin release
[11]. Although gastrin increases gastroesophageal
sphincter pressure, it is also a potent stimulator of
hydrochloric acid secretion.

In addition to noting the previously stated nutrition
recommendations, remember that reflux is more likely
to occur with increased gastric volume (i.e., eating large
meals), increased gastric pressure (e.g., from obesity),
and placement of gastric contents near the sphincter
(i.e., bending, lying down, or assuming a recumbent
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position). Thus, recommendations for people with
GERD or reflux esophagitis should include these
measures:

m eating smaller meals (and avoiding large ones)

m drinking fluids between meals, instead of with a
meal, to help minimize large increases in gastric
volume

m losing weight, if the person is overweight or
obese

m avoiding tight-fitting clothes

m not avoiding lying down, lifting, or bending for at
least 2 hours after eating

Disorder 2: Inflammatory Bowel
Diseases

Inflammatory bowel diseases (IBDs) include ulcerative
colitis and Crohn’s disease (also called regional enteritis)
and are characterized by acute, relapsing, or chronic
inflammation of various segments of the Gl tract,
especially the intestines. Although the causes of IBDs are
unclear, nutrient malabsorption is a significant problem
for several reasons. First, because of the disease-
associated inflammation of the mucosa, brush border
disaccharidase and peptidase activities are diminished,
and thus nutrient digestion is impaired. Second, nutrient
transit time is typically decreased—that is, Gl tract
contents move through the Gl tract more quickly than
usual and thus leave little time for absorption. Third,
malabsorption occurs because of direct damage to the
absorptive mucosa cells. Exacerbating the poor nutrient
absorption is poor food intake, which is especially
common during acute attacks.

Manifestations of IBDs include excessive diarrhea and
steatorrhea (large amounts of fat in the feces), which
may occur up to 20 times per day. Diarrhea is associated
with increased losses of fluid and electrolytes (especially
potassium) from the body. Fluid and electrolyte
imbalance or even dehydration can result. Blood is often
present in the feces, especially if deeper areas of the Gl
mucosa are severely inflamed or ulcerated. Loss of blood
impairs the body’s protein and mineral (especially iron)
status. If IBD has affected the ileum (as is common with
Crohn’s disease), vitamin B,, absorption may be impaired

(this vitamin is absorbed in the ileum), reabsorption

of bile salts from the ileum may be diminished, and

fat malabsorption may occur. Although pancreatic
lipase is available to hydrolyze dietary triglycerides,

the lack of sufficient bile or diminished bile function
caused by bacterial alteration of bile can decrease
micelle formation and thus decrease absorption of
fatty acids and fat-soluble vitamins into the enterocyte.
Unabsorbed fatty acids bind to calcium and magnesium
in the lumen of the intestine; the resulting insoluble
complex, sometimes called a soap, is excreted in the
feces.

Dietary recommendations for people with IBD are
aimed at replacing nutrient losses, correcting nutrient
imbalances, and improving nutrition status. Some of
these dietary recommendations include:

m increasing iron intake above the RDA, because of
increased iron losses with the bloody diarrhea and
decreased absorption

m following a low-fat diet, because fat absorption
is impaired

m increasing calcium and magnesium intake,
because absorption of these nutrients is
diminished by soap formation and overall
malabsorption with diarrhea

m getting a high-protein diet, because protein is
lost from the blood into the feces with bloody
diarrhea and malabsorption of amino acids

m taking fat-soluble vitamin supplements, possibly
in a water-miscible form to improve absorption

m increasing fluid and electrolyte intake to rehydrate
and restore electrolyte balance

m increasing overall intake of nutrients to meet
energy and nutrient needs

Easily digestible carbohydrate-rich foods that are
low in fiber, high-protein low-fat foods with minimal
residue, and lactose-free foods should provide the bulk
of the person’s energy needs if oral intake is deemed
appropriate. Medium-chain triacylglycerol (MCT) oil,
which is absorbed directly into portal blood and does
not need bile for absorption, may be added in small
amounts to different foods throughout the day to

increase energy intake. Sometimes, however, complete
rest of the Gl tract is needed, and a person with IBD may
need to be fed intravenously (by parenteral nutrition).

Disorder 3: Celiac Disease

Celiac disease, also called gluten- or gliadin-sensitive
enteropathy or celiac sprue, results from an intolerance
to gluten. Gluten is the general name for storage
proteins, also called prolamins, in grains. Grains vary
in their storage proteins, however, and in people with
celiac disease, three storage proteins—secalin in rye,
hordein in barley, and gliadin in wheat—appear to elicit
or trigger the problems. In addition, the storage protein
avenin, in oats, may also be problematic, especially for
younger people with the condition.

Consuming any of these grains alone, or foods
made with any of these grains, triggers both immune
and inflammatory responses in a person with celiac
disease. Although the severity of the condition varies,
the small intestine of someone with celiac disease
becomes inflamed; lymphocytes and other immune
system cells and the cytokines produced by the cells
invade and attack the mucosa. The villi typically
become atrophied or blunted, with corresponding
changes in the crypt to villous height ratio. Because of
the villi destruction, digestion and absorption become
severely impaired. Manifestations of celiac disease
include diarrhea, abdominal pain, malabsorption,
and weight loss. Over time and if untreated, an infant
or child with celiac disease may even exhibit signs of
protein-energy malnutrition characterized by poor
somatic muscle mass, hypotonia, abdominal distension,
peripheral edema, depleted subcutaneous fat stores,
and poor growth. Older children also may complain of
constipation, nausea, reflux, and vomiting. This disorder
affects other parts of the body as well as the intestines.
Extraintestinal symptoms often include skin rashes, and
muscle and joint pain. Fertility problems, especially in
women with celiac disease, have been noted, along
with bone problems including delayed bone growth and
development and ultimately osteoporosis.

The cause of celiac disease is not clear, but it is
thought to have a genetic component. The condition
has been linked to presence of several specific human



leukocyte antigens. Diagnosis of celiac disease is based
on the presence of a combination of serum antibody
markers and biopsy of the small intestine.

Treatment of celiac disease requires lifelong exclusion
of any form of any product that contains rye, barley,
or wheat. However, because many foods contain
combinations of grains, the list of foods to exclude is
quite extensive. For example, grains such as triticale,
which is a combination of rye and wheat, and malt,
which is a partial hydrolysate of barley, cannot be
consumed. Because oats are often harvested and milled
with wheat, a risk of contamination exists, and oats are
therefore usually excluded too from the celiac diet. A
list of all the foods allowed and not allowed with celiac
disease is beyond the scope of this perspective. Research
is often required before a food can be safely consumed.
For example, starch products are usually made from
cornstarch and would be allowed, but modified food
starch can be made from either corn or wheat, so
the person would need to contact the manufacturer.
Similarly, dextrin, a common ingredient in foods, can
be made from corn, potato, arrowroot, rice, tapioca, or
wheat, and thus the manufacturer would have to be
contacted to verify the exact source of the dextrin. Food
manufacturers do not need to list on the label whethera
food is gluten free, so the person with celiac disease and
health professionals must do the research.

Disorder 4: Chronic Pancreatitis

Pancreatitis, or inflammation of the pancreas, provides
an excellent example of the nutritional ramifications of
a condition affecting an accessory organ of the Gl tract.
Remember that the exocrine portion of the pancreas
produces several enzymes needed to digest all nutrients.
Chronicrefers to an ongoing or long-lasting situation.
Chronic pancreatitis can result from long-time
excessive use of alcohol, gallstones, liver disease, viral
infections, and use of certain medications, among other
factors. With time, sections of pancreatic tissue become
dysfunctional. Acinar cells, for example, can ultimately
fail to produce sufficient digestive enzymes and juices.
Consequently, a person with the chronic pancreatitis
experiences severe pain, especially with eating, as
well as nausea, vomiting, and diarrhea. The diarrhea

results in part from the maldigestion, with resulting
malabsorption of several nutrients.

Diminished secretion of pancreatic lipase into the
duodenum, caused by the chronic pancreatitis, results
in maldigestion of fat and thus malabsorption of fat
and fat-soluble vitamins. Fat is malabsorbed because
not enough pancreatic lipase is available to hydrolyze
the fatty acids from the triglycerides. This hydrolysis is
necessary in order for fatty acids and monoacylglycerols
to form micelles, the form in which the fatty acids are
carried into the enterocyte for absorption. Thus, with
pancreatitis, the insufficiency of enzymes available for
fat hydrolysis necessitates a low-fat diet.

In addition to insufficient pancreatic lipase
secretion, bicarbonate secretion into the duodenum
is also diminished with pancreatitis. Bicarbonate, in
part, increases the pH of the small intestine. Intestinal
enzymes function best at an alkaline pH, which is
provided by the release of bicarbonate into the intestine.
Oral supplements of pancreatic enzymes may be needed
to replace the diminished output of these enzymes by
the malfunctioning, inflamed pancreas. Medications
such as antacids, H, receptor blockers, or proton pump
inhibitors may also be needed. The medications are
taken to diminish acid production and thus increase
intestinal pH. In effect, they replace the bicarbonate
and thus help maintain an appropriate pH for enzyme
function. Exogenous insulin may also have to be
administered if insulin is no longer produced in sufficient
quantities by the damaged pancreatic endocrine cells.

These four conditions illustrate how diseases that
affect the Gl tract—malfunction of a sphincter (GERD
and reflux esophagitis), destruction of enterocyte
function (IBD), destruction of the enterocyte absorptive
surface (celiac disease), and chronic malfunction of a Gl
tract accessory organ that provides secretions needed
for nutrient digestion (pancreatitis)—affect the body’s
ability to digest and absorb nutrients. Furthermore,
these conditions illustrate how nutrient intakes must
deviate from recommended levels—in some cases
to lower levels, and in other cases to higher levels—
depending on the condition. Such dietary modifications
are typical of many conditions that affect not only the
gastrointestinal tract but also other organ systems.
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Carbohydrates

hydrate, supplying half or more of the total caloric intake. Roughly half

of dietary carbohydrate is in the form of polysaccharides such as starches
and dextrins, derived largely from cereal grains and vegetables. The remaining
half is supplied as simple sugars, the most important of which include sucrose,
lactose, and, to a lesser extent, maltose, glucose, and fructose.

The major source of energy fuel in the average human diet is carbo-

Structural Features

Carbohydrates are polyhydroxy aldehydes or ketones, or substances that produce
these compounds when hydrolyzed. They are constructed from the atoms of
carbon, oxygen, and hydrogen. These atoms occur in a proportion that approxi-
mates that of a “hydrate of carbon;,” CH, O, accounting for the term carbohydrate.
Carbohydrates comprise two major classes: simple carbohydrates and complex
carbohydrates. Simple carbohydrates include monosaccharides and disaccharides.
Complex carbohydrates include oligosaccharides, containing 3 to 10 saccharide
units and the polysaccharides contain more than 10 units (Figure 3.1).

Simple Carbohydrates

B Monosaccharides are structurally the simplest form of carbohydrate in that
they cannot be reduced in size to smaller carbohydrate units by hydrolysis.
Monosaccharides are called simple sugars and are sometimes referred to as
monosaccharide units. The most abundant monosaccharide in nature—and
certainly the most important nutritionally—is the 6-carbon sugar glucose.

m Disaccharides consist of two monosaccharide units joined by covalent
bonds. Within this group, sucrose, consisting of one glucose and one fruc-
tose residue, is nutritionally the most significant, furnishing approximately
one-third of total dietary carbohydrate in an average diet.

Complex Carbohydrates

m Oligosaccharides consist of short chains of monosaccharide units that are
also joined by covalent bonds. The number of units is designated by the pre-
fixes tri-, tetra-, penta-, and so on, followed by the word saccharide. Among
the oligosaccharides, trisaccharides occur most frequently in nature.

B Polysaccharides are long chains of monosaccharide units that may number
from several into the hundreds or even thousands. The major polysaccharides
of interest in nutrition are glycogen, found in certain animal tissues, and starch
and cellulose, both of plant origin. All these polysaccharides consist of only
glucose units.
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Carbohydrates

Simple carbohydrates
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(1 sugar unit)

Y

Disaccharides
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Y
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| Glucose || Fructose |

| Glucose || Glucose |

Figure 3.1 (lassification of carbohydrates.

Simple Carbohydrates

MONOSACCHARIDES

As monosaccharides occur in nature or arise as intermedi-
ate products in digestion, they contain from three to seven
carbon atoms and accordingly are termed trioses, tetroses,
pentoses, hexoses, and heptoses. They cannot be further
broken down with mild conditions. In addition to hydroxyl
groups, these compounds possess a functional carbonyl
group, C—=0, that can be either an aldehyde or a ketone,
leading to the additional classification of aldoses, sugars
having an aldehyde group, and ketoses, sugars possessing
a ketone group. These two classifications together with the
number of carbon atoms describe a particular monosac-
charide. For example, a five-carbon sugar having a ketone
group is a ketopentose; a six-carbon aldehyde-possessing
sugar is an aldohexose, and so forth.

Stereoisomerism

A brief discussion of stereoisomerism as it relates to car-
bohydrates is provided here because most biological sys-
tems are stereospecific. (For a more extensive discussion
refer to a general biochemistry text [1]). Many organic
substances, including carbohydrates, are optically active: If
plane-polarized light is passed through a solution of the
substances, the plane of light is rotated to the right (for
dextrorotatory substances) or to the left (for levorotatory
ones). The direction and extent of the rotation are char-
acteristic of a particular compound and depend on the
substance’s concentration and temperature and the wave-
length of the light. The right or left direction of light rota-
tion is expressed as + (dextrorotatory) or — (levorotatory),

fiber

| Glucose || Galactose ||Fructose| | Glucose |

and the number of angular degrees indicates the extent of
rotation.

Optical activity is attributed to the presence of one or
more asymmetrical or chiral carbon atoms in the molecule.
Chiral carbon atoms have four different atoms or groups
covalently attached to them. Aldoses with at least three
carbon atoms and ketoses with at least four carbons have a
chiral carbon atom. Because different groups are attached,
it is not possible to move any two atoms or groups to other
positions and rotate the new structure so it can be superim-
posed on the original. The moving of groups instead creates
a pair of molecules that are mirror images of each other. The
molecules are said to be enantiomers, a special class within
a broader family of compounds called stereoisomers. Ste-
reoisomers are compounds having two or more chiral car-
bon atoms that have the same four groups attached to those
carbon atoms but are not mirror images of each other.

If an asymmetrical substance rotates the plane of
polarized light a certain number of degrees to the right, its
enantiomer rotates the light the same number of degrees
to the left. Enantiomers exist in D or L orientation, and ifa
compound is structurally D, its enantiomer is L. The D and
L designation does not predict the direction of rotation of
plane-polarized light. Instead, the designation is simply
a structural analogy to the reference compound glycer-
aldehyde. Its D and L forms are, by convention, drawn
as shown in Figure 3.2. The D and L designation origi-
nally was assigned arbitrarily, but it was later proven that
the structure designated as the D form rotates light to the
right (dextrorotary). For carbohydrates the distinction
between D and L configurations of enantiomers therefore
rests with the direction of the —OH bond on the single
chiral carbon of the molecule. Note that in the D configu-
ration the —OH on the chiral carbon points to the right



HC—O0 HC—0
HC — OH HO — CH
| | Figure 3.2
H,C — OH H,C — OH Structural formulas of the

D and L configurations of
glyceraldehyde.

D-glyceraldehyde L-glyceraldehyde
and in the L configuration to the left. Remember, these
forms are not superimposable.

Monosaccharides with more than three carbons have
more than one chiral center. In such cases, the highest-
numbered chiral carbon indicates whether the molecule is
of the D or the L configuration. Monosaccharides of the
D configuration are much more important nutritionally
than their L isomers, because D isomers exist as such in
dietary carbohydrate and are metabolized specifically in
that form. The reason for this specificity is that the en-
zymes involved in carbohydrate digestion and metabolism
are stereospecific for D sugars, meaning that they react only
with D sugars and are inactive toward L forms. The D and
L forms of glucose and fructose are shown in Figure 3.3.
Note that all of the —OH groups of the stereoisomers are
flipped to the opposite side.

In Figure 3.3 the structures of glucose and fructose are
shown as open-chain models, in which the carbonyl (alde-
hyde or ketone) functions are free. The monosaccharides
generally do not exist in open-chain form, as explained
later, but they are shown that way here to clarify the D-L
concept and to illustrate the so-called anomeric carbon, the
carbon atom comprising the carbonyl function. Notice that
the anomeric carbon is number 1 in the aldose (glucose)
and number 2 in the ketose (fructose).

Ring Structures

In solution, the monosaccharides do not exist in an open-
chain form. They do not undergo reactions characteristic of

Anomeric carbon

CH=0 'CH,OH
HO—é—H =0
H—é—OH HO—%—H

HO—C—H H—‘%—OH

HO—é—H H—Sé—OH

6C|H20H C|H20H 6C|HZOH
D-glucose L-glucose D-fructose

Highest numbered
chiral carbon
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true aldehydes and ketones. Instead, the molecules cyclize by
areaction between the carbonyl group and a hydroxyl group.
If the sugar contained an aldehyde, it is called a hemiacetal;
if the sugar contained a keto group, it is called a hemiketal.
This formation of the cyclic structures forms an additional
chiral carbon. Therefore, the participating groups within a
monosaccharide are the aldehyde or ketone of the anomeric
carbon atom and the alcohol group attached to the highest
numbered chiral carbon atom, asillustrated in Table 3.1 using
the examples of D-glucose, D-galactose, and D-fructose.
The formation of the hemiacetal or hemiketal produces a
new chiral center at the anomeric carbon, designated by an
asterisk in the structures in Table 3.1, and therefore the bond
direction of the newly formed hydroxyl becomes significant.
In the cyclized structures shown (known as Fisher projec-
tions), the anomeric hydroxyls are arbitrarily positioned to
the right, resulting in an alpha (o) configuration. If the ano-
meric hydroxyl were directed to the left, the structure would
be in a beta (j3) configuration. Cyclization to the hemiacetal
or hemiketal can produce either the o- or the B-isomer. In
aqueous solution, an equilibrium mixture of the o, 3, and
open isomers exists, with the concentration of the 8 form
roughly twice that of the o form. In essence, the oi-hemiacetal
can change to the open structure and again form a ring, with
either the « or the 3 configuration.

Stereoisomerism among the monosaccharides, and also
among other nutrients such as amino acids and lipids, has
important metabolic implications because of the stereospec-
ificity of certain metabolic enzymes. An interesting example
of stereospecificity is the action of the digestive enzyme
o-amylase, which hydrolyzes polyglucose molecules such as
starches, in which the glucose units are connected through
an o-linkage. Cellulose is also a polymer of glucose, but one
in which the monomeric glucose residues are connected by
B-linkages, and it is resistant to ci-amylase hydrolysis present
in the human digestive system.

Ketone group

CH,OH
=0

H—é—OH
HO—é—H
HO—é—H

C|H20H

L-fructose

Figure 3.3 Structural (open-chain) models of
the D and L forms of the monosaccharides glucose and
fructose.
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Haworth Models

The structures of the cyclized monosaccharides are more
conveniently and accurately represented by Haworth mod-
els. In such models the carbons and oxygen comprising the
five- or six-membered ring are depicted as lying in a hori-
zontal plane, with the hydroxyl groups pointing down or
up from the plane. Those groups directed to the right in the
open-chain structure point down in the Haworth model,
and those directed to the left point up. Table 3.1 shows the
structural relationship of simple projection and Haworth
formulas for the major naturally occurring hexoses: glu-
cose, galactose, and fructose. Remember that in solution
the cyclic monosaccharides open and close to form an
equilibrium between the o and the B forms. Regardless
of how the cyclic structure is written, the molecule exists
in both forms in solution unless the anomeric carbon has
formed a chemical bond and is no longer able to open and
close. The different ways of drawing the structures are pre-
sented here because all are used in the nutrition literature.
Chemists often portray the structures to show the true bond
angles. The structures can be shown in a boat configuration

or a chair configuration. Additional information can be ob-
tained from a biochemistry textbook [1].

Pentoses

Compared to the hexoses, pentose sugars furnish very little
dietary energy because relatively few are available in the
diet. However, they are readily synthesized in the cell from
hexose precursors and are incorporated into metabolically
important compounds. The aldopentose ribose, for exam-
ple, is a constituent of key nucleotides such as the adeno-
sine phosphates—adenosine triphosphate (ATP),adenosine
diphosphate (ADP), adenosine monophosphate (AMP),
cyclic adenosine monophosphate (cAMP), and the nico-
tinamide adenine dinucleotides (NAD ', NADP™). Ribose
and its deoxygenated form, deoxyribose, are part of the
structures of ribonucleic acid (RNA) and deoxyribonucleic
acid (DNA), respectively. Ribitol, a reduction product of
ribose, is a constituent of the vitamin riboflavin and of the
flavin coenzymes; flavin adenine dinucleotide (FAD) and
flavin mononucleotide (FMN). The structural formulas of
ribose, deoxyribose, and ribitol are depicted in Figure 3.4.

Table 3.1 Various Structural Representations Among the Hexoses: Glucose, Galactose, and Fructose

Hexose

Fisher Projection

a-D-glucose |
H*C—OH |
HSé—OH H4C|_°H
| 5
5CH,OH H C|
6CH,OH
*
'CH=0 HO
*
H2C|—OH 1?“
HO—%—H H2C|_OH
-D-galactose
HO—*C—H HO_Bf_H
4,
H3C—OH HO— f_H
5
SCH,0H "5
6CH,OH
'CH,OH
2é*=o 'CH,OH
HO 3C|H HO_ZC|*
B-D-fructose o | HO 3C|H
. _
" (|:_OH H4C| OH
H5C|—OH B
5
CH,OH H C|

Cyclized Fisher Projection

Haworth Simplified Haworth

6CH,0H
O _OH
*
2
X\ HO
4 3/,
CH,OH
OH

*The anomeric carbon.
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B-D-ribose 3-D-2-deoxyribose
No hydroxy A reduction product
group of ribose
Reducing Sugars

Monosaccharides that are cyclized into hemiacetals or
hemiketals are sometimes called reducing sugars because
they are capable of reducing other substances, such as the
copper ion from Cu?* to Cu™. This property is useful in
identifying which end of a polysaccharide chain has the
monosaccharide unit that can open and close. This role of
reducing sugars is discussed in more detail in the section
on polysaccharides.

DISACCHARIDES

Disaccharides contain two monosaccharide units attached
to one another through acetal bonds. Acetal bonds, also
called glycosidic bonds because they occur in the special
case of carbohydrate structures, are formed between a
hydroxyl group of one monosaccharide unit and a hydroxyl
group of the next unit in the polymer, with the elimination
of one molecule of water. The glycosidic bonds generally
involve the hydroxyl group on the anomeric carbon of one
member of the pair of monosaccharides and the hydroxyl
group on carbon 4 or 6 of the second member. Furthermore,
the glycosidic bond can be o or 8 in orientation, depending
on whether the anomeric hydroxyl group was o or 3 before
the glycosidic bond was formed and on the specificity of
the enzymatic reaction catalyzing their formation. Specific

Glucose

CH,OH

UT

Glucose Glucose Galactose
CH,OH CH,OH CH,OH

ST EY

Maltose (3 form) Lactose (B form)

Figure 3.5 Common disaccharides.

/Ribitol
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CH,OH
H—C—OH
H—Cl—OH
H—C—OH

CH,OH

Figure 3.4 Structural formulas of the pentoses
ribose and deoxyribose and of the alcohol ribitol.

glycosidic bonds therefore may be designated o 1-4, B 1-4,
o 1-6, and so on. Disaccharides are major energy-supplying
nutrients in the diet. The most common disaccharides are
maltose, lactose, and sucrose (Figure 3.5).

Maltose Maltose is formed primarily from the partial
hydrolysis of starch and therefore is found in malt bever-
ages such as beer and malt liquors. It consists of two glu-
cose units linked through an o 1-4 glycosidic bond. The
structure on the right in Figure 3.5 is shown in the 3 form,
although it also may exist in the o form.

Lactose Lactose is found naturally only in milk and milk
products. It is composed of galactose linked by a § 1-4
glycosidic bond to glucose. The glucose can exist in either
o or 3 form (Figure 3.5).

Sucrose Sucrose (cane sugar, beet sugar) is the most widely
distributed of the disaccharides and is the most commonly
used natural sweetener. It is composed of glucose and fruc-
tose and is structurally unique in that its glycosidic bond
involves the anomeric hydroxyl of both residues. The link-
age is o with respect to the glucose residue and 3 with
respect to the fructose residue (Figure 3.5). Because it has
no free hemiacetal or hemiketal function, sucrose is not a
reducing sugar.

Glucose
CH,OH

Fructose

HO — H,C

Sucrose
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Complex Carbohydrates

OLIGOSACCHARIDES

Raffinose (a trisaccharide), stachyoses (a tetrasacchride),
and verbascose (a pentasaccharide) are made up of glu-
cose, galactose, and fructose and are found in beans, peas,
bran, and whole grains. Human digestive enzymes do not
hydrolyze them, but the bacteria within the intestine can
digest them. This is the basis for flatulence that occurs
after eating these foods.

POLYSACCHARIDES

The glycosidic bonding of monosaccharide residues may
be repeated many times to form high-molecular-weight
polymers called polysaccharides. If the structure is com-
posed of a single type of monomeric unit, it is called a
homopolysaccharide. If two or more different types of
monosaccharides make up its structure, it is called a het-
eropolysaccharide. Both types exist in nature; however,
homopolysaccharides are of far greater importance in nu-
trition because of their abundance in many natural foods.
The polyglucoses starch and glycogen, for example, are
the major storage forms of carbohydrate in plant and ani-
mal tissues, respectively. Polyglucoses range in molecular
weight from a few thousand to 500,000.

