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
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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
153 | 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.
2The water Al includes drinking water, water in beverages, and water in foods; in general, drinking dThe 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.
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).

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

“Vitamin A recommendations are expressed as retinol activity equivalents (RAE).
dVitamin D recommendations are expressed as cholecalciferol and assume an absence of adequate
exposure to sunlight.
eVitamin E recommendations are expressed as a-tocopherol.
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0.2 0.3 2 5 1.7 0.1 65 04 | 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 2.5
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 24 | 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 24 | 550 920 900 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 1.7 400 2.4 | 550 90 900 15 15 | 120
0.9 0.9 12 20 4 1.0 300 1.8 | 375 45 600 5 11 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 15 920
1.1 1.1 14 30 5 1.5 400 24 | 425 75 700 10 15 920
1.1 1.1 14 30 5 1.5 400 2.4 | 425 75 700 15 15 920
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 15 920
1.4 1.4 18 30 6 1.9 600 2.6 | 450 85 770 5 15 920
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 28 | 550 | 120 1300 5 19 90
1.4 1.6 17 35 7 2.0 500 2.8 | 550 | 120 1300 5 19 90
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180 400 210 100 30 0.27 2 110 15 200 0.003 0.01 0.2 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 90 20 340 1.2 0.7 11 17
1900 3800 800 500 130 10 5 90 30 440 1.5 1.0 15 22
2300 4500 1300 1250 240 8 8 120 40 700 1.9 2 25 34
2300 4700 1300 1250 410 11 11 150 55 890 2.2 3 35 43
2300 4700 1000 700 400 8 11 150 55 900 2.3 4 35 45
2300 4700 1000 700 420 8 11 150 55 900 2.3 4 35 45
2000 4700 1200 700 420 8 11 150 55 900 2.3 4 30 45
1800 4700 1200 700 420 8 11 150 55 900 2.3 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 1.8 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 2.0 3 29 50
2300 4700 1000 700 350 27 11 220 60 1000 2.0 3 30 50
2300 4700 1000 700 360 27 11 220 60 1000 2.0 3 30 50
2300 5100 1300 1250 360 10 13 290 70 1300 2.6 3 44 50
2300 5100 1000 700 310 9 12 290 70 1300 2.6 3 45 50
2300 5100 1000 700 320 9 12 290 70 1300 2.6 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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— — — — | 600 | 25 —
— — — — | 600 | 25 —
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

4The 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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Nutritional Genomics : The Foundation
for Personalized Nutrition

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 ey, 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 requlate the movement of protein synthesis. contain ribosomes that build

substances into and out of the cell.

Golgi apparatus

The Golgi apparatus is a
series of membrane sacks that
process and package proteins
after they leave the rough
endoplasmic reticulum.

Cell membrane

Lysosome

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

Cytoplasm‘l

Smooth endoplasmic
reticulum

and process proteins.

Rough endoplasmic
reticulum

Cytoplasm Nucleus Mitochondrion

The cytoplasm is the gel-like The nucleus contains the DNA Organelles that produce
substance inside cells. Cytoplasm in the cell. Molecules of DNA most of the energy (ATP)
contains cell organelles, protein, provide coded instructions used used by cells.

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

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 full