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Preface

Instructors who teach introductory human biology for
non-science majors have long told us that their overall
goal for their course is to familiarize students with how
the human body works and provide them with tools that
will help them make well-informed choices as consumers
and voters. This aim makes sense. Most students who use
this textbook will never take another science course, yet
they will need to make decisions that require a basic
understanding of the process of science and fundamental
biological principles.

In planning this revision, we asked instructors to
review each chapter and suggest changes that would
make the text as a whole even more effective in helping to
meet the goals of their course. Their responses pinpointed
two areas: include even more information on health
issues, especially infectious disease and cancer, and re-
inforce the principle of homeostasis in the functioning of
body systems. This excellent advice drove two major
changes in this edition. Instead of treating infectious dis-
ease as a separate, chapter-length topic, we updated and
integrated that information into expanded discussions of
diseases and disorders in relevant chapters. In all systems
chapters (except Chapter 16 on reproductive systems) we
also added a full-page, illustrated Connections summary
of how each organ system contributes to overall homeo-
stasis in the body.

Several reviewers suggested moving our treatment of
digestion so that it immediately precedes the discussion of
the urinary system, and that change we have imple-
mented as well. We also split the text’s coverage of ecol-
ogy into two chapters, one focused on basic principles and
the second dealing with the impacts of human activities
on ecosystems. Highlighted discussions include current
thinking about global climate change and alternative
energy sources.

We revised the text to make it as clear and straightfor-
ward as possible, keeping in mind that English is a sec-
ond language for a fair number of students. We included
new tables to summarize important points, and added
more than 165 new photographs and new and simplified
diagrams—visual elements that we know help students
better understand basic concepts and the health impacts
of diseases and disorders.

PREFACE ‘:4

Changes for This Edition

Links to Key Concepts The previous edition of Human
Biology included tools that link concepts within and
between chapters. For this edition we enhanced these
tools, to reinforce the concept that the functioning of tis-
sues, organs, and organ systems are part of an integrated
whole. Every chapter introduction has a section-by-section
list of Key Concepts, each with a simple title. A brief list of
Links to Earlier Concepts at the beginning of each chapter
helps remind students of relevant concepts presented in
previous chapters.

Sentence-Form Figure Captions All figure captions
in this edition are introduced with a simple sentence that
encapsulates the central concept represented by the illus-
tration or photograph.

Take-Home Messages At the end of each chapter
section, a Take-Home Message question pinpoints the
main concept(s) covered in the section. It is followed by
bulleted summaries of the section’s key concepts.

Media-Integrated Summaries We have always
offered a wealth of online media for students. In this edi-
tion, chapter summaries integrate even more information
about the relevant animations, tutorials, and videos.

Chapter-Specific Changes We scrutinized every
chapter for opportunities to make the writing clearer, and
we have added dozens of new photographs and other
illustrations. We summarize the highlights here.

Chapter 1, Learning about Human Biology New, two-
page Focus on Health section introduces the topic of infec-
tious disease as a central health concern that will be dis-
cussed in relevant chapters throughout the textbook.

Chapter 2, Chemistry of Life  New chapter introduction
on trans fats. Simplified text and streamlined art on atom
structure, structure of carbohydrates and proteins, and
the pH scale.

Chapter 3, Cells and How They Work New chapter
introduction on the effects of consumed alcohol on liver
cells. New illustrations of cell structure, diffusion, osmo-
sis, electron transport chains, and a summary of aerobic
cellular respiration. New Focus on Health on mitochon-
drial diseases.

Chapter 4, Tissues, Organs, and Organ Systems Stream-
lined text and new illustrations on muscle and nervous
tissue.
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Chapter 5, The Skeletal System New illustration of knee
joint. New full-page Connections section on the role of the
skeletal system in maintaining homeostasis.

Chapter 6, The Muscular System Revised text and
added new art on muscle contraction. Expanded discus-
sion of muscle diseases and disorders. New full-page
Connections section on the role of the muscular system in
homeostasis.

Chapter 7, Circulation: The Heart and Blood Vessels New
placement of this chapter before blood and the respira-
tory system, with new chapter introduction. Expanded
coverage of cardiovascular diseases and disorders, with a
new section on infections, cancer, and heart defects. Con-
nections section on the role of the cardiovascular system
and blood in homeostasis.

Chapter 8, Blood New placement following the car-
diovascular system.

Chapter 9, Immunity and Disease New chapter intro-
duction on cervical cancer. Streamlined /new text and art
for sections on antibody-mediated and cell-mediated
defenses. New sections on HIV/AIDS and on under-
standing and avoiding infectious disease.

Chapter 10, The Respiratory System New text and art
on breathing controls. Expanded discussion of respira-
tory diseases and disorders, with a new section on
pathogens and lung cancer. Connections section on the
role of the respiratory system in homeostasis.

Chapter 11, Digestion and Nutrition Updated text/art
on dieting and nutritional guidelines. Expanded discus-
sion of digestive system diseases and disorders, with a
new section on relevant infectious diseases. Connections
section on the role of the digestive system in homeostasis.

Chapter 12, The Urinary System Expanded coverage of
urinary system diseases and disorders, including cancers,
infections, and harm from drugs. Connections section on
the role of the urinary system in homeostasis.

Chapter 13, The Nervous System Revised text and
new art on divisions of the nervous system. Stream-
lined discussion of psychoactive drugs. Expanded cov-
erage of nervous system diseases and disorders,
including cancers, infections, headache, and autism
spectrum disorders. Connections section on the role of
the nervous system in homeostasis.

Chapter 14, Sensory Systems New text/art on olfac-
tory pathways, inner ear structure, visual pigments and
processing.

Chapter 15, The Endocrine System New section on
growth hormone functions and disorders. Discussion of
thyroid, parathyroid hormones now in an integrated sec-
tion. Expanded text on blood sugar disorders. New text
on gonads and reproductive hormones. Connections sec-
tion on the role of the endocrine system in homeostasis.

Chapter 16, Reproductive Systems New chapter intro-
duction on multiple births. New art on the male reproduc-

tive system and structure of sperm. New art summary of
the menstrual and ovarian cycles. New section on fertil-
ization (moved from development chapter) with accom-
panying new art. Added section on reproductive cancers.

Chapter 17, Development and Aging New chapter
introduction on intersex developmental disorders. New
Focus on Health on twinning. New photograph of amnio-
centesis procedure. Shortened discussion of aging effects
on major body systems.

Chapter 18, Cell Reproduction New diagrams of chro-
mosome duplication and the cell cycle.

Chapter 19, Introduction to Genetics New chapter
introduction on genetics of skin color. New diagram on
independent assortment. New text and art on sickle-cell
anemia and on ABO blood types as an example of
codominance. New subsection on effects of environmen-
tal factors on gene expression.

Chapter 20, Chromosomes and Human Genetics New
diagrams of gene linkage and mapping of cystic fibrosis
gene to chromosome 7. New photographs for X inactiva-
tion and example of related disorders. Science Comes to
Life on pharmacogenetics.

Chapter 21, DNA, Genes, and Biotechnology New
chapter introduction on genetically modified foods.
New, simplified diagrams of steps of gene transcription
and translation. New photograph of DNA fingerprint-
ing. New text on cloning.

Chapter 22, Genes and Disease: Cancer Chapter refo-
cused on cancer causes, diagnosis, treatment, and preven-
tion. New introduction on breast cancer susceptibility
genes. New diagram of steps in the development of col-
orectal cancer. New text on how cancers are categorized
and named. Expanded sections on cancer diagnosis and
treatments.

Chapter 23, Principles of Evolution New photograph of
gene-based variation in human skin color. New diagram
of homologous structures (vertebrate limbs). New dia-
gram and photograph for discussion of mass extinction
events.

Chapter 24, Principles of Ecology New chapter intro-
duction on global climate change. New food web dia-
gram. Topics concerning human impacts on ecosystems
now the focus of Chapter 25.

Chapter 25, Human Impacts on the Biosphere Chapter
introduction on sea level rise. New section on the con-
cept of “ecological footprint” and renewable versus non-
renewable resources. Expanded section on climate
change and global warming. New illustrations of ther-
mal inversion, acid rain damage, location of the ozone
layer, retreating glaciers due to warming, groundwater
depletion/contamination, water pollution, recycling,
desertification, deforestation, loss of biodiversity, other
chapter topics. New Explore on Your Own urges students
to find ways to reduce their personal carbon footprint.
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Appendices New Appendix VI showing maps of
human genes and a selection of associated functions and
diseases.
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Learning about Human Biology

IMPACTS,

ISSUES What Kind of World Do We Live In?

G LAN CE at a newspaper or click on your Web browser and you may wonder what kind of world you’re living in.
Headlines mingle news about wars or political wrangles with tips for managing your love life or choosing food supplements. On any
given day you'll read about how infectious diseases such as “bird flu” and
West Nile virus pose global threats, or about the devastation caused by a
natural catastrophe such as an earthquake. Often there are stories about
how the growing human population is having major impacts on nature. We
hear more and more about global warming, glaciers and polar ice caps
melting, and various regions experi-
encing record storms, droughts,
and heat waves. But while coping LINKS TO EARLIER
with an environmental disaster or CONCEPTS
predicting the course of a flu

epidemic definitely are challenging,

we humans have an ace in the hole.
We learned a long time ago that it is possible to study nature, including ourselves, in a
systematic way that may help us understand the natural world and our place in it. We can
observe carefully, come up with ideas, and find ways to test them. Gradually we can learn
a great deal about factors that affect our health, the environment, and a host of other
issues. That's what this book is fo—to help give you a fuller understanding of how your
body works and where all of us fit in the larger world.

Each chapter in this book will give you a chance to express your opinion on an issue

that is challenging us today. When you cast your vote on this book’s website, you will be

able to see how others feel about a wide variety of concerns related to the environment,
health, and ethical issues.
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The Characteristics of Life

Several basic characteristics allow us to distinguish
between living things and nonliving objects.

Living and nonliving things are all alike in some ways.
For instance, both are made up of atoms, which are the
smallest units of nature’s fundamental substances. On the

other hand, wherever we look in nature we find that all
living things share some features that nonliving ones
don’t have. These basic characteristics of life are:

1.

Living things take in energy and materials. Like other
animals, and many other kinds of organisms, we
humans take in energy and materials by consuming
food (Figure 1.1). Our bodies use the energy and raw
materials to build and operate their parts in ways that

Figure 1.2 Cells are the basic units of life. A bone cell looks
white and delicate in this picture. Like other types of body cells,
it contains DNA and uses ATP energy.

keep us alive.

2. Living things sense and respond to changes in the
environment. For example, a tulip’s petals close up
when night falls, and you might put on a sweater or

turn up the heat on a chilly afternoon.

LIl IT

Figure 1.1 Humans take in energy by eating food. This boy’s
body will extract energy and raw materials from the food and use

them for processes that are required to keep each of his cells, and

his body as a whole, alive.

3.

Living things reproduce and grow. Organisms can
make more of their own kind, based on instructions in
DNA, the genetic material. Only living things have
DNA. Guided by the instructions in their DNA, most
organisms develop through a series of life stages. For
us humans, the basic life stages are infancy, childhood,
adolescence, and adulthood.

Living things consist of one or more cells. A cell is an
organized unit that can live and reproduce by itself,
using energy, the required raw materials, and instruc-
tions in DNA. Figure 1.2 shows a living bone cell. Cells
are the smallest units that can be alive. The energy for
all cell activities comes from another special chemical
found only in living things, ATP.

Living things maintain homeostasis. Homeostasis
(hoe-me-oh-sTay-sis) means “staying the same.”
Homeostasis is a state of chemical and physical stability
inside the body that must be maintained in order for
individual cells, and the whole body, to stay alive. For
now, simply keep in mind that body cells are part of
systems that maintain internal homeostasis. In later
chapters you will learn how each of eleven main body
systems contribute to this task.

