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Preface

The Tenth Edition of Fundamentals of Anatomy & Physiology is a of facts and concepts. If students cannot answer these ques-
comprehensive textbook that fulfills the needs of today’s stu- tions within a matter of minutes, then they should reread
dents while addressing the concerns of their professors. We fo- the section before moving on. The Checkpoints reinforce
cused our attention on the question “How can we make this the Learning Outcomes, resulting in a systematic integra-
information meaningful, manageable, and comprehensible?” tion of the Learning Outcomes over the course of the
During the revision process, we drew upon our content knowl- chapter. Answers to the Checkpoints are located in the blue
edge, research skills, artistic talents, and years of classroom ex- Answers tab at the back of the book.
perience to make this edition the best yet. « Easier narrative uses simpler, shorter, more active sen-
The broad changes to this edition are presented in the New tences and a reading level that makes reading and studying
to the Tenth Edition section below, and the specific changes easier for students.

are presented in the Chapter-by-Chapter Changes in the

» Improved text-art integration throughout the illustration
Tenth Edition section that follows. P & &

program enhances the readability of figures. Several tables
have been integrated directly into figures to help students

! New to the Tenth Edition make direct connections between tables and art.
» Eponyms are now included within the narrative, along

with the anatomical terms used in Terminologia Anatomica.

= NEW Assignable MasteringA&P activities include the
following:

In addition to the many technical changes in this edition, such
as updated statistics and anatomy and physiology descriptions,
we have made the following key changes:

» NEW 50 Spotlight Figures provide highly visual one- and
two-page presentations of tough topics in the book, with » NEW Spotlight Figure Coaching Activities are highly

a particular focus on physiology. In the Tenth Edition, 18
new Spotlight Figures have been added for a total of 50
across the chapters. There is now at least one Spotlight
Figure in every chapter, as well as one Spotlight Figure cor-
responding to every A&P Flix.

NEW 29 Clinical Cases get students motivated for their
future careers. Each chapter opens with a story-based Clini-
cal Case related to the chapter content and ends with a
Clinical Case Wrap-Up that incorporates the deeper con-
tent knowledge students will have gained from the chapter.

NEW The repetition of the chapter-opening Learning
Outcomes below the coordinated section headings
within the chapters underscores the connection between
the HAPS-based Learning Outcomes and the associated
teaching points. Author Judi Nath sat on the Human
Anatomy and Physiology Society (HAPS) committee that
developed the HAPS Learning Outcomes, recommended
to A&P instructors, and the Learning Outcomes in this
book are based on them. Additionally, the assessments in
MasteringA&P are organized by these Learning Outcomes.
As in the previous edition, full-sentence section headings,
correlated with the Learning Outcomes, state a core fact or
concept to help students readily see and learn the chapter
content; and Checkpoints, located at the close of each sec-
tion, ask students to pause and check their understanding

visual, assignable activities designed to bring interac-
tivity to the Spotlight Figures in the book. Multi-part
activities include the ranking and sorting types that ask
students to manipulate the visuals.

» NEW Book-specific Clinical Case Activities stem from
the story-based Clinical Cases that appear at the begin-
ning and end of each chapter in the book.

» NEW Adaptive Follow-up Assignments allow instruc-
tors to easily assign personalized content for each in-
dividual student based on strengths and weaknesses
identified by his or her performance on MasteringA&P
parent assignments.

» NEW Dynamic Study Modules help students acquire,
retain, and recall information quickly and efficiently.
The modules are available as a self-study tool or can be
assigned by the instructor. They can be easily accessed
with smartphones.

! Chapter-by-Chapter Changes in the
Tenth Edition

This annotated Table of Contents provides select examples of
revision highlights in each chapter of the Tenth Edition. For
a more complete list of changes, please contact the publisher.

v
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Learning Outcomes

These Learning Outcomes correspond by number to this chapter’s sections

and indicate what you should be able to do after completing the chapter.

1-1
1-2

1-3

Explain the importance of studying anatomy

and physiology.

Define anatomy and physiology, describe the origins

of anatomical and physiological terms, and explain the
significance of Terminologia Anatomica (International
Anatomical Terminology).

Explain the relationship between anatomy and physiology,
and describe various specialties of each discipline.

Identify the major levels of organization in organisms,
from the simplest to the most complex, and identify major
components of each organ system.

Explain the concept of homeostasis.

Describe how negative feedback and positive feedback
are involved in homeostatic regulation, and explain the
significance of homeostasis.

Use anatomical terms to describe body regions, body
sections, and relative positions.