The reducing property of a saccharide is useful in des-
cribing polysaccharide structure by enabling one end of a
linear polysaccharide to be distinguished from the other.
In a polyglucose chain, for example, the glucose residue
at one end of the chain has a hemiacetal group because its
anomeric carbon atom is not involved in acetal bonding
to another glucose residue. The residue at the other end of
the chain is not in hemiacetal form because it is attached
by acetal bonding to the next residue in the chain. A lin-
ear polyglucose molecule therefore has a reducing end (the
hemiacetal end) and a nonreducing end (at which no hemi-
acetal exists). This notation is useful in designating at which
end of a polysaccharide certain enzymatic reactions occur.

Starch

The most common digestible polysaccharide in plants is
starch. It can exist in two forms, amylose and amylopectin,
both of which are polymers of D-glucose. The amylose
molecule is a linear, unbranched chain in which the glu-
cose residues are attached solely through o 1-4 glycosidic
bonds. In water, amylose chains adopt a helical confor-
mation shown in Figure 3.6a. Amylopectin, on the other
hand, is a branched-chain polymer, with branch points
occurring through o 1-6 bonds, as illustrated in Figure
3.6b. Both amylose and amylopectin occur in cereal grains,
potatoes, legumes, and other vegetables. Amylose contributes

about 15% to 20%, and amylopectin 80% to 85%, of the total
starch content.

Glycogen

The major form of stored carbohydrate in animal tissues is
glycogen, which is localized primarily in liver and skeletal
muscle. Like amylopectin, it is a highly branched polyglu-
cose molecule. It differs from the starch only in the fact
that it is more highly branched (Figure 3.6¢). The glucose
residues within glycogen serve as a readily available source
of glucose. When dictated by the body’s energy demands,
glucose residues are sequentially removed enzymatically
from the nonreducing ends of the glycogen chains and
enter energy-releasing pathways of metabolism. This pro-
cess, called glycogenolysis, is discussed later in this chapter.
The high degree of branching in glycogen and amylopectin
offers a distinct metabolic advantage, because it presents
a large number of nonreducing ends from which glucose
residues can be cleaved.

Cellulose

Cellulose is the major component of cell walls in plants.
Like the starches, it is a homopolysaccharide of glucose.
It differs from the starches in that the glycosidic bonds
connecting the residues are 3 1-4, rendering the molecule
resistant to the digestive enzyme o-amylase, which is ste-
reospecific to favor o 1-4 linkages. Because cellulose is not
digestible by mammalian digestive enzymes, it is defined
as a dietary fiber and is considered not to provide energy.
However, as a source of fiber, cellulose assumes importance
as a bulking agent and a potential energy source for some
intestinal bacteria that are able to digest it. The extent to
which the energy is available for absorption in the human
is debated. A very limited amount likely is available in the
form of short-chain fatty acids.

Digestion
|

The most important dietary carbohydrates nutritionally are
polysaccharides and disaccharides, because free monosac-
charides are not commonly present in the diet in significant
quantities. However, some free glucose and fructose are
present in honey, certain fruits, and the carbohydrates
added to processed foods such as high-fructose corn
syrup. The cellular use of carbohydrates depends on their
absorption from the gastrointestinal (GI) tract into the
bloodstream, a process normally restricted to monosac-
charides. Polysaccharides and disaccharides therefore must
be hydrolyzed to their constituent monosaccharide units.
The hydrolytic enzymes involved are collectively called
glycosidases or, alternatively, carbohydrases.
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Glycogen is a highly branched arrangement of
glucose molecules consisting of both o-1,4
glycosidic bonds and o-1,6 glycosidic bonds.
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Amylopectin has both a-1,4
glycosidic bonds, and a-1,6
glycosidic bonds. In

(b) amylopectin, a-1,6 glycosidic
bonds occur at branch points.

Amylopectin

Figure 3.6 Structure of starches and glycogen.

DIGESTION OF POLYSACCHARIDES

The digestion of polysaccharides starts in the mouth.
The key enzyme is salivary o-amylase, a glycosidase that
specifically hydrolyzes o 1-4 glycosidic linkages. The 3 1-4
bonds of cellulose, the B 1-4 bonds of lactose, and the
o 1-6 linkages that form branch points in starch amylo-
pectin are resistant to the action of this enzyme. Given
the short period of time that food is in the mouth before
being swallowed, this phase of digestion produces few
monosaccharides. However, the salivary amylase action
continues in the stomach until the gastric acid penetrates
the food bolus and lowers the pH sufficiently to inactivate
the enzyme. By this point, the starches have been partially
hydrolyzed, with the major products being dextrins, which
are short-chain polysaccharides and maltose (Figure 3.7).
Further digestion of the dextrins is resumed in the small
intestine by the o-amylase of pancreatic origin, which
is secreted into the duodenal contents. The presence of
pancreatic bicarbonate in the duodenum elevates the pH
to a level favorable for enzymatic function. If the dietary
starch form is amylose, which is unbranched, the products
of a-amylase hydrolysis are maltose and the trisaccharide

There are many more branch
points in glycogen than in
amylopectin.

maltotriose, which undergoes slower hydrolysis to maltose
and glucose. The hydrolytic action of o-amylase on amy-
lopectin, a branched starch, produces glucose and maltose,
as it does with amylose. However, the o 1-6 bonds linking
the glucose residues at the branch points of the molecule
cannot be hydrolyzed by a-amylase. Consequently, disac-
charide units called isomaltose, possessing o. 1-6 glycosidic
bonds, are released.

In summary, the action of ci-amylase on dietary starch
releases maltose, isomaltose, and glucose as principal hydro-
lytic products, as illustrated in Figure 3.7. The further break-
down of the disaccharide products to glucose is brought
about by specific glycosidases described in the section on
disaccharides below.

Resistant Starches

Crystalline starch is insoluble in water and is nondigest-
ible. Crystalline starch is gelatinized by heating (such as
in cooking), and in this form it is digestible. On cooling,
some starch reverts back to the crystalline form and again
becomes resistant to digestion. Starches also can be chemi-
cally modified to make them more resistant to digestion,



Amylose: Salivary glands release salivary o-amylase,
which hydrolyzes o-1,4 glycosidic bonds in amylose,
forming dextrins.

Amylopectin: Salivary glands release salivary
o-amylase, which hydrolyzes oi-1,4 glycosidic bonds
in amylopectin, forming dextrins.

A. Digestion of amylose
and amylopectin in the mouth

Amylose: Acidity of gastric juice destroys the
enzymatic activity of o-amylase. The dextrins pass
unchanged into the small intestine.

Amylopectin: Acidity of gastric juice destroys the
enzymatic activity of salivary o-amylase. The dextrins
pass unchanged into the small intestine.

B.There is no digestion of
amylose and amylopectin
in the stomach

Amylose: The pancreas releases pancreatic
o-amylase into the small intestine which hydrolyzes
o-1,4 glycosidic bonds. Dextrins are broken down
into maltose.

Amylopectin: The pancreas releases pancreatic
o-amylase into the small intestine, which hydrolyzes
o-1,4 glycosidic bonds. Dextrins are broken down
into maltose and limit dextrins.

C. Digestion of amylose
and amylopectin in the
small intestine

Amylose: Maltose is hydrolyzed by maltase, a brush
border enzyme, forming free glucose.

Amylopectin: Maltose is hydrolyzed by maltase, a
brush border enzyme, forming free glucose. The
o-1,6 glycosidic bonds in limit dextrins are hydrolyzed
by o-dextrinase, forming glucose.

D. Digestion of amylose and
amylopectin on the brush
border of the small intestine

Figure 3.7 Digestion.
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for example, modifying the starch by increasing the
crosslinking between chains. This property of resistant
starches has been the basis of commercial products as
additives to processed foods.

DIGESTION OF DISACCHARIDES

Virtually no digestion of disaccharides or small oligosac-
charides occurs in the mouth or stomach. In the human,
digestion takes place entirely in the upper small intestine.
Unlike o-amylase activity, disaccharidase activity occurs
in the microvilli of the intestinal mucosal cells (the brush
border), rather than in the intestinal lumen (Figures 2.10
and 2.11). Among the enzymes located on the mucosal
cells are lactase, sucrase, maltase, and isomaltase. Lactase
catalyzes the cleavage of lactose to equimolar amounts of
galactose and glucose. As was pointed out earlier, lactose
is a B 1-4 linkage, and lactase is stereospecific for this beta
linkage. Lactase activity is high in infants. In most mam-
mals, including humans, the activity of lactase decreases a
few years after weaning. This diminishing activity can lead
to lactose malabsorption and lactose intolerance. Lactose
intolerance is particularly prevalent in African Americans,
Jews, Arabs, Greeks, and some Asians. Products to reduce
the effects of lactose intolerance are available on the market.
These items include lactase that can be added to regular
dairy products, and products that are lactose-free.

Sucrase hydrolyzes sucrose to yield one glucose and
one fructose residue. Maltase hydrolyzes maltose to yield
two glucose units. Isomaltase (also called ci-dextrinase)
hydrolyzes the o 1-6 bond of isomaltose, the branch-point
disaccharide remaining from the incomplete breakdown
of amylopectin; the products are two molecules of glucose
(Figure 3.7).

In summary, nearly all dietary starches and disaccha-
rides ultimately are hydrolyzed completely by specific
glycosidases to their constituent monosaccharide units.
Monosaccharides, together with small amounts of remain-
ing disaccharides, can then be absorbed by the intestinal
mucosal cells. The reactions involved in the digestion of
starches and disaccharides are summarized in Figure 3.7.

Absorption, Transport,

and Distribution

The wall of the small intestine is composed of absorptive
mucosal cells and mucus-secreting goblet cells that line
projections, called villi, that extend into the lumen. On the
surface on the lumen side, the absorptive cells have hairlike
projections called microvilli (the brush border). A square
millimeter of cell surface is believed to have as many as
2 X 10° microvilli projections. The microstructure of the
small intestinal wall is illustrated in Figures 2.10 and 2.11.
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The anatomic advantage of the villi-microvilli structure
is that it presents an enormous surface area to the intesti-
nal contents, thereby facilitating absorption. The absorp-
tive capacity of the human intestine has been estimated to
amount to about 5,400 g/day for glucose and 4,800 g/day
for fructose—a capability that would never be reached in
a normal diet. Digestion and absorption of carbohydrates
are so efficient that nearly all monosaccharides are usually
absorbed by the end of the jejunum.

ABSORPTION OF GLUCOSE AND
GALACTOSE

Glucose and galactose are absorbed into the mucosal cells
by active transport, a process that requires energy and the
involvement of a specific receptor. The glucose-galactose
carrier has been designated sodium-glucose transporter 1
(SGLT1). It is a protein complex dependent on the Na*/
K*-ATPase pump, which, at the expense of ATP, furnishes
energy for the transport of sugar through the mucosal cell.
Glucose or galactose cannot attach to the carrier until the
carrier has been preloaded with Na*. One glucose mol-
ecule and two sodium ions are transported into the mu-
cosal cell at the same time. Mutation in the SGLT1 gene
is associated with glucose-galactose malabsorption. An
example of active transport is shown in Figure 2.18. The
energy is supplied by ATP. The figure shows a carrier pro-
tein (SGLT1) loading on the lumen side of the intestinal
mucosa cell and releasing it inside the cell.

Glucose appears to leave the mucosal cell at the basolat-
eral surface by three routes. Approximately 15% leaks back
across the brush border into the intestinal lumen, about
25% diffuses through the basolateral membrane into the
circulation, and the major portion (~60%) is transported
from the cell into the circulation by a carrier, GLUT2 (dis-
cussed in a later section in this chapter), in the serosal
membrane. A small portion of the available glucose may
be used by the mucosal cell for its energy needs.

ABSORPTION OF FRUCTOSE

Fructose is transported into the mucosal cell by a spe-
cific facilitative transporter GLUTS5. The entry of fructose
into the cell is independent of glucose concentration and
occurs even in the presence of high concentrations of glu-
cose [2]. This transport is independent of the active, Na™*-
dependent transport of glucose, but the rate of uptake
is much slower than that of both glucose and galactose.
A large proportion of human subjects studied showed an
inability to absorb completely doses of fructose in the range
of 20 to 50 g [3]. Fructose is transported from the mucosal
cell by GLUT?2, the same transporter that moves glucose
out of the cell. The facilitative transport process can pro-
ceed only down a concentration gradient. Fructose is very
efficiently absorbed by the liver, where it is phosphorylated
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and trapped. This immediate reaction of fructose with
phosphate as it enters the liver cell results in virtually no
circulating fructose in the bloodstream, which ensures a
downhill concentration gradient (a higher concentration
in the intestinal mucosa and no circulating fructose).

Although fructose absorption takes place more slowly
than that of glucose or galactose, which are actively
absorbed, it is absorbed faster than sugar alcohols such as
sorbitol and xylitol, which are absorbed purely by passive
diffusion. The extent of the contribution of active trans-
port and facilitative diffusion to fructose absorption has
not been established, though both systems are saturable.
This circumstance accounts for the observations that fruc-
tose absorption is limited in nearly 60% of normal adults
and that intestinal distress, symptomatic of malabsorp-
tion, frequently appears following ingestion of 50 g of
pure fructose [4]. This level of intake is commonly found
in high-fructose syrups used as sweeteners. Interestingly,
coconsumption of glucose with fructose accelerates the
absorption of fructose and raises the threshold level of fruc-
tose ingestion at which malabsorption symptoms appear
[4]. This observation suggests that the pair of monosac-
charides might be absorbed by a so-called disaccharidase-
related transport system designed to transport the hydrolytic
products of sucrose [3].

MONOSACCHARIDE TRANSPORT
AND CELLULAR UPTAKE

Following transport across the wall of the intestine, the
monosaccharides enter the portal circulation, where they
are carried directly to the liver. The liver is the major site
of metabolism of galactose and fructose, which are readily
taken up by the liver through specific hepatocyte recep-
tors. They enter these liver cells by facilitated transport and
subsequently are metabolized. Both fructose and galactose
can be converted to glucose derivatives through pathways
that are described later in this chapter. Once fructose and
galactose are converted to glucose derivatives they have the
same fate as glucose and can be stored as liver glycogen,
or catabolized for energy according to the liver’s energy
demand. The blood levels of galactose and fructose are not
directly subject to the strict hormonal regulation that is
such an important part of glucose homeostasis. However,
if their dietary intake is a significantly higher than the
normal percentage of total carbohydrate intake, they may
be regulated indirectly as glucose because of their meta-
bolic conversion to that sugar.

Glucose is nutritionally the most important mono-
saccharide because it is the exclusive constituent of the
starches and also occurs in each of three major disaccha-
rides (Figure 3.1). Like fructose and galactose, glucose is
extensively metabolized in the liver, but its removal by
that organ is not as complete as in the case of fructose

and galactose. The remainder of the glucose passes into
the systemic blood supply and is then distributed among
other tissues, such as muscle, kidney, and adipose tis-
sue. Glucose enters the cells in these organs by facilitated
transport. In skeletal muscle and adipose tissue the pro-
cess is insulin dependent, whereas in the liver it is insu-
lin independent. Because of the nutritional importance
of glucose, the facilitated transport process by which it
enters the cells of certain organs and tissues warrants a
closer look. The following section explores the process in
greater detail.

GLUCOSE TRANSPORTERS

Glucose is effectively used by a wide variety of cell types
under normal conditions, and its concentration in the
blood must be precisely controlled. Glucose plays a central
role in metabolism and cellular homeostasis. Most cells in
the body are dependent upon a continuous supply of glu-
cose to supply energy in the form of ATP. The symptoms
associated with diabetes mellitus are a graphic example of
the consequences of a disturbance in glucose homeostasis.
The cellular uptake of glucose requires that it cross the plasma
membrane of the cell. The highly polar glucose molecule
cannot move across the cellular membrane by simple diffu-
sion because the highly polar molecule cannot pass through
the nonpolar matrix of the lipid bilayer. For glucose to
be used by cells, an efficient transport system for moving
the molecule into and out of cells is essential. In certain
absorptive cells, such as epithelial cells of the small intestine
and renal tubule, glucose crosses the plasma membrane
(actively) against a concentration gradient, pumped by an
Na*/K*-ATPase symport system (SGLT) described above
and in Chapter 1. However, glucose is passively admitted
to nearly all cells in the body by a carrier-mediated trans-
port mechanism that does not require energy. The family of
protein carriers involved in this process are called glucose
transporters, abbreviated GLUT.

GLUT Isoforms

A total of twelve individual transport proteins have been
identified along with the genes that code for them. The
genome project has aided in this identification because
considered collectively, all transporter proteins share a
common structure, and similar sequences in the genes code
for them. About 28% of the amino sequences are common
within the family of transport proteins. Each GLUT is an
integral protein, penetrating and spanning the lipid bilayer
of the plasma membrane. Most transporters, in fact, span
the membrane several times. They are oriented so that
hydrophilic regions of the protein chain protrude into the
extracellular and cytoplasmic media, while the hydropho-
bic regions traverse the membrane, juxtaposed with the
membrane’s lipid matrix. A model for a glucose transporter,
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Components of the
transmembrane channel

Outside

The loops on the extracellular and
cytoplasmic sides of the membrane
are primarily hydrophilic.

reflecting this spatial arrangement of the molecule, is illus-
trated in Figure 3.8. In its simplest form, a transporter:

B has a specific combining site for the molecule being
transported

m undergoes a conformational change upon binding the
molecule, allowing the molecule to be translocated to
the other side of the membrane and released

B has the ability to reverse the conformational changes

without the molecule’s being bound to the transporter,
so that the process can be repeated

Twelve isoforms of glucose transporters have been
described. They are listed in Table 3.2, which includes the
primary sites of expression. All cells express at least one
GLUT isoform on their plasma membranes. The different

Table 3.2 Glucose Transporters (GLUT)

Transporter Insulin Major Sites

Protein Regulatable  of Expression

GLUT No Erythrocytes, blood brain barrier, placenta,
fetal tissues in general

GLUT2 No Liver, B-cells of pancreas, kidney, small
intestine

GLUT3 No Brains (neurons)

GLUT4 Yes Muscle, heart, brown
and white adipocytes

GLUTS No Intestine, testis, kidney

GLUT6 No Spleen, leukocytes, brain

GLUT7 No Unknown

GLUT8 No Testis, blastocyst, brain

GLUT9 No Liver, kidney

GLUT10 No Liver, pancreas

GLUTM No Heart, muscle

GLUT12 No Heart, prostrate

*Note that GLUT4 is regulatable by insulin.

Source: Joost HG, Thorens B. The extended GLUT-family of sugar/polyol transport
facilitators: nomenclature, sequence characteristics, and potential function of its novel
members (review). Modified from Molecular Membrane Biology, 2001, 18, 247-256.

Some helices form
a hydrophobic pocket.

Figure 3.8

A model for the structural orientation
of the glucose transporter in the
erythrocyte membrane.

CoO0™

isoforms have distinct tissue distribution and biochemical
properties, and they contribute to the precise disposal of
glucose according to varying physiological conditions [5,6].

Specificity of GLUTs

The GLUT1 is responsible for the basic supply of glucose to
the cells. GLUT1 is expressed in erythrocytes and endothelial
cells of the brain. GLUT2 is alow infinity transporter with pre-
dominate expression in the B-cells of the pancreas, liver, and
kidney. As discussed previously, this transporter is involved
in the transport of glucose from the intestinal mucosal cell
into the portal blood. GLUT?2 is also able to transport fruc-
tose out of the intestinal mucosal cell. The rate of transport is
highly dependent on the blood glucose concentration.
GLUT3 is a high-affinity glucose transporter with
predominate expression in those tissues that are highly
dependent upon glucose such as the brain. GLUT4, in con-
trast, is quite sensitive to insulin, and its concentration on
the plasma membrane increases dramatically in response
to the hormone. The increase in the membrane transporter
population is accompanied by an accelerated increase in
the uptake of glucose by the insulin-stimulated cells. The
presence of GLUT4 in skeletal muscle and in adipose
tissue is what makes these tissues responsive to insulin.
Liver, brain, and erythrocytes lack the GLUT4 isoform and
therefore are not sensitive to insulin. A feature of type 2
diabetes, described in the Chapter 7 Perspective “Diabetes:
Metabolism Out of Control,” is a resistance to insulin. The
molecular basis for type 2 diabetes, insulin resistance, and
the metabolic syndrome are discussed in Chapter 7. GLUT5
is specific for the transport of fructose. The physiological
actions of some of the newly discovered GLUTs have been
studied using molecular biology techniques. Because the
genes for these proteins are known, a technique that blocks
the gene’s expression in experimental animals such as the
mouse is used to determine what effect the absence of the
GLUT has on the animal. GLUTSs have also been shown to
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be detectors of the glucose levels in certain tissue such as
the islet cells of the pancreas. An excellent review of the
GLUT isoform family is found in [5].

Synthesis and storage of the insulin-responsive trans-
porter GLUT4, as for the other transporter isoforms,
occur as described in Chapter 1 for all proteins. Following its
synthesis from mRNA on the ribosomes of the rough endo-
plasmic reticulum, the transporter enters the compartments
of the Golgi apparatus, where it is ultimately packaged in
tubulovesicular structures in the trans-Golgi network. In the
basal, unstimulated state of the adipocyte, GLUT4 resides in
these structures as well as, to some extent, in small cytoplas-
mic vesicles [7]. This subcellular distribution of GLUT4 is
also found in skeletal muscle cells [8]. Blood glucose levels
are maintained within a narrow range by a balance between
glucose absorption from the intestine, production by the
liver and uptake and metabolism by the peripheral tissue.
Insulin is a hormone that plays a central role in the level of
blood glucose during periods of feeding and fasting.

INSULIN

This section covers the role of insulin in the cellular
absorption of glucose. Insulin is a very powerful anabolic
hormone and is involved in glucose, lipid, and amino acid/
protein synthesis and storage. Insulins roles in amino acid
and lipid metabolism are discussed further in Chapters 6
and 7. In general, insulin increases the expression or activity

Insulin stimulates the uptake
of glucose, fatty acids, and
amino acids by muscle and
adipose tissue.

of enzymes that catalyze the synthesis of glycogen, lipids, and
proteins. It also inhibits the expression or activity of enzymes
that catalyze the catabolism of glycogen, lipids, and amino
acids. Figure 3.9 illustrates the anabolic and catabolic effects
of insulin on glucose and glycogen, fatty acids and triacyl-
glycerols, and amino acids and proteins.

Much has been learned about mechanism of insulin’s
action in the last few years in controlling blood glucose
levels. We have a much better understanding of insulin
resistance, type 2 diabetes, and its complications. Insulin
plays a vital role in regulating blood glucose levels.

Role in Cellular Glucose Absorption

When blood glucose levels are elevated, insulin is released
by the B-cells of the pancreas. Insulin stimulates the uptake
of glucose by muscle and adipose and also inhibits the
synthesis of glucose (gluconeogenesis) by the liver. Insu-
lin binds to a specific receptor located on the cell mem-
brane of muscle and adipose tissue and stimulates the
tubulovesicle-enclosed GLUT4 transports to be translo-
cated to the plasma membrane. Insulin functions through
a second messenger system and belongs to a subfamily of
receptor tyrosine kinases that include insulin receptor-
related receptor (IRR) and insulin-like growth factor (IGF)
[9] (see Figure 3.10). The figure does not show all of the
detail but does indicate that insulin and tyrosine kinase re-
actions effect general gene expression, cell growth and dif-
ferentiation, glucose metabolism, glycogen/lipid/protein

Insulin reacts with a membrane receptor that uses
a second messenger to carry out its action. Insulin
is a potent anabolic hormone promoting the
storage of carbohydrates, lipds, and protein.

[t does this by increasing the expression or
activity of enzymes that catalyze the synthesis

of glycogen, lipids, and protein.
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Figure 3.9 Insulin regulation of metabolism.
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Figure 3.10 Mechanism of insulin action.

synthesis, specific gene expression, as well as glucose
transport. The insulin/IGF-1 receptor kinase acts on at
least nine different substrates. The kinase phosphorylates
the hydroxyl group of tyrosine in a variety of proteins that
include G-proteins and certain enzymes, such as phos-
photyrosine phosphatase and cytoplasmic tyrosine kinase.
The phosphorylation/dephosphorylation reactions regu-
late the activity of these enzymes and, in some cases, their
subcellular location. Following the phosphorylation of the
insulin receptor, a series of serine-threonine phosphoryla-
tions take place to produce insulin-receptor substrates,
labeled asIRS1 through IRS 4 in Figure 3.10. These reactions
are coupled with several additional protein kinase systems.
One of these protein kinases involves phosphatidylinositol
3-kinase (PI 3-kinase), which converts phosphotidylino-
sitol to 3,4 bisphosphate to phosphatidylinositol 3,4,5
triphosphate (Pi3,4,5)P3. The details of the individual phos-
phorylations go beyond the scope of this text and are not
shown in Figure 3.10. These reactions are not necessary for
the understanding of how insulin carries out its functions.
Later chapters provide the ways in which the molecular
mechanism of insulin resistance involves phosphorylation
reactions. Though much has been learned, insulin’s com-
plete molecular mechanism of action and the development
of insulin resistance are not fully understood [10].

The endothelial tissue of which blood vessel walls are
constructed is freely permeable to metabolites such as
glucose. Some tissues, most notably the brain, possess an

These activated kinases
further phosphorylate serine
and threonine to produce the
insulin receptor substrates.

additional layer of epithelial tissue between the blood
vessel and the cells of the brain. Unlike endothelium,
epithelial layers are not readily permeable, and the passage
of metabolites through them requires active transport or
facilitative diffusion. For this reason, epithelium is called
the blood tissue barrier of the body. Among the blood
tissue barriers studied—including those of brain, cerebro-
spinal fluid, retina, testes, and placenta—GLUT1 appears
to be the prime isoform for glucose transport [11].