Take-Home Message

What are the basic characteristics of life?

Living organisms share characteristics that nonliving objects
do not have.

All living things take in and use energy and materials, and they
sense and can respond to changes in their environment.

Living things can reproduce and grow, based on instructions
in DNA.

The cell is the smallest unit that can be alive.

Organisms maintain homeostasis, meaning that conditions
inside the body are kept within life-supporting limits.
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Bacteria

Our Place in the Natural World

m Human beings arose as a distinct group of animals
during an evolutionary journey that began billions
of years ago.

Humans have evolved over time

In biology, evolution means change in the body plan and
functioning of organisms through the generations. It is a
process that began billions of years ago on the Earth and
continues today. In the course of evolution, major groups
of life forms have emerged.

Figure 1.3 provides a snapshot of how we fit into the
natural world. Humans, apes, and some other closely
related animals are primates (PrRy-mates). Primates are
mammals, and mammals make up one group of “animals
with backbones,” the vertebrates (ver-tuh-braytes). Of
course, we share our planet with millions of other animal
species, as well as with plants, fungi, countless bacteria,
and other life forms. Biologists classify living things
according to their characteristics, which in turn reflect
their evolutionary heritage. Notice that Figure 1.3 shows
three domains of life. Animals, plants, fungi, and micro-
scopic organisms called protists are assigned to kingdoms
in a domain called Eukarya. The other two domains are
reserved for bacteria and some other single-celled life
forms. Some biologists prefer different schemes. For

Figure 1.3 Animated!
Organisms are classified into

groups according to their
characteristics. Humans are one
of more than a million species in the ", L[ l
Animal Kingdom, which is part of by
the domain Eukarya. Plants, fungi, | A [ Il
and some other life forms MAMMALS !
make up other kingdoms | 4,500 living species

in Eukarya. The domains

Bacteria and Archaea
contain vast numbers of
single-celled organisms.

VERTEBRATES
including more than 50,000 species of fishes,
amphibians, reptiles, birds, and mammals

Protists Plants Fungi Animals

Archaea Eukarya

Figure 1.4 Humans are
related to Earth’s other

organisms. Bonobos (left) are

our closest primate relatives.

. Like us, they walk upright and
i use tools.

example, for many years all living things were simply
organized into five kingdoms—animals, plants, fungi,
protists, and bacteria. The key point is that despite the
basic features all life forms share, evolution has produced
a living world of incredible diversity.

Humans are related to all other
living things—and they have some
distinctive characteristics

Because of evolution, we humans are related to every

other life form and share characteristics with many of
them. For instance, we and all other mammals have
body hair, a feature that no other vertebrate has. We
share the most characteristics with apes, our closest
primate relatives (Figure 1.4). But humans also have
some distinctive features that evolved as traits of
our primate ancestors were modified. For example,
we have great manual dexterity due to the arrange-
ment of muscles and bones in our hands and the
wiring of our nervous system to operate them. Even
more astonishing is the human brain. Relative to
overall body mass it is the largest brain of any ani-
mal, and it gives us the capacity for sophisticated
language and analysis, for developing advanced
technology, and for a remarkably wide variety of
social behaviors.

Take-Home Message

Why is evolution an important concept in human biology?

e Like all life forms, human beings arose through evolution—
changes in bodily structures and functions of organisms
through the generations.

e Evolution has given rise to the features that set humans apart
from other complex animals. These characteristics include
sophisticated verbal skills, analytical abilities, and exceptionally
complex social behavior.
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Life’s Organization

m Nature is organized on many levels, starting with
nonliving materials and eventually including the
whole living world.

Nature is organized on many levels

When you look closely at the living world, it doesn’t take
long to realize that nature is organized on many different
levels (Figure 1.5). At the most basic level are atoms. Next
come molecules, which are combinations of atoms. Atoms
and molecules are the nonliving materials from which
cells are built. In a multicellular organism such as a
human, cells are organized into tissues—muscle, the
epithelium of your skin, and so forth. Different kinds of
tissues make up organs, and coordinated systems of
organs make up whole complex organisms.

We can study the living world on any of its levels.
Many courses in human biology focus on organ systems,
and a good deal of this textbook explores their structure
and how they function.

Nature’s organization doesn’t end with individuals.
Each organism is part of a population, such as the Earth’s
whole human population. When we cast the net a little
farther, populations of different organisms interact in
communities, the populations of all species occupying the
same area. Communities in turn interact in ecosystems.

The most inclusive level of organization is the biosphere.
This term refers to all parts of Earth’s waters, crust, and
atmosphere in which organisms live.

Organisms are connected through the flow
of energy and cycling of materials

Organisms must take in energy and materials to keep
their life processes going. Where do these essentials
come from? Energy flows into the biosphere from the
sun. This solar energy is captured by “self-feeding” life
forms such as plants, which use a sunlight-powered
process called photosynthesis to make fuel for building
tissues, such as a corn kernel. Raw materials such as car-
bon that are needed to build the corn come from air, soil,
and water. Thus self-feeding organisms are the living
world’s basic food producers. Animals, including
humans, are the consumers: When we eat plant parts, or
feed on animals that have done so, we take in materials
and energy to fuel our body functions. You tap directly
into stored energy when you eat corn on the cob, and
you tap into it indirectly when you eat the meat of a
chicken that fed on corn. Organisms such as bacteria
and fungi obtain energy and materials when they
decompose tissues, breaking down biological molecules
to substances that can be recycled back to producers. By

—— > B molecule————>C cell—— D tissue———>E organ———>F organ system

Figure 1.5 Animated! An overview of the levels of organization in nature.
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way of this one-way flow of energy through organisms,
and the cycling of materials among them, every part of the
living world is linked to every other part. Figure 1.6
summarizes these relationships, which we’ll return to in
Chapter 24.

Because of the interconnections among organisms, it
makes sense to think of ecosystems as webs of life. With
this perspective, we can see that the effects of events in
one part of the web will eventually ripple through the
whole and may even affect the entire biosphere. For exam-
ple, we see evidence of large-scale impacts of human
activities in phenomena such as global warming, the loss
of biodiversity in many parts of the world, acid rain, and
a host of other problems.

Producers

Nutrient
Cycling

Take-Home Message

What are the levels of organization in nature, and what factors

sustain these organized states?

e Nature is organized from the simple—atoms—to the complex,
culminating with the biosphere.

e Energy from the sun and the cycling of raw materials among ] )
organisms sustain the living world’s organization. Energy output (mainly metabolic heat)

animals, most fungi,
many protists, many bacteria

e Because living things are interconnected, ecosystems are
webs of life. What happens in one part of the web ripples
through the whole. Figure 1.6 Animated! The flow of energy and the cycling of
materials maintain nature’s organization.

K the biosphere

Image not available due to copyright restrictions

—— > G multicellular ———H population—— > community——> J ecosystem
organism
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m Science basically is a way of thinking about the
natural world. Scientists try to explain natural
phenomena by making and testing predictions.
They search for evidence that may disprove or
support a proposed explanation.

Science is a systematic study of nature

Antibiotics. Insights into genetic disorders, health issues
such as cancer and diabetes, and environmental problems
such as global warming and water pollution. Advances
like these—not to mention technologies such as genetic
engineering and the Internet—have changed our lives. In
this textbook you will be learning a great deal of science-
based information about the human body, health issues,
and many related topics. So before continuing, let’s look
briefly at what “doing science” means.

We can define “science”as a systematic way of obtain-
ing knowledge about the natural world. This system is
sometimes called the scientific method, but there is no
single script for it. Researchers can pursue their work in
the laboratory or in the field, using a variety of tools
(Figure 1.7). The following steps are common.

1. Observe some aspect of nature. For example, in
the late 1990s, a fat substitute called Olestra® was
approved for use in foods. Made from vegetable oil
and sugar, Olestra is indigestible and seemed to be a
dieter’s dream. When potato chips made with Olestra
were marketed, however, some consumers reported
intestinal gas, cramps, and diarrhea.

2. Ask a question about the observation or identify
a problem to explore. Researchers at Johns Hopkins
University began to wonder about the intestinal
upsets Olestra users were reporting. Was Olestra
causing the problems?

3. Develop a hypothesis. A hypothesis is a proposed
explanation for an observation or how some natural

Using Science to Learn about the Natural World

process works. With a scientific hypothesis, there must
be some objective way of testing it, such as experi-
ments. The Johns Hopkins scientists hypothesized that
Olestra can indeed cause cramps and they had an idea
for an experiment to test this explanation.

. Make a prediction. As a first step in testing their

hypothesis, the scientists made a prediction: People
who eat food containing Olestra are more likely to have
intestinal side effects than people who do not. As in
this example, a prediction states what you should
observe about the question or problem if the hypothe-
sis is valid.

. Test the prediction. To see if their prediction was

accurate, the researchers invited almost 1,100 people
aged 13 to 38 to watch a movie in a Chicago theater.
They were divided into two roughly equal groups and
given unmarked bags of potato chips. One group got
chips made with Olestra while the other group got
regular chips. Almost 16 percent of those in the Olestra
group later reported intestinal problems—but so did
nearly 18 percent in the “regular” group. There was no
evidence that eating Olestra-laced potato chips causes
intestinal ills, at least after a one-time use. The experi-
ment was not a failure, however. A properly designed
test is supposed to reveal flaws. If the findings don’t
support the initial prediction, then some factor that
influenced the test may have been overlooked, or the
hypothesis may simply have been wrong.

. Repeat the tests or develop new ones—the more the

better. Hypotheses that are supported by the results of
repeated testing are more likely to be correct.

. Analyze and report the test results and conclusions.

Scientists typically publish their findings in scientific
journals, with a detailed description of their methods
so that other researchers can try the same test and see
if they get the same result.

Figure 1.7 Scientists do research in the laboratory and in the field. (a) Analyzing data with
computers. (b) At the Centers for Disease Control, Mary Ari testing a sample for the presence

of dangerous bacteria. (c) Making field observations in an old-growth forest.
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Hypothesis
Olestra® causes intestinal cramps.

\

Prediction

People who eat potato chips made with Olestra will be more
likely to get intestinal cramps than those who eat potato chips
made without Olestra.

l

Experiment

S

Control Group Experimental Group
Eats regular Eats Olestra
potato chips potato chips

Results 93 of 529 people 89 of 563 people
get cramps later get cramps later
(17.6%) (15.8%)
Conclusion

Percentages are about equal. People who eat potato chips
made with Olestra are just as likely to get intestinal cramps
as those who eat potato chips made without Olestra.
These results do not support the hypothesis.

Figure 1.8 The Olestra study followed a sequence of steps
used in many scientific experiments.

Many scientists use experiments
in their work

Experimenting is a time-honored way to test a scientific
prediction. An experiment is a test that is carried out
under controlled conditions that the researcher can
manipulate. Figure 1.8 shows the typical steps followed,
using the Olestra study as an example.

To get meaningful test results, experimenters use safe-
guards. They begin by reviewing information that may
bear on their project. The makers of Olestra had con-
ducted tests on human subjects before their product was
approved, and the Johns Hopkins study considered these
reports. Then the researchers designed a controlled
experiment, one that would test only a single prediction
of a hypothesis at a time. In this case, it was the prediction
that people who consume Olestra have a greater chance of
developing intestinal side effects.