Identify the major body cavities and their subdivisions,
and describe the functions of each.

SPOTLIGHTS CLINICAL CASE

e |evels of Organization pp. 8-9 e Using A&P to Save a Life p. 2
e Diagnostic Imaging Techniques pp. 20-21

Clinical Notes
e Autopsies and Cadaver Dissection p. 5
e Auscultation p. 14



/W4  CLINICAL CASE

Lﬁ. Using A&P to Save a Life

The emergency medical technician (EMT) is on the

way to the emergency room with a young victim
of street violence. A knife with a 6-inch blade had been found
next to the bleeding, unconscious man.

“We have a young male with multiple stab wounds. He has
lost a lot of blood and we can barely get a blood pressure,” the
EMT radioes to the triage nurse in the emergency room as the
ambulance squeals through traffic. “We started an IV and
we are pouring in fluid as fast as we can.”

“Where are the wounds?” asks the receiving nurse.“He has
a deep wound in his right upper quadrant, just inferior to the
diaphragm. | can see bruising from the hub of the knife around
the wound, and there is another wound in his anterior right
thigh. His pulse is 120 and thready [weak]. His blood pressure
is 60 over 30"

! An Introduction to Studying
the Human Body

In this textbook we will introduce you to the inner workings
of your body, giving information about both its structure
(anatomy) and its function (physiology). Many students who
use this book are preparing for jobs in health-related fields—
but regardless of your career choice, you will find the informa-
tion within these pages relevant to your future. You do, after
all, live in a human body! As a human, you are most likely
very curious, and few subjects arouse so much curiosity as our
own bodies. The study of anatomy and physiology will provide
answers to many questions about the way your body works in
both health and disease.

We will focus on the human body, but the principles you
will learn apply to other living things as well. Our world con-
tains an enormous diversity of living organisms. They vary
widely in appearance and lifestyle. One aim of biology—the
science of life—is to discover the unity and the patterns that
underlie this diversity, and in this way shed light on what we
have in common with other living things.

We can classify animals according to the characteristics
that they share. Birds, fish, and humans are placed in a group
called the vertebrates, characterized by a segmented vertebral
column. Their shared characteristics and organizational pat-
terns are clues about how these animals have evolved over
time. Many of the complex structures and functions of the
human body that we discuss in this book have distant evolu-
tionary origins. When we compare human beings with other
creatures, we find two important principles:

2

“How long has he been down?”
questions the nurse. “Less than
a half hour. We intubated him
[inserted a breathing tube] and
started a large bore IV as soon as
we got there. We are 10 minutes
out now.”“Keep the fluids going
wide open, keep pressure on the
thigh, and take him directly to
Trauma Room 1,” come the instruc-
tions. Meanwhile the nurse orders the trauma team to Trauma
Room 1, orders x-ray to be on stand-by in the room, and re-
quests 4 units of type O negative whole blood—the universal
donor blood—from the blood bank. Will the team be ready
to save this young man? To find out, turn to the Clinical
Case Wrap-Up on p. 25.

® There are obvious structural and functional similarities
among vertebrates.

» Form determines function.

In this chapter we explore the structural and functional
characteristics of living things. We look at the levels of organi-
zation that anatomical structures and physiological processes
display. We also introduce homeostasis, the state of balance
within the body, which is the goal of physiological regulation
and the key to survival in a changing environment.

1-1 1 Anatomy and physiology
directly affect your life

Learning Outcome Explain the importance of studying anatomy
and physiology.

Welcome to the field of anatomy and physiology! Anatomy
is the study of body structures and physiology is the study of
body functions. You will discover how your body works under
normal and abnormal conditions. This knowledge will serve as
the foundation for understanding all other basic life sciences,
and for making common sense decisions about your own life.
Basic knowledge of normal physiological function, for exam-
ple, will prove useful whenever you or a friend or relative be-
comes ill. We will explain how the body responds to normal
and abnormal conditions and maintains homeostasis. As we
proceed, you will see how your body copes with injury, dis-
ease, or anything that threatens homeostasis.

Anatomy is the oldest medical science. Egyptian drawings
from 1600 BCE illustrated basic knowledge of blood vessels.



These drawings show that people have always been fascinated
with the human body. Since that time, imaging techniques for
studying the human body have evolved, enabling us to de-
scribe the locations and functions of body parts. Over the last
two decades, the most rapid progress has taken place in the
field of molecular biology, which studies processes at the level
of individual genes. It uses principles of biology, chemistry,
genetics, and biochemistry. Molecular biology helps us under-
stand how the body works at the most fundamental level and
reveals the underlying basis for many disorders and diseases.