In summary, glucose is transported into cells in the body
by the isoforms of glucose transport proteins, and cells
of the various organs have specific glucose transporters
associated with them. The level of GLUT4, found primarily
in skeletal muscle and adipose tissue, is insulin dependent.
Insulin is an important hormone in signaling whether the
body is in times of plenty or not. In times of plenty, insu-
lin stimulates glycogen synthesis in the liver and fatty acid
synthesis in adipose tissue.

MAINTENANCE OF BLOOD GLUCOSE LEVELS

Maintenance of normal blood glucose concentration is an
important homeostatic function and is a major function
of the liver. Regulation is the net effect of the organ’s meta-
bolic processes that remove glucose from the blood, either
for glycogen synthesis or for energy release, and of processes
that return glucose to the blood, such as glycogenolysis and
gluconeogenesis. These pathways, which are examined in
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Table 3.3 Metabolic Pathways of Carbohydrate Metabolism

Glycogenesis
Glycogenolysis
Glycolysis
Glyconeogenesis

Making of glycogen
Breakdown of glycogen
Oxidation of glucose

Production of glucose from noncarbohydrate
intermediates

Production of 5-carbon monosaccharides and
NADPH

Oxidation of pyruvate and acetyl CoA

Hexose monophosphate shunt

Tricarboxylic acid cycle (TCA)

detail in the section “Integrated Metabolism in Tissues,” are
hormonally influenced, primarily by the antagonistic pancre-
atic hormones insulin and glucagon and the glucocorticoid
hormones of the adrenal cortex. The rise in blood glucose
following the ingestion of carbohydrate, for example, triggers
the release of insulin while reducing the secretion of glucagon.
These changes in the two hormone levels increase the uptake
of glucose by muscle and adipose tissue, returning blood glu-
cose to homeostatic levels. A fall in blood glucose concentra-
tion, conversely, signals a reversal of the pancreatic hormonal
secretions—that is, decreased insulin and increased glucagon
release. In addition, an increase in the secretion of glucocor-
ticoid hormones, primarily cortisol, occurs in answer to—
and to offset—a falling blood glucose level. Glucocorticoids
cause increased activity of hepatic gluconeogenesis, a process
described in detail in a later section. Several terms used in
carbohydrate metabolism sound and appear to be very simi-
lar but are in fact quite different. Table 3.3 provides a list of
these terms and their definition to provide a path for better
understanding glucose metabolism.

Glycemic Response to Carbohydrates

The rate at which glucose is absorbed from the intestinal
tract appears to be an important parameter in controlling
the homeostasis of blood glucose, insulin release, obesity,
and possibly weight loss. The intense research of the last
few years appears to give the concept of glycemic index
and glycemic load scientific validity [12]. Current research
suggests a role for elevated blood glucose in the deve-
lopment of chronic diseases and obesity. The concept of
glycemic index and glycemic load is discussed in this
section. Their role in insulin resistance and type 2 diabetes
is covered in Chapters 7 and 8. See also the Perspective on
diabetes following Chapter 7.

GLYCEMIC INDEX

An alternative way to classify dietary carbohydrates is by
their ease of absorption and their effect on the elevation of
blood glucose levels. The implications of consuming high-
glycemic index foods for chronic disease and obesity have
recently been reviewed [13-15]. These reviews suggest

that the glycemic index and glycemic load (defined below)
offer a way to examine the relative risks of diets designed
to prevent coronary heart disease (CHD) and obesity.

The effect that carbohydrate-containing foods have on
blood glucose concentration, called the glycemic response
of the food, varies with the time it takes to digest and absorb
the carbohydrates in that food. Some foods cause a rapid
rise and fall in blood glucose levels, whereas others cause a
slower and more extended rise with a lower peak level and
a gradual fall. The concept of the glycemic index of a food
was developed to provide a numerical value to represent
the effect of the food on blood glucose levels. It provides a
quantitative comparison between foods. Glycemic index is
defined as the increase in blood glucose level over the base-
line level during a 2-hour period following the consumption
of a defined amount of carbohydrate (usually 50 g) com-
pared with the same amount of carbohydrate in a reference
food. Earlier studies typically used glucose as the test food.
More recently, white bread is being used, and white bread
is assigned a score of 100. In practice, the glycemic index is
measured by determining the elevation of blood glucose for
2 hours following ingestion. The area under the curve after
plotting the blood glucose level following ingestion of the
reference food is divided by the area under the curve for the
reference food times 100 (Figure 3.11). If glucose is used as
the reference food, it is arbitrarily assigned a glycemic index
of 100. With glucose as the reference food white bread has
a glycemic index of about 71. The use of white bread as the
reference assigns the glycemic index of white bread of 100.
The use of white bread as the standard causes some foods
to have a glycemic index of greater than 100. One criticism
of glycemic index is the variation of glycemic index for
apparently similar foods. One cause could be the difference
in the reference food used. This variation may reflect meth-
odological differences as well as differences in the food
preparation and the ingredients used in preparing the food.
The difference could also reflect real differences in the bio-
logical variety of the food. For instance, the glycemic index
for a baked russet potato is 76.5 and for an instant mashed
potato is 87.7 (using glucose as the reference food) [16].
Even the temperature of the food can make a difference: A
boiled red potato hot has a glycemic index of 89.4, and the
same potato cold has a glycemic index of 56.2 (Table 3.4).

GLYCEMIC LOAD

The question has been raised as to whether the glycemic
index has any practical relevance, because we do not eat a
single food but meals that are made up of a number of foods.
To address this question, the concept of glycemic load was
introduced. Glycemic load considers both the quantity and
the quality of the carbohydrate in a meal. The glycemic
load (GL) equals the glycemic index times the grams of
carbohydrate in a serving of the food. The higher the GL,
the greater the expected elevation in blood glucose and in
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Figure 3.11 Blood glucose changes following carbohydrate intake (glycemic
index).

the insulinogenic effect of the food. Long-term consump-
tion of a diet with a relatively high GL is associated with an
increased risk of type 2 diabetes and coronary heart disease
[17]. The literature suggests that the longer and higher the
elevation of blood glucose, the greater the risk of develop-
ing chronic diseases and obesity [13,14].
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Table 3.4 GlycemicIndex of Common Foods with White Bread and Glucose
Used as the Reference Food

Glycemic Index

Food Tested White Bread =100  Glucose = 100
White Bread' 100 VAl
Baked Russet Potato’ 107.7 76.5
Instant Mashed Potatoes' 123.5 87.7
Boiled Red Potato (hot)' 125.9 89.4
Boiled Red Potato (cold)' 79.2 56.2
Bran Muffin? 85 60
Coca Cola? 90 63
Apple Juice, Unsweetened? 57 40
Tomato Juice? 54 38
Bagel? 103 72
Whole-Meal Rye Bread? 89 62
Rye-Kernal Bread? 58 4
(Pumpernickel)

Whole Wheat Bread? 74 52
All-Bran Cereal® 54 38
Cheerios? 106 74
Corn Flakes? 116 81
Raisin Bran? 87 61
Sweet Corn? 86 60
Couscous? 81 61
Rice? 3 51
Brown Rice? 72 50
Ice Cream? 89 62
Soy Milk? 63 44
Raw Apple? 57 40
Banana’ 73 51
Orange? 69 48
Raw Pineapple? 94 66
Baked Beans? 57 40
Dried Beans? 52 36
Kidney Beans 33 23
Lentils? 40 28
Spaghetti, Durum Wheat (boiled)? 91 64
Spaghetti, Whole Meal (boiled)? 32 46
Sucrose? 83 58

" Fernandes G, Velangi A, Wolever T. Glycemic Index of Potatoes Commonly
Consumed in North America. J Am Diet Assoc 2005; 105:557-62.

2 From Foster-Powell, K., Holt, S., Brand-Miller, J., “International Table of Glycemic
Index and Glycemic Load Values.” American Journal of Clinical Nutrition, 2002;
76:5-56. Reprinted by permission.

Many published tables provide the glycemic index for
different foods. The most complete is an international table
[18]. Selected examples from this publication have been
reproduced in Table 3.4 along with the glycemic index of
potatoes. Remember that the food products differ in dif-
ferent regions of the world. The glycemic indices listed in
Table 3.4 are intended to be used to show trends and not
to prepare diets. Glycemic index and glycemic load have
proven useful in evaluating the risk of developing chronic
disease and obesity. One of the risk factors for these chronic
diseases appears to be related to the degree of blood glucose
elevation and the length of time glucose levels are elevated.
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Integrated Metabolism in Tissues
|

The metabolic fate of the monosaccharides depends to a
great extent on the body’s energy needs at the time. The
activity of certain metabolic pathways is regulated accord-
ing to these needs in such a way that some may be stimu-
lated, and others may be suppressed. The major regulatory
mechanisms are hormonal (involving the action of hor-
mones such as insulin, glucagon, epinephrine, and the cor-
ticosteroid hormones) and allosteric enzyme activation or
suppression (see Chapter 1). Allosteric enzymes provide
regulation for some pathways because their activities can
be altered by compounds called modulators. A negative
modulator of an allosteric enzyme reduces the activity of
the enzyme and slows the velocity of the reaction it cata-
lyzes, whereas a positive modulator increases the activity
of an allosteric enzyme and thus increases the velocity of
the reaction. The effect of a modulator, whether negative
or positive, is exerted on its allosteric enzyme as a result
of changes in the concentration of the modulator. The
mechanisms by which metabolism is regulated, including
induction, post-translational modification, and transloca-
tion, are discussed in detail in the section “Regulation of
Metabolism.”

The metabolic pathways of carbohydrate use and storage
(Table 3.3) consist of glycogenesis (the making of glycogen),
glycogenolysis (the breakdown of glycogen), and glycolysis
(the oxidation of glucose), the hexosemonophosphate
shunt (the production of 5-carbon monosaccharides
and NADPH), the tricarboxylic acid cycle (TCA cycle)
(oxidation of pyruvate and acetyl CoA) sometimes called the
Krebs cycle or the citric acid cycle, and gluconeogenesis (the
making of glucose from noncarbohydrate precursors). An
integrated overview of these pathways is given in Figure 3.12.
A detailed review of the pathways’ intermediary metabolites,
sites of regulation, and, most important, functions in the
overall scheme of things are considered in the sections

Hexosemonophosphate TCA
shunt cycle
Galactose Fructose
| |
( Glycogenesis w ( Glycolysis w
Glycogen Glucose Pyruvate
kGchogenonsis j tGIuconeogenesisJ 1
1 1 1
1 1 1
Galactose i oo Lactate
Noncarbohydrate

sources

Figure 3.12 Reaction of glycogenesis. The formation of glycogen from glucose.

that follow. The detailed pathways showing the names
of the chemicals and providing their structures are shown
in the later figures. These are followed with a discussion of
the individual reactions and additional comments that are
particularly significant from a nutritional standpoint are
provided following the reactions in the pathway. Because
of the central role of glucose in carbohydrate nutrition, its
metabolic fate is featured here. The entry of fructose and
galactose into the metabolic pathways is introduced later in
the discussion.

GLYCOGENESIS

The term glycogenesis refers to the pathway by which glu-
cose ultimately is converted into glycogen. This pathway
is particularly important in hepatocytes because the liver
is a major site of glycogen synthesis and storage. Glycogen
accounts for as much as 7% of the wet weight of the liver.
Liver glycogen can be broken down to glucose and reenter
the bloodstream. Therefore, it plays an important role in
maintaining blood glucose homeostasis. The other major
sites of glycogen storage are skeletal muscle and, to a much
lesser extent, adipose tissue. In human skeletal muscle, gly-
cogen generally accounts for a little less than 1% of the wet
weight of the tissue. Most of the body’s glycogen (about
75%) is stored in the muscle, because the muscle makes up
a much greater portion of the body’s weight than the liver
does. Liver glycogen is more important in maintaining
blood glucose homeostasis. The glycogen stores in mus-
cle can be used as an energy source in that muscle fiber
when the body is confronted by an energy demand such
as physical exertion. The glycogenic pathway (the synthe-
sis of glycogen) therefore is vitally important in ensuring a
reserve of instant energy. The initial part of the glycogenic
pathway is illustrated in Figure 3.13.

Glucose is first phosphorylated upon entering the cell,
producing a phosphate ester at the 6-carbon of the glu-
cose. In muscle cells, the enzyme catalyzing this phosphate
transfer from ATP is hexokinase. Hexokinase is an allo-
steric enzyme that is negatively modulated by the product
of the reaction, glucose 6-phosphate. That means when
the muscle cell has adequate glucose 6-P additional glucose
is phosphorylated more slowly. Glucose phosphorylation
in the liver is catalyzed primarily by glucokinase (some-
times called hexokinase D). Although the reaction prod-
uct, glucose 6-phosphate, is the same, interesting dif-
ferences distinguish it from hexokinase. For example,
hexokinase is negatively modulated by glucose 6-phos-
phate, whereas glucokinase is not. This characteristic
allows excess glucose entering the liver cell to be phos-
phorylated quickly and encourages glucose entry when
blood glucose levels are elevated. Also, glucokinase has
a much higher K than hexokinase, meaning that it can
convert glucose to its phosphate form at a higher velocity
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glycogen synthase is more active transferase activity of glycogenin catalyzes the
than the phosphorylated form. attachment to itself of from two to seven glucose
Insulin facilitates dephosphorylation. residues transferred from UDP-glucose.The letter n
This is the primary target of insulin’s represents an unspecified number of UDP-glucose
(b) stimulatory effect on glycogenesis. molecules.

should the cellular concentration of glucose rise signifi-
cantly (e.g., after a carbohydrate-rich meal). In muscle,
the much lower K  of hexokinase indicates that it is cata-
lyzing at maximum velocity, even at average glucose con-
centrations. Glycogen synthesis (glycogenesis) is initiated
by the presence of glucose 6-phosphate. The phosphoryla-
tion of glucose as it enters the liver cell keeps the level of
free glucose low, which enhances the entry of glucose into
the liver cell due to the concentration gradient between
blood and inside of liver cell. Therefore, the liver has the
capacity to reduce blood glucose concentration when it
becomes high. Remember the liver is not dependent upon
insulin for glucose transport into the cell, but glucokinase
is inducible by insulin. Insulin blood levels are increased
by elevated blood glucose levels. In diabetes mellitus, type
1 (see the Chapter 7 Perspective on diabetes), glucokinase
activity is below normal values because type 1 diabetes

patients have low insulin levels, and the glucokinase is
not induced. The low glucokinase activity contributes to
the liver cell’s inability to rapidly take up and metabolize
glucose, which occurs even though GLUT2 of the liver is
not regulated by insulin. The concept of K and its sig-
nificance as it applies to this reaction were discussed in
Chapter 1. The hexokinase/glucokinase reaction is energy
consuming because the glucose is activated (phosphory-
lated) at the expense of ATP.

The phosphate is transferred from the 6-carbon of the
glucose to the 1-carbon in a reaction catalyzed by the
enzyme phosphoglucomutase. Nucleoside triphosphates
other than ATP sometimes function as activating sub-
stances in intermediary metabolism. In the next reaction,
energy derived from the hydrolysis of the a-B-phosphate
anhydride bond of uridine triphosphate (UTP to UMP)
allows the resulting uridine monophosphate to be coupled to
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the glucose 1-phosphate to form uridine diphosphate glu-
cose (UDP-glucose). Glucose is incorporated into glycogen
as UDP-glucose. The reaction is catalyzed by glycogen syn-
thase and requires some preformed glycogen as a primer,
to which the incoming glucose units can be attached. The
initial glycogen is formed by binding a glucose residue
to a tyrosine residue of a protein called glycogenin. In
this case, glycogenin acts as the primer. Additional glu-
cose residues are attached by glycogen synthase to form
chains of up to eight units. The role of glycogenin in gly-
cogenesis has been reviewed [19]. In muscle the protein
stays in the core of the glycogen molecule, but in the liver
more glycogen molecules than glycogenin molecules are
present, so the glycogen must break off of the protein.
Glycogen synthase exists in an active (dephosphorylated)
form and a less active (phosphorylated) form. Insulin
facilitates glycogen synthesis by stimulating the dephos-
phorylation of glycogen synthase. The glycogen synthase
reaction is the primary target of insulin’s stimulatory effect
on glycogenesis.

When six or seven glucose molecules are added to the
glycogen chain the branching enzyme transfers them to a
C(6)—OH group (Figure 3.14). Glycogen synthase cannot
form the o 1-6 bonds of the branch points. This action
is left to the branching enzyme, which transfers a seven
residue oligosaccharide segment from the end of the main
glycogen chain to carbon number 6 hydroxyl groups
throughout the chain (Figure 3.14). Branching within the
glycogen molecule is very important, because it increases
the molecule’s solubility and compactness. Branching also
makes available many nonreducing ends of chains from
which glucose residues can be cleaved rapidly and used
for energy, in the process known as glycogenolysis and
described in the following section. The overall pathway
of glycogenesis, like most synthetic pathways, consumes
energy, because an ATP and a UTP are consumed for each
molecule of glucose introduced.

GLYCOGENOLYSIS

The potential energy of glycogen is contained within the
glucose residues that make up its structure. In accordance
with the body’s energy demands, the residues can be system-
atically cleaved one at a time from the ends of the glycogen
branches and routed through energy-releasing pathways. The
breakdown of glycogen into individual glucose units, in the
form of glucose 1-phosphate, is called glycogenolysis. Like
its counterpart, glycogenesis, glycogenolysis is regulated by
hormones, most importantly glucagon (of pancreatic origin)
and the catecholamine hormone epinephrine (produced in
the adrenal medulla). Both of these hormones stimulate gly-
cogenolysis and are directed at the initial reaction, glycogen
phosphorylase. Both hormones function through the second
messenger cAMP, which regulates phosphorylation state of
the enzymes involved. Glucagon and epinephrine function
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Figure 3.14 Formation of glycogen branches by the branching enzyme.

antagonistically to insulin in regulating the balance between
free (glucose) and stored glucose (glycogen). The steps
involved in glycogenolysis are shown in Figure 3.15.

When energy is needed, individual glucose units are
released from glycogen by a phosphorolysis process by
which the glycosidic bonds are cleaved by phosphate
addition. The products of one such cleavage reaction are
glucose 1-phosphate and the remainder of the intact gly-
cogen chain minus the one glucose residue. The reaction
is catalyzed by glycogen phosphorylase, an important site
of metabolic regulation by both hormonal and allosteric
enzyme modulation. Glycogen phosphorylase can exist
as either phosphorylase a (a phosphorylated active form)
or phosphorylase b (a dephosphorylated, inactive form).
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Figure 3.15 The reactions of glycogenolysis, by which glucose residues are sequentially removed from the

nonreducing ends of glycogen segments.

The two forms are interconverted by other enzymes,
which can either attach phosphate groups to the phos-
phorylase enzyme or remove phosphate groups from
it. The enzyme catalyzing the phosphorylation of phos-
phorylase b to its active “a” form is called phosphorylase
b kinase. The enzyme that removes phosphate groups
from the active “a” form of phosphorylase, producing the
inactive “b” form, is called phosphorylase a phosphatase.
The rate of glycogen breakdown to glucose 1-phosphate
therefore depends on the relative activity of phosphory-
lase a and phosphorylase b.

The regulation of phosphorylase activity in the break-
down of liver and muscle glycogen is complex. It can
involve covalent regulation, which is the phosphorylation-
dephosphorylation regulation just described, and may also
involve allosteric regulation by modulators. These and
other mechanisms of regulation are broadly reviewed in
the section “Regulation of Metabolism?”

m Covalent regulation is strongly influenced by the hor-
mones glucagon and epinephrine. Glucagon acts in the
liver and adipose tissue and epinephrine acts in the
liver and muscle. These hormones exert their effect by

stimulating phosphorylase b kinase, thereby promoting
formation of the more active (“a”) form of the enzyme.
This hormonal activation of phosphorylase b kinase is
mediated through cAMP, the cellular concentration of
which is increased by the action of the same hormones,
epinephrine and glucagon.

m Allosteric regulation of phosphorylase generally
involves the positive modulator AMP, which induces

a conformational change in the inactive “b” form,
resulting in a fully active “b” form. ATP competes with
AMP for the allosteric site of the enzyme. High ATP lev-
els prevent the shift to the enzyme’s active form and tend
to keep it in its inactive form. No covalent (phosphory-
lation) regulation is involved in allosteric modulations.

The interconversion of phosphorylase a and phosphory-
lase b, along with the active and inactive forms of phosphor-
ylase b by covalent and allosteric regulation, respectively, is
shown in Figure 3.16. For the interested reader, a biochem-
istry text [1] includes a more detailed account of how the
phosphorylase reaction is regulated.

Although glycogen phosphorylase cleaves o 1-4 glyco-
sidic bonds, it cannot hydrolyze o 1-6 bonds. The enzyme
acts repetitively along linear portions of the glycogen mol-
ecule until it reaches a point four glucose residues from an
o 1-6 branch point. Here the degradation process stops,
resuming only after an enzyme called the debranching
enzyme cleaves the o 1-6 bond at the branch point.

At times of heightened glycogenolytic activity, the for-
mation of increased amounts of glucose 1-phosphate shifts
the glucose phosphate isomerase reaction toward produc-
tion of the 6-phosphate isomer. The glucose 6-phosphate
can enter into the oxidative pathway for glucose, glycoly-
sis, or become free glucose (in the liver or kidney). The
conversion of glucose 6-phosphate to free glucose requires
the action of glucose 6-phosphatase. This enzyme func-
tions in liver and kidney cells but is not expressed in
muscle cells or adipocytes. Therefore, free glucose can be
formed from liver glycogen and transported through the
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bloodstream to other tissues for oxidation, but muscle
glycogen cannot contribute to the blood glucose level.
Thus, the liver (but not muscle) can control the concen-
tration of glucose in the blood. Although muscle and, to
some extent, adipose tissue have glycogen stores, these
stores can be broken down to glucose only for use within
the cell in which it is stored.

GLYCOLYSIS

Glycolysis is the pathway by which glucose is degraded into
two units of pyruvate, a triose. From pyruvate, the metabolic
course of the glucose depends largely on the availability
of oxygen within the cell, and therefore the course is said
to be either aerobic or anaerobic. Under anaerobic condi-
tions—that is, in a situation of oxygen debt—pyruvate is
converted to lactate. Under otherwise normal conditions,
the conversion to lactate would occur mainly in times of
strenuous exercise when the demand for oxygen by the
working muscles exceeds that which is available. Lactate
produced under anaerobic conditions can also diffuse from
the muscle to the bloodstream and be carried to the liver
for conversion to glucose. Under these anaerobic condi-
tions, glycolysis releases a small amount of usable energy
that can help sustain the muscles even in a state of oxy-
gen debt. Providing this energy is the major function of the
anaerobic pathway of glucose to lactate. Anaerobic glycoly-
sis is the sole source of energy for erythrocytes, because the
red blood cell does not contain mitochondria. The brain
and GI tract produce much of their energy needs from
glycolysis.

Under aerobic conditions, pyruvate can be transported
into the mitochondria and participate in the TCA cycle, in
which it becomes completely oxidized to CO, and H,O.
Complete oxidation is accompanied by the release of rela-
tively large amounts of energy, much of which is salvaged
as ATP by the mechanism of oxidative phosphorylation.
The glycolytic enzymes function within the cytoplasmic
matrix of the cell, but the enzymes catalyzing the TCA cycle

Stimulated by
hormones glucagon
and epinephrine

Allosterically regulated
positively by AMP and
negatively by ATP

Figure 3.16 An overview of the regulation of
glycogen phosphorylase. It is also regulated allosterically
by AMP and ATP, which cause shifts in the equilibrium
between inactive and active “b” forms. AMP positively
modulates the enzyme by shifting the equilibrium
toward its active “b” form. ATP inhibits the effect of AMP,
thereby favoring the formation of the inactive “b” form.
For more details, see the text under the description for
reaction 1 of glycogenolysis.

reactions are located within the mitochondrion. Therefore,
pyruvate must enter the mitochondrion for complete oxi-
dation. Glycolysis followed by TCA cycle activity (aerobic
catabolism of glucose) demands an ample supply of oxy-
gen, a condition that generally is met in normal, resting
mammalian cells. In a normal, aerobic situation, complete
oxidation of pyruvate generally occurs, with only a small
amount of lactate being formed. The primary importance
of glycolysis in energy metabolism, therefore, is in provid-
ing the initial sequence of reactions (to pyruvate) necessary
for the complete oxidation of glucose by the TCA cycle,
which supplies relatively large quantities of ATP.

In cells that lack mitochondria, such as the erythrocyte,
the pathway of glycolysis is the sole provider of ATP
by the mechanism of substrate-level phosphorylation of
ADBP, discussed later in this chapter. Nearly all cell types
conduct glycolysis, but most of the energy derived from
carbohydrates originates in liver, muscle, and adipose tis-
sue, which together constitute a major portion of total body
mass. The pathway of glycolysis, under both aerobic and
anaerobic conditions, is summarized in Figure 3.17. Also
indicated in the figure is the mode of entry of glucose from
glycogenolysis, dietary fructose, and dietary galactose into
the pathway for metabolism. Following are comments on
selected reactions.

@ The hexokinase/glucokinase reaction consumes 1 mol
ATP/mol glucose. Hexokinase in muscle (but not glucoki-
nase) is negatively regulated by the product of the reaction,
glucose 6-phosphate. Glucokinase in liver (but not hexoki-
nase) is induced by insulin.