Almost any aspect of the natural world is the result
of interacting variables. As the term suggests, a variable is
a factor that can change with time or in different
circumstances. Researchers design experiments to test one
variable at a time. They also set up a control group to
which one or more experimental groups can be compared.
The control group in the Olestra study was identical to the

experimental one except for the variable being studied—
chips containing Olestra. Identifying possible variables,
and eliminating unwanted ones, is extremely important if
an experiment is to produce reliable results. For instance, if
some people in the Olestra study had had a prior history
of unrelated intestinal difficulties, they could have skewed
the study results. Likewise, if any of the participants
included people who were already eating foods made with
Olestra, it would have been impossible for the experi-
menters to determine if any reported side effects were due
not to the single bag of chips but to long-term use.
Scientists usually can’t observe all the individuals in a
group they want to study. In studies of a food additive
such as Olestra it would be hard to include all possible
consumers. If the sample is too small, the findings might
be skewed by differences among research subjects. To
avoid this problem, researchers use a sample group that is
large enough to be representative of the whole. That is
why the Olestra study recruited so many participants.

Science never stops

In science, a researcher must draw logical conclusions
about any findings. That is, the conclusion cannot be at
odds with the evidence used to support it. Based on the
results of their Olestra experiment, the Johns Hopkins
scientists could not conclude that the promising “fake fat”
did cause intestinal problems. On the other hand, their
limited, one-time experiment also could not give Olestra a
clean bill of health. In fact, in the years since Olestra was
first developed, the United States Food and Drug
Administration (FDA) has received more than 20,000 con-
sumer complaints alleging problems, and Olestra has
been reformulated to reduce certain side effects. Today a
variety of processed foods sold in the United States are
made with Olestra, but the jury may still be out on its
potential effects in some people, and some advocates say
that more research is needed.

Take-Home Message

What is a scientific approach to studying nature?

e Scientists begin by observing a natural event or object and
then posing a question about it.

e They then propose a possible explanation, make a testable
prediction about this hypothesis, devise one or more tests,
and then objectively report the results.

e Controlled experiments are one way to test scientific ideas.
This kind of experiment explores a single variable and uses a
control group as a standard to which experimental results can
be compared.

LEARNING ABOUT HUMAN BIOLOGY 7



Critical Thinking in Science and Life

m To think critically, we must evaluate information
before accepting it.

Have you ever tried a new or “improved” product and
been disappointed when it didn't work as expected?
Everyone learns, sometimes the hard way, how useful it
can be to cast a skeptical eye on advertising claims or get
an unbiased evaluation of, say, a used car you are consid-
ering buying. This objective evaluation of information is
called evidence-based or critical thinking.

Scientists use critical thinking in their own work and to
review findings reported by others. Anyone can make a
mistake, and there is always a chance that pride or
bias will creep in. Critical thinking is a smart practice
in everyday life, too, because
so many decisions we face
involve scientific informa-
tion. Will an herbal food sup-
plement really boost your
immune system? Is it safe to
eat irradiated food? Table 1.1
gives guidelines for evidence-
based, critical thinking.

e

Evaluate the source of information

An easy way to begin evaluating information is to notice
where it is coming from and how it is presented. Simple
strategies for sifting the factual wheat from the unreliable
or biased chaff are the following:

Let credible scientific evidence, not opinions or
hearsay, do the convincing For instance, if you are
concerned about reports that heavy use of a cell phone
might cause brain cancer, information on the website of
the American Cancer Society is more likely to be reliable
than something cousin Fred heard at work. Informal
information may be correct, but you can’t know for sure
without investigating further.

Question credentials and motives For example, if
an advertisement is printed in the format of a news story
or a product is touted on TV by someone being paid to
sing its praises, your critical thinking antennae should go
up. Is the promoter merely trying to sell a product with
the help of “scientific” window dressing? Can any facts
presented be checked out? Responsible scientists try to be
cautious and accurate in discussing their findings and are
willing to supply the evidence to back up their statements.

Evaluate the content of information

Even if information seems authoritative and unbiased, it
is important to be aware of the difference between the
cause of an event or phenomenon and factors that may
only be correlated with it. For example, studies show that
recirculation of air in an airplane’s passenger cabin
increases travelers’ exposure to germs coughed or
sneezed out by others. An “airplane cold,” however, is
caused directly by infection by a virus.

Also keep in mind the difference between facts and
opinions or speculation. A fact is verifiable information,
such as the price of a loaf of bread. An opinion—whether
the bread tastes good—can’t be verified because it
involves a subjective judgment. Likewise, a marketer’s
prediction that many consumers will favor a new brand of
bread is speculation, at least until there are statistics to
back up the claim.

\I//

\\
' A Critical Thinking Checklist

v/ Do gather information or evidence from reliable sources.
X Don'’t rely on hearsay.

v Do look for facts that can be checked independently
and for signs of obvious bias (such as paid testimonials).

X Don’t confuse cause with correlation.

v’ Do separate facts from opinions.

A Guide to Critical Thinking

Be able to state clearly your view on a subject.
Be aware of the evidence that led you to hold this view.

Ask yourself if there are alternative ways to interpret the evidence.

: ; ; . . ) Take-Home Message
Think about the kind of information that might make you reconsider

your view. What do we mean by critical thinking?

e Critical thinking means using systematic, objective strategies
to judge the quality of information.

If you decide that nothing can ever persuade you to alter your view,
recognize that you are not being objective about this subject.
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Science in Perspective

m A scientific theory explains a large number
of observations.

We know that the practice of science can yield powerful
ideas, like the theory of evolution, that explain key aspects
of life. At the same time, we also know that science is only
one part of human experience.

It is important to understand what the word
“theory” means in science

You've probably said, “I've got a theory about that!” In
everyday usage, this expression means that you have an
untested idea about something. In science, a theory is
exactly the opposite: It is an explanation of a broad range
of related natural events and observations that is based on
repeated, careful testing of hypotheses. Table 1.2 lists
some major scientific theories.

A hypothesis usually becomes accepted as a theory
only after years of testing by many scientists. Then,
if the hypothesis has not been disproved, scientists
may feel confident about using it to explain more data or
observations. The theory of evolution by natural
selection—a topic we will look at in Chapter 23—is a
prime example of a “theory” that is supported by tens of
thousands of scientific observations.

Science demands critical thinking, so a theory can be
modified, and even rejected, if results of new scientific
tests call it into question. It’s the same with other scien-
tific ideas. Today, for instance, sophisticated technolo-
gies are giving us a new perspective on subjects such as
how our immune system operates to defend the body
against disease threats. Some of the “facts” in this text-
book one day will likely be revised as we learn more
about various processes. This willingness to reconsider
ideas as new information comes to light is a major
strength of science.

Science has limits

Science requires an objective mind-set, and this means
that scientists can only do certain kinds of studies.
No experiment can explain the “meaning of life,” for
example, or why each of us dies at a certain moment.
Those kinds of questions have subjective answers, shaped
by our experiences and beliefs. Every culture and society
has its own standards of morality and esthetics, and there
are hundreds or thousands of different sets of religious
beliefs. All guide their members in deciding what is
important and morally good and what is not. By contrast,
the external world, rather than internal conviction, is the
only testing ground for scientific views.

Examples of Scientific Theories

Gravitational Objects attract one another with a

theory force that depends on their mass
and how close together they are.
Cell theory All organisms consist of one or more

cells, the cell is the basic unit of life,

and all cells arise from existing cells.
Germ theory Germs cause infectious diseases.

Plate tectonics Earth’s crust is like a cracked

theory eggshell, and its huge, fragmented
slabs slowly collide and move apart.

Theory of Change can occur in lines of descent.

evolution

Theory of Variation in heritable traits influences

natural which individuals of a population

selection reproduce in each generation.

Because science does not involve value judgments, it
sometimes has been or can be used in controversial
pursuits. The discovery of atomic power in the early
twentieth century, and its continuing use today, is one
example. Some people also are worried about issues such
as the use of animals in scientific research and possible
negative consequences of genetic modification of food
plants. Debate over the causes of global warming, and
steps necessary to deal with its effects, grows stronger by
the day. Meanwhile, whole ecosystems are being altered
by technologies that allow millions of a forest’s trees to be
cut in a single year and hundreds of millions of fishes to
be taken from the sea. These are matters we can’t leave to
the scientific community alone to resolve. That responsi-
bility also belongs to us.

Take-Home Message

In science, what is a theory? Which subjects are off limits to

scientific investigation?

¢ A scientific theory is a testable explanation about the cause
or causes of a broad range of related natural phenomena. It
remains open to tests, revision, and even rejection if new
evidence comes to light.

e Science only concerns itself with questions and problems that
are objectively testable.

* Responsibility for the wise use of scientific information must
be shared by all.
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Living in a World of Infectious Disease

You already know that this textbook’s main focus is the com-
plex structure and remarkable functioning of the human
body. Like other students, however, you probably also are
concerned about many related issues, including environmen-
tal problems, societal concerns such as cloning and genetic
profiling, and diseases and disorders that can harm health.
Every chapter contains in-depth information about one or
more of these topics. Here we introduce one of the most
pressing modern health issues, the threat of infectious dis-
ease. Humans have always lived with countless health threats
(Figure 1.9), but today we are locked in an escalating global
battle with bacteria, viruses, parasites, and other pathogens—
agents that can cause disease.

Infections are a threat because
they disrupt homeostasis

“Disease” and “infection” are familiar words, even though
you might not be able to explain exactly what they mean in
biological terms. An infection occurs when a pathogen
enters cells or tissues and multiplies. Disease develops when
the body’s defenses cannot be mobilized quickly enough to
prevent a pathogen’s activities from interfering with normal
body functions. And when body cells, tissues, or organs can-
not operate properly, they can no longer do their part in
maintaining homeostasis. This is why infections are danger-
ous. Infectious (contagious) pathogens also can move on to
another person, often in blood or some other body fluid.

What do pathogens look like?

Most disease-causing microbes and parasites are invisible to
the naked eye. The most common ones in humans are bacteria,
viruses, certain fungi, and a variety of parasitic protists and

Figure 1.9 Medieval attempt to deal with a bubonic plague
epidemic—the Black Death—that may have killed half the
people in Europe during the Middle Ages.

worms. Figure 1.10 and other photographs in this section give
you an idea of what some of these foes look like.

Emerging diseases present new challenges

Today health officials worry especially about emerging
diseases. These diseases are caused by pathogens that until
recently did not infect humans or were present only in limited
areas. Many are caused by viruses. This group includes the
encephalitis caused by West Nile virus and the severe respi-
ratory disease caused by the SARS virus (Figure 1.11a). Other
examples are “hemorrhagic fevers” that cause massive
bleeding. In this latter group are dengue fever and the

Figure 1.10 A wide variety of pathogens may live on or in the human
body. (a) Bacteria on the head of a pin. (b) Herpes virus particles inside a
cell. (c) Trypanosoma brucei, microscopic protozoan that causes African
sleeping sickness—a disease that afflicts millions of people in Africa. It is
shown next to a red blood cell.
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Focus oN HEALTH

Figure 1.11 The (a) SARS and (b) Ebola viruses cause two
currently emerging diseases.

illness caused by the Ebola virus (Figure 1.11b). You have
probably heard of Lyme disease, which is a major emerging
disease in the United States. It is caused by the bacterium
Borrelia burgdorferi, which is transmitted by ticks when
they suck blood.

Why is all this happening? A few factors stand out. For
one, there are simply many more of us on the planet, inter-
acting with our surroundings and with each other. Each per-
son is a potential target for pathogens. Also, more people
are traveling, carrying diseases along with them. Another
important factor is the misuse and overuse of antibiotics.

Antibiotics are a double-edged sword

Antibiotics were discovered in the 1940s, when much of the
world was engulfed in World War I, and they were soon
harnessed to fight disease (Figure 1.12). An antibiotic is a sub-
stance that can destroy bacteria and some other microorgan-
isms, or prevent them from growing. Bacteria and fungi produce
most antibiotics. The penicillins and some other antibiotics kill
microbes by interfering with different cell processes.