Medical science is always expanding and affects our ev-
eryday lives. We are flooded with health information from the
popular press, news media, and advertisements. Medical terms
have become part of our common language, and we owe it to
ourselves to understand them. This course will significantly ex-
pand your vocabulary and enhance your understanding of the
origins and meanings of many medical terms.

CHECKPOINT

1. Identify the oldest medical science.
2. Why is studying human anatomy and physiology
important?

See the blue Answers tab at the back of the book.

1-2 1 Anatomy is structure,
and physiology is function

Learning Outcome Define anatomy and physiology, describe the
origins of anatomical and physiological terms, and explain the significance
of Terminologia Anatomica (International Anatomical Terminology).

People have always been interested in the inner workings of
the human body. Many medical terms have Greek roots, as do
many other anatomical terms and phrases that originated more
than 1500 years ago. For example, the term anatomy is derived
from Greek roots that mean “a cutting open.” Anatomy is the
study of internal and external body structures and their physical
relationships among other body parts. In contrast, physiology,
another Greek term, is the study of how living organisms per-
form their functions. Someone studying anatomy might, for
example, examine how a particular muscle attaches to the
skeleton. Someone studying physiology might consider how
a muscle contracts or what forces a contracting muscle exerts
on the skeleton. You will be studying both anatomy and physi-
ology in this book, so let's look at the relationships between
these sciences.

Early anatomists faced serious problems in communica-
tion. Saying that a bump is “on the back,” for example, does
not give very precise information about its location. So anato-
mists created maps of the human body. Prominent anatomical
structures serve as landmarks, distances are measured in cen-
timeters or inches, and specialized directional terms are used.
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In effect, anatomy uses a special language that you must learn
almost at the start of your study.

That special language, called medical terminology, in-
volves using word roots, prefixes, suffixes, and combining
forms to build terms related to the body in health and dis-
ease. Many of the anatomical and physiological terms you will
encounter in this textbook are derived from Greek or Latin.
Learning the word parts used in medical terminology will
greatly assist in your study of anatomy and physiology, and in
your preparation for any health-related career.

There are four basic building blocks—or word parts—of
medical terms. Word roots are the basic, meaningful parts of a
term that cannot be broken down into another term with an-
other definition. Prefixes are word elements that are attached
to the beginning of words to modify their meaning but cannot
stand alone. Suffixes are word elements or letters added to the
end of a word or word part to form another term. Combining
forms are independent words or word roots that are used in
combination with words, prefixes, suffixes, or other combin-
ing forms to build a new term. The table inside the back cover
of your textbook lists many commonly used word roots, pre-
fixes, suffixes, and combining forms.

To illustrate the building of medical terms, consider the
word pathology (puh-THOL-0-je). Breaking this word into its
basic elements reveals its meaning. The prefix path- refers to
disease (the Greek term for disease is pathos). The suffix -ology
means “study of.” So pathology is the study of disease.

A familiarity with Latin and Greek word roots and pat-
terns makes anatomical terms easier to understand. As we in-
troduce new terms, we will provide notes on pronunciation
and relevant word parts.

Latin and Greek terms are not the only ones that have
been imported into the anatomical vocabulary over the cen-
turies, and this vocabulary continues to expand. Many ana-
tomical structures and clinical conditions were first named
after either the discoverer or, in the case of diseases, the most
famous victim. Over the last 100 years, most of these com-
memorative names, or eponyms, have been replaced by more
precise terms. Where appropriate, we will give both the ep-
onym and the more precise term, because in clinical medi-
cine, both terms may be used. The Glossary at the end of this
book includes a table listing important eponyms and related
historical details.

It is important for scientists throughout the world to use
the same name for each body structure. In 1998, two scien-
tific organizations—the Federative Committee on Anatomical
Terminology and the 56 member associations of the Interna-
tional Associations of Anatomists—published International
Anatomical Terminology (Terminologia Anatomica, or TA). Ter-
minologia Anatomica serves as a worldwide official standard
of anatomical vocabulary. Latin continues to be the language
of anatomy, but this reference provides an English equivalent
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term for each anatomical structure. For example, the tendo cal-
caneus (Latin) is also called the calcaneal tendon (English).
You may know the structure better by its eponym, the Achilles
tendon. Eponyms are not found in TA. We have used TA as our
standard in preparing this text.

CHECKPOINT

3. Define anatomy.

Define physiology.

Describe medical terminology.
Define eponym.

N o gk

Name the book that serves as the international
standard for anatomical vocabulary.