@ Glucose phosphate isomerase (also called hexose phos-
phate isomerase) catalyzes this interconversion of isomers—
glucose 6-P to fructose 6-P.

© The phosphofructokinase reaction, an important
regulatory site, is modulated (by allosteric mechanisms)
negatively by ATP and citrate and positively by AMP and
ADP. In other words, when the cell has adequate energy
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Figure 3.17 Glycolysis, indicating the mode of entry of glucose, fructose, glycogen, and galactose into glycolysis.
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stores (ATP) the glycolytic pathway is inhibited and does
not produce additional energy. Another ATP is consumed
in the reaction. This important reaction is also regulated
hormonally by glucagon (by induction), as described later
in this chapter.

@ The aldolase reaction results in splitting a hexose
(fructose) bisphosphate into two triose phosphates, glyc-
eraldehyde 3-phosphate and dihydroxyacetone phosphate
(DHAP). The prefix “bis” means two phosphates are pres-
ent, on different carbons atoms. The prefix “di” means that
the two phosphates are attached to each other and to a
single carbon atom.

@ The isomers glyceraldehyde 3-phosphate and dihy-
droxyacetone phosphate are interconverted by the enzyme
triosephosphate isomerase. In an isolated system, the equi-
librium favors DHAP formation. In the cellular environ-
ment, however, it is shifted completely toward producing
glyceraldehyde 3-phosphate, because this metabolite is
continuously removed from the equilibrium by the sub-
sequent reaction catalyzed by glyceraldehyde 3-phosphate
dehydrogenase.

@ In this reaction, glyceraldehyde 3-phosphate is oxi-
dized to a carboxylic acid, while inorganic phosphate
is incorporated as a high-energy anhydride bond. The
enzyme is glyceraldehyde 3-phosphate dehydrogenase,
which uses NAD™ as its hydrogen-accepting cosubstrate.
Under aerobic conditions, the NADH formed is reoxi-
dized to NAD* by O, through the electron transport chain
in the mitochondria, as explained in the next section.
The reason why O, is not necessary to sustain the reac-
tion of converting glyceraldehyde 3-P to bis-P-glycerate is
that under anaerobic conditions the NAD* consumed is
restored by a subsequent reaction converting pyruvate to
lactate (see the reaction below).

@ This reaction, catalyzed by phosphoglycerate kinase,
exemplifies a substrate-level phosphorylation of ADP. A
more detailed review of substrate-level phosphorylation,
by which ATP is formed from ADP by the transfer of a
phosphate from a high-energy donor molecule, is covered
below. Two ATPs are synthesized because glucose (a hexose)
makes two trioses.

@ Phosphoglyceromutase catalyzes the transfer of the
phosphate group from the number 3 carbon to the number
2 carbon of the glyceric acid.

@ Dehydration of 2-phosphoglycerate by the enzyme
enolase introduces a double bond that imparts high energy
to the phosphate bond.

(@ Phosphoenolpyruvate (PEP) donates its phosphate
group to ADP in a reaction catalyzed by pyruvate kinase.
This is the second site of substrate-level phosphorylation of
ADP in the glycolytic pathway to make two more ATPs.

@ The lactate dehydrogenase reaction transfers two
hydrogens from NADH and H* to pyruvate, reducing it to
lactate. NAD" is formed in the reaction and can replace the
NAD" consumed earlier under anaerobic conditions. This
reaction is most active in situations of oxygen debt, as occurs
in prolonged muscular activity. Under normal, aerobic
conditions, pyruvate enters the mitochondrion for complete
oxidation. A third important option available to pyruvate is
its conversion to the amino acid alanine by transamination,
a reaction by which pyruvate acquires an amino group from
the amino acid glutamate (Chapter 6). The alternate path-
ways for pyruvate, together with the fact that pyruvate is also
the product of the catabolism of various amino acids, makes
pyruvate an important link between protein (amino acid)
and carbohydrate metabolism.

@ and @ These two reactions provide the means by
which dietary fructose enters the glycolytic pathway.
Fructose is an important factor in the average American
diet, as nearly half the carbohydrate consumed is sucrose
and high-fructose corn syrup, which is becoming more
popular as a food sweetener. The phosphorylation of fruc-
tose to fructose 6-P function does not occur in tissues
other than the liver. Fructose is directly phosphorylated
by hexokinase to form fructose 6-phosphate. This is a
relatively unimportant reaction, because the liver clears
nearly all of the dietary fructose on the first pass. The hexo-
kinase reaction is slow and occurs only in the presence of
high levels of fructose. The phosphorylation of fructose
to fructose 1-P is the major means by which fructose is
converted to glycolysis metabolites. The phosphorylation
occurs at the number 1 carbon and is catalyzed by fructo-
kinase, an enzyme found only in liver cells. The fructose
1-phosphate subsequently is split by aldolase (designated
aldolase B to distinguish it from the enzyme acting on
fructose 1,6-bisphosphate), forming DHAP and glycer-
aldehyde. Glyceraldehyde can then be phosphorylated by
glyceraldehyde kinase (or triokinase) at the expense of a
second ATP to produce glyceraldehyde 3-phosphate. This
reaction converts fructose to glycolytic intermediates,
which can then follow the pathway to pyruvate formation
and mitochondrial oxidation. Alternatively, the three-
carbon intermediates can be used in the liver to produce
free glucose by a reversal of the first part of the glycolytic
pathway through the action of gluconeogenic enzymes.
Glucose formation from fructose is particularly impor-
tant if fructose provides the major source of carbohydrate
in the diet. Because the phosphorylation of fructose is
essentially the liver’s responsibility, eating large amounts
of fructose can deplete hepatocyte ATP and thus reduce
the rate of various biosynthetic processes, such as protein
synthesis.

@ Like glucose and fructose, galactose is first phosphory-
lated. The transfer of the phosphate from ATP is catalyzed
by galactokinase, and the resulting phosphate ester is at the



number 1 carbon of the sugar. The major dietary source of
galactose is lactose, from which the galactose is released by
lactase during absorption.

(® Galactose 1-phosphate can be converted to glucose
1-phosphate through the intermediates uridine diphos-
phate (UDP)-galactose and uridine diphosphate (UDP)-
glucose. The enzyme galactose 1-phosphate uridyl transfer-
ase transfers a uridyl phosphate residue from UDP-glucose
to the galactose 1-phosphate, yielding glucose 1-phosphate
and UDP-galactose. In a reaction catalyzed by epimerase,
UDP-galactose can then be converted to UDP-glucose, in
which form it can be converted to glucose 1-phosphate
(by the uridyl transferase reaction already described) or
be incorporated into glycogen by glycogen synthase, as
described previously in the section “Glycogenesis.” It can
also enter the glycolytic pathway as glucose 6-phosphate,
made possible by the reaction series UDP-glucose glucose
1-phosphate glucose 6-phosphate. As glucose 6-phosphate,
it can also be hydrolyzed to free glucose in liver cells (but
not muscle).

(® This is the point where glucose 6-phosphate enters into
a pathway called the hexosemonophosphate shunt (the
pentose phosphate pathway), which is discussed later in
this chapter.

@ This is the point of entry of glucose 1-phosphate into
glycogenesis, the synthesis of glycogen.

@ By glycogenolysis, the glucose stored in glycogen can
enter the glucose oxidative pathway (glycolysis).

SUBSTRATE-LEVEL PHOSPHORYLATION

The preceding discussion of glucose metabolism showed
several enzyme-catalyzed reactions that resulted in phos-
phorylated products. Thinking of these products in terms
of high-energy and low-energy phosphate bonds is easy,
with ATP and other nucleoside triphosphates being high
energy, and phosphate esters representing low energy.
However, the wide range of ester energy, along with the fact
that some phosphorylated compounds have even higher
energy than ATP, complicates the high-energy/low-en-
ergy concept. Phosphoenolpyruvate and 1,3-diphospho-
glycerate, which occur as intermediates in the metabolic
pathway of glycolysis, and phosphocreatine, an important
source of energy in muscle contraction, are examples of
compounds having phosphate bond energies significantly
higher than ATP. The structures of these compounds with
the phosphate bonds highlighted are shown in Figure 3.18.
Note that “high-energy” bonds are depicted as a wavy line
(~, called a tilde), indicating that the free energy of hy-
drolysis is higher than it is for the more stable phosphate
esters. Table 3.5 (on page 90) lists the standard free en-
ergy of hydrolysis of selected phosphate-containing com-
pounds in both Kcal and kJ.

CcHAPTER 3 O Carbohydrates 85
O (0}
Il Il
T —0~P—0"
|
B o
00~ 0 HO — CH 0
| i | I
C—0~P—0" CH, —0—P—0"

CH, o o_

Phosphoenolpyruvate 1,3-diphosphoglycerate

H3;C —N— CH, — COO~
Phosphocreatine

Figure 3.18 Examples of very high energy phosphate compounds. The phosphate
bonds represented by the wavy lines contain more energy than the terminal phosphate
bond of ATP, making it energetically possible to transfer these phosphate groups
enzymatically to ADP.

THE TRICARBOXYLIC ACID CYCLE

The tricarboxylic acid cycle (TCA cycle), also called the
Krebs cycle or the citric acid cycle, is at the forefront of
energy metabolism in the body. It can be thought of as
the common and final catabolic pathway, because prod-
ucts of carbohydrate, fat, and amino acids that enter the
cycle can be completely oxidized to CO, and H,0, with
the accompanying release of energy. Over 90% of the
energy released from food is estimated to occur as a result
of TCA cycle oxidation. Not all the substances entering
the cycle are totally oxidized, however. Some TCA cycle
intermediates are used in the formation of glucose by the
process of gluconeogenesis (discussed later), and some
can be converted to certain amino acids by transamina-
tion (Chapter 6).

The TCA cycle is located within the matrix of the
mitochondria. The high-energy output of the TCA cycle is
attributed to mitochondrial electron transport, with oxida-
tive phosphorylation being the source of ATP formation,
as discussed later in this chapter. The oxidation reactions
occurring in the cycle are actually dehydrogenations in
which an enzyme catalyzes the removal of two hydrogens
(“2H,) to an acceptor cosubstrate such as NAD* or FAD.
Because both the enzymes of the cycle and the enzymes
and electron carriers of electron transport are compart-
mentalized within the mitochondria, the reduced cosub-
strates, NADH and FADH,, are readily reoxidized by O,
through the electron transport chain, located in the mito-
chondrial inner membrane.

In addition to producing the reduced cosubstrates
NADH and FADH,, which furnish the energy when they
are oxidized during electron transport, the TCA cycle pro-
duces most of the carbon dioxide through decarboxylation
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reactions. In terms of glucose metabolism, recall that two
pyruvates are produced from one glucose molecule during
cytoplasmic glycolysis. These pyruvates in turn are trans-
ported into the mitochondria, where decarboxylation leads
to the formation of two acetyl CoA units and two mole-
cules of CO,. The two carbons represented by the acetyl
CoA are incorporated into citric acid and sequentially lost
as two molecules of CO, through TCA cycle decarboxyl-
ations. Most of the CO, produced is exhaled through the
lungs, although some is used in certain synthetic reactions
called carboxylations.

TCA Pathway

The TCA cycle is shown in Figure 3.19. The acetyl CoA,
which couples with oxaloacetate to begin the pathway, is
formed from numerous sources, including the breakdown
of fatty acids, glucose (through pyruvate), and certain amino
acids. We consider the formation from pyruvate here, be-
cause pyruvate links cytoplasmic glycolysis to the TCA cycle.
The first reaction shown in Figure 3.19 is called the pyruvate
dehydrogenase reaction. The reaction is actually a complex
one requiring a multienzyme system and various cofactors,
with the enzymes and cofactors contained within an isolat-
able unit called the pyruvate dehydrogenase complex. The co-
factors include coenzyme A (CoA), thiamin pyrophosphate
(TPP), Mg?**, NAD*, FAD, and lipoic acid. Four vitamins
therefore are necessary for the activity of the complex: panto-
thenicacid (a component of CoA), thiamin, niacin, and ribo-
flavin. The role of these vitamins and others as precursors of
coenzymes is discussed in Chapter 9. The enzymes in the
complex include pyruvate decarboxylase, dihydrolipoyl de-
hydrogenase, and dihydrolipoyl transacetylase. The net ef-
fect of the complex is decarboxylation and dehydrogenation
of pyruvate, with NAD™ serving as the terminal hydrogen
acceptor. This reaction therefore yields energy, because the
reoxidation of the NADH by electron transport produces
approximately 3 mol of ATP by oxidative phosphorylation.
The reaction is regulated allosterically negatively by acetyl
CoA and by NADH, and positively by ADP and Ca**.

The condensation of acetyl CoA with oxaloacetate initi-
ates the TCA cycle reactions. Following are comments on
the reactions (Figure 3.19). The individual reactions will
be discussed briefly:

@ The formation of citrate from oxaloacetate and acetyl
CoA is catalyzed by citrate synthase. The reaction is regu-
lated negatively by ATP.

@ The isomerization of citrate to isocitrate involves cis
aconitate as an intermediate. The isomerization, catalyzed
by aconitase, involves dehydration followed by sterically
reversed hydration, resulting in the repositioning of the
—OH group onto an adjacent carbon.

@ Catalyzed by the enzyme isocitrate dehydrogenase,
this is the first of four dehydrogenation reactions within

the cycle. Energy is supplied from this reaction through
the respiratory chain by the reoxidation of the NADH.
Note that the first loss of CO, in the cycle occurs at this
site. The CO, arises from the spontaneous decarboxyl-
ation of an intermediate compound, oxalosuccinate (not
shown). The reaction is positively modulated by ADP and
negatively modulated by ATP and NADH.

O The decarboxylation and dehydrogenation of o-
ketoglutarate is mechanistically identical to the pyruvate
dehydrogenase complex reaction in its multienzyme-
multicofactor requirement. In the reaction, called the
o-ketoglutarate dehydrogenase reaction, NAD™ serves
as hydrogen acceptor, and a second carbon is lost as
CO,. The pyruvate dehydrogenase, isocitrate dehydro-
genase, and o-ketoglutarate dehydrogenase reactions
account for the loss of the three carbons from pyruvate
as CO,,.

@ Energy is conserved in the thioester bond of succinyl
CoA. The hydrolysis of that bond by succinyl thiokinase
releases sufficient energy to drive the phosphorylation of
guanosine diphosphate (GDP) by inorganic phosphate.
The resulting GTP is a high-energy phosphate anhy-
dride compound like ATP. As such, GTP can serve as
phosphate donor in certain phosphorylation reactions,
for example, in reactions involved in gluconeogenesis or
glycogenesis. GTP can transfer its y-phosphate to ADP
to form ATP.

@ The succinate dehydrogenase reaction uses FAD
instead of NAD™ as hydrogen acceptor. The FADH, is
reoxidized by electron transport to O,, but only about two
ATPs are formed by oxidative phosphorylation instead of
three.

@ Fumarase incorporates the elements of H,O across the
double bond of fumarate to form malate.

@© The conversion of malate to oxaloacetate completes the
cycle. NAD™ acts as hydrogen acceptor in this dehydroge-
nation reaction, which is catalyzed by malate dehydroge-
nase. This reaction is the fourth site of reduced cosubstrate
formation (3-NADH and 1-FADH,) and thus results in
additional energy release in the cycle.

ATPs Produced By Complete Glucose Oxidation
The complete oxidation of glucose to CO, and H,O can be
shown by this equation:

CH

H,0, +60,—6CO, + 6 HO + energy

Complete oxidation is achieved by the combined reac-
tion sequences of the glycolytic and TCA cycle pathways.
By convention, it is assumed that 3 ATPS are formed by
oxidative phosphorylation from NADH, and 2 ATPs are
formed from FADH,. As discussed later in this chapter,
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Figure 3.19 The tricarboxylic acid (TCA) cycle.
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the actual number of ATPs formed from NADH is closer
to 2.5; for FADH,, it is 1.5. For convenience and consistency
we will continue to use the integers (3/2) for ATPs pro-
duced from NADH/FADH,. Therefore, under aerobic
conditions, the amount of released energy conserved as
ATP is as follows:

@ The glycolytic sequence, glucose —»> two pyruvates,
produces four ATPs by substrate-level phosphorylation.
However, two ATPs are used in the pathway, producing a
net of two ATPs. (2 ATPs)

@ The two NADHs formed in the glycolytic sequence at
the glyceraldehyde 3-phosphate dehydrogenase reaction
yield either four or six ATPs, depending on the shuttle sys-
tem for moving the NADH-reducing equivalents into the
mitochondria for reoxidation. The shuttle system is dis-
cussed later in this chapter. Generally, six ATPs are formed,
because of the overall greater activity of the malate-aspartate
shuttle system, as discussed later. (6 ATPs)

©® The intramitochondrial pyruvate dehydrogenase reac-
tion yields 2 mol of NADH, one for each pyruvate oxidized,
and therefore six additional ATPs by oxidative phosphory-
lation. (6 ATPs)

@ The oxidation of 1 mol of acetyl CoA in the TCA cycle
yields 12 ATPs. These ATPs form at different sites, indi-
cated by reaction number in Figure 3.19:

Reaction (3): 3 ATPs
Reaction (4): 3 ATPs
Reaction (5): 1 ATP (as GTP)
Reaction (6): 2 ATPs
Reaction (8): 3 ATPs

This process yields 12 ATPs X 2 mol of acetyl CoA
per mol of glucose, which equals a total of 24 ATPs.
(24 ATPs)

The total number of ATPs produced for the complete
oxidation of 1 mol of glucose is therefore 38, equivalent
to 262.8 keal (1,100 kJ). This figure represents only about
40% of the total energy released by mitochondrial elec-
tron transport, because biological oxidation is only about
40% efficient. The remaining 60%, or approximately
394 keal (1,650 kJ), is released as heat to maintain body
temperature.

To summarize energy release from glycolysis in terms
of ATP produced, substrate-level phosphorylation reac-
tions result in a net of two ATPs. These two ATPs are all
that is produced from anaerobic glycolysis. If the start-
ing point of glycolysis is glycogen rather than free glu-
cose, the hexokinase reaction is bypassed, and the energy
yield is therefore increased by one ATP for glycolysis of
glycogen glucose, under either aerobic or anaerobic
conditions.

Under aerobic conditions, in contrast, additional ATPs
are formed by oxidative phosphorylation. The cytoplasmic

NADH produced by glycolysis is not used in the (anaerobic)
lactate dehydrogenase reaction but is reoxidized by the
shuttle systems to NAD* by electron transport and oxy-
gen. The number of additional ATPs formed depends on
which shuttle system is used to move the NADH hydro-
gens into the mitochondrion. If the malate-aspartate shut-
tle is in effect, six ATPs are produced, bringing the total to
eight. In tissues using the glycerol 3-phosphate shuttle, just
four ATPs are formed by oxidative phosphorylation, for a
glycolytic total of six.

Acetyl CoA Oxidation and Tricarboxylic
Acid Cycle Intermediates

A steady supply of four-carbon units is needed for the
TCA cycle to oxidize all of the acetyl CoA produced to
CO, and H,0. In absence of four-carbon intermediates,
ketoacidosis results. We will discuss this process briefly
here and more extensively in Chapter 5. Acetyl CoA is pro-
duced by fatty acid oxidation and amino acid catabolism,
as well as from the pyruvate derived from glycolysis (see
Chapters 5 and 6). This increase in acetyl CoA leads to an
imbalance between the amounts of acetyl CoA and oxalo-
acetate, which condense one-to-one stoichiometrically in
the citrate synthase reaction. To keep the TCA cycle func-
tioning, oxaloacetate and/or other TCA cycle intermedi-
ates that can form oxaloacetate must be replenished in the
cycle. Such a mechanism does exist. Oxaloacetate, fuma-
rate, succinyl CoA, and o-ketoglutarate can all be formed
from certain amino acids, but the single most important
mechanism for ensuring an ample supply of oxaloacetate
is the reaction that forms oxaloacetate directly from pyru-
vate. This reaction, shown in Figure 3.20, is catalyzed by
pyruvate carboxylase. The “uphill” incorporation of CO,
is accomplished at the expense of ATP, and the reaction
requires the participation of biotin (see Chapter 9). The
conversion of pyruvate to oxaloacetate is called an anaple-
rotic (filling-up) process because of its role in restoring
oxaloacetate to the cycle. Interestingly, pyruvate carbox-
ylase is regulated positively by acetyl CoA, thereby accel-
erating oxaloacetate formation in response to increasing
levels of acetyl CoA.

NADH in Anaerobic and Aerobic Glycolysis:
The Shuttle Systems

Under anaerobic conditions, the NADH produced in the
pathway of glycolysis (the glyceraldehyde 3-phosphate
dehydrogenase reaction) cannot undergo reoxidation by
mitochondrial electron transport because molecular oxy-
gen is the ultimate oxidizing agent in that system. Instead,
NADH is used in the lactate dehydrogenase reduction of
pyruvate to lactate, thereby becoming reoxidized to NAD*
without involving oxygen. In this manner, NAD" is restored
to sustain the glyceraldehyde 3-phosphate dehydrogenase
reaction, allowing the production of lactate to continue in
the absence of oxygen.
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Figure 3.20 The reaction by which oxaloacetate is formed directly from pyruvate.

When glycolysis is operating aerobically, and the supply
of oxygen is adequate to allow total oxidation of incoming
glucose, lactic acid is not formed. Instead, pyruvate enters
the mitochondrion, as does a carrier molecule of hy-
drogen atoms that were transferred to it from NADH.
NADH cannot enter the mitochondrion directly. Rather,
reducing equivalents in the form of carriers of hydrogen
atoms (}2H,) removed from the NADH in the cytoplast
are shuttled across the mitochondrial membrane. Once in
the mitochondrial matrix, the carriers are enzymatically
dehydrogenated, and NAD* becomes reduced to NADH.
NADH can then become oxidized by electron transport
and consequently can generate about three ATPs per mole
of NADH by oxidative phosphorylation. In this manner,
six ATPs are formed aerobically per mole of glucose. The
result of the shuttle system is therefore equivalent to a
transfer of NADH from the cytoplasm into the mitochon-
drion, although the transfer does not occur directly.

Shuttle substances that transport the hydrogens removed
from cytoplasmic NADH into the mitochondrion are
glycerol 3-phosphate and malate. Figure 3.21 illustrates
how the glycerol 3-phosphate shuttle systems function in
the reoxidation of cytoplasmic NADH. The shuttle systems
are specific to certain tissues. The more active malate-
aspartate shuttle functions in the liver, kidney, and heart,
whereas the glycerol 3-phosphate shuttle functions in the
brain and skeletal muscle.

Glycerol 3-Phosphate Shuttle System Glycerophosphate
produced by glycolysis is oxidized by two different glyc-
erophosphate dehydrogenases, one in the cytoplasm and
the other on the outer face of the inner mitochondrial
membrane. The glycerol 3-phosphate shuttle, in contrast
to the malate-aspartate shuttle, leads to only two ATPs per
mole of cytosol-produced NADH because the intramito-
chondrial reoxidation of glycerol 3-phosphate is catalyzed
by glycerol phosphate dehydrogenase, which uses FAD
instead of NAD* as hydrogen acceptor. Therefore, if the
glycerol 3-phosphate shuttle is in effect, only four ATPs are
formed aerobically per mole of glucose by oxidative phos-
phorylation (Figure 3.21).

Malate-Aspartate Shuttle System The most active shut-
tle compound, malate, is freely permeable to the inner
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© A glycerophosphate in the cytosol
and one in mitochondrial membrane
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Figure 3.21 Glycerol-3-phosphate shuttle

mitochondrial membrane. The malate is oxidized by
the enzyme malate dehydrogenase to oxaloacetic acid in
the matrix of the mitochondria, producing NADH as a
cofactor, which generates about three ATPs per mole. The
oxaloacetic acid undergoes transamination by aspartate
aminotransferase to form aspartate, which is freely per-
meable to the inner membrane and can move back out
into the cytosol. The effect is that NADH moves into
the mitochondria, even though the inner mitochondrial
membrane is impermeable to it (Figure 3.22).

FORMATION OF ATP

In the preceding discussion, it was shown that certain
molecules can be activated by phosphate group transfer
from ATP. The phosphorylation itself is an endothermic
reaction but is made possible by the highly exothermic
hydrolysis of the terminal phosphate of ATP. For these
processes to continue in the body, the ADP produced by
the reaction must be reconverted to ATP to maintain the
homeostatic concentration of cellular ATP. How is this
conversion accomplished, considering the large amount of
energy (AG® = +7,300 cal/mol) (+35.7 kJ/mol) required
for the reaction?

Obviously, outside sources of considerable energy must
be linked to the phosphorylation of ADP. Actually, two
such mechanisms function in this respect, substrate-level
phosphorylation and oxidative phosphorylation. Substrate-
level phosphorylation has already been discussed, but cer-
tain aspects are highlighted here. From the standpoint of



90 cHAPTER 3 O Carbohydrates

o-Ketoglurate and malate
move freely across the inner
mitochondrial membrane.

Cytosol

o-Ketoglutarate < ----------------------f/-——--—— -

a-Ketoglutarate-
Malate
carrier

~ NAD+
N NADH + @

Oxaloacetate

Malate
dehydrogenase

Aspartate

aminotransferase

Aspartate

Mitochondrial
membrane

Malate ----------- - (GEEEEEE - - -~ - - - ———— > Malate

Matrix

————————————————————————— o-Ketoglutarate

NAD+
Malate /_
dehydrogenase
o NaDH + HE

Oxaloacetate
Glutamate
Aspartate \

aminotransferase J

~ Aspartate

Aspartate moves freely
across mitochondrial
membrane.

Oxidation/reduction of

NADT/NADH has net effect

of moving NADH into

mitochondria.
Figure 3.22 Malate-asparate shuttle.

the amount of ATP produced, oxidative phosphorylation is
decidedly the more important of the two mechanisms.