You may already know that antibiotics don’t work against
viruses, which are not cells and so do not have “life processes.”
Some of the body defenses you will read about in Chapter 9
may prevent certain viruses from multiplying inside cells.
Antiviral drugs interfere with the viral “life cyle” in some way.

Antibiotics can have side effects such as triggering an aller-
gic response or reducing the effectiveness of birth control pills.
Even more serious, however, are antibiotic-resistant microbes.

Several factors have spurred the development of antibiotic
resistance. Over the years, some doctors felt pressured to
prescribe antibiotics for patients who had viral illnesses. Also,
antibiotics are not prescription drugs in some nations, so
people buy and take the drugs whenever they don’t feel well.
Some patients stop taking an antibiotic when they start to
feel better, without finishing the full recommended course of

treatment. Antibiotics also have been added to soaps, kitchen
wipes, and many other consumer products All these factors
have contributed to the emergence of bacteria that are
genetically resistant to antibiotics that might otherwise have
destroyed them.

Today antibiotic resistance is a major public health problem.
The list of drug-resistant bacteria includes strains that cause
some cases of tuberculosis, strep throat, STDs such as syphilis
and gonorrhea, urinary tract infections, childhood middle-
ear infections, and even infections of surgical wounds.

Thanks to PENIGILLIN

...He Will Come Home !

FROM ORDINARY
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Figure 1.12 Penicillin saved the lives of many soldiers in
World War Il. This ad is from a 1944 issue of Life magazine.
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What Kind of World
Do We Live In?

S P RAYI N G pesticides where mosquitoes breed is a way of

protecting against West Nile virus. Even so, some people worry that spraying

might harm human health.

How Would You Vote?

If health authorities in your community wanted to
spray large areas with anti-mosquito insecticide,
would you approve? See CengageNOW for details,

then vote online.

SUMMARY

Section 1.1 Humans have the characteristics found in all
forms of life, as listed in Table 1.3.

Section 1.2 All life on Earth has come about through a
process of evolution. The defining features of humans
include a large and well-developed brain, great manual
dexterity, sophisticated skills for language and mental
analysis, and complex social behaviors.

Section 1.3 The living world is highly organized. Atoms,
molecules, cells, tissues, organs, and organ systems make
up whole, complex organisms. Each organism is a member
of a population, populations live together in communities,
and communities form ecosystems. The biosphere is the
most inclusive level of biological organization. The organ-
ization of life is sustained by a continual flow of energy
and cycling of raw materials.

® Use the animation and interaction
on CengageNOW to explore levels
of biological organization.

Section 1.4 Science is an approach to gathering knowl-
edge. There are many versions of the scientific method.
Table 1.4 lists elements important in all of them. A rep-
utable scientist must draw conclusions that are not at odds
with the evidence used to support them.

Section 1.5 Critical thinking skills include scrutinizing
information sources for bias, seeking reliable opinions, and
separating the causes of events from factors that may only
be associated with them.

Section 1.6 A scientific theory is a thoroughly tested
explanation of a broad range of related phenomena.

Summary of Life’s Characteristics

1. Living things take in and use energy and materials.

2. Living things sense and respond to changes in their
surroundings.

3. Living things reproduce and grow based on information
in DNA.

4. Living things consist of one or more cells.

5. Living things maintain the internal steady state called
homeostasis.

Scientific Method Review

Hypothesis Possible explanation of a natural
event or observation
Prediction Proposal or claim of what testing

will show if a hypothesis is correct

Experimental test Controlled procedure to gather
observations that can be compared

to prediction

Control group Standard to compare test group

against

Variable Aspect of an object or event that
may differ with time or between
subjects

Conclusion Statement that evaluates a

hypothesis based on test results

Science does not address subjective issues, such as
religious beliefs and morality.

Review Questions

1. For this and all other chapters, make a list of the
boldface terms in the text. Write a definition next to
each, and then check it against the one in the text.

2. As a human, you are a living organism. List all the
characteristics of life that you exhibit.

3. Why is the concept of homeostasis meaningful in
the study of human biology?

4. What is meant by biological evolution?

5. Study Figure 1.5. Then, on your own, summarize
what is meant by biological organization.

6. Why does it make sense to think of ecosystems as
webs of life?

7. Define and distinguish between:
a. a hypothesis and a scientific theory
b. an experimental group and a control group

Self-Quiz Answers in Appendix V

1. Instructions in
built and function.

govern how organisms are

2. A is the smallest unit that can live and
reproduce by itself using energy, raw materials,
and DNA instructions.
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3. is a state in which an organism’s internal
environment is being maintained within a tolerable
range.

4. Humans are (animals with backbones); like
other primates, they also are
5. Starting with cells, nature is organized on at least
levels.

6. A scientific approach to explaining some aspect of
the natural world includes all of the following except

a. a hypothesis c. faith-based views
b. testing d. systematic observations

7. A controlled experiment should have all the features
listed below except
a. a control group
b. a test subject

c. a variable
d. several testable
predictions

8. A related set of hypotheses that collectively explain
some aspect of the natural world makes up a

scientific

a. prediction d. authority
b. test e. observation
c. theory

9. The diagram below depicts the concept of
a. evolution
b. reproduction
c. levels of organization
d. energy transfers in the living world

parents

{} instructions {}
in

‘/ in DNA %

N

offspring

Critical Thinking

1. The diagram at the top of the next column shows
ways that the same materials—here, a set of tiles—
can be put together in different ways. How does this
example relate to the role of DNA as the universal
genetic material in organisms?

. Court witnesses are asked “to tell the truth, the

whole truth, and nothing but the truth.” Research
shows, however, that eyewitness accounts of crimes
often are unreliable because even the most conscien-
tious witnesses misremember details of what they
observed. Can you think of other factors that might
affect the “truth” a court witness presents?

. Design a test (or series of tests) to support or refute

this hypothesis: A diet that is high in salt is associ-
ated with hypertension (high blood pressure), but
hypertension is more common in people with a
family history of the condition.

. In popular magazine articles on health-related topics,

the authors often recommend a particular diet or
dietary supplement. What kinds of evidence should
the articles cite to help you decide whether or not to
accept their recommendations?

. Some years ago Dr. Randolph Byrd and his colleagues

started a study of 393 patients admitted to the San
Francisco General Hospital Coronary Care Unit. In
the experiment, born-again Christian volunteers were
asked to pray daily for a patient’s rapid recovery and
for prevention of complications and death.

None of the patients knew if he or she was being
prayed for. None of the volunteers or patients knew
each other. Byrd categorized how each patient fared as
“good,” “intermediate,” or “bad.” He concluded that
patients who had been prayed for fared a little better
than those who had not. His was the first experiment
that had documented statistically significant results
that seemed to support the prediction that prayer
might have beneficial effects for seriously ill patients.

His published results engendered a storm of criti-
cism, mostly from scientists who cited bias in the
experimental design. For instance, Byrd had catego-
rized the patients after the experiment was over,
instead of as they were undergoing treatment, so
he already knew which ones had improved, stayed
about the same, or gotten worse. Think about how
experimenters’ bias might play a role in how they
interpret data. Why do you suppose the experiment
generated a heated response from many in the scien-
tific community? Can you think of at least one other
variable that might have affected the outcome of each
patient’s illness?
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EXPLORE ON YOUR OWN

As you read in Section 1.4, having a sample

of test subjects or observations that is too
small can skew the results of experiments. This
phenomenon is called sampling error. To demonstrate
this for yourself, all you need is a partner, a blindfold,
and a jar containing beans of different colors—jelly
beans will do just fine (Figure 1.13). Have your partner
stay outside the room while you combine 120 beans of
one color with 280 beans of the other color in a bowl.
This will give you a ratio of 30 to 70 percent. With the
bowl! hidden, blindfold your partner; then ask him or her
to pick one bean from the mix. Hide the bowl! again and

a Natalie, blindfolded,
randomly plucks a jelly bean
from a jar of 120 green and
280 black jelly beans, a
ratio of 30 to 70 percent.

b The jar is hidden before
she removes her blindfold.
She observes a single green
jelly bean in her hand and
assumes the jar holds only
green jelly beans.

Figure 1.13 Here’s how you can demonstrate sampling error.

instruct your friend to remove the blindfold and tell you
what color beans are in the bowl, based on this limited

sample. The logical answer is that all the beans are the

color of the one selected.

Next repeat the trial, but this time ask your partner
to select 50 beans from the bowl. Does this larger
sample more closely approximate the actual ratio of
beans in the bowl? You can do several more trials if you
have time. Do your results support the idea that a larger
sample size more closely reflects the actual color ratio
of beans?

¢ Still blindfolded,
Natalie randomly picks
50 jelly beans from the
jar and ends up with 10
green and 40 black ones.

d The larger sample leads
her to assume one-fifth of the
jar's jelly beans are green
and four-fifths are black (a
ratio of 20 to 80). Her larger
sample more closely approx-
imates the jar's green-to-black
ratio. The more times Natalie
repeats the sampling, the
greater the chance she will
come close to knowing the
actual ratio.
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Chemistry of Life

IMPACTS,
ISSUES Fearsome Fats

TH E human body requires about one tablespoon of fat each day to remain healthy, but most of us eat far more than that.
The average American consumes the equivalent of one stick of butter per day, which may be part of the reason so many
Americans struggle with excess weight and related diseases.

Researchers have discovered, however, that which type of fat we eat may be more
important than how much fat we eat. One type, called trans fats, raises the level of
cholestrol in our blood more than any other fat, and trans fats also change the
functioning of our blood vessels in unhealthy ways.

You may unknowingly be eating a lot of trans fats.
They are the key ingredient in partially hydrogenated
vegetable oil, an artificial food product used in many LINKS TO EARLIER
store-bought cookies, cakes, doughnuts, muffins, CONCEPTS
microwave popcorn, pizzas, french fries, chicken .
nuggets, and so on. Unfortunately, eating as little
as 2 grams per day of hydrogenated vegetable oils
increases the risk of atherosclerosis (hardening of
the arteries), heart attack, and diabetes. On average,
one serving of french fries made with hydrogenated

vegetable oil contains 5 grams of trans fats.
Chemical reactions explain the bodily effects of trans fats and all the other raw materi-
als that enter the body. Unlike trans fats, however, many substances have indispensable
roles in the chemical events that build cell parts and allow them to function properly.
In this chapter you will learn some simple chemical basics that will help you better
understand topics of later chapters, such as why certain nutrients are vital to health.
As you'll read often in this book, the body’s ability to manage changes that disturb its
chemistry is equally essential to maintaining the internal stability we call homeostasis.

KEY CONCEPTS

Atoms and Elements

Atoms are fundamental units of all matter. Elements are
pure substances that consist of atoms. Bonds between
atoms form molecules, including biological molecules. Packaged foods in the United States must list

Sections 2.1-2.4 trans fat content, but may be marked “zero

Water and Body Fluids

Life depends on properties of water. Substances dissolved
in the water of body fluids have major effects on body
functions. Sections 2.5-2.7

How Would You Vote?

grams of trans fat content” even if a serving
contains up to half a gram of it. Should

hydrogenated oils be banned from all food?

See CengageNOW for details, then vote online.
Biological Molecules

Cells use chemical reactions to build complex carbohydrates

and lipids, proteins, and nucleic acids. All of these large

molecules have a backbone of carbon atoms. Groups of

atoms that are bonded to the backbone help determine a

molecule’s properties. Sections 2.8-2.13 15




Atoms and Elements

m Pure substances called elements are the basic raw
material of living things.

m Each element consists of one type of atom.
The parts of atoms determine how the molecules
of life are put together.

m Link to Life’s organization 1.3

Elements are fundamental forms of matter

Like all else on Earth, your body consists of chemicals,
some of them solids, others liquid, still others gases. Each
of these chemicals consists of one or more elements. An
element is a fundamental form of matter. No ordinary
process can break it down to other substances. There are
ninety-two natural elements on Earth, and researchers
have created other, artificial ones.

Organisms consist mostly of four elements: oxygen,
carbon, hydrogen, and nitrogen. The human body also
contains some calcium, phosphorus, potassium, sulfur,
sodium, and chlorine, plus trace elements. A trace element
is one that makes up less than 0.01 percent of body
weight. Trace elements are vital; for example, your red
blood cells can’t carry oxygen without the trace element
iron. The chart in this chapter’s Science Comes to Life
feature shows how much your body’s elements might be
worth in the chemical marketplace—a reminder that all of
us are worth more than the sum of our parts!

Atoms of elements can combine into molecules—the
first step in biological organization. Molecules in turn can
combine to form larger structures, as described shortly.
The body’s chemical makeup is finely tuned. For example,
many trace elements found in our tissues—such as
arsenic, selenium, and fluorine—are toxic in amounts
larger than normal.

Atoms are composed of smaller particles

An atom is the smallest unit that has the properties of a
given element. A million could fit on the period at the end
of this sentence. In spite of their tiny size, however, all
atoms are composed of more than one hundred kinds of
subatomic particles. The ones we are concerned with in
this book are protons, electrons, and neutrons, illustrated
in Figure 2.1.

All atoms have one or more protons, which carry a pos-
itive charge, marked by a plus sign (p*). Except for hydro-
gen, atoms also have one or more neutrons, which have
no charge. Neutrons and protons make up the atom’s
core, the atomic nucleus. Electrons move around the
nucleus, occupying most of the atom’s volume. They have
a negative charge, which we write as e”. An atom usually
has an equal number of electrons and protons.

O

‘ @ proton
@ neutron
O electron

O

Figure 2.1 Atoms consist of subatomic particles. This model
can’t show what an atom really looks like. Electrons travel around
a nucleus of protons and neutrons, and they occupy spaces about
10,000 times larger than the nucleus.

Each element is assigned its own “atomic number,”
which is the number of protons in its atoms. Elements
also have a “mass number”—the sum of the protons and
neutrons in the nucleus of their atoms. Appendix II of this
textbook has charts of the elements and of the atomic and
mass numbers of the common elements in living things.

Isotopes are varying forms of atoms

All atoms of a given element have the same number of
protons and electrons, but they may not have the same
number of neutrons. When an atom of an element has
more or fewer neutrons than the most common number, it
is called an isotope (Eve-so-tope). For instance, while a
“standard” carbon atom will have six protons and six neu-
trons, the isotope called carbon 14 has six protons and
eight neutrons. These two forms of carbon atoms also can
be written as '*C and '*C. The prefix iso- means same, and
all isotopes of an element interact with other atoms in the
same way. Most elements have at least two isotopes. Cells
can use any isotope of an element for their metabolic
activities, because the isotopes behave the same as the
standard form of the atom in chemical reactions.

Have you heard of radioactive isotopes? A French
scientist discovered them in 1896, after he had set a chunk
of rock on top of an unexposed photographic plate in a
desk drawer. The rock contained isotopes of uranium,
which emit energy. This unexpected chemical behavior is
what we today call radioactivity. Soon after the
Frenchman’s plate was exposed to uranium emissions, he
was astonished to see that a faint image of the rock
appeared on it.

The nucleus of a radioisotope is unstable, but it
stabilizes itself by emitting energy and particles (other
than protons, electrons, and neutrons). This process,
called radioactive decay, takes place spontaneously, and it
transforms a radioisotope into an atom of a different
element. The decay process happens at a known rate. For
instance, over a predictable time span, carbon 14 becomes
nitrogen 14. Scientists can use radioactive decay rates to
determine the age of very old substances.
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A A patient is injected with a
radioactive tracer and moved

into a scanner like this one. .
Detectors that intercept 6
radioactive decay of the baf
tracer surround the body
part of interest.

B Radioactive decay detected

by the scanner is converted into
digital images of the body’s interior.
Two tumors (blue) in and near the
bowel of a cancer patient are
visible in this PET scan.

Figure 2.2 Radioisotopes
have important medical uses.
(@) A PET scanner. (b) PET
image showing two tumors
(blue) in and near the bowel

of a cancer patient.

Radioisotopes may help diagnose disease
and save lives

Radioisotopes are routinely used in medicine because
they permit a physician to diagnose disease without
doing exploratory surgery. Radioisotopes also are part of
the treatment of certain cancers. For safety’s sake, only
radioisotopes with extremely short half-lives are used.
(Half-life is the time it takes for half of a quantity of a
radioisotope to decay into a different, more stable one.)

Various devices can detect radioisotope emissions. One
of them is the PET scanner (short for Positron Emission
Tomography). Figure 2.2 shows a PET scan from a cancer
patient. The patient was injected with a tracer, a sugar or
other molecule in which radioisotopes have been substi-
tuted for some atoms. Cells that are more active, such as
cancer cells, take up the tracer faster than other cells do.
The patient was moved into a scanner, which detected
radioactivity concentrated in the tumors. PET also has
been useful in studying human brain activity.

Take-Home Message

What are the basic building blocks of all matter?

e Atoms are tiny particles and are the building blocks of all
substances.

* Atoms consist of electrons moving around a nucleus of protons
and (except for hydrogen) neutrons.

¢ An element is a pure substance. Each kind consists of atoms
having the same number of protons.

Science CoMEs To LIFE

A How Much Are You

Worth?

Elements in a Human Body

Element

Hydrogen
Oxygen
Carbon
Nitrogen
Phosphorus
Calcium
Sulfur
Sodium
Potassium
Chlorine
Magnesium
Fluorine
Iron

Silicon
Zinc
Rubidium
Strontium
Bromine
Boron
Copper
Lithium
Lead
Cadmium
Titanium
Cerium
Chromium
Nickel
Manganese
Selenium
Tin

lodine
Arsenic
Germanium
Molybdenum
Cobalt
Cesium
Mercury
Silver
Antimony
Niobium
Barium
Gallium
Yttrium
Lanthanum
Tellurium
Scandium
Beryllium
Indium
Thallium
Bismuth
Vanadium
Tantalum
Zirconium
Gold
Samarium
Tungsten
Thorium
Uranium

Total

Number of Atoms (x 1015)

41,808,044,129,611
16,179,356,725,877
8,019,5615,931,628
773,627,553,592
151,599,284,310
1560,207,096,162
26,283,290,713
26,185,5659,925
21,5565,924,426
16,301,156,188
4,706,027,566
823,858,713
452,753,156
214,345,481
211,744,915
47,896,401
21,985,848
19,588,506
10,023,125
6,820,886
6,071,171
3,486,486
2,677,674
2,515,303
1,718,576
1,620,894
1,538,503
1,314,936
1,143,617
1,014,236
948,745
562,455

414,543
313,738
306,449

271,772
180,069

111,618

98,883

97,195

96,441

60,439

40,627

34,671

33,025

26,782

24,047

20,972

14,727

14,408

12,999

6,654

6,599

6,113

2,002

655

3

3

67,179,218,505,055 x 10'°

Retail Cost

$0.028315
0.021739
6.400000
9.706929
68.198594
15.500000
0.011623
2.287748
4.098737
1.409496
0.444909
7.917263
0.054600
0.370000
0.088090
1.087153
0.177237
0.012858
0.002172
0.012961
0.024233
0.003960
0.010136
0.010920
0.043120
0.003402
0.031320
0.001526
0.037949
0.005387
0.094184
0.023576
0.130435
0.001260
0.001509
0.000016
0.004718
0.013600
0.000243
0.000624
0.028776
0.003367
0.005232
0.000566
0.000722
0.058160
0.000218
0.000600
0.000894
0.000119
0.000322
0.001631
0.000830
0.001975
0.000118
0.000007
0.004948
0.000103

$118.63
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Chemical Bonds: How Atoms Interact

Atoms receive, donate, or share electrons.

m Whether an atom will interact with other atoms
depends on how many electrons it has.

m Chemical bonds connect atoms into molecules.

Atoms interact through their electrons

There are three ways atoms can interact: A given atom
may share one or more of its electrons, it can accept extra
ones, or it can donate electrons to another atom. Which of
these events takes place depends on how many electrons
an atom has and how they are arranged.

If you have ever played with magnets you
know that like charges (++ or ——) repel
each other and unlike charges (+—) attract.
Electrons carry a negative charge, so they are
attracted to the positive charge of protons.
On the other hand, electrons repel each other.
In an atom, electrons respond to these pushes
and pulls by moving around the atomic
nucleus in “shells.” A shell is not a flat, circu-
lar track around the nucleus; it has three
dimensions, like the space inside a balloon,
and the electron or electrons inside it travel in
“orbitals.” You can think of an orbital as a

vacancy

C Third shell

© electron

This shell corresponds to the third

room in an apartment building—the atom—that allows
exactly two renters per room. This means that in an atom,
at most two electrons can occupy an orbital. Recall from
Section 2.1 that atoms of different elements differ in how
many electrons they have. They also differ in how many
of their “rooms” are filled.

Hydrogen is the simplest atom. It has one electron in a
single shell (Figure 2.3a). In atoms of other elements, the
first shell holds two electrons. Any additional electrons
are in shells farther from the nucleus.

The shells around an atom’s nucleus are equivalent to
energy levels. The shell closest to the nucleus is the lowest
energy level. Each shell farther out from the nucleus is at
a progressively higher energy level. Because the atoms of
different elements have different numbers of electrons,
they also have different numbers of shells that electrons
can occupy. A shell can have up to eight electrons, but not
more. This means that larger atoms, which have more
electrons than smaller ones do, also have more shells. The
known elements, listed in Appendix II, include some that
have many shells to hold all their electrons.

Chemical bonds join atoms

A union between the electron structures of atoms is a
chemical bond. You can think of bonds as the glue that

energy level. It has four orbitals with room for eight

electrons. Sodium has one electron in the third shell;
chlorine has seven. Both have vacancies, so both form
chemical bonds. Argon, with no vacancies, does not.

B Second shell This shell, which corresponds to
the second energy level, has four orbitals—room for
a total of eight electrons. Carbon has six electrons:
two in the first shell and four in the second. It has
four vacancies. Oxygen has two vacancies. Both car-
bon and oxygen form chemical bonds. Neon, with no
vacancies, does not.

A First shell
energy level, which has a single orbital that can hold
two electrons. Hydrogen has only one electron in this
shell and gives it up easily. A helium atom has two
electrons (no vacancies), so it does not form bonds.

A single shell corresponds to the first

sodium
11p*, 11e~ 17p*, 17e~ 18p+, 18e—
O-O 0-0 0-0
o / o / o \
. @ . o : Q
Q Q (%)
o \ o \ o /
0-0 carbon 0-0 oxygen 0-0 neon
6pTt, 6e~ 8pt, 8e~ 10pt, 10e~
o :
' hyd <> i
= ydrogen = helium
1pt, 1e— 2pt, 2e~

Figure 2.3 Animated! The shell model helps you visualize the vacancies in an atom’s outer orbitals.
Each circle represents all of the orbitals on one energy level. The larger the circle, the higher the energy level.
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joins atoms into molecules. How does this “glue” come
about? An atom is most stable when its outer shell is
filled. Atoms that have too few electrons to fill their
outer shell tend to form chemical bonds with other
atoms in order to do so. Atoms of oxygen, carbon,
hydrogen, and nitrogen—the four most abundant ele-
ments in the human body—are like this. As shown in
Figure 2.3, hydrogen and helium atoms have a single
shell. It is full when it contains two electrons. Other
kinds of atoms that have unfilled outer shells take part
in chemical bonds that fill their outer shell with eight
electrons. Check for electron vacancies in an atom'’s
outer shell and you have a clue as to whether the atom
will bond with others. When its outer shell has one or
more vacant “slots,” an atom may give up electrons,
gain them, or share them.