As shown in Table 3.5, phosphorylated molecules
have a wide range of free energies of hydrolysis of their
phosphate groups. Many of them release less energy than
ATP, but some release more. The AG® of hydrolysis of the
compounds listed in Table 3.5, called the phosphate group
transfer potential, is a measure of the compounds’ capaci-
ties to donate phosphate groups to other substances. The
more negative the transfer potential, the more potent the
phosphate-donating power. Therefore, a compound that

Table 3.5 Free Energy of Hydrolysis of Some Phosphorylated Compounds

Compound AG°(cal) AG’(kJ)
Phosphoenolpyruvate —14,800 —62.2
1,3-diphosphoglycerate 11,800 —49.6
Phosphocreatine —10,300 —433
ATP —7,300 =357
Glucose 1-phosphate —5,000 —21.0
Adenosine monophosphate (AMP) —3,400 —9.2
Glucose 6-phosphate —3,300 —139

releases more energy on hydrolysis of its phosphate can
transfer that phosphate to an acceptor molecule having a
relatively more positive transfer potential. For this trans-
fer to occur in actuality, however, there must be a specific
enzyme to catalyze the transfer. A phosphate group can be
enzymatically transferred from ATP to glucose, a transfer
that can be predicted from Table 3.5. It can also be predicted
from Table 3.5 that compounds with a more negative
phosphate group transfer potential than ATP can transfer
phosphate to ADP, forming ATP. This kind of reaction does,
in fact, occur in metabolism. The phosphorylation of ADP
by phosphocreatine, for example, represents an important
mode for ATP formation in muscle, and the reaction exem-
plifies a substrate-level phosphorylation (Figure 3.23).

Biological Oxidation and the Electron
Transport Chain

The major means by which ATP is formed from ADP is
through the mechanism of oxidative phosphorylation.
This process is discussed in detail here because ATP is the
major supplier of energy from carbohydrates. Oxidative
phosphorylation is also the major supplier of energy from
lipids and amino acids. The required energy to form ATP
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is tapped from a pool of energy generated by the flow of elec-
trons from substrate molecules undergoing oxidation and
the translocation of protons (H"). The electrons are then
passed through a series of intermediate compounds and
ultimately to molecular oxygen, which becomes reduced
to H,O in the process. The compounds participating in
this sequential reduction-oxidation constitute the respira-
tory chain, so named because the electron transfer is linked
to the uptake of O,, which is made available to the tissues
by respiration. Electron transport chain, a more commonly
used alternate term, is used instead throughout this text.
The chain functions within the cell mitochondria. These
organelles are often called the power plants of the cell, be-
cause of the large amount of energy liberated by electron
transport. This energy assumes the form of heat to maintain
body temperature and also is used to form ATP from ADP
and P.. Therefore, the term oxidative phosphorylation is a de-
scriptive blend of two processes operating simultaneously:

m the oxidation of a metabolite by O, through electron
transport
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The processes of cellular oxidation of nutrients, elec-
tron transport, and oxidative phosphorylation perform a
unified function and should be thought of together. They
are considered next in more detail.

Oxidation of the energy nutrients from food (carbohy-
drates, protein, lipids, and alcohol) is what releases their
inherent chemical energy and makes it available to the
body either as heat or as ATP. This section discusses the
nature of the oxidative processes that can occur and that
are directly involved in energy production.

Cellular oxidation of a compound can occur by several
different reactions: the addition of oxygen, the removal
of electrons, and the removal of hydrogens (atoms of H or
%:H,, not hydrogen ions). All these reactions are catalyzed
by enzymes collectively termed oxidoreductases. Among
these, the dehydrogenases, which remove hydrogens
and electrons from nutrient metabolites, are particularly
important in energy transformation. The hydrogens
and electrons removed from metabolites by dehydroge-
nase reactions pass along the components of the electron
transport chain and cause the release of large amounts
of energy. In reactions in which oxygen is incorporated
into a compound or hydrogens are removed by other than
dehydrogenases, the electron transport chain is not called
into play, and no energy is released. Such reactions are
catalyzed by a subgroup of oxidoreductase enzymes gen-
erally called oxidases; these are not considered further in
this section.

The hydrogen ions and electrons (which together are
equivalent to %2H,) removed from a substrate molecule
by a dehydrogenase enzyme are transferred to a cosub-
strate, such as the vitamin-derived nicotinamide adenine
dinucleotide (NAD™) or flavin mononucleotide (FMN).
The structures of these cosubstrates, with both the oxidized
and reduced forms, are shown Figures 3.24 and 3.25. An

m the phosphorylation of ADP example of energy release with oxidation is the oxidation
Site of oxidation
and reduction
I N
= | C—NH, ] C—NH,
~0—P—0—CH SN N
R +
| o |
(|) R
NH, O_T: o NADH
Z
N | |N o) OH OH
NP
N7 N CH,
O
H H
OH OH Figure 3.24 Nicotinamide adenine dinucleotide (NAD*)
NAD* and its reduced form (NADH).
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Reduction takes place
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Figure 3.25 Havin mononucleotide (FMN) and its reduced form (FMNH,).

of the fatty acid palmitate has already been discussed and
is shown in Figure 1.14. These reactions occur in the mi-
tochondria. The sequential arrangement of reactions in the
electron transport chain is shown in Figure 3.26. Dashed
lines outline the four complexes. Either NADH or FADH,
are the initial hydrogen acceptor for the electron transport
chain. The hydrogens and electrons are then enzymatically
transferred through the electron transport chain compo-
nents and eventually to molecular oxygen, which becomes
reduced to H,O.

Mobile electron
carrier

NADH + H* '

FAD

FADH,

Anatomical Site for Oxidative Phosphorylation

The structure of the mitochondrion is described in Figures
1.6 and 1.7. Refer to Chapter 1 for a description of the outer
membrane, which is permeable to most molecules smaller
than 10 kilodaltons, and the inner membrane, which has
very limited permeability. Remember that the enzymes of
the TCA cycle, except for one, and of fatty acid oxidation
discussed in Chapter 5, are located in the matrix of the
mitochondria. The one enzyme of the TCA cycle that is an
integral part of the inner membrane is succinate dehydro-
genase, the importance of which is discussed later in this
chapter. The translocation of H* (protons) from within
the matrix to the inner membrane space (the space be-
tween the cristae and outer membrane) provides much of
the energy that drives the phosphorylation of ADP to make
ATP. Note the respiratory stalks on the inner membrane
(Figure 1.6), which also play an important role in the
mechanism of oxidative phosphorylation. The electron
transport chain starts with NADH and FADH,, whether it
is shuttled in from the cytoplasm, as discussed previously,
or produced within the mitochondria.

Components of the Oxidative
Phosphorylation Chain

Substrate phosphorylation of ADP to form ATP in the
glycolytic pathway and the TCA cycle has already been
discussed. These pathways also produce NADH and
FADH,, and their shuttling into the mitochondria has
already been discussed. Most of the ATP produced from
the macronutrients in food is produced by phosphoryla-
tion coupled to the electron transport chain. Figure 3.24
shows the oxidation and reduction that occurs in electron

%0,

Figure 3.26 The sequential arrangement of the components of the electron transport chain, showing its division into four complexes, I, Il, Ill, and IV. Coenzyme Q

(ubiquinone) is shared by Complexes |, Il, and lII. Cyt cis shared by Complexes Il and IV.



transport in the mitochondria. However, this view is
too simplistic. The reactions actually take place in com-
plexes of associated proteins and enzymes. The elec-
tron transport chain is made of four distinct complexes,
which can be isolated and purified. Complex I NADH-
coenzyme Q reductase accepts electrons from NADH
and is the link with glycolysis, the TCA cycle, and fatty
acid oxidation. Complex II succinate CoQ dehydroge-
nase includes the membrane-bound succinate dehydro-
genase that is part of the TCA cycle. Both Complex I and
I produce CoQH,. Reduced coenzyme Q is the substrate
for Complex III, coenzyme Q-cytochrome ¢ reductase.
Complex IV is cytochrome oxidase. It is responsible for
reducing molecular oxygen to form H,0O. A schematic
depiction of the complexes is shown in Figure 3.27. The
complexes work independently and are connected by
mobile acceptors of electrons, coenzyme Q and cyto-
chrome c. Each complex is discussed briefly here. For a
more detailed explanation consult a general biochemis-
try textbook [1].

Complex | NADH-Coenzyme Q Oxidoreductase Complex
I transfers a pair of electrons from NADH to coenzyme
Q. The structures of the oxidized and reduced forms of
coenzyme Q are shown in Figure 3.28. The enzyme is also
called NADH dehydrogenase. The complex is made of
several polypeptide chains, a molecule of FMN and sever-
al Fe-S clusters, along with additional iron molecules. The
iron molecules bind with the sulfur-containing amino
acid cysteine. The iron transfers one electron at a time
cycling between Fe*?/Fe*?. The result of the multi-step
reaction is the transfer of electrons and hydrogen from
NADH to form reduced coenzyme Q and the transfer of
hydrogen ions from the matrix side of the inner mitochon-
drial membrane to the cytosolic side of the inner mem-
brane. The importance of the buildup of hydrogen ions in
the inner membrane space is discussed in the following
sections. The oxidation of NADH through the electron
transport chain results in the synthesis of approximately
3 ATP molecules.

Complex |

NADH dehydrogenase
NADH-CoQoxidreductase
Fe-S centers

Complex Il

Cytochrome C
CoQ-cytochrome C
oxidase

Complex Il Complex IV

Succinate dehydrogenase Cytochrome C

FAD oxidase
Fe-S centers Cuions
1 <X
h0, Hy0

Figure 3.27 Schematic of electron transport modules connecting through
coenzyme Q.
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Figure 3.28 O0xidized and reduced forms of coenzyme Q, or ubiquinone.
The subscript n indicates the number of isoprenoid units in the side chain (most
commonly 10).

Complex Il Complex II contains succinate dehydro-
genase, which is the only TCA cycle enzyme that is an
integral part of the inner mitochondrial membrane.
Beside the succinate dehydrogenase, complex IT contains
a FAD protein and Fe-S clusters (similar to those dis-
cussed previously). When succinate is converted to fu-
marate in the TCA cycle FAD is reduced to FADH,,. The
FADH, is oxidized with one electron transfers through
the Fe-S centers to reduce coenzyme Q to coenzyme
QH,. The oxidation of FADH, through the electron
transport chain results in the formation of approximately
2 molecules of ATP.

Complex Il Coenzyme Q-Cytochrome C Oxidoreductase
Reduced coenzyme Q passes its electrons to cytochrome
c in the third complex of the electron transport chain in
a pathway known as the Q cycle. The complex contains
three different cytochromes and Fe-S protein. The cyto-
chromes contain heme molecules with an iron molecule
in the center. The iron in the center of the cytochromes is
oxidized and reduced as electrons flow through. As elec-
trons pass through the Q cycle, protons are transported
across the inner mitochondrial membrane. Complex
III takes up two protons on the matrix side of the inner
membrane and releases four protons into the inner mem-
brane space for each pair of electrons passing through the
complex. Like coenzyme Q, cytochrome c is a mobile car-
rier. This characteristic means that cytochrome c is able
to migrate along the membrane. Cytochrome c associates
loosely with inner mitochondrial membrane on the
matrix side of the membrane. It can then pass its elec-
trons on to cytochrome c oxidase in complex IV, which is
discussed next.

Complex IV Complex IV is also called cytochrome ¢ oxi-
dase. It accepts electrons from cytochrome c and reduces
oxygen to form water. This reaction is the final one in the
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oxidation of the energy-providing nutrients (carbohy-
drate, fat, protein, and alcohol) to produce usable chemical
energy in the form of ATP. The structure of cytochrome ¢
oxidase is known; it is made up of multiple subunits. Some
of the subunits are encoded from nuclear DNA and some
from mitochondrial DNA. These later proteins contain
the iron and copper. These metal ions cycle between their
oxidized (Fet3, Cu™?) and reduced (Fet?, Cu™!) states.
Cytochrome c oxidase also contains two cytochromes,
cytochrome a and cytochrome a,, which contain different
heme moieties.

Electron transport can carry on without phosphory-
lation, but the phosphorylation of ADP to form ATP is
dependentuponelectrontransport. Thisprocessisdiscussed
in the next section. A schematic of the inner mitochondrial
membrane showing the four complexes of the electron
transport chain is shown in Figure 3.29. The free energy
change at various sites within the electron transport chain
is shown in Table 3.6.

Phosphorylation of ADP to Form ATP

The intimate association of energy release with oxidation
is exemplified by the oxidation of the fatty acid palmi-
tate shown in Figure 1.14. These reactions occur in the
mitochondria. We have already examined the difference
in E, values between the NAD"-NADH to demonstrate

As a pair of electrons pass through
the electron transport chain, H* are
translocated to the inner membrane
space, creating an electrical charge
and pH difference.

Intermembrane space

4H*

Inner mitochondrial
membrane

]m@mmffwﬁmﬁ i

i 1) CoQ

FAD

NAD*

NADH + H* FADH,

Matrix

Table 3.6 Free Energy Changes at Various Sites Within the Electron Transport
Chain Showing Phosphorylation Sites

Reaction AG"' (cal/mol) ADP Phosphorylation
NAD* — FMN =922
FMN —>= (oQ —15,682 ADP + P ——>= ATP
(0Q —> qytb -1,380
cyth —>= cytdl —7,380 ADP + P ——> ATP
ytcd —> qytc -922
ytc —> yta —1,845
yta —> %0, —24,450 ADP + P ——> ATP

sufficient energy is available to support phosphorylation
of ADP. The overall change in free energy across electron
transport chain:

AE, = E; (O,) - E, (NAD")
= 0.82 - (~0.32) = 114 volts

Then
AG = 2(23,062)(1.14) = —52,581 cal/mol

Under the standard conditions, 21,900 cal/mol (3 X
7,300) of this total energy is conserved for future use as
ATP, while the remaining 30,681 calories, representing
close to 60% of the total, is released in the form of heat
necessary to help maintain a normal body temperature.

4H* 2H*

% 0, + 2H*

H,0

Figure 3.29 The spatial orientation of the complexes of the electron transport chain in the inner membrane of

the mitochondrion.



The previous discussion focused on the translocation
of hydrogen ions from the matrix to the inner mito-
chondrial space. This translocation of hydrogen ions
requires energy but in return creates a pool of potential
energy that can be used to synthesize ATP. The gener-
ally accepted mechanism for the synthesis of ATP was
first proposed by Peter Mitchell in 1961. He proposed
that the energy stored in the difference in the concen-
tration of H* between the matrix of the mitochondria
and the inner mitochondrial space was the driving force
for coupled ATP formation. This proposal was called the
chemiosmotic hypothesis. A recent review presents cur-
rent research about proton translocation [20]. We will
examine its main points to support our understanding of
the coupling of phosphorylation with the electron trans-
port chain.

Translocation of H*

These energy relationships become important in under-
standing energy balance discussed in Chapter 8. This
area of research has been intense. Many components of
the hypothesis are supported by evidence. To determine
if the energy in the gradient is sufficient, we must ex-
amine the number of hydrogen ions translocated at each
complex. Direct measurements have been difficult and not
everyone agrees. The consensus is for every 2 electrons
that pass through Complex I (NADH dehydrogenase)
4 H* are translocated, for each pair of electrons pass-
ing through Complex III 4 H* are translocated, and
for Complex IV an additional 2 H* are translocated by
each pair of electrons passing through the complex.
No hydrogen ions are translocated in Complex II. This
means that for every NADH oxidized to water, a total
of 10 hydrogen ions are translocated from the matrix to
the intermembrane space. The electrical charge across the
inner membrane changes because of the positive hydro-
gen ions in the intermembrane space, a difference esti-
mated to be approximately 0.18 volts. It is also assumed
that the pH difference between the mitochondrial matrix
and the inner membrane is 1 unit. Using these assumptions
the free energy available is —94.49 kcal/mol (-23.3 kJ/mol).
This is the potential free energy available to move protons
back into the matrix of the mitochondria and at the same
time couple phosphorylation of ADP to ATP. Paul Boyer
and John Walker shared the 1997 Nobel Prize for chemistry
for their work on ATP synthase. A review of Paul Boyer’s
research on ATP synthase sums up several decades of
work [21].

ATP Synthase

The disparity in both the hydrogen ion concentration and
electrical charge on either side of the inner membrane
of the mitochondria has already been discussed. ATP
synthase is made up of five polypeptide chains. ATP syn-
thase also contains three hydrophobic subunits that form
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a channel through the membrane which move protons
and drive ATP synthesis. The channels are constructed
from protein aggregates and exist as two distinct sectors
designated F, and F. F| is the catalytic sector and resides
on the matrix side of the membrane. F; is the membrane
sector and is involved primarily with proton translocation
(Figure 3.30). Together, these components make up what
is called the F F, ATPase (or ATP synthase) aggregate, also
referred to as Complex V. The return flow of protons fur-
nishes the energy necessary for the synthesis of ATP from
ADP and P.. The proton flow is directed by the F sector to
the F| headpiece, which has binding sites for ADP and P,.
One oxygen atom of the inorganic phosphate is believed to
react with two of the energetic protons, eliminating H,0
from the molecule. The precise mechanism of phosphory-
lation is complicated and involves the spatial movement
of the complex protein.

Recall that the energy available from the oxidation of
NADH (+H") is sufficient to produce about 3 ATPs by
the phosphorylation of 3 ADPs. Current research based
on the number of protons translocated suggests that the
theoretical number is closer to 2.5 ATPs produced for
each NADH. This number accounts for the substrates for
ATPase—ADP and P.—that must be actively transported
into the mitochondrion from the cytoplasm, as well as
the product, ATP, that must be actively transported out.
The estimated number of ATPs formed from NADH
oxidation is therefore more realistically 2.5 rather than 3,
and from FADH, the number is 1.5 rather than 2. Dis-
agreement still exists about the correct number of ATPs
formed. Convention still uses the whole number stoi-
chiometry for most purposes. Throughout this text, we
adhere to the convention of ascribing the values 3 and 2 to
the number of moles of ATP produced from the oxidation
of molar amounts of NADH and FADH,, respectively.
The net yield of ATP from glucose oxidation depends on
the shuttle used to move the NADH into the mitochon-
dria. If the glycerol 2-phosphate shuttle is used, FADH, is
produced in the matrix of the mitochondria, and 2 ATPs
are formed. If malate-aspartate shuttle is used, a NADH is
produced in the matrix of the mitochondria, and 3 ATPs
are produced.

The previous discussion of the conversion of the chemi-
cal energy of carbohydrates to form ATP is an integral
part of carbohydrate metabolism. The next sections cover
other aspects of carbohydrate metabolism. Comprehensive
reviews of electron transport, oxidative phosphorylation,
and proton translocation are available to the interested
reader [22-24].

THE HEXOSEMONOPHOSPHATE SHUNT
(PENTOSE PHOSPHATE PATHWAY)

The hexosemonophosphate shunt is one of the pathways
shown in Figure 3.31 that is available to glucose. The purpose
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Figure 3.30 Anillustration of oxidative phosphorylation coupled with ATP synthase. Energy from electron
transport pumps protons into the intermembrane space from the matrix against a concentration gradient. The passive
diffusion of protons back into the matrix through the F F, ATP-synthase aggregate furnishes the energy to synthesize

ATP from ADP and inorganic phosphate. For more details, see the text.

of a metabolic shunt is to generate important intermediates
not produced in other pathways. The hexosemonophosphate
shunt has two very important products:

B pentose phosphates, necessary for the synthesis of the
nucleic acids found in DNA and RNA and for other
nucleotides (Figure 3.4)

B the reduced cosubstrate NADPH, used for important
metabolic functions, including the biosynthesis of fatty
acids (Chapter 5), the maintenance of reducing substrates
in red blood cells necessary to ensure the functional integ-
rity of the cells, and drug metabolism in the liver

The hexosemonophosphate shunt begins by oxidizing
glucose 6-phosphate in two consecutive dehydrogenase
reactions catalyzed by glucose 6-phosphate dehydroge-
nase (G-6-PD) and 6-phosphogluconate dehydrogenase
(6-PGD). Both reactions require NADP* as cosubstrate,
accounting for the formation of NADPH as a reduction
product. The first reaction, (G-6-PD) is irreversible and
highly regulated. It is strongly inhibited by the cosubstrate
NADPH. Pentose phosphate formation is achieved by
the decarboxylation of 6-phosphogluconate to form the
pentose phosphate, ribulose 5-phosphate, which in turn
is isomerized to its aldose isomer, ribose 5-phosphate.

Pentose phosphates can subsequently be “recycled” back
to hexose phosphates through the transketolase and trans-
aldolase reactions illustrated in Figure 3.31. This recycling
of pentose phosphates to hexose phosphates therefore
does not produce pentoses, but it does assure generous
production of NADPH as the cycle repeats.

The cells of some tissues have a high demand for NADPH,
particularly those that are active in the synthesis of fatty ac-
ids, such as the mammary gland, adipose tissue, the adrenal
cortex, and the liver. These tissues predictably engage the en-
tire pathway, recycling pentose phosphates back to glucose
6-phosphate to repeat the cycle and assure an ample supply
of NADPH. The pathway reactions that include the dehy-
drogenase reactions and therefore the formation of NADPH
from NADP™ are called the oxidative reactions of the path-
way. This segment of the pathway is illustrated on the left
in Figure 3.31. The re-formation of glucose 6-phosphate
from the pentose phosphates, through reactions catalyzed
by transketolase, transaldolase, and hexose phosphate isom-
erase, are called the nonoxidative reactions of the pathway
and are shown on the right in Figure 3.31. Transketolase and
transaldolase enzymes catalyze complex reactions in which
three-, four-, five-, six-, and seven-carbon phosphate sugars
are interconverted. These reactions are detailed in most
comprehensive biochemistry texts [1].
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Nonoxidative stage
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Figure 3.31 The hexosemonophosphate shunt, showing the oxidative stage (left side of diagram) and the
nonoxidative stage (right side of diagram). Abbreviations: G-6-PD, glucose 6-phosphate dehydrogenase; 6-PGD, 6-

phosphogluconate dehydrogenase.

The reversibility of the transketolase and transaldol-
ase reactions allows hexose phosphates to be converted
directly into pentose phosphates, bypassing the oxidative
reactions. Therefore, cells that undergo a more rapid rate
of replication and that consequently have a greater need for
pentose phosphates for nucleic acid synthesis can produce
these products in this manner.

The shunt is active in liver, adipose tissue, adrenal cor-
tex, thyroid gland, testes, and lactating mammary gland.
Its activity is low in skeletal muscle because of the limited
demand for NADPH (fatty acid synthesis) in this tissue and

also because of muscle’s reliance on glucose and fatty acids
for energy metabolism. Glucose 6-phosphate can be used
for either glycolysis or for the pentose phosphate pathway.
The choice is made by whether the cell needs energy (ATP/
ADRP ratio) or for biosynthesis (NADP*/NADPH ratio).

GLUCONEOGENESIS

D-glucose is an essential nutrient for most cells to func-
tion properly. The brain and other tissues of the central
nervous system (CNS) and red blood cells are particularly
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dependent on glucose as a nutrient. When dietary intake of
carbohydrate is reduced and blood glucose concentration
declines, hormones trigger accelerated glucose synthesis
from noncarbohydrate sources. Lactate, pyruvate, glycerol
(a catabolic product of triacylglycerols), and certain amino
acids represent the important noncarbohydrate sources.
The process of producing glucose from such compounds
is termed gluconeogenesis. The liver is the major site of
this activity, although under certain circumstances, such
as prolonged starvation, the kidneys become increasingly
important in gluconeogenesis.

Gluconeogenesis is essentially a reversal of the glyco-
lytic pathway. Most of the cytoplasmic enzymes involved
in the conversion of glucose to pyruvate catalyze their
reactions reversibly and therefore provide the means for
also converting pyruvate to glucose. Three reactions in
the glycolytic sequence are not reversible: the reactions
catalyzed by the enzymes glucokinase and hexokinase,
phosphofructokinase, and pyruvate kinase (sites 1, 3,
and 10 in Figure 3.17). These reactions all involve ATP
and are unidirectional by virtue of the high, negative free
energy change of the reactions. Therefore, the process of
gluconeogenesis requires that these reactions be either
bypassed or circumvented by other enzyme systems. The
presence or absence of these enzymes determines whether
a certain organ or tissue is capable of conducting gluco-
neogenesis. As shown in Figure 3.32, the glucokinase and
phosphofructokinase reactions can be bypassed by spe-
cific phosphatases (glucose 6-phosphatase and fructose
1,6-bisphosphatase, respectively) that remove phosphate
groups by hydrolysis.

The bypass of the pyruvate kinase reaction involves
the formation of oxaloacetate as an intermediate. Mito-
chondrial pyruvate can be converted to oxaloacetate by
pyruvate carboxylase, a reaction that was discussed ear-
lier as an anaplerotic process. Oxaloacetate, in turn, can
be decarboxylated and phosphorylated to phosphoenol-
pyruvate (PEP) by PEP carboxykinase, thereby complet-
ing the bypass of the pyruvate kinase reaction. The PEP
carboxykinase reaction is a cytoplasmic reaction, however,
and therefore oxaloacetate must leave the mitochon-
drion to be acted on by the enzyme. The mitochondrial

membrane, however, is impermeable to oxaloacetate,
which therefore must first be converted to either malate
(by malate dehydrogenase) or aspartate (by transamina-
tion with glutamate; see Chapter 6), both of which freely
traverse the mitochondrial membrane. This mechanism
is similar to the malate-aspartate shuttle previously dis-
cussed. In the cytoplasm, the malate or aspartate can be
converted to oxaloacetate by malate dehydrogenase or
aspartate aminotransferase (glutamate oxaloacetate trans-
aminase), respectively.