In Figure 2.3 you can count the electron vacancies in
the outer shell of each of the atoms pictured. Atoms like
helium, which have no vacancies, are said to be inert. They
usually don’t take part in chemical reactions.

Atoms can combine into molecules

When chemical bonding joins atoms, the new structure is
a molecule (Table 2.1). Many molecules contain atoms of
only one element. Molecular nitrogen (N,), with its two
nitrogen atoms, is an example. Figure 2.4 explains how to
read the notation used in representing chemical reactions
that occur between atoms and molecules.

Many other kinds of molecules are compounds—they
consist of two or more elements in proportions that never
vary. For example, water is a compound. Every water

We use symbols for elements when writing formulas, which
identify the composition of compounds. For example, water
has the formula H>O. Symbols and formulas are used in
chemical equations, which are representations of reactions
among atoms and molecules.

In written chemical reactions, an arrow means “yields.”
Substances entering a reaction (reactants) are to the left
of the arrow. Reaction products are to the right. For
example, the reaction between hydrogen and oxygen that
yields water is summarized this way:

2Hy  + O » 2H50

4 hydrogens 2 oxygens 4 hydrogens, 2 oxygens

Note that there are as many atoms of each element to the
right of the arrow as there are to the left. Although atoms
are combined in different forms, none is consumed or
destroyed in the process. The total mass of all products
of any chemical reaction equals the total mass of all its
reactants. All equations used to represent chemical
reactions, including reactions in cells, must be balanced
this way.

Figure 2.4 Animated! Symbols are a “shorthand” way
to describe chemical reactions.

TABLE 2.1 Different Ways to Represent the Same Molecule

Common name Water Familiar term.
Chemical name Hydrogen Describes the elements
oxide making up the molecule.

Chemical formula HoO Indicates proportions of
elements. Subscripts show
number of atoms of an
element per molecule. The
absence of a subscript means
one atom.

Structural formula H—O—H Represents a bond as a

single line between atoms.
—~0O~ The bond angles also may

H H be represented.
Structural model Shows the positions and
\ relative sizes of atoms.
Shell model ﬂ/( \(O Shows how pairs of electrons
A . / are shared.

molecule has one oxygen atom bonded with two hydro-
gen atoms. No matter where water molecules are—in rain
clouds or in a lake or in your bathtub—they always have
twice as many hydrogen as oxygen atoms.

In a mixture, two or more kinds of molecules simply
mingle. The proportions may or may not be the same. For
example, the sugar sucrose is a compound of carbon,
hydrogen, and oxygen. If you swirl together molecules of
sucrose and water, you'll get a mixture—sugar-sweetened
water. If you keep the same amount of water but add
more sucrose you will still have a mixture—just an
extremely sweet one, such as syrup.

Take-Home Message

How may atoms interact?

e An atom’s electrons determine whether and how it will interact
with other atoms.

e FElectrons move in orbitals around an atom’s nucleus. In the
shell model of orbitals, a series of shells correspond to
increasing levels of energy. An orbital cannot contain more than
two electrons.

e Atoms with unfilled orbitals in their outermost shell tend to
interact with other atoms and bond with other atoms. Atoms
with no vacancies do not form bonds.

* In molecules of a single element, all atoms are the same kind.
In a compound, chemical bonds connect atoms of differing
elements, in proportions that stay the same. In a mixture, the
proportions can vary.
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m In biological molecules the main kinds of chemical
bonds are ionic, covalent, and hydrogen bonds.

An ionic bond joins atoms that have
opposite electrical charges

Overall, an atom carries no charge because it has just as
many electrons as protons. That balance can change if an
atom has a vacancy—an unfilled orbital—in its outer
shell. For example, a chlorine atom has one vacancy and
therefore can gain one electron. A sodium atom, on the
other hand, has a single electron in its outer shell, and that
electron can be knocked out or pulled away. When an
atom gains or loses an electron, the balance between its
protons and its electrons shifts, so the atom becomes ion-
ized; it has a positive or negative charge. An atom that has
a charge is called an ion.

It’s common for neighboring atoms to accept or donate
electrons among one another. When one atom loses an
electron and one gains, both become ionized. Depending
on conditions inside the cell, the ions may separate, or
they may stay together as a result of the mutual attraction
of their opposite charges. An association of two ions that
have opposing charges is called an ionic bond. Figure 2.5
shows how sodium ions (Na*) and chloride ions (Cl7)
interact through ionic bonds, forming NaCl, or table salt.

In a covalent bond, atoms share electrons

In a covalent bond, atoms share two electrons (Figure 2.6).
The bond forms when two atoms each have a lone electron

Important Bonds in Biological Molecules

in their outer shell and each atom’s attractive force “pulls”
on the other’s unpaired electron. The tug is not strong
enough to pull an electron away completely, so the two
electrons occupy a shared orbital. Covalent bonds are
stable and much stronger than ionic bonds.

As you saw in Table 2.1, in structural formulas a single
line between two atoms means they share a single covalent
bond. Molecular hydrogen, a molecule that consists of
two hydrogen atoms, has this kind of bond and can be
written as H—H. In a double covalent bond, two atoms
share two electron pairs, as in an oxygen molecule
(O=O0). In a triple covalent bond, two atoms share three
pairs of electrons. A nitrogen molecule (N=N) is this way.
All three examples are gases. When you breathe, you
inhale H,, O,, and N, molecules.

In a nonpolar covalent bond, the two atoms pull equally
on electrons and so share them equally. The term “non-
polar” means there is no difference in charge at the two
ends (“poles”) of the bond. Molecular hydrogen is a sim-
ple example. Its two hydrogen atoms, each with one
proton, attract the shared electrons equally.

In a polar covalent bond, two atoms do not share
electrons equally. The atoms are of different elements, and
one has more protons than the other. The one with the most
protons pulls more, so its end of the bond ends up with a
slight negative charge. We say it is “electronegative.” The
atom at the other end of the bond ends up with a slight
positive charge. For instance, a water molecule (H—O—H)
has two polar covalent bonds. The oxygen atom carries a
slight negative charge, and each of the two hydrogen
atoms has a slight positive charge.

Sodium ion Chloride ion

A A crystal of table salt is a cubic lattice
of many sodium ions and chloride ions.

B The mutual attraction of opposite charges
holds the two kinds of ions together closely in
the lattice.

Figure 2.5 Animated! Two oppositely charged atoms may stay together in an ionic bond.
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Two hydrogen atoms, each with
one proton, share two electrons
in a single covalent bond that is
nonpolar.

molecular hydrogen (H—H)

LI

Two oxygen atoms, each with
eight protons, share four
electrons in a double covalent
bond, also nonpolar.

molecular oxygen (O=0)

Two hydrogen atoms each share
an electron with oxygen. The
resulting two covalent bonds
. form a water molecule. These

bonds are polar. The oxygen

- £ exerts a greater pull on the

shared electrons, so it bears a

slight negative charge. Each

of the hydrogens has a slight

water (H—O—H) -
positive charge.

Figure 2.6 Shared electrons make up covalent bonds. Two
atoms with unpaired electrons in their outer shell become more
stable by sharing electrons. Two electrons are shared in each
covalent bond. When the electrons are shared equally, the covalent
bond is nonpolar. If one atom exerts more pull on the shared
electrons, the covalent bond is polar.

A hydrogen bond is a weak bond
between polar molecules

A hydrogen bond is a weak attraction that has formed
between a covalently bound hydrogen atom and an
electronegative atom in a different molecule or in another
part of the same molecule. The dotted lines in Figure 2.7
depict this link.

Hydrogen bonds are weak, so they form and break
easily. Even so, they are essential in biological molecules.

Major Chemical Bonds

in Biological Molecules

Bond Characteristics

lonic Joined atoms have opposite charges.

Covalent Strong; joined atoms share electrons. In a
polar covalent bond one end is positive, the
other negative.

Hydrogen  Weak; joins a hydrogen (H*) atom in one

polar molecule with an electronegative atom
in another polar molecule.

hydrogen bond

water molecule 0* l G} ammonia molecule

T

A Two molecules interacting in one hydrogen (H) bond.

B Numerous H bonds (white dots) hold the two coiled-up
strands of a DNA molecule together. Each H bond is weak,
but collectively these bonds stabilize DNA's large structure.

Figure 2.7 Hydrogen bonds can form when a hydrogen atom
is already covalently bonded in a molecule. The hydrogen’s
slight positive charge weakly attracts an atom with a slight negative
charge that is already covalently bonded to something else. As
shown above, this can happen between one of the hydrogen
atoms of a water molecule and the nitrogen atom of an ammonia
molecule.

For example, the genetic material DNA is built of two
parallel strands of chemical units, and the strands are
held together by hydrogen bonds. In Section 2.5 you will
learn how hydrogen bonds between water molecules
contribute to properties of water that make it one of the
essential molecules of life.

Table 2.2 summarizes what you have just read about
hydrogen bonds and the other main chemical bonds in
biological molecules.

Take-Home Message

What kinds of chemical bonds form in biological molecules?

* An ion forms when an atom gains or loses electrons, and so
acquires a positive or negative charge. In an ionic bond, ions
of opposite charge attract each other and stay together.

¢ |n a covalent bond, atoms share electrons. If the electrons are
shared equally, the bond is nonpolar. If the sharing is not equal,
the bond is polar—slightly positive at one end, slightly negative
at the other.

¢ |n a hydrogen bond, a covalently bound hydrogen atom attracts
a small, negatively charged atom in a different molecule or in
another part of the same molecule.
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2.5

slight negative charge
on the oxygen atom

~

%_

(+)

slight positive charge
on each hydrogen atom

a Polarity of a water molecule.

b Hydrogen bonds between molecules in
liquid water (dashed lines).

Water: Indispensable for Life

m Water is required for many life processes.
m Other life processes occur only after substances
have dissolved in water.

Life on Earth probably began in water, and for all life
forms it is indispensable. Human blood is more than 90
percent water, and water helps maintain the shape and
internal structure of our cells. Three unusual properties
of water suit it for its key roles in the body, starting with
the fact that water is liquid at body temperature.

Hydrogen bonding makes water liquid

Any time water is warmer than about 32°F or cooler
than about 212°F, it is a liquid. Therefore it is a liquid at
body temperature; our watery blood flows and our cells

Overall, the
molecule

carries no
net charge

(+)

¢ Water’'s cohesion. When water flows over a
high ledge, the fall (gravity) pulls molecules away
from the surface. The individual water molecules
don't scatter every which way, however, because
hydrogen bonds pull inward on those at the
surface. As a result, the molecules tend to stay
together in droplets.

have the fluid they need to maintain their structural
integrity and to function properly. What keeps water
liquid? You may recall that while a water molecule has
no net charge, it does carry charges that are distributed
unevenly. The water molecule’s oxygen end is slightly
negative and its hydrogen end is a bit positive (Figure
2.8a). This uneven distribution of charges makes water
molecules polar. Because they are polar, the molecules
can attract other water molecules and form hydrogen
bonds with them. Collectively, the bonds are so strong
that they hold the water molecules close together
(Figure 2.8b and 2.8c¢). This effect of hydrogen bonds is
why water is a liquid unless its temperature falls to
freezing or rises to the boiling point.

Water attracts and hydrogen-bonds with other polar
substances, such as sugars. Because polar molecules are
attracted to water, they are said to be hydrophilic, or
“water-loving.” Water repels nonpolar
substances, such as oils. Hence nonpolar
molecules are hydrophobic, or “water-
dreading.” We will return to these
concepts when we look at the structure
of cells in Chapter 3.