The reactions of the pyruvate kinase bypass also allow
the carbon skeletons of various amino acids to enter the
gluconeogenic pathway, leading to a net synthesis of glu-
cose. Such amino acids accordingly are called glucogenic.
Glucogenic amino acids can be catabolized to pyruvate or
to various TCA cycle intermediates or be anaerobically
converted to glucose by leaving the mitochondrion in the
form of malate or aspartate, as described. Reactions show-
ing the entry of noncarbohydrate substances into the glu-
coneogenic system are shown in Figure 3.33, along with
the bypass of the pyruvate kinase reaction.

Lactate Utilization

Effective gluconeogenesis accounts for the livers abil-
ity to control the high levels of blood lactate that may
accompany strenuous physical exertion. Muscle and adi-
pose tissue, for example, lack the ability to form free glu-
cose from noncarbohydrate precursors because they lack
glucose 6-phosphatase. Thus, muscle and adipose lactate
cannot serve as a precursor for free glucose within these
tissues or contribute to the maintenance of blood glucose
levels. Also, muscle cells convert lactate to glycogen only
very slowly, especially in the presence of glucose (as when
glucose enters muscle or adipose cells from the blood).
How, then, is the high level of muscle lactate that can
be encountered in situations of oxygen debt dealt with?
Recovery is accomplished by the gluconeogenic capabil-
ity of the liver. The lactate leaves the muscle cells and is
transported through the general circulation to the liver,
where it can be converted to glucose. The glucose can
then be returned to the muscle cells to reestablish homeo-
static concentrations there. This circulatory transport of

Pi>/ Glucose \/ ATP Pi >/ Fructose 6-P \/ ATP

Glucokinase or Fructose 1,6-
Hexokinase bisphosphatase

AR

Figure 3.32 Glucokinase and phosphofructokinase reactions.
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Figure 3.33 The reactions of gluconeogenesis, showing the bypass of the unidirectional pyruvate kinase
reaction and the entry into the pathway of noncarbohydrate substances such as glycerol, lactate, and amino
acids. Abbreviations: G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; FBP, fructose 1,6-bisphosphate;
DHAP, dihydroxyacetone phosphate; G3P, glyceraldehyde 3-phosphate; BPG, 1,3-bisphosphoglycerate; 3PG, 3-

phosphoglycerate; 2PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate.

muscle-derived lactate to the liver and the return of glu-
cose to the muscle is called the Cori cycle.

Efficient Glycogenesis

During the past decade, evidence has emerged from in
vitro studies that glucose has limited use by the liver as the
sole substrate at physiological concentrations and is, in fact,
a poor precursor of liver glycogen. However, glucose use
is greatly enhanced if additional gluconeogenic substances
such as fructose, glycerol, or lactate are available along with
the glucose. The term glucose paradox refers to the limited
incorporation of glucose into glycogen in the absence of
other gluconeogenic substances in vivo. Glucose ingested
during a meal is now believed to take a somewhat round-
about path to glycogen. First, it is taken up by red blood cells
in the bloodstream and converted to lactate by glycolysis.

Then, the lactate is taken up by the liver and converted to
glucose 6-phosphate by gluconeogenesis (and ultimately to

glycogen).

Regulation of Metabolism
|

The purpose of regulation is both to maintain homeosta-
sis and to alter the reactions of metabolism in such a way
as to meet the nutritional and biochemical demands of the
body. An excellent example is the reciprocal regulation of
the glycolysis and TCA cycle (catabolic) pathways and the
gluconeogenic (anabolic) pathways. Because the glycolytic
conversion of glucose to pyruvate liberates energy, the
reversal of the process, gluconeogenesis, must be energy
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consuming. The pyruvate kinase bypass in itself is energeti-
cally expensive, considering that 1 mol of ATP and 1 mol of
GTP must be expended in converting intramitochondrial
pyruvate to extramitochondrial PEP. It follows that among the
factors that regulate the glycolysis:gluconeogenesis activity
ratio is the body’s need for energy. Our discussion focuses on
the body’s energy requirements and on how regulation can
speed up or slow down the activity of the metabolic pathways
that contribute to release or consumption of energy.

In a broad sense, regulation is achieved by four
mechanisms:

B negative or positive modulation of allosteric enzymes
by effector compounds

B hormonal activation by covalent modification or induc-
tion of specific enzymes

m directional shifts in reversible reactions by changes in
reactant or product concentrations

m translocation of enzymes within the cell (covered in
Chapter 1)

ALLOSTERIC ENZYME MODULATION

Allosteric enzymes can be stimulated or suppressed by
certain compounds, usually formed within the pathway in
which the enzymes function. An allosteric, or regulatory,
enzyme is said to be positively or negatively modulated by
a substance (modulator) according to whether the effect
is stimulation or suppression, respectively. Modulators
generally act by altering the conformational structure of
their allosteric enzymes, causing a shift in the equilibrium
between so-called tight and relaxed conformations of the
enzyme (these terms refer to the three-dimensional struc-
ture of the enzyme). Assume the enzyme is functionally
more active in its relaxed form than in its tight form. A
positive modulator then causes a shift toward the relaxed
configuration, whereas a negative modulator shifts the
equilibrium toward the tight form.

As discussed previously in the section on enzymes in
Chapter 1, allosteric enzymes catalyze unidirectional, or
nonreversible, reactions. The modulators of the enzymes of
the undirectional reactions must either stimulate or sup-
press a reaction in one direction only. Stimulating or sup-
pressing an enzyme that catalyzes both the forward and the
reverse direction of a reaction would have little value.

AMP, ADP, and ATP as Allosteric Modulators

Cellular energy has a profound influence on energy-
producing cycles. An important regulatory system in
energy metabolism is the ratio of the cellular concentration
of ADP (or AMP) to ATP. The usual breakdown product of
ATP is ADP, but as ADP increases in concentration some
of it becomes enzymatically converted to AMP. Therefore,
ADP and/or AMP accumulation can signify an excessive
breakdown of ATP and a depletion of ATP.

AMBP, ADP, and ATP all act as modulators of certain
allosteric enzymes, but the effect of AMP or ADP opposes
that of ATP. For example, if ATP accumulates, as might
occur during a period of muscular relaxation, it negatively
modulates certain regulatory enzymes in energy-releasing
(ATP-producing) pathways. This effect reduces the pro-
duction of additional ATP. An increase in AMP (or ADP)
concentration conversely signifies a depletion of ATP
and the need to produce more of this energy source. In
such a case, AMP or ADP can positively modulate allo-
steric enzymes functioning in energy-releasing pathways
as their concentration increases. Two examples of positive
modulation by AMP are:

® AMPss ability to bring about a shift from the inactive
form of phosphorylase b to an active form of phosphor-
ylase b (Figure 3.16) in glycogenolysis

® AMP’s stimulation, by a similar mechanism, of the
enzyme phosphofructokinase, which catalyzes a reac-
tion in the glycolytic pathway

It can be reasoned that increased levels of AMP are
accompanied by an enhanced activity of either of these
reactions that encourages glucose catabolism. The result-
ing shift in metabolic direction, as signaled by the AMP
buildup, causes the release of energy as glucose is metabo-
lized and helps restore depleted ATP stores.

In addition to being positively modulated by AMP, phos-
phofructokinase is modulated positively by ADP and nega-
tivelyby ATP. Asthe store of ATPincreasesand further energy
release is not called for, ATP can thus signal the slowing of
the glycolytic pathway at that reaction. Phosphofructokinase
is an extremely important rate-controlling allosteric enzyme
and is modulated by a variety of substances. Its regulatory
function has already been described in Chapter 1.

Other regulatory enzymes in carbohydrate metabolism
are modulated by ATP, ADP, or AMP. Pyruvate dehydro-
genase complex, citrate synthase, and isocitrate dehy-
drogenase are all negatively modulated by ATP. Pyruvate
dehydrogenase complex is positively modulated by AMP,
and citrate synthase and isocitrate dehydrogenase are posi-
tively modulated by ADP.

REGULATORY EFFECT OF NADH:NAD* RATIO

The ratio of NADH to NAD™ also has an important regu-
latory effect. Certain allosteric enzymes are responsive to
an increased level of NADH or NAD™. These coenzymes
regulate their own formation through negative modulation.
Because NADH is a product of the oxidative catabolism of
carbohydrate, its accumulation would signal for a decrease in
catabolic pathway activity. Conversely, higher proportions of
NAD signify that a system is in an elevated state of oxidation
readiness and would send a modulating signal to accelerate
catabolism. Stated differently, the level of NADH in the



fasting state is markedly lower than in the fed state because
the rate of its reoxidation by electron transport would exceed
its formation from substrate oxidation. Fasting, therefore,
logically encourages glycolysis and TCA cycle oxidation of
carbohydrates. Dehydrogenase reactions, which involve the
interconversion of the reduced and oxidized forms of the
cosubstrate, are reversible. If metabolic conditions cause either
NADH or NAD" to accumulate, the equilibrium is shifted
so as to consume more of the predominant form. Pyruvate
dehydrogenase complex is positively modulated by NAD*,
whereas pyruvate kinase, citrate synthase, and o-ketogluta-
rate dehydrogenase are negatively modulated by NADH.

HORMONAL REGULATION

Hormones can regulate specific enzymes either by covalent
regulation or by enzyme induction. Covalent regulation re-
fers to the binding of a group by a covalent bond. An example
of this type of regulation is the phosphorylation and dephos-
phorylation of the enzymes, which converts them to active or
inactive forms. In some instances, phosphorylation activates
and dephosphorylation inactivates the enzyme. In other
cases, the reverse may be true. Examples may be found in the
covalent regulation of glycogen synthase and glycogen phos-
phorylase, enzymes discussed in the sections on glycogenesis
and glycogenolysis, respectively. Phosphorylation inactivates
glycogen synthase, whereas dephosphorylation activates it.
In contrast, phosphorylation activates glycogen phosphory-
lase, and dephosphorylation inactivates it.

Another important example of covalent regulation by a
hormone is the control by glucagon of the relative rates of
liver glycolysis and gluconeogenesis. The control is directed
at the opposing reactions of the phosphofructokinase (PFK)
and fructose bisphosphatase (FBPase) site and is medi-
ated through a compound called fructose 2,6-bisphosphate.
Unlike fructose 1,6-bisphosphate, fructose 2,6-bisphos-
phate is not a normal glycolysis intermediate but instead
serves solely as a regulator of pathway activity. Fructose
2,6-bisphosphate stimulates PFK activity and suppresses
FBPase activity, thereby stimulating glycolysis and reduc-
ing gluconeogenesis. Cellular concentration of fructose
2,6-bisphosphate is set by the relative rates of its formation
and breakdown. The compound is formed by phosphory-
lation of fructose 6-phosphate by phosphofructokinase
2 (PFK-2) and is broken down by fructose bisphosphatase 2
(FBPase-2). The designation 2 distinguishes these enzymes
from PFK and FBPase, which catalyze the formation and
breakdown, respectively, of fructose 1,6-bisphosphate.
PFK-2 and FBPase-2 activities are expressed by a single
(bifunctional) enzyme, and the relative activity of each is
controlled by glucagon. Glucagon stimulates the phos-
phorylation of the bifunctional enzyme, resulting in sharply
increased FBPase-2 activity and suppression of PFK-2 activ-
ity. Glucagon therefore stimulates hepatic gluconeogenesis and
suppresses glycolysis by reducing the concentration of fructose
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2,6-bisphosphate, a positive modulator of the glycolytic enzyme
PFK. The end result is that in response to falling blood glu-
cose levels, the release of glucagon encourages hepatic gluco-
neogenesis and thus helps to restore blood glucose levels.

Covalent regulation is usually mediated through cAMP,
which acts as a second messenger in the hormones’ action
on the cell. Recall that insulin strongly affects the glyco-
gen synthase reaction positively and that epinephrine and
glucagon positively regulate glycogen phosphorylase in
muscle and the liver, respectively. Each of these hormonal
effects is mediated through covalent regulation.

The control of enzyme activity by hormone induction
represents another mechanism of regulation. Enzymes
functioning in the glycolytic and gluconeogenic pathways
can be divided into three groups:

Group 1: Glycolytic enzymes
Glucokinase
Phosphofructokinase
Pyruvate kinase

Group 2: Bifunctional enzymes
Phosphoglucoisomerase
Aldolase
Triosephosphate isomerase
Glyceraldehyde 3-phosphate dehydrogenase
Phosphoglycerate kinase
Phosphoglyceromutase
Enolase
Lactate dehydrogenase

Group 3: Gluconeogenic enzymes
Glucose 6-phosphatase
Fructose bisphosphatase
PEP carboxykinase
Pyruvate carboxylase

As discussed in Chapter 1, enzyme (protein) synthesis
is either constitutive (at a constant rate) or adaptive (in
response to a stimulus, i.e., inductive). Groups 1 and 3 are
inducible enzymes, meaning that their concentrations can
rise and fall in response to molecular signals such as a sus-
tained change in the concentration of a certain metabolite.
Such a change might arise through a prolonged shift in
the dietary intake of certain nutrients. Induction stimu-
lates transcription of new messenger RNA, programmed
to produce the hormone. Glucocorticoid hormones are
known to stimulate gluconeogenesis by inducing the key
gluconeogenic enzymes to form, and insulin may stimu-
late glycolysis by inducing increased synthesis of key gly-
colytic enzymes. Enzymes in group 2 are not inducible and
are produced at a steady rate under the control of consti-
tutive, or basal, gene systems. Noninducible enzymes are
required all the time at a relatively constant level of activ-
ity, and their genes are expressed at a more or less constant
level in virtually all cells. Genes for enzymes that are not
inducible are sometimes called housekeeping genes.
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Figure 3.34 Insulin-independent and insulin-dependent pathways of glucose metabolism.

The interrelationship among pathways of carbohy-
drate metabolism is exemplified by the regulation of
blood glucose concentration. The interconversion of the
pathways, a topic of Chapter 7, is best understood after
metabolism of lipids and amino acids has been discussed
(Chapters 5 and 6). Largely through the opposing effects
of insulin and glucagon, fasting serum glucose level
normally is maintained within the approximate range
of 60 to 90 mg/dL (3.3-5.0 umol/L). Whenever blood
glucose levels are excessive or sustained at high levels
because insulin is insufficient, other insulin-indepen-
dent pathways of carbohydrate metabolism for lowering
blood glucose become increasingly active. Such insu-
lin-independent pathways are indicated in Figure 3.34.
The overactivity of these pathways in certain tissues is
believed to be partly responsible for the clinical manifes-
tations of diabetes mellitus, type 1 (see the Perspectives
in Chapters 7 and 8).

DIRECTIONAL SHIFTS IN REVERSIBLE
REACTIONS

Most enzymes catalyze reactions reversibly, and the pre-
ferred direction a reversible reaction is undergoing at a
particular moment is largely dependent on the relative
concentration of each reactant and product. An increasing
concentration of one of the reactants drives or forces the

SUMMARY

his chapter has dealt with a subject of vital importance

in nutrition: the conversion of the energy contained
within nutrient molecules into energy usable by the body.
It examines an important food source of that energy, car-
bohydrates. The major sources of dietary carbohydrate are
the starches and the disaccharides. In the course of diges-
tion, these are hydrolyzed by specific glycosidases to their
component monosaccharides, which are absorbed into the
circulation from the intestine. The monosaccharides then

reaction toward forming the other. For example, consider
the hypothetical pathway intermediates A and B, which are
interconverted reversibly.

Reaction]l «— A <— B <—

Reaction2 —> A —> B ——>

Reaction 1 may represent the reaction in a metabolic steady
state in which the formation of A from B is preferred over the
formation of B from A. It shows a net formation of A from
B, as indicated by the size of the directional arrows. Reaction
2 shows that the steady state shifts toward the formation of B
from A if some metabolic event or demand causes the con-
centration of A to rise above its homeostatic levels.

This concept is exemplified by the phosphoglucomu-
tase reaction, which interconverts glucose 6-phosphate
and glucose 1-phosphate and which functions in the
pathways of glycogenesis and glycogenolysis (Figures 3.13
and 3.15). At times of heightened glycogenolytic activ-
ity (rapid breakdown of glycogen), glucose 1-phosphate
concentration rises sharply, driving the reaction toward
the formation of glucose 6-phosphate. With the body at
rest, glycogenesis and gluconeogenesis are accelerated,
increasing the concentration of glucose 6-phosphate.
This increase in turn shifts the phosphoglucomutase
reaction toward the formation of glucose 1-phosphate
and ultimately glycogen.

are transported to the cells of various tissues, passing
through the cells’ outer membrane by facilitative trans-
port by way of transporters. Glucose is transported into
the cells of many different tissues by the GLUT family of
transporters. In the cells, monosaccharides first are phos-
phorylated at the expense of ATP and then can follow any
of several integrated pathways of metabolism. Glucose
is phosphorylated in most cells by hexokinase, but in
the liver it is phosphorylated by glucokinase. Fructose



is phosphorylated mainly by fructokinase in the liver.
Galactose is phosphorylated by galactokinase, also a liver
enzyme.

Cellular glucose can be converted to glycogen, primar-
ily in liver and skeletal muscle, or it can be routed through
the energy-releasing pathways of glycolysis and the tricar-
boxylic acid cycle (TCA cycle) in these and other tissues
for ATP production. Glycolytic reactions convert glucose
(or glucose residues from glycogen) to pyruvate. From
pyruvate, either an aerobic course (complete oxidation in
the TCA cycle) or an anaerobic course (to lactate) can be
followed. Nearly all the energy formed by the oxidation
of carbohydrates to CO, and H,O is released in the TCA
cycle, as reduced coenzymes are oxidized by mitochon-
drial electron transport. On complete oxidation, approxi-
mately 40% of this energy is retained in the high-energy
phosphate bonds of ATP. The remaining energy supplies
heat to the body.

Noncarbohydrate substances derived from the other
major nutrients, the glycerol from triacylglycerols (fats)
and certain amino acids, can be converted to glucose or
glycogen by the pathways of gluconeogenesis. The basic
carbon skeleton of fatty acids cannot be converted to a
net synthesis of glucose, but some of the carbons from
fatty acids find their way into the carbohydrate mol-
ecule. In gluconeogenesis, the reactions are basically the
reversible reactions of glycolysis, shifted toward glucose
synthesis in accordance with reduced energy demand by
the body. Three kinase reactions occurring in glycolysis
are not reversible, however, requiring the involvement
of different enzymes and pathways to circumvent those
reactions in the process of gluconeogenesis. Muscle gly-
cogen provides a source of glucose for energy only for
muscle fiber in which it is stored, because muscle lacks
the enzyme glucose 6-phosphatase, which forms free glu-
cose from glucose 6-phosphate. Glucose 6-phosphatase
is active in the liver, however, which means that the liver
can release free glucose from its glycogen stores into the
circulation for maintaining blood glucose and for use by
other tissues. The Cori cycle describes the liver’s uptake
and gluconeogenic conversion of muscle-produced lac-
tate to glucose.

A metabolic pathway is regulated according to the body’s
need for energy or for maintaining homeostatic cellular
concentrations of certain metabolites. Regulation is exerted
mainly through hormones, through substrate concentra-
tions (which can affect the velocity of enzyme reactions),
and through allosteric enzymes that can be modulated
negatively or positively by certain pathway products.

In Chapters 5 and 6, we will see that fatty acids and the
carbon skeleton of various amino acids also are ultimately
oxidized through the TCA cycle. The amino acids that
do become TCA cycle intermediates, however, may not
be completely oxidized to CO, and H,O but instead may
leave the cycle to be converted to glucose or glycogen (by
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gluconeogenesis) should dietary intake of carbohydrate
be low. The glycerol portion of triacylglycerols enters the
glycolytic pathway at the level of dihydroxyacetone phos-
phate, from which point it can be oxidized for energy or
used to synthesize glucose or glycogen. The fatty acids of
triacylglycerols enter the TCA cycle as acetyl CoA, which
is oxidized to CO, and H,O but cannot contribute carbon
for the net synthesis of glucose. This topic is considered
further in Chapter 5.

These examples of the entrance of noncarbohydrate sub-
stances into the pathways discussed in this chapter are cited
here to remind the reader that these pathways are not singu-
larly committed to carbohydrate metabolism. Rather, they
must be thought of as common ground for the interconver-
sion and oxidation of fats and proteins as well as carbohy-
drate. Maintaining this broad perspective will be essential
when we move on to Chapters 5 and 6, which examine the
metabolism of lipids and proteins, respectively.

Much of the energy needs for the body is in the form
of stored ATP. ATP can be generated by two distinct
mechanisms:

1. The transfer of a phosphate group from a very high
energy phosphate donor to ADP, a process called sub-
strate-level phosphorylation.

2. Oxidative phosphorylation, by which the energy
derived from the translocation of H*, which occurs
during mitochondrial electron transport, is used to
phosphorylate ADP to form ATP.

Oxidative phosphorylation is the major route for
ATP production. Electron flow in the electron trans-
port chain is from reduced cosubstrates to molecular
oxygen. Molecular oxygen becomes the ultimate oxidiz-
ing agent and becomes H,O in the process. The down-
hill flow of electrons and proton translocation generate
sufficient energy to affect oxidative phosphorylation
at multiple sites along the chain. The energy from this
process that is not conserved as chemical energy (ATP)
is given off as heat. About 60% of the energy is in the
form of heat.

Carbohydrate metabolism, including the energy-
releasing, systematic oxidation of glucose to CO, and
H,0, exemplify reactions of substrate-level and oxidative
phosphorylation. Similar energy transfer happens with
the lipid and amino acid pathways whenever a dehydra-
tion reaction occurs.

The hexosemonophosphate shunt generates impor-
tant intermediates not produced in other pathways of
the body, such as pentose phosphates for RNA and DNA
synthesis and the production of NADPH, which is used
in the synthesis of fatty acids and in drug metabolism.

This chapter begins the important topic in nutrition
of the regulation of metabolism. The primary mecha-
nisms discussed are by allosteric modulation of enzyme
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activity (either negative or positive), hormonal activation
by covalent modification, directional shifts in revers-
ible reactions, and the translocation of enzymes. This
topic will be revisited several times in Chapters 7 and 8.
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Hypoglycemia: Fact or Fall Guy?

aintaining normal blood glucose concentration

(normoglycemia) is essential to good health.

The consequences of abnormally high levels
(hyperglycemia), such as occur in diabetes, are well
established. Concentrations that are significantly below
the normal range (hypoglycemia) introduce a well-
recognized syndrome as well. This Perspective deals with
the consequences of hypoglycemia.

Glucose is our most important carbohydrate nutrient.

Its concentration in the blood is established by a balance
between processes that infuse glucose into the blood
and those that remove it from the blood for use by the
cells. The primary sources of blood glucose are

m exogenous (dietary sugars and starches)
m hepatic glycogenolysis
m hepatic gluconeogenesis

The primary glucose-requiring tissues are the brain,
erythrocytes, and muscle.

Preprandial (before-meals) serum glucose levels
generally range from 70 to 105 mg/dL in patients who
have no disorder of glucose metabolism (1dL =100 mL).
If whole blood is the specimen, the range is somewhat
lower, approximately 60 to 90 mg/dL. Should levels drop
below this range, glucoreceptors in the hypothalamus
stimulate the secretion of counter regulatory hormones
to try to return the glucose to homeostatic levels.

Such hormones include

m glucagon, which increases hepatic glycogenolysis
and gluconeogenesis

m epinephrine, which inhibits glucose use by muscle
and increases muscle glycogenolysis

m cortisol and growth hormone, although these
have a delayed release and do not contribute
significantly to acute recovery

The major hormone acting antagonistically to
those listed is insulin, which has the opposing effect
of increasing cellular uptake of glucose by muscle
and adipose tissue, thereby reducing its serum
concentration.

If, in spite of counterregulatory hormone response,
subnormal concentrations of glucose persist, a state
of clinical hypoglycemia can possibly result. This state,
in turn, can give rise to any number of associated
symptoms. Symptoms may be attributable to the low
glucose level or to the hormonal response to the low
glucose level and are broadly categorized as adrenergic
or neuroglucopenic.

Adrenergic symptoms arise as a result of increased
activity of the autonomic nervous system, coincident
with accelerated release of epinephrine. Adrenergic
symptoms include weakness, sweating/warmth,
tachycardia (rapid heart rate), palpitation, and tremor.

Neuroglucopenic symptoms are usually associated with
amore severe hypoglycemic state. They include headache,
hypothermia, visual disturbances, mental dullness, and
seizures. During insulin-induced hypoglycemia, adrenergic
symptoms may manifest at serum glucose concentrations
of about 60 mg/dL, and neuroglucopenic symptoms at
approximately 45 to 50 mg/dL.

Many of the symptoms listed here are nonspecific
and somewhat vague, and they may arise as a result
of any number of unrelated disorders. For this reason,
hypoglycemia is among the most overdiagnosed
ailments. Before it can be diagnosed as true clinical
hypoglycemia, a condition must satisy these criteria:

m low serum glucose level

m presence of adrenergic or neuroglucopenic
symptoms

m relief of symptoms upon ingesting carbohydrate
and a return of glucose levels toward normal

Patients commonly may have serum glucose
concentrations as low as 50 mg/dL and yet be
asymptomatic (without symptoms), whereas others
may be normoglycemic but have symptoms congruent
with hypoglycemia. In neither case is true clinical

hypoglycemia verifiable. Two types of hypoglycemia exist:

m fasting hypoglycemia is usually caused by drugs,
such as exogenous insulin, used to treat type 1
diabetes, or the sulfonylureas, which stimulate

insulin secretion. It can also be caused by
insulinomas ([3 cell tumors) or excessive intake
of alcohol.

m fed (reactive) hypoglycemia has two possible
causes in patients who have not undergone
certain gastrointestinal surgical procedures:
impaired glucose tolerance (IGT) and the more
common idiopathic postprandial syndrome.