Water can absorb
and hold heat

Water’s hydrogen bonds give it a high
heat capacity—they enable water to
absorb a great deal of heat energy
before it warms significantly or evapo-
rates. This is because it takes a large
amount of heat to break the many
hydrogen bonds that are present in
water. Water’s ability to absorb a lot
of heat before becoming hot is the
reason it was used to cool automobile
engines in the days before alcohol-
based coolants became available. In a
similar way, water helps stabilize the
temperature inside cells, which are
mostly water. The chemical reactions in
cells constantly produce heat, yet cells
must stay fairly cool because their pro-
teins can only function properly within
narrow temperature limits.

Figure 2.8 Animated!
Water is essential for life.
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Figure 2.9 Animated! Charged substances dissolve
easily in water. This diagram shows clusters of water molecules
around ions. The clusters are called “spheres of hydration.”

When enough heat energy is present, hydrogen bonds
between water molecules break apart and do not re-form.
Then liquid water evaporates—molecules at its surface
begin to escape into the air. When a large number of
water molecules evaporate, heat energy is lost. This is
why sweating helps cool you off on a hot, dry day. Your
sweat is 99 percent water. When it evaporates from the
millions of sweat glands in your skin, heat leaves with it.

Water is a biological solvent

Water also is a superb solvent, which means that ions and
polar molecules easily dissolve in it. In chemical terms a
dissolved substance is called a solute. When a substance
dissolves, water molecules cluster around its individual
molecules or ions and form “spheres of hydration.” This is
what happens to solutes in blood and other body fluids.
Most chemical reactions in the body occur in water-based
solutions.

Figure 2.9 shows what happens to table salt (NaCl)
when you pour some into a glass of water. After a while,
the salt crystals separate into Na® and Cl™. Each Na*
attracts the negative end of some of the water molecules
while each CI™ attracts the positive end of others.

C

Focus oN HEALTH

pA:3 How Antioxidants
Protect Cells

The process in which an atom or molecule loses one or more
electrons to another atom or molecule is called oxidation. It’s
what causes a match to burn and an iron nail to rust, and it
is part of all kinds of important metabolic events in body
cells. Unfortunately, the countless oxidations that go on in
our cells also release highly unstable molecules called free
radicals. Each one is a molecule (such as O,") that includes
an oxygen atom lacking a full complement of electrons in its
outer shell. To fill the empty slot, a free radical can easily
“steal” an electron from another, stable molecule. This theft
disrupts both the structure and functioning of the affected
molecule.

When free radicals are present in large numbers, they
pose a serious threat to various types of molecules, includ-
ing a cell’s DNA. Cigarette smoke and the ultraviolet radia-
tion in sunlight produce additional free radicals in the body.

An antioxidant is a substance that can give up an electron
to a free radical before the rogue does damage to DNA or
some other vital cell component. The body makes some
antioxidants, including the hormone melatonin (Chapter 15),
that neutralize free radicals by giving up electrons to them.
This home-grown chemical army isn’t enough to balance the
ongoing production of free radicals, however. This is why
many nutritionists recommend adding antioxidants to the
diet by eating lots of the foods that contain them, using sup-
plements only in moderation.

Ascorbic acid—vitamin C—is an antioxidant, as is vitamin
E. So are some carotenoids, such as alpha carotene, which
are pigments in orange and leafy green vegetables, among
other foods (Figure 2.10). Antioxidant-rich foods typically
also are low in fat and high in fiber.

Figure 2.10 Antioxidants help counter free radicals. Good
sources are orange and green vegetables and fruits.
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Acids, Bases, and Buffers: Body Fluids in Flux

more acidic

more basic

m lons dissolved in the fluids inside and outside cells
influence cell structure and functioning.
m Hydrogen ions affect many body functions.

The pH scale indicates the concentration
of hydrogen ions in fluids

The water in the human body contains various ions.
Some of the most important are hydrogen ions, which
have far-reaching effects because they are chemically
active and there are so many of them. At any instant,
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some water molecules are breaking apart into H" and
hydroxide ions (OH"). These ions are the basis for the
pH scale (Figure 2.11), which indicates the concentra-
tion (relative amount) of H* in water, blood, and other
fluids. Pure water (not rainwater or tap water) always
has just as many H* as OH™ ions. This state is neutral-
ity, or pH 7, on the pH scale.

Starting at neutrality, each change by one unit of
the pH scale corresponds to a tenfold increase or
decrease in the concentration of H*. One way to get a
personal sense of range is to taste a bit of baking soda
(pH 9), and then follow it with water (7), and then
lemon juice (2.3).

Acids give up H* and bases accept H+

You've probably heard of “acids” and “bases,” but what
are they, chemically? An acid is a substance that donates
protons (H™) to other solutes or to water molecules when
it dissolves in water. A base accepts H" when it dissolves
in water. When either an acid or a base dissolves, OH™
then forms in the solution as well. Acidic solutions, such as
lemon juice and the gastric fluid in your stomach, release
more H than OH; their pH is below 7. Basic solutions,
such as seawater, baking soda, and egg white, release
more OH™ than H™. Basic solutions are also called alkaline
fluids; they have a pH above 7.

The fluid inside most human cells is about 7 on the pH
scale. Body cells also are surrounded by fluids, and the pH
values of most of those fluids are slightly higher, ranging
between 7.3 and 7.5. The pH of the fluid portion of your
blood is in the same range.

To a chemist most acids are either weak or strong.
Weak ones, such as carbonic acid (H,CO;), don’t readily
donate H". Depending on the pH, they just as easily
accept H™ after giving it up, so they alternate between act-
ing as an acid and acting as a base. On the other hand,
strong acids totally give up H when they dissociate in
water. Hydrochloric acid (HCI), nitric acid (HNO;), and
sulfuric acid (H,SO,) are examples.

High concentrations of strong acids or strong bases can
be important in the body. For instance, when you eat, cells
in your stomach secrete HCl, which separates into H™ and
Cl” in water. The H" ions make stomach fluid more acidic,
and the increased acidity switches on enzymes that can
digest (chemically break down) food particles. The acid
also helps kill harmful bacteria. Eating too much of certain
kinds of foods can lead to “acid stomach.” Antacids such
as milk of magnesia are strong bases. In your stomach,

Figure 2.11 Animated! The pH scale indicates the acidity
of a solution.
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milk of magnesia releases magnesium ions and OH~,
which combines with excess H* in your stomach fluid.
This chemical reaction raises the fluid’s pH, and your acid
stomach goes away.

Strong acids or bases also can harm the environment.

Figure 2.12 Acids produced by human activities affect the environment.
This photograph captures sulfur dioxide emissions from a coal-burning power
plant. Camera lens filters reveal the otherwise invisible emissions. Sulfur dioxide

Read the labels on bottles of ammonia, drain cleaner, and

other common household products and you'll learn that
many of them can cause severe chemical burns. So can
sulfuric acid in car batteries. Smoke from fossil fuels,
exhaust from motor vehicles, and nitrogen fertilizers
release strong acids, which alter the pH of rain (Figure
2.12). The resulting acid rain is an ongoing environmental
problem considered in more detail in Chapter 25.

A salt releases other kinds of ions

Salts are compounds that release ions other than H" and
OH™ in solutions. Salts and water often form when a
strong acid and a strong base interact. Depending on a
solution’s pH value, salts can form and dissolve easily.
Consider how sodium chloride forms, then dissolves:

HCI  + NaOH ===> NaCl + H0
hydrochloric sodium sodium chloride
acid hydroxide (a salt)
(a base) #
Nat CI~

Many salts dissolve into ions that have key functions
in cells. For example, the activity of nerve cells depends
on ions of sodium, potassium, and calcium, and your
muscles contract with the help of calcium ions.

Buffers protect against shifts in pH

Cells must respond quickly to even slight shifts in pH,
because protein and many other biological molecules can
function properly only within a narrow pH range. Even a
slight deviation can completely shut down cell processes.

Body fluids stay at a consistent pH because they are
buffered. A buffer system is set of chemicals, often a
weak acid or a base and its salt, that can keep the pH of a
solution stable. Buffer systems are extremely important in
maintaining homeostasis. They work because the two
chemicals can donate and accept ions that affect pH.

For example, when a base is added to a fluid, OH™ is
relased. However, if the fluid is buffered, the weak acid
partner gives up H*. The H* combines with the OH",
forming a small amount of water that does not affect
pH. So, a buffered fluid’s pH stays constant even when
a base is added.

is a major component of acid rain.

A key point to remember is that the action of a buffer
system can’t make new hydrogen ions or eliminate those
that already are present. It can only bind or release them.

Carbon dioxide forms in many reactions and it takes
part in an important buffer system. It combines with
water in the blood to form the compounds carbonic acid
and bicarbonate. When the pH of blood starts to rise due
to other factors, the carbonic acid neutralizes the excess
OH™ by releasing H". The two kinds of ions combine and
form water:

H>CO3

carbonic acid

—

HCOs_ = H+
bicarbonate

When the blood becomes more acidic, the bicarbonate
absorbs excess H" and thus shifts the balance of the buffer
system toward carbonic acid:

HCO3_ + Ht » H2COS

bicarbonate carbonic acid

Together these reactions usually keep the blood pH
beween 7.3 and 7.5, but a buffer system can neutralize
only so many ions. Even slightly more than that limit
causes the pH to swing widely.

A buffer system failure in the body can be disastrous. If
blood’s pH (7.3-7.5) declines to even 7, a person will fall
into a coma, a severe state of unconsciousness. An increase
to 7.8 can lead to tetany, a prolonged, possibly fatal con-
traction of skeletal muscles. In acidosis, carbon dioxide
builds up in the blood, too much carbonic acid forms, and
blood pH plummets. The condition called alkalosis is an
abnormal increase in blood pH. Left untreated, both
acidosis and alkalosis can be deadly.

Take-Home Message

Why are hydrogen ions important in body functions?

e Hydrogen ions contribute to pH. Acids release hydrogen
ions and bases accept them. Salts release ions other than
H* and OH".

e Buffer systems keep the pH of body fluids stable. They are
an important part of homeostasis.
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Molecules of Life

m Molecules that make up living things are called
biological molecules. They are built on atoms of
the element carbon.

m The four classes of biological molecules are
carbohydrates, lipids, proteins, and nucleic acids.

Biological molecules contain carbon

Each of the molecules of life is an organic compound: it
contains the element carbon and at least one hydrogen
atom. Chemists once thought organic substances were
those obtained from animals and vegetables, as opposed
to “inorganic” ones from minerals.

Carbon’s key feature is versatile bonding

The human body consists mostly of oxygen, hydrogen,
and carbon. The oxygen and hydrogen are mainly in the
form of water. Carbon makes up more than half of what
is left.

Carbon’s importance to life starts with its versatile
bonding behavior. As you can see in the sketch below,
each carbon atom can share pairs of elec-
trons with as many as four other atoms. The

ig\?ﬁem covalent bonds are fairly stable, because the
bond carbon atoms share pairs of electrons
carbon equally. This type of bond links carbon
atom atoms together in chains. The chains form a

backbone to which atoms of hydrogen,
oxygen, and other elements can attach.

The angles of the covalent bonds help produce the
three-dimensional shapes of organic compounds. A chain
of carbon atoms, bonded covalently one after another,
forms a backbone from which other atoms can project:

atoms branching from backbone

HH HH H H

carbon
backbone

HEEEEE @

A carbon backbone with only hydrogen atoms attached to
it is a hydrocarbon. The backbone also may form a ring,
like this:

Y
_C/ \C_
| | or carbon
—/ \C/C< rings
/N

Functional groups affect the chemical
behavior of organic compounds

Biological molecules also have parts called functional
groups. A functional group is a particular atom or clus-
ter of atoms that are covalently bonded to carbon. The
kind, number, and arrangement of these groups give rise
to specific properties, such as polarity or acidity.

Figure 2.13 shows some functional groups. Sugars and
other organic compounds classified as alcohols have one
or more hydroxyl groups (—OH). Water forms hydrogen
bonds with hydroxyl groups, which is why sugars can
dissolve in water. The backbone of a protein forms by
reactions between amino groups and carboxyl groups.
Amino groups also can combine with hydrogen ions and
act as buffers against decreases in pH.

Human sex hormones illustrate the importance of
exactly where a functional group attaches to a biological
molecule. Estrogen and testosterone account for many

Group Character Location Structure
hydroxyl polar amino acids; sugars —OH
and other alcohols
methyl nonpolar  fatty acids, some H
amino acids #H
H
carbonyl polar, sugars, amino #H #
reactive acids, nucleotides
(0] (6]
(aldehyde) (ketone)
carboxy! acidic amino acids, fatty 4?—OH 4?70*
acids, carbohydrates
(6] ()
(ionized)
amine basic amino acids, some I-‘i
nucleotide bases —N—H —NH*
| \
H H
(ionized)
phosphate  high nucleotides (e.g., ?’
energy, ATP); DNA and Y =51
polar RNA; many proteins; © ﬁ © G“
phospholipids 6] on
sulfhydryl forms cysteine (an amino —SH ===
dI$U|fIde acid) (disulfide
bridges bridge)

Figure 2.13 Animated! Functional groups are important
parts of biological molecules.
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differences between males and females. The hormones OH H Q?Q

have the same functional groups, but the groups are in

. . o
different places (Figure 2.14). enzyme action atlfuncnonal groups HYAH

enzyme action ellt fl\mctional groups

; N ; Y / \
Cells have chemical tools to assemble e i ?
and break apart biological molecules HOH W on WO
How do cells make the organic compounds they need for A Condensation. An —OH group B Hydrolysis. A molecule splits, then

their structure and functioning? To begin with, whatever from one molecule combines with an an —OH group and an H atom from a
H atom from another. Water forms as water molecule become attached to

happens in a cell requires energy, which is provided by a the two molecules bond covalently. sites exposed by the reaction.
compound called ATP that you will learn more about

shortly. Chemical reactions in cells also require a class of Figure 2.15 Animated! Metabolic reactions build, rearrange, and
proteins called enzymes, which make reactions take break apart most biological molecules. (a) Condensation, with two
place faster than they would on their own. Table 2.3 lists molecules being covalently bonded into a larger one. (b) Hydrolysis, a

cleavage reaction that splits a larger molecule into two smaller ones.

the ways cells build, rearrange, or split apart organic Hydrolysis produces water as a by-product.

compounds. Two important types of reactions are called

condensation and hydrolysis.
TABLE 2.3 What Cells Do to Organic Compounds

Condensation Reactions As a cell builds or chanfges Class of Reaction e B
organic compounds, a common step is the condensation

reaction. Often in this kind of reaction, enzymes remove Condensation Two molecules covalently bond into a larger one.

a hydroxyl group from one molecule and an H atom from Cleavage A molecule splits into two smaller ones, as by

another, then speed the formation of a covalent bond el

between the two molecules (Figure 2.154). The discarded Functional group One molecule gives up a functional group, and a
transfer different molecule immediately accepts it.

hydrogen and oxygen atoms may combine to form a

molecule of water (H,O). Because this kind of reaction Electron transfer One or more electrons from one molecule are
donated to another molecule.

often forms water as a by-product, condensation is some-
times called dehydration (“un-watering”) synthesis. Cells Rearrangement Moving internal bonds converts one type of organic
can use condensation reactions to assemble polymers. compound to another.
Poly- means many, and a polymer is a large molecule built
of three to millions of subunits. The subunits, called Hydrolysis Reactions Hydrolysis is like condensation
monomers, may be the same or different. in reverse (Figure 2.15b). In a first step, enzymes that act
on particular functional groups split molecules into two
or more parts. Then they attach an —OH group and a
hydrogen atom from a molecule of water to the exposed
sites. With hydrolysis, cells can break apart large polymers
into smaller units when these are required for building

blocks or energy.

Take-Home Message

What are biological molecules, and how are they used in chemical

reactions?

e Carbohydrates, lipids, proteins, and nucleic acids are the main
biological molecules. All are organic compounds.

e Organic compounds have carbon backbones. Different bonding
patterns help give organic compounds their three-dimensional
shapes.

e Functional groups increase the structural and functional diversity
of organic compounds.

AN ESTROGEN TESTOSTERONE * Enzymes speed the chemical reactions cells use to build,
rearrange, and break down organic compounds.
Figure 2.14 The arrangement of functional groups determine e Chemical reactions in cells include the combining or splitting of
the difference between the sex hormones estrogen and molecules, as in condensation and hydrolysis.
testosterone.
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CHo0H

Carbohydrates: Plentiful and Varied

m Carbohydrates are the most abundant biological
molecules.

m Cells use carbohydrates to help build cell parts or
package them for energy.

Most carbohydrates consist of carbon, hydrogen, and
oxygen atoms in a 1:2:1 ratio. Due to differences in
structure, chemists separate carbohydrates into three
major classes, monosaccharides, oligosaccharides,
and polysaccharides.

Simple sugars are the simplest
carbohydrates

“Saccharide” comes from a Greek word meaning sugar. A
monosaccharide, meaning “one monomer of sugar,” is the
simplest carbohydrate. It has at least two —OH groups
joined to the carbon backbone plus an aldehyde or a
ketone group. Monosaccharides usually taste sweet and
dissolve easily in water. The most common ones have a
backbone of five or six carbons; for example, there are five
carbon atoms in deoxyribose, the sugar in
DNA. The simple sugar glucose is the main
energy source for body cells. Each glucose
molecule (at left) has six carbons, twelve
hydrogens, and six oxygens. (Notice how it
meets the 1:2:1 ratio noted above.) Glucose
is a building block for larger carbohydrates.
It also is the parent molecule (precursor) for
many compounds, such as vitamin C, which are derived
from sugar monomers.

Oligosaccharides are short
chains of sugar units

Unlike the simple sugars, an oligosaccharide is a short
chain of two or more sugar monomers that are joined by

CH20H CH20H
(@)
OH HO
OH
glucose + fructose

Grapes, a natural source of sucrose in the diet.

dehydration synthesis. (Oligo- means a few.) The type
known as disaccharides consists of just two sugar units.
Lactose, sucrose, and maltose are examples. Lactose (a
glucose and a galactose unit) is a milk sugar. Sucrose, the
most plentiful sugar in nature, consists of one glucose
and one fructose unit (Figure 2.16). You consume sucrose
when you eat fruit, among other plant foods. Table sugar
is sucrose crystallized from sugar cane and sugar beets.
Proteins and other large molecules often have
oligosaccharides attached as side chains to their carbon
backbone. Some chains have key roles in activities of cell
membranes, as you will read in Chapter 3. Others are
important in the body’s defenses against disease.

HoOH
CH2OH  cpoom
HO 0
OH O OH
+ HoO
CHo0H CHo0H
HO O
OH OH
sucrose + water

Figure 2.16 Sucrose, or table sugar, is a disaccharide formed from glucose and fructose. As you can see in this
diagram, the synthesis of a sucrose molecule is a condensation reaction, which forms water as a by-product.
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a Cellulose, a structural component of plants. Chains

of glucose units stretch side by side and hydrogen-bond
at many —OH groups. The hydrogen bonds stabilize the
chains in tight bundles that form long fibers.

b In amylose, one type of starch, a series of glucose units
form a chain that coils. Starch is the main energy reserve in
plants, which store it in their roots, stems, leaves, fruits, and
seeds (such as coconuts).

]
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Figure 2.17 Complex carbohydrates are straight or branched chains of many sugar monomers.
This diagram shows the structure of (a) cellulose, (b) starch, and (c) glycogen. Glucose is the basic

building block of all three of these carbohydrates.

Polysaccharides are sugar chains
that store energy

The “complex” carbohydrates, or polysaccharides, are
straight or branched chains of sugar monomers. Often
thousands have been joined by dehydration synthesis. A
great deal of energy is stored in the many chemical bonds
in polysaccharides. The energy is released to cells when
these sugars are digested. Most of the carbohydrates
humans eat are in the form of polysaccharides. The most
common ones—glycogen, starch, and cellulose—consist
only of glucose.

Plants store a large amount of glucose in the form of
cellulose (Figure 2.174). Humans don’t have digestive
enzymes that can break down the cellulose in whole
grains, vegetables, fruits, and other plant tissues. We do
benefit from it, however, as undigested “fiber” that adds
bulk and so helps move wastes through the lower part of
the digestive tract.

Foods such as potatoes, rice, wheat, and corn are all
rich in starch, which is a storage form of glucose in plants.

In starch the glucose subunits form a string, as with the
starch amylose illustrated in Figure 2.17b).

The polysaccharide glycogen is one form in which
animals store sugar, most notably in their muscles and
the liver (Figure 2.17c). When a person’s blood sugar
level falls, liver cells break down glycogen and release
glucose to the blood. When you exercise, your muscle
cells tap into their glycogen stores as a quick source of
energy.

Take-Home Message

What are carbohydrates?

e Carbohydrates range from simple sugars such as glucose
to molecules composed of many sugar units.

e From simple to complex, the three major types of
carbohydrates are monosaccharides, oligosaccharides,
and polysaccharides.

e Cells use carbohydrates for energy or as structural materials.
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saccharide functions as

an energy reservoir. A great
deal of it is stored in the
liver and muscles of active
animals, including people.



Lipids: Fats and Their Chemical Kin

m Cells use lipids to store energy, as structural
materials, and as signaling molecules.

Oil and water don’t mix. Why? Oils are a type of lipid,
and a lipid is a nonpolar hydrocarbon. A lipid’s large
nonpolar region makes it hydrophobic, so it tends not to
dissolve in water. Lipids easily dissolve in other nonpo-
lar substances. For example, you can dissolve melted
butter in olive oil. Here we are interested in fats and
phospholipids, both of which have chemical “tails”
called fatty acids, and on sterols, which have a backbone
of four carbon rings.

Fats are energy-storing lipids

The lipids called fats have as many as three fatty acids, all
attached to glycerol. Each fatty acid has a backbone of up
to thirty-six carbons and a carboxyl group (—COOH) at
one end. Hydrogen atoms occupy most or all of the
remaining bonding sites. A fatty acid typically stretches
out like a flexible tail (Figure 2.18).

In saturated fats, the fatty acid backbones have only
single covalent bonds. Animal fats are saturated. Like
uncooked bacon fat or lard, they are solid at room
temperature. The fatty acid tails of unsaturated fats have
one or more double covalent bonds. Such strong bonds
make rigid kinks that prevent unsaturated fats from
packing tightly. Most vegetable oils such as canola,
peanut oil, corn oil, and olive oil are unsaturated. They
stay liquid at room temperature.

Butter, lard, plant oils, and other dietary fats
consist mostly of triglycerides. These “neutral” fats
have three fatty acid tails attached to a glycerol back-
bone (Figure 2.19). Triglycerides are the most common
lipids in the body as well as its richest source of energy.
Compared to complex carbohydrates, they yield more
than twice as much energy, gram for gram, when they
are broken down. This is because triglycerides have
more removable electrons than do carbohydrates—and
energy is released when electrons are removed. In the
body, cells of fat-storing tissues stockpile triglycerides
as fat droplets.

Some unsaturated fats are unhealthy. A double bond in
so-called cis fatty acids keeps them kinked, but in trans
fatty acids a double bond keeps them st