Some patients with |GT or early stages of diabetes
experience postprandial (after-meals) hypoglycemia
because insulin response to food is initially delayed
and is followed by excessive insulin release that drives
glucose levels down to hypoglycemic concentrations.
This condition can be diagnosed by the oral glucose
tolerance test (OGTT), in which serum glucose levels
are observed following an oral load of glucose over an
extended period of time (often as long as 5 hours).

Much attention has been paid to the putative
idiopathic (of unknown origin) postprandial form of
hypoglycemia. It has been difficult to document that
adrenergic symptoms occur simultaneously with the
analytical finding of hypoglycemia. As discussed earlier,
adrenergic symptoms frequently do not correlate with
low glucose levels. Furthermore, feeding may not relieve
the symptoms or elevate serum glucose. This is the form
of hypoglycemia that has been over diagnosed as such.
The actual cause is more complex, and other factors may
be players in the game.

Diet therapy is the cornerstone of treatment for
all forms of reactive (fed) hypoglycemia. Patients
should avoid simple or refined carbohydrates and may
also benefit from frequent, small feedings of snacks
containing a mixture of carbohydrate, protein, and fat.
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nent in about the mid-1970s. Yet the concept of fiber, originally called

crude fiber or indigestible material, and its extraction from animal feed
and forages were introduced in Germany during the 1850s. The crude fiber
extraction method was used, even for human food, into the 1990s, despite the
existence of better methodology and the inconsistent relationship between crude
fiber and dietary fiber. Today, soluble and insoluble fibers may be extracted
or, in some cases, manufactured in laboratories and added as an ingredient to
create foods that contain what we now call functional fiber.

Results from extensive research devoted to dietary fiber during the last 25
or so years have found that fiber is important for gastrointestinal tract function
and for preventing and managing a variety of diseases. The varied effects of
fiber observed by researchers are related to the fact that dietary fiber consists of
different components, each with its own distinctive characteristics. Examining
these many components and their various distinctive characteristics empha-
sizes the fact that dietary fiber cannot be considered a single entity. This chapter
addresses the definitions of dietary fiber and functional fiber; the relationship
between plants and fiber; and the chemistry, intraplant functions, and proper-
ties of fiber. It also reviews recommendations for fiber intake.

D ietary fiber was recognized again as an important food compo-

Definitions of Dietary Fiber and Functional Fiber

With the publication of the 2002 Dietary Reference Intakes for Energy, Car-
bohydrate, Fiber, Fat, Protein, and Amino Acids by the National Academy of
Sciences Food and Nutrition Board, uniform definitions for dietary fiber and
functional fiber were established. Dietary fiber refers to nondigestible (by hu-
man digestive enzymes) carbohydrates and lignin that are intact and intrinsic
in plants [1]. Functional fiber consists of nondigestible carbohydrates that have
been isolated, extracted, or manufactured and have been shown to have ben-
eficial physiological effects in humans [1]. Table 4.1 lists dietary and functional
fibers. Each fiber listed in Table 4.1 is discussed in this chapter in the section
“Chemistry and Characteristics of Dietary and Functional Fibers”
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Table 4.1 Dietary and Functional Fibers

Dietary Fibers Functional Fibers

Cellulose Cellulose
Hemicellulose Pectin
Pectin Lignin*
Lignin Gums
Gums B-glucans
B-glucans Fructans*
Fructans Chitin and chitosan*
Resistant starches Polydextrose and polyols*
Psyllium
Resistant dextrins*
Resistant starches

*Data showing positive physiological effects in humans are needed.

Fiber and Plants

The plant cell wall consists of both a primary and a sec-
ondary wall and contains >95% of dietary fibers. The pri-
mary wall is a thin envelope that surrounds the contents of
the growing cell. The secondary wall develops as the cell
matures. The secondary wall of a mature plant contains
many strands of cellulose arranged in an orderly fashion
within a matrix of noncellulosic polysaccharides. The pri-
mary wall also contains cellulose, but in smaller amounts
and less well organized. The hemicellulose content of
plants varies but can make up 20% to 30% of the cell walls.
Starch, the energy storage product of the cell, is found
within the cell walls. Lignin deposits form in specialized
cells whose function is to provide structural support to
the plant. As the plant matures, lignin spreads through the
intracellular spaces, penetrating the pectins. Pectins func-
tion as intercellular cement and are located between and
around the cell walls. Lignin continues dispersing through
intracellular spaces, but it also permeates the primary wall
and then spreads into the developing secondary wall. As
plant development continues further, suberin is deposited
in the cell wall just below the epidermis and skin. Suberin
is made up of a variety of substances, including phenolic
compounds as well as long-chain alcohols and polymeric
esters of fatty acids. Cutin, also made of polymeric esters
of fatty acids, is a water-impermeable substance that is
secreted onto the plant surface. Both suberin and cutin are
enzyme- and acid-resistant. In addition to these substances,
waxes (which consist of complex hydrophobic, hydrocar-
bon compounds) are found in many plants, coating the
external surfaces.

Consuming plant foods provides fiber in the diet. The
plant species, the part of the plant (leaf, root, stem), and
the plant’s maturity all influence the composition (cellu-
lose, hemicellulose, pectin, lignin, etc.) of the fiber that is
consumed. Figure 4.1 shows the anatomy of a wheat plant.
Consuming cereal such as wheat bran (which consists of

Kernel |:

Endosperm

Stem

A wheat kernel

Root

Figure 4.1 The partial anatomy of a wheat plant.

the outer layers of cereal grains as shown in Figure 4.1)
provides primarily hemicellulose along with lignin. Eat-
ing fruits and vegetables provides almost equal quantities
(~30%) of cellulose and pectin. In contrast, cereals are
quite low in cellulose. This chapter reviews each of the di-
etary fibers, including their characteristics and functions,
as well as foods rich in the particular fiber. Identifying the
chemical characteristics and various intraplant functions
and properties of these plant cell wall substances (or sub-
stances in contact with the wall) helps us to conceptualize
how fiber components may affect physiological and meta-
bolic functions in humans.

Chemistry and Characteristics
of Dietary and Functional Fibers

CELLULOSE

Cellulose is considered a dietary fiber as well as a func-
tional fiber when added to foods. Chemical analysis
shows cellulose (Figure 4.2a) to be a long, linear polymer
(a high-molecular-weight substance made up of a chain of
repeating units) of 3 1-4 linked glucose units (alternately
stated, a D-glucopyranosyl homopolymer in 3 1-4 glyco-
sidic linkages). Cellulose is a main component of plant
cell walls. Hydrogen bonding between sugar residues in
adjacent parallel running cellulose chains imparts a mi-
crofibril three-dimensional structure to cellulose. Being a
large, linear, neutrally charged molecule, cellulose is water
insoluble, although it can be modified chemically (e.g., car-
boxymethylcellulose, methylcellulose, and hydroxypropyl-
methylcellulose) to be more water soluble for use as a
food additive. The extent to which cellulose is degraded
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by colonic bacteria varies, but generally it is poorly fer-
mented. Some examples of foods high in cellulose relative
to other fibers include bran, legumes, nuts, peas, root veg-
etables, vegetables of the cabbage family, the outer covering
of seeds, and apples. Purified, powdered cellulose (usually
isolated from wood) and modified cellulose are often added
to foods, for example, as a thickening or texturing agent
or to prevent caking or syneresis (leakage of liquid). Some
examples of foods to which cellulose or a modified form
of cellulose is added include breads, cake mixes, sauces,
sandwich spreads, dips, frozen meat products (e.g., chicken
nuggets), and fruit juice mixes.

HEMICELLULOSE

Hemicellulose, a dietary fiber and a component of plant
cell walls, consists of a heterogeneous group of polysac-
charide substances that vary both between different plants
and within a plant depending on location. Hemicelluloses
contain a number of sugars in their backbone and side
chains. The sugars, which form a basis for hemicellulose
classification, include xylose, mannose, and galactose in
the hemicellulose backbone and arabinose, glucuronic
acid, and galactose in the hemicellulose side chains. The
number of sugars in the side chains varies such that some
hemicelluloses are relatively linear, whereas others are
highly branched. Some of the sugars found in hemicellu-
loses are shown in Figure 4.2b. One example of a hemicel-
lulose structure is B 1-4 linked D-xylopyranose units with
branches of 4-O-methyl D-glucopyranose uronic acids
linked by ot 1-2 bonds or with branches of L-arabinofura-
nosyl units linked by o 1-3 bonds. The sugars in the side
chains confer important characteristics on the hemicel-
lulose. For example, hemicelluloses that contain acids in
their side chains are slightly charged and water soluble.
Other hemicelluloses are water insoluble. Fermentability
of the hemicelluloses by intestinal microflora (bacteria
adapted to living in that specific environment) is also in-
fluenced by the sugars and their positions. For example,
hexose and uronic acid components of hemicellulose are
more accessible to bacterial enzymes than are the other
hemicellulose sugars. Foods that are relatively high in
hemicellulose include bran and whole grains as well as
nuts, legumes, and some vegetables and fruits.

PECTINS

Pectins are a family of compounds that in turn make up a
larger family of pectic substances including pectins, pectic
acids, and pectinic acids. Pectin is both a dietary fiber and a
functional fiber. Pectinic acids represent polygalacturonic
acids that either are partly esterified with methanol or have
no or negligible amounts of methyl esters. Pectins typically
represent a complex group of polysaccharides called
galacturonoglycans, whichalsovary in methyl ester content.

Galacturonic acid is a primary constituent of pectin and
makes up its backbone structure. Pectin’s backbone is usu-
ally an unbranched chain of o 1-4-linked D-galacturonic
acid units (polygalactopyranosyluronic acids), as shown
in Figure 4.2c. Many of the carboxyl groups of the uronic
acid moieties exist as methyl esters. Other carbohydrates
may be linked to the galacturonic acid chain. These addi-
tional sugars, sometimes found attached as side chains, in-
clude rhamnose, arabinose, xylose, fucose, and galactose;
galactose may be present in a methylated form. Pectins
form part of the primary cell wall of plants and part of the
middle lamella. They are water soluble and gel-forming
and have high ion-binding potential. Because they are
stable at low pH values, pectins perform well in acidic
foods. In the body, pectins are almost completely metabo-
lized by colonic bacteria and are not a good fecal bulking
agent. Rich sources of pectins include apples, strawber-
ries, and citrus fruits. Legumes, nuts, and some vegetables
also provide pectins. Commercially, pectins are usually
extracted from citrus peel or apples and added to many
products. Pectin is added to jellies and jams to promote
gelling. It is also added to fruit roll-ups, fruit juices, and
icing or frosting, among other products. Pectin is added
to some enteral nutrition formulas administered to tube-fed
hospital patients to provide a source of fiber in their diets.

LIGNIN

Lignin is a three-dimensional (highly branched) polymer
composed of phenol units with strong intramolecular
bonding. The primary phenols that compose lignin in-
clude trans-coniferyl, trans-sinapyl, and trans-p-coumaryl,
shown in Figure 4.2d. Lignin forms the structural compo-
nents of plants and is thought to attach to other noncel-
lulose polysaccharides such as heteroxylans found in plant
cell walls. Lignin is insoluble in water, has hydrophobic
binding capacity, and is generally poorly fermented by co-
lonic bacterial microflora. Some studies, however, report
metabolism by gut flora to form the lignan enterolactone, a
weak phytoestrogen [2]. Lignin is both a dietary fiber and a
functional fiber. It is found especially in the stems and seeds
of fruits and vegetables and in the bran layer of cereals.
More specific examples of foods high in lignin include
wheat, mature root vegetables such as carrots, and fruits
with edible seeds such as strawberries.

GUMS

Gums, also called hydrocolloids, represent a group of sub-
stances. Gums are secreted at the site of plant injury by
specialized secretory cells and can be exuded from plants
(i.e., forced out of plant tissues). Gums that originate as tree
exudates include gum arabic, gum karaya, and gum ghatti;
gum tragacanth is a shrub exudate. Gums are composed
of a variety of sugars and sugar derivatives. Galactose and



glucuronic acid are prominent, as are uronic acids, arabi-
nose, rhamnose, and mannose, among others. Within the
large intestine, gums are highly fermented by colonic bac-
teria. Of the tree exudates, gum arabic is most commonly
used as a food additive to promote gelling, thickening, and
stabilizing. Gum arabic, shown in Figure 4.2e, contains a
main galactose backbone joined by B 1-3 linkages and 8
1-6 linkages along with side chains of galactose, arabinose,
rhamnose, glucuronic acid, or methylglucuronic acid
joined by B 1-6 linkages. The nonreducing ends terminate
with a rhamnopyrosyl unit. The popularity of gum ara-
bic is attributable to its physical properties, which include
high water solubility, pH stability, and gelling character-
istics. It is found in candies such as caramels, gumdrops,
and toffees, as well as in other assorted products.

The water-soluble gums guar gum and locust bean
gum (also called carob gum) are made from the ground
endosperm of guar seeds and locust bean seeds, respec-
tively. These gums consist mostly of galactomannans, the
main component of the endosperm. Galactomannans
contain a mannose backbone in 1-4 linkages and in a 2:1
or 4:1 ratio with galactose present in the side chains. Guar
galactomannans have more branches than locust bean
galactomannans.

Both guar gum and locust bean gum are added as a
thickening agent and water-binding agent (among other
roles) to products such as bakery goods, sauces, dairy
products, ice creams, dips, and salad dressings. Gums are
also found naturally in foods such as oatmeal, barley, and
legumes. Some gums (xanthan gum and gellan gum) can
be synthesized by microorganisms. Gums are considered
to be both dietary and functional fibers.

B-GLUCANS

B-glucans are homopolymers of glucopyranose units
(Figure 4.2f). This water-soluble dietary fiber is found
in relatively high amounts in cereal brans, especially
oats and barley. Oat -glucan consists of a chain of B-D-
glucopyranosyl units joined mostly in  1-4 linkages but
also some P 1-3 linkages. B-glucans, extracted from cere-
als, are used commercially as a functional fiber because
of their effectiveness in reducing serum cholesterol and
postprandial blood glucose concentrations. B-glucans are
highly fermentable in the colon.

FRUCTANS—INULIN, OLIGOFRUCTOSE,
AND FRUCTOOLIGOSACCHARIDES

Fructans, sometimes called polyfructose, including inulin,
oligofructose, and fructooligosaccharides, are chemically
composed primarily of fructose units in chains of varying
length. Inulin consists of a fructose chain that contains
from 2 to about 60 units, with B 2-1 linkages and a glu-
cose molecule linked to the C-2 position of the terminal
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fructofuranose unit to create a nonreducing unit at the
end of the molecule. Although human digestive enzymes
are not able to hydrolyze the 3 2-1 linkage, some bacteria,
such as bifidobacteria, have B-fructosidase, which can hy-
drolyze the B 2-1 linkage. Oligofructose is formed from
the partial hydrolysis of inulin and typically contains be-
tween 2 and 8 fructose units; it may or may not contain an
end glucose molecule. Fructooligosaccharides are similar
to oligofructose, except that polymerization of fructooli-
gosaccharides ranges from 2 to 4 units. Ingesting fruc-
tooligosaccharides and other fructans has been shown to
promote the growth of bifidobacteria (act as a prebiotic)
as discussed in more detail in the section on fermentable
fibers as prebiotics.

Fructans are found naturally in plants and are consid-
ered dietary fibers, but at present they are not reported
in most food composition databases. The most common
food sources of inulin and other fructans include chicory,
asparagus, onions, garlic, artichokes, tomatoes, and ba-
nanas. Fresh artichoke, for example, contains about 5.8 g
fructooligosaccharides per 100 g, and minced dried onion
flakes provide 4 g fructooligosaccharides per 100 g [3].
Wheat, barley, and rye also contain some fructans. Fruc-
tans, when added to foods, are often synthesized from su-
crose by adding fructose. The fibers also can be extracted
and purified from plant sources for commercial use. Inu-
lin is used to replace fat in fillings, dressings, and frozen
dessert, to name a few examples. Oligofructose is added,
for example, to cereals, yogurt, dairy products, and frozen
desserts. With sufficient data showing positive physiolog-
ical effects, fructans added to foods could be considered a
functional fiber. Americans are thought to consume up to
about 4 g of fructooligosaccharides each day from foods.

RESISTANT STARCH

Resistant starch is starch that cannot be enzymatically
digested, and thus absorbed, by humans. Four main types
of resistant starch exist. Starch found in plant cell walls that
is inaccessible to amylase activity is one type of resistant
starch, designated RS, . Food sources of RS, include par-
tially milled grains and seeds. Resistant starch also may
be formed during food processing. Ungelatinized gran-
ules of starch are typically resistant to enzymatic digestion
and are designated RS,. This type of starch can be found
in potatoes and unripe (green) bananas. Cooking and
cooling starchy foods by moist heat or extruding starchy
foods, for example, generates retrograde starch called RS,.
Chemical modifications of starch, such as the formation of
starch esters, or cross-bonded starches, also result in resis-
tant starch (called RS,). Both RS, and RS, are considered
dietary fibers, whereas RS, and RS, are considered func-
tional fibers [1]. RS, and RS, may be partially fermented
by colonic bacteria. Americans consume an estimated 10 g
of resistant starch daily.
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CHITIN AND CHITOSAN

Chitin is an amino-polysaccharide polymer containing 3
1-4 linked glucose units. It is similar in structure to cellu-
lose, but an N-acetyl amino group substitutes for the hy-
droxyl group at the C-2 of the D-glucopyranose residue.
Chitin is thus described as a straight chain homopolymer
of N-acetyl glucosamine. Chitin can replace cellulose in
the cell walls of some lower plants. It is also a component
of the exoskeleton of insects and is found in the shells of
crabs, shrimp, and lobsters. Chitin is insoluble in water.

Chitosan is a deacetylated form of chitin, and thus is a
polysaccharide made of glucosamine and N-acetyl glucos-
amine. Polymers of chitosan vary in their degree of acety-
lation. Like chitin, chitosan has a high molecular weight,
is viscous, and is water insoluble. However, lower molecu-
lar weight chitosans, manufactured through hydrolysis,
are less viscous and water soluble. As a positively charged
molecule in gastric juice, chitosan has the ability to inter-
act with or complex to dietary lipids, primarily unesteri-
fied cholesterol and phospholipids, which are negatively
charged. Once formed, the chitosan-lipid complex moves
from the acidic stomach into the more alkaline small in-
testine where it forms an insoluble gel that is excreted in
the feces. Consequently, the ability of chitosan supple-
ments, about 1.4 g/day, to reduce serum cholesterol and
triglyceride concentrations has been examined and shown
in some, but not all, studies to be effective [4-8]. Studies
in animals also suggest chitosan may augment immune
system function (specifically natural killer cell activity)
and minimize some adverse effects of some chemother-
apeutic agents used to treat cancer [9]. With additional
data showing physiological benefits in humans, chitosan
and chitin may be considered functional fibers [1].

POLYDEXTROSE AND POLYOLS

Polydextrose is a polysaccharide consisting of glucose and
sorbitol units that have been polymerized at high tempera-
tures and under a partial vacuum. Polydextrose, available
commercially, is added to foods as a bulking agent or as
a sugar substitute. The polysaccharide is neither digested
nor absorbed by the human gastrointestinal tract; how-
ever, it can be partially fermented by colonic bacteria and
contributes to fecal bulk. Polyols such as polyglycitol and
malitol are found in syrups. With sufficient data on physi-
ological benefits, some polyols and polydextrose may be
classified as functional fibers [1].

PSYLLIUM

Psyllium is obtained from the husk of psyllium seeds (also
called plantago or fleas seed). Products containing psyl-
lium have high water-binding properties and thus provide
viscosity in solutions. Psyllium, classified as a mucilage,

has a structure similar to that of gums and is considered a
functional fiber. It is added, for example, to health prod-
ucts such as Metamucil for its laxative properties [1].
Foods containing psyllium and that bear a health claim are
required to state on the label that the food should be eaten
with at least a full glass of liquid and that choking may re-
sult if the product is not ingested with enough liquid [10].
In addition, the label should state that the food should not
be eaten if a person has difficulty swallowing [10].

RESISTANT DEXTRINS

Resistant dextrins, also called resistant maltodextrins, are
generated by treating cornstarch with heat and acid and
then with enzymes (amylase). The resistant dextrins con-
sist of glucose polymers containing o 1-4 and o 1-6 glu-
cosidic bonds and o 1-2 and o 1-3 bonds. With sufficient
data showing beneficial physiological effects, resistant
dextrins may be considered functional fibers [1].

Selected Properties and
Physiological and Metabolic
Effects of Fiber

The physiological and metabolic effects of fiber vary
based on the type of ingested fiber. Significant charac-
teristics of dietary fiber that affect its physiological and
metabolic roles include its solubility in water (as shown
in Figure 4.3), its hydration or water-holding capacity
and viscosity, its adsorptive attraction or ability to bind
organic and inorganic molecules, and its degradability
or fermentability by intestinal bacteria. The following
sections review each of these characteristics and their
effects on various physiological and metabolic processes.
Figure 4.4 diagrams their relationships. However, as you
study these characteristics and their effects on the body,
remember that we eat foods with a mixture of dietary
fiber, not foods with just cellulose, hemicellulose, pec-
tins, gums, and so forth. Thus, the effects on the various
body processes are not as straightforward as presented
in this chapter and vary considerably based on the foods
ingested.

SOLUBILITY IN WATER

Fiber is often classified as water soluble or water insoluble
(Figure 4.3). Fibers that dissolve in hot water are soluble,
and those that do not dissolve in hot water are insoluble.
In general, water-soluble fibers include some hemicel-
luloses, pectin, gums, and B-glucans. Cellulose, lignin,
some hemicelluloses, chitosan, and chitin are examples of
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fibers generally delay gastric emptying, increase transit
time (through slower movement) through the intestine,
and decrease nutrient (e.g., glucose) absorption. In con-
trast, insoluble fibers decrease (speed up) intestinal tran-
sit time and increase fecal bulk. These actions (discussed
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in the following section) of the soluble and insoluble
fibers in turn induce other physiological and metabolic
effects.

WATER-HOLDING/HYDRATION CAPACITY
AND VISCOSITY

Water-holding or hydration capacity of foods refers to the
ability of fiber in food to bind water; think of fiber as a dry
sponge moving through the digestive tract hydrating or
soaking up water and digestive juices as it moves through
the digestive tract. Many of the water-soluble fibers such as
pectins, gums, and some hemicelluloses have a high water-
holding capacity in comparison with fibers such as cellu-
lose and lignin, which have a lower water-holding capacity.
In addition, some water-soluble fibers such as pectins,
psyllium, and gums form viscous (thick) solutions within
the gastrointestinal tract.

Water-holding capacity, however, does not depend just
on the fiber’s solubility in water. The pH of the gastroin-
testinal tract, the size of the fiber particles, and the degree
to which foods are processed also influence water-hold-
ing capacity and in turn its physiological effects. Coarsely
ground bran, for example, has a higher hydration capac-
ity than bran that is finely ground. Consequently, coarse
bran with large particles holds water, increases fecal vol-
ume, and speeds up the rate of fecal passage through the
colon. Maintaining the integrity of cells in grains and
legumes rather than subjecting them to traditional milling
processes also appears to affect the water-holding capacity
of fibers. Ingesting fibers that can hold water and create
viscous solutions within the gastrointestinal tract causes a
number of effects:

B delayed (slowed) emptying of food from the stomach

B reduced mixing of gastrointestinal contents with diges-
tive enzymes

B reduced enzyme function

B decreased nutrient diffusion rate (and thus delayed
nutrient absorption), which attenuates the blood glu-
cose response

B altered small intestine transit time

The following sections describe each of these effects.

Delayed (Slowed) Gastric Emptying

When fibers form viscous gels or hydrate within the stom-
ach, the release of the chyme from the stomach (gastric
emptying) into the duodenum (proximal small intestine)
is delayed (slowed). Thus, nutrients remain in the stomach
longer with these fibers than they would in the absence of
the ingested fiber. This effect creates a feeling of postpran-
dial (after-eating) satiety (fullness) as well as slows down
the digestion process, because carbohydrates and lipids
that remain in the stomach undergo no digestion in the

stomach and must move into the small intestine for further
digestion to occur.

Reduced Mixing of Gastrointestinal Contents
with Digestive Enzymes

The presence of viscous gels or hydrated fiber in the gas-
trointestinal tract provides a physical barrier that can im-
pair the ability of the nutrients in the food to interact with
the digestive enzymes. This interaction is critical for diges-
tion to occur.

Reduced Enzyme Function

Viscous gel-forming fibers have been shown to interfere
with the enzymatic hydrolysis of nutrients within the gas-
trointestinal tract. For example, gums may inhibit intes-
tinal peptidases that are necessary to digest peptides to
amino acids [11,12]. The activity of pancreatic lipase also
has been shown to be diminished because of ingestion of
viscous gel-forming fibers. The diminished lipase activity
in turn inhibits lipid digestion [11]. Whether fiber directly
decreases the activity of these digestive enzymes or acts
by reducing the rate of enzyme penetration into the food
is unclear.

Decreased Nutrient Diffusion Rate—Attenuation
of the Blood Glucose Response

Remember that for nutrients to be absorbed they must
move from the lumen of the small intestine through a
glycoprotein-rich (i.e., mucin-rich) water layer lying on top
of the enterocytes and finally into the enterocyte. The fiber-
associated decreased diffusion rate of nutrients through
this water layer is thought to be caused by an increased
thickness of the unstirred water layer. In other words, the
unstirred water layer becomes more viscous and resistant
to nutrient movement, and without this movement nutri-
ents cannot be absorbed into the enterocyte.

Another mechanism may also be responsible for de-
creased nutrient diffusion. Gums appear to slow glucose
absorption by decreasing the convective movement of
glucose within the intestinal lumen. Convective currents
induced by peristaltic movements bring nutrients from
the lumen to the epithelial surface for absorption. De-
creasing the convective solute movement also may help
explain why absorption of amino acids and fatty acids is
decreased by viscous fiber [11]. Ingesting viscous fibers
such as gums, pectin, B-glucans, psyllium, and to a vari-
able extent some chitosans, fructooligosaccharides, and
polydextrose, has been shown to slow transit, delay glu-
cose absorption, lower blood glucose concentrations, and
affect hormonal (especially glucagon-like peptide 1 and
insulin) response to the absorbed nutrient [4,5,8,13-24].
Moreover, adding crystalline cellulose to the diets of some
animals also has resulted in increased viscosity (thick-
ness) of digestive tract contents and chyme and reduced
glucose absorption secondary to diminished glucose



diffusion within the luminal contents [25]. Such effects
are beneficial to people with diabetes mellitus and reduce
postprandial blood glucose concentrations and insulin
needs and response.

A decreased nutrient diffusion rate may in turn result
in nutrients “missing” their normal site of maximal ab-
sorption. For example, if a nutrient is normally absorbed
in the proximal intestine but because of gel formation is
“trapped” as part of the gel, then absorption cannot occur
at this site. Should the nutrient be released from the gel,
the release is most likely going to occur at a site distal to
where the nutrient would normally have been absorbed.
The extent to which nutrients are absorbed throughout the
digestive tract varies with the individual nutrient.

Altered Small Intestine Transit Time

In general, soluble fibers typically delay (slow down or in-
crease) small intestine transit time versus insoluble fibers,
which decrease (speed up or shorten) transit time within
the small intestine. As with decreased diffusion rates, the
changes in transit time, especially if it is shortened, may re-
sult in decreased nutrient absorption because the nutrients
are in contact with enterocytes for too short a time.

ADSORPTION OR BINDING ABILITY

Some fiber components, especially lignin, gums, pectins,
some hemicelluloses, and some modified forms of chi-
tosans have the ability to bind (adsorb) substances such
as enzymes and nutrients in the gastrointestinal tract.
Maillard products also have this binding ability. Maillard
products consist of enzyme-resistant linkages between the
amino group (—NH,) of amino acids, especially the amino
acid lysine, and the carboxyl groups (—COOQO") of reduc-
ing sugars. Maillard products are formed during heat
treatment, particularly in baking and frying foods, and
typically cannot be digested by human digestive enzymes.
The ability of some Maillard products and fibers to adsorb
substances depends in part on gastrointestinal pH as well
as particle size, food processing, and fermentability [26].
Ingesting fibers with adsorption properties within the gas-
trointestinal causes these physiological effects:

®m diminished absorption of lipids

B increased fecal bile acid excretion

m lowered serum cholesterol concentrations (hypocholes-
terolemic properties)

m altered mineral and carotenoid absorption

The mechanisms by which these effects occur vary consid-
erably and are reviewed next.

Diminished Absorption of Lipids

Soluble fibers (e.g., pectin, gums, and -glucans) but also
the insoluble fiber lignin and modified forms of chitosan
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may affect lipid absorption by adsorbing or interacting
with fatty acids, cholesterol, and bile acids within the di-
gestive tract. Fatty acids and cholesterol that are bound or
complexed to fiber cannot form micelles and cannot be
absorbed in this bound form; only free fatty acids, mono-
acylglycerols, and cholesterol can be incorporated into
micelles. Remember that micelles are needed for these
end products of fat digestion to be transported through
the unstirred water layers and into the enterocyte. Thus,
fiber-bound lipids typically are not absorbed in the small
intestine and pass into the large intestine where they are
excreted in the feces or degraded by intestinal bacteria.

Increased Fecal Bile Acid Excretion

Adsorption of bile acids to fibers prevents the use of the
bile acids for micelle formation. And, like fiber-bound fatty
acids, bile acids bound to fiber cannot be reabsorbed and
recirculated (enterohepatic recirculation). Fiber-bound
bile acids typically enter the large intestine where they are
degraded by colonic microflora and excreted in the feces.

Lowered Serum Cholesterol Concentrations
(Hypocholesterolemic Properties)

The ability of some fibers to lower serum cholesterol con-
centrations is based on a series of events. First, when ex-
cretion of bile acids and cholesterol in the feces increases,
less bile undergoes enterohepatic recirculation. A decrease
in the bile acids returned to the liver and decreased cho-
lesterol absorption lead to a decreased cholesterol content
of liver cells. Decreased hepatic cholesterol promotes re-
moval of LDL cholesterol from the blood. The decrease in
returned bile acids to the liver also necessitates the use of
cholesterol for synthesis of new bile acids. The net effect is
alower serum cholesterol. A second proposed mechanism
for the hypocholesterolemic (lower blood cholesterol)
effect of fiber is the shift of bile acid pools away from
cholic acid and toward chenodeoxycholic acid. Cheno-
deoxycholic acid appears to inhibit 3-hydroxy 3-meth-
ylglutaryl (HMG) CoA reductase, a regulatory enzyme
necessary for cholesterol biosynthesis [12]. Decreased
HMG CoA reductase activity results in reduced hepatic
cholesterol synthesis and theoretically lower blood cho-
lesterol concentrations. A third mechanism suggests that
production of propionate or other short-chain fatty acids
from bacterial degradation of fiber (discussed in the next
section) lowers serum cholesterol concentrations, possibly
through inhibitory effects on fatty acid synthesis, choles-
terol synthesis, or both [27-30]. However, propionate fed
to humans has had varying effects on serum cholesterol
concentrations.

Studies have demonstrated that ingesting psyllium,
some gums (especially guar gum), B-glucan and oat prod-
ucts, resistant dextrins, and pectin can lower serum cho-
lesterol concentrations to varying degrees [19,24,31-45].
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Variable effects on blood lipid concentrations also have
been observed with ingestion of inulin, fructooligosac-
charides, and chitosan supplements [4-8,14,17,19,23].
Quantities of soluble fiber needed to lower serum lipid
concentrations vary from about <10 g per day for pectins
and gums to up to 150 g of dried beans or legumes. To con-
sume the necessary amount of soluble fiber from foods to
lower serum lipids, one would need to ingest, for example,
about 6 to 10 servings per day of soluble fiber-rich fruits
and vegetables, or about 2 to 3 servings per day of legumes
or oat- or barley-based cereals. Ingesting foods such as
corn, wheat, or rice bran, which are rich in insoluble fibers,
is less effective in lowering serum lipids [22,44,45], yet
diets rich in whole grains generally protect against risk for
heart disease [46,47].

In addition to the ability of various fibers to lower
serum cholesterol, other plant components, specifically
phytostanols and sterols, also lower serum cholesterol by
binding bile and dietary and endogenous cholesterol in
the gastrointestinal tract and enhancing its fecal excre-
tion from the body. Daily consumption of plant sterols and
stenols in amounts ranging from about 1.6 to 3 g/day has
been shown to decrease total and LDL plasma cholesterol
concentrations in people with normal blood lipid and high
blood lipid concentrations [48].

Altered Mineral and Carotenoid Absorption

Some fibers—especially those with uronic acid, such as
hemicellulose, pectins, and gums—as well as fructose
and galactose oligosaccharides can form cationic bridges
with minerals within the gastrointestinal tract. Lignin,
which has both carboxyl and hydroxyl groups, is also
thought to play a role in mineral adsorption. The overall
effect (positive or negative) that fiber has on mineral bal-
ance depends to some extent on its degree of fermentabil -
ity or its accessibility to bacterial enzymes in the colon.
Microbial proliferation from slowly fermentable fibers
may result in increased binding of minerals within the
new microbial cells and in the loss of minerals from the
body, assuming colonic mineral absorption. In contrast,
the more rapidly fermentable fibers (such as pectins and
oligosaccharides) appear to have a favorable effect on
mineral balance. The acidic environment generated by
bacterial fermentation of some fibers is thought to in-
crease mineral solubility, act with calcium to enhance
activity of exchange system transporters, or both. Cal-
cium, zing, and iron bound to these fiber components
appear to be released as fermentation occurs and may be
absorbed in the colon [12].

The absorption of carotenoid and some phytochemicals
also has been shown to be negatively affected by ingestion
of fibers, especially pectin and guar gum. Reductions (33%
to 74%) in the absorption of B-carotene, lycopene, lutein,
and canthaxanthin have been demonstrated when pectin
or guar gum are added to the diet.

DEGRADABILITY/FERMENTABILITY

Fiber reaches the colon undigested by human digestive en-
zymes. Some fiber, however, can be degraded (fermented)
to varying degrees by colonic microflora. This section
discusses first fermentable fibers and their effects on the
body. A discussion of the effects of fibers that are not fer-
mentable or are less fermentable follows.

Fermentable Fibers

Many fibers are fermented in the digestive tract. Those
that are most fermentable include fructans, pectin, gums,
psyllium, polydextrose, and resistant starch. In addition
to these fibers, some cellulose and hemicelluloses are also
fermentable, but their fermentation is much slower than
that of the other fibers. Fermentable fibers provide many
benefits to the body. For example, some fermentable fibers
stimulate the production of bacteria. Fermentable fibers
also can generate short-chain fatty acids for use by the
body. Both of these roles are discussed hereafter.

Fermentable Fibers as Prebiotics In addition to being
degraded by intestinal microflora, some fibers (but not
all) have been shown to function as a prebiotic. Prebiot-
ics serve as substrates to promote the colonic growth of
selected health-promoting species of bacteria. Fibers that
have been shown to function as prebiotics include inulin,
oligofructose, fructooligosaccharides, pectin, B-glucans,
gums, and RS,. In addition, other partially digestible sug-
ars such as soybean oligosaccharides, galactose oligosac-
charides, and lactulose (a keto-analogue of lactose) also
have been shown to promote the growth of health-pro-
moting bacteria. Galactose oligosaccharides and soybean
oligosaccharides include sugars such as raffinose, stachy-
ose, and verbascose. Raffinose is a trisaccharide of fruc-
tose and glucose to which galactose is linked in an a 1-6
glycosidic linkage. Stachyose is similar to raffinose but
has an additional galactose molecule so it is a tetrasaccha-
ride of fructose, glucose, and galactose to which another
galactose is linked. Verbascose is an oligosaccharide con-
taining fructose, glucose, and three galactose molecules.
These sugars, shown in Figure 4.5, are found in a variety of
peas and beans including soybeans, chick peas, field peas,
green peas, lentils, and mung, lima, snap, northern, and
navy beans, among others. The fibers that function as pre-
biotics have been shown to stimulate the colonic growth
of lactobacilli and bifidobacteria, both health-promoting
bacteria. The amount of prebiotics needed to increase the
colonic bifidobacteria population varies with the differ-
ent fibers. Generally, ingesting about 10 to 15 g daily of
inulin, oligofructose, fructooligosaccharides, galactose
oligosaccharides, lactulose, or RS, for at least 14 to 21 days
is sufficient [28,49,50]. However, because of differences
in methodology, form and dose of substrate (prebiotic),
duration, subjects, and types of measurements collected,



comparisons of the efficacy of different prebiotics cannot
be accurately made at this time [51]. The increased pres-
ence of the beneficial bacteria has been shown to reduce
the presence of pathogenic or potential pathogenic bacte-
ria (such as Clostridium perfringens and salmonella) and
may be useful in preventing and treating various diseases
or conditions such as diarrhea [52]. See Chapter 2 for ad-
ditional information on intestinal bacteria.

Short-Chain Fatty Acid Generation The principal metab-
olites of fermentable fibers are lactate and short-chain fatty
acids, formerly called volatile fatty acids because of their
volatility in acidic aqueous solutions. The short-chain fatty
acids include primarily acetic, butyric, and propionic ac-
ids. Other products of fiber fermentation are hydrogen,
carbon dioxide, and methane gases that are excreted as fla-
tus or expired by the lungs. Different fibers are fermented
to different short-chain fatty acids in different amounts by
different bacteria. For example, ingesting pectin resulted
in higher propionate concentrations in the colons of rats
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than ingesting wheat bran, which resulted in higher bu-
tyrate concentrations [53]. Furthermore, bacteroids that
act on pectin generate acetate, propionate, and succinate,
whereas eubacteria yield acetate, butyrate, and lactate
from pectin degradation. In addition, bifidobacteria pro-
duce acetate and lactate from pectin fermentation. Some
general effects of these short-chain fatty acids include:

B increased water and sodium absorption in the colon
m mucosal cell proliferation

m provision of energy

m acidification of luminal environment

The next sections briefly review each of these general
effects.

Increased Water and Sodium Absorption in the Colon
Short-chain fatty acids produced by fermentation are rap-
idly absorbed, and their absorption in turn stimulates water
and sodium absorption in the colon.
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Figure 4.5 (hemical structures of some galactose oligosaccharides that may promote the growth of healthy

bacteria in the gastrointestinal tract.



118 cHAPTER 4 O Fiber

Mucosal Cell Proliferation Substrates generated from the
degradation of dietary fiber in the colon stimulate the pro-
liferation of mucosal cells in the gastrointestinal tract.

Provision of Energy Short-chain fatty acids provide body
cells with substrate for energy production. Butyric acid pro-
vides an energy source for colonic epithelial cells. Those
fatty acids not used by the colonic cells, primarily the pro-
pionic and acetic acids, are carried by the portal vein to the
liver, where the propionate and some of the acetate are taken
up and metabolized. Most of the acetate, however, passes
to the peripheral tissues, where it is metabolized by skeletal
and cardiac muscle. Remember from the section on lowered
serum cholesterol that the propionic acid generated from
fiber fermentation can inhibit hepatic cholesterol biosyn-
thesis in rats.

Fermentation of carbohydrates by colonic anaerobic
bacteria makes available to the body some of the energy
contained in undigested food reaching the cecum. The
exact amount of energy realized depends mostly on the
amount and type of dietary fiber that is ingested. In devel-
oped countries, as much as 10% to 15% of ingested carbo-
hydrate may be fermented in the colon; in the third-world
(developing) countries, this percentage may be consider-
ably higher [54].

Acidification of Luminal Environment The generation of
short-chain fatty acids in the colon from bacterial fiber
fermentation results in a decrease in the pH of the colon’s
luminal environment. With the more acidic pH, free bile
acids become less soluble. Furthermore, the activity of bac-
terial 7 a dehydroxylase diminishes (optimal pH ~6-6.5)
and thus decreases the rate of conversion of primary bile
acids to secondary bile acids. With the lower pH, calcium
also becomes more available (soluble) to bind bile and fatty
acids [55]. These latter two changes may be protective
against colon cancer.

Nonfermentable Fibers

Fiber components that are nonfermentable, principally
cellulose and lignin, or that are more slowly ferment-
able, such as some hemicelluloses, are particularly valu-
able in promoting the proliferation of microbes in the
colon. Microbial proliferation may be important both for
detoxification and as a means of increasing fecal volume

(bulk).

Detoxification The detoxification role is based on the
theory that the synthesis of increased microbial cells (i.e.,
microbial proliferation) could result in the increased mi-
crobial scavenging and sequestering of substances or tox-
ins, which eventually are excreted. Alternately, certain
colonic bacteria appear to inhibit proliferation of tumor
cells and delay tumor formation. In addition, bacteria

such as Lactobacillus acidophilus can reduce the activity of
enzymes that catalyze the conversion of procarcinogens to
carcinogens [56].

Increased Fecal Volume (Bulk) In addition to its detoxify-
ing role, microbial proliferation may promote increased fe-
cal volume or bulk. Fecal bulk consists of unfermented fiber,
salts, water, and bacterial mass. In general, fecal bulk in-
creases with increased bacterial proliferation. This increase
occurs not only because of the mass of the bacteria but also
because bacteria are about 80% water. Thus, with increased
fecal bacteria present, mass increases, and so does the water-
holding capacity of the feces.

In general, fecal bulk increases as fiber fermentability
decreases. The rapidly fermentable fibers, such as pectins,
gums, and (3-glucans, appear to have little or no effect on
fecal bulk. Wheat bran is one of the most effective fiber
laxatives because it can absorb three times its weight of
water, thereby producing a bulky stool. Gastrointestinal
responses to wheat bran include:

B increased fecal bulk
B greater frequency of defecation
B reduced intestinal transit time

B decreased intraluminal pressure

Rice bran has been found to be even more effective than
wheat bran in eliciting an increased fecal bulk and a re-
duced intestinal transit time; both rice and wheat bran are
helpful in treating constipation [57]. Other fibers that have
been shown to increase fecal bulk and decrease stool tran-
sit time to improve laxation include cellulose, psyllium,
inulin, and oligosaccharides [58-62].

Roles of Fiber in Disease Prevention

and Management

The importance to health of an adequate fiber intake is
demonstrated by some of the physiological effects exerted
by the various dietary fibers. Particularly noteworthy are
the hypoglycemic and hypolipidemic effects of soluble
fibers. Slowing the absorption rate of carbohydrate can
help the person with diabetes mellitus in regulating blood
glucose concentrations. Serum cholesterol concentrations
in excess of about 200 mg/dL are considered a risk factor
for heart disease. Thus, ingestion of soluble fibers that
can lower serum cholesterol to acceptable concentrations
is beneficial against heart disease. Adequate intake of in-
soluble, nonfermentable fiber also has been recognized as
important in treating several gastrointestinal disorders,
including diverticular disease, gallstones, irritable bowel



syndrome, and constipation. Evidence for the effective-
ness of fiber in the control of other diseases appears
equivocal; however, populations with higher fiber intakes
have a lower incidence of gastrointestinal disorders, heart
disease, and breast and colon cancers [63-80]. A gener-
ous fiber intake also appears to benefit some people in
their efforts at weight control. The bulk provided by fiber
may have some satiety value. High-fiber foods may re-
duce the hunger associated with caloric (energy) restric-
tion while simultaneously delaying gastric emptying and
somewhat reducing nutrient utilization [79-81]. The ef-
fectiveness of a high-fiber diet as a treatment for obesity
remains unclear.

Although different fibers exhibit different characteris-
tics, in some cases ingesting particular foods, and not just
fiber, has been shown to influence disease risk. Ingestion of
whole-grain cereals, not just cereal fiber, for example, has
been shown to negatively correlate with risk of death from
heart disease [46,47]. Similarly, the postprandial insulin
response, which in turn influences plasma glucose con-
centrations, has been shown to be influenced by the form of
food and botanical structure rather than by the amount of
fiber or type of grain product [82].

The U.S. Food and Drug Administration has approved
several health claims related to fiber. The claims typically
focus on fruits, vegetables, and grain products. For exam-
ple, for one claim, the food requirements include fruits,
vegetables, or grain products that are low in fat and a good
source of dietary fiber without fortification. An example
of such a claim is “Low fat diets rich in fiber-containing
grain products, fruits and vegetables may reduce the risk
of some types of cancer, a disease associated with many
factors” [10]. Another sample claim for fruits, vegetables,
and grain products that are low in fat (saturated and to-
tal) and cholesterol and contain at least 0.6 g soluble fi-
ber per reference amount without fortification is “Diets
low in saturated fat and cholesterol and rich in fruits and
vegetables and grain products that contain some types of
dietary fiber, particularly soluble fiber, may reduce the risk
of heart disease, a disease associated with many factors”
[10]. Another model claim—“Low fat diets rich in fruits
and vegetables (foods that are low in fat and may contain
dietary fiber, vitamin A, or vitamin C) may reduce the risk
of some types of cancer, a disease associated with many
factors”—has also been approved for fruits and vegetables
that are a good source of vitamin A or C or dietary fiber
[10]. A fourth claim is associated with B-glucan from oat
bran (containing at least 5.5% B-glucan soluble fiber),
rolled oats or oatmeal (containing at least 4% [-glucan
soluble fiber), whole oat flour (providing at least 4% [3-
glucan soluble fiber), or psyllium husk with a purity of no
less than 95%. An example related to this claim is “Soluble
fiber from foods such as [name of soluble fiber source and
food product], as part of a diet low in saturated fat and
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cholesterol, may reduce the risk of heart disease. A serving
of [name of food product] supplies [amount] grams of
the [necessary daily dietary intake for the benefit] soluble
fiber from [name of soluble fiber source] necessary per
day to have this effect” [10].

Mechanisms by which dietary fibers prevent disease
are multiple and varied [1,55,67-74,78,83,84]. Some of the
many mechanisms of action that have been proposed for
fiber’s preventive role against colon cancer are highlighted
here.

m High bile acid concentrations are associated with a high
risk of colon cancer. Thus, fibers that adsorb bile acids
to promote fecal excretion have a protective effect by
decreasing free concentration and the availability of bile
acids for conversion to secondary bile acids, which are
thought to promote colon carcinogenesis.

m Fibers that increase fecal bulk decrease the intralumi-
nal concentrations of procarcinogens and carcinogens
and thereby reduce the likelihood of interactions with
colonic mucosal cells.

m Provision of a fermentable substrate to colonic bacteria
alters bacteria species and numbers, which may inhibit
proliferation or development of tumor cells or conver-
sion of procarcinogens to carcinogens.

m A shortened fecal transit time decreases the time during
which toxins can be synthesized and in which they are
in contact with the colon.

m Fiber fermentation to short-chain fatty acids decreases
the interluminal pH, thereby decreasing synthesis of
secondary bile acids, which have been shown to pro-
mote the generation of tumors.

B Degradation of fiber by fermentation may release fiber-
bound calcium. The increased calcium in the colon may
help eliminate the mitogenic advantage that cancer cells
have over normal cells in a low-calcium environment.

m Butyric acid appears to slow the proliferation and dif-
ferentiation of colon cancer cells.

m Insoluble fibers, such as lignin, that resist degradation
bind carcinogens, thereby minimizing the chances of
interactions with colonic mucosal cells.

Not all studies show anticarcinogenic effects with fiber.
In some studies, soluble fibers enhance the development of
colorectal cancers. Proposed mechanisms for such action
include: (1) soluble fibers reduce the ability of insoluble
fibers to adsorb hydrophobic carcinogens and thus more
carcinogens may enter the colon maintained in solution
than adsorbed onto insoluble fibers; (2) on degradation of
soluble fibers, carcinogens are released and deposited on
the colonic mucosal surface; (3) soluble fibers may cross
the intestinal epithelium and transport with them car-
cinogens maintained in solution; (4) soluble fibers may
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reduce absorption of bile salts and thereby increase the
chance for conversion to secondary bile acids [55,67].
Little agreement exists among the numerous studies de-
signed to determine the effect of fiber in the development
of colon cancer. Most of the evidence for the positive role
of fiber in colon cancer prevention has come from epide-
miological observations. Unfortunately, in these epide-
miological studies variation in many dietary factors other
than fiber intake has been noted. The dietary factors most
often identified as being involved in variations in the
incidence of colorectal cancer among different population
groups are too many total calories, high fat, too much pro-
tein, low fiber, low intake of vitamin D and calcium, and
low intake of antioxidants [67]. Meta-analyses, however,
of both epidemiological and case-controlled studies that
investigated dietary fiber and colon cancer found that fiber-
rich diets were associated with a protective effect against
colon cancer in most studies [78,84]. Furthermore, risk of
colorectal cancer in the United States is thought to be re-
ducible by up to 31% with a 13 g daily increase in dietary
fiber intake [78].

Recommended Fiber Intake

Recommendations for increasing the amount of fiber in
the U.S. diet have come from several governmental and
private organizations, each with a concern for improving
the health of the U.S. public [84-89]. In 2002, the National
Academy of Sciences Food and Nutrition Board established
Dietary Reference Intakes, specifically adequate intakes
(AI), for fiber. Adequate intakes of total fiber, representing
the sum of dietary fiber and functional fiber, were estab-
lished based on amounts of fiber shown to protect against
heart disease [1]. The recommendations for fiber intake
for adults and children are shown Table 4.2.

No Tolerable Upper Intake Level for dietary fiber or
functional fiber has been established [1].

Dietary changes encouraged in order to accomplish an
increased fiber intake are consistent with the United States
Department of Agriculture’s MyPyramid [90], which encour-
ages people to consume:

m fiber-rich legumes
B at least 4% cups of fruits and vegetables per day

B at least 3 servings per day of whole grains

Table 4.2 Recommended Fiber Intakes

Population Group Age (years) Total Fiber (g)
Men 19 to0 50 38
>51 31
Women 19to 50 25
>51 21
Children 1t03 19
4108 25
Girls 9to 18 26
Boys 9t 13 31
141018 38

Notice that recommendations that fiber intake be in-
creased are interpreted in terms of dietary change rather
than addition to the diet of fiber supplements, which more
than likely are devoid of other nutrients. As a person in-
corporates high-fiber foods, the percentage of complex
carbohydrates increases in relation to the amount of fat
and protein in the diet, making an increase in fiber almost
inevitable. It remains important, however, to eat a variety
of cereals, legumes, fruits, and vegetables so that variety in
dietary fibers is maximized.

Table 4.3 shows the dietary fiber content of selected
foods. A quick method for calculating typical dietary fiber
intakes enables assessment in a clinical setting from a food
history, 24-hour diet recall, or food record without using
tables or computerized diet analysis programs. Because
fiber-rich foods consist primarily of fruits, vegetables,
grains, legumes, nuts, and seeds, the number of servings
from each of these groups can be multiplied by the mean
total fiber content of each food group [91]. For example,
numbers of servings (size determined from the U.S. De-
partment of Agriculture data o