See the blue Answers tab at the back of the book.

1-3 1 Anatomy and physiology
are closely integrated

Learning Outcome Explain the relationship between anatomy
and physiology, and describe various specialties of each discipline.

Anatomy and physiology are closely integrated, both theoreti-
cally and practically. Anatomical information provides clues
about functions, and physiological processes can be explained
only in terms of the underlying anatomy. This is a very impor-
tant concept in living systems:

® All specific functions are performed by specific structures,
and the form of a structure relates to its function. This is
known as the principle of complementarity of structure and
function.

The link between structure and function is always present,
but not always understood. For example, the anatomy of
the heart was clearly described in the 15th century, but al-
most 200 years passed before the heart’s pumping action was
demonstrated.

Anatomists and physiologists approach the relation-
ship between structure and function from different perspec-
tives. To understand the difference, suppose you asked an
anatomist and a physiologist to examine a pickup truck
and report their findings. The anatomist might begin by
measuring and photographing the various parts of the
truck and, if possible, taking it apart and putting it back to-
gether. The anatomist could then explain its key structural
relationships—for example, how the pistons are seated in
the engine cylinders, how the crankshaft is connected to the
pistons, how the transmission links the drive shaft to the
axles, and thus to the wheels. The physiologist also would
note the relationships among the truck’s parts, but he or she
would focus mainly on its functional characteristics, such as
how the combustion of gasoline in the cylinders moves the
pistons up and down and makes the drive shaft rotate, and

how the transmission conveys this motion to the axles and
wheels so that the car moves. Additionally, he or she might
also study the amount of power that the engine could gen-
erate, the amount of force transmitted to the wheels in dif-
ferent gears, and so on.

Our basic approach in this text will be to start with the
descriptive anatomy of body structures (appearance, size,
shape, location, weight, and color) before considering the
related functions. Sometimes the group of organs that make
up an organ system perform very diverse functions, and in
those cases we will consider the functions of each individual
organ separately. A good example is our discussion of the di-
gestive system. You will learn about the functions of the sali-
vary glands in one section, and the functions of the tongue
in another. In other systems, the organs work together so ex-
tensively that we present an overall discussion of their physio-
logy, after we describe the system’s anatomy. The lymphatic
system and the cardiovascular system are examples of this
approach.

Anatomy

How you look at things often determines what you see. You
get a very different view of your neighborhood from a satellite
photo than from your front yard. Similarly, your method of
observation has a dramatic effect on your understanding of the
structure of the human body. Based on the degree of structural
detail being considered, we divide anatomy into gross (macro-
scopic) anatomy and microscopic anatomy.

Gross Anatomy

Gross anatomy, or rmacroscopic anatomy, involves examining
relatively large structures. Gross anatomy can be seen without
using a microscope and can involve the study of anatomy by
dissecting a cadaver. There are many different forms of gross
anatomy:

o Surface anatomy is the study of general form and superficial
(toward the body surface) markings.

® Regional anatomy focuses on the anatomical organization
of specific areas of the body, such as the head, neck, or
trunk. Many advanced courses in anatomy stress a regional
approach, because it emphasizes the spatial relationships
among structures already familiar to students.

o Systemic anatomy is the study of the structure of organ
systems, which are groups of organs that function together
in a coordinated manner. Examples include the skeletal
system, composed primarily of bones; the muscular system,
made up of skeletal muscles; and the cardiovascular system,
consisting of the heart, blood, and vessels. We take a sys-
temic anatomy approach in this book because this format
will better clarify the functional relationships among the



Clinical Note

Autopsies and Cadaver Dissection There is much to

be learned from death. An autopsy is a thorough internal
and external examination of the body after death to deter-
mine the cause of death. Autopsies and cadaver dissections
reveal much about life. Historically, humans have been
fascinated with the human body. Scientists, physicians, and
artists shared this fascination. For example, as early as 304
BCE, Greek anatomist and royal physician Erasistratus and

his physician colleague, Herophilus, dissected human cadav-
ers to learn about internal anatomy. In the second century,
physician Claudius Galen, often recognized as the “father of
anatomy,’ was the first to show a connection between patient
symptoms in life and the autopsy observations in death.

In the late 1200s, the University of Bologna was the first in-
stitution to perform autopsies. In 1632, the Dutch painter,
Rembrandt created The Anatomy Lesson of Dr. Nicolaes Tulp.
An Italian anatomist, Giovanni Morgagni, advanced the field
of anatomical pathology with his 1761 work, On the Seats
and Causes of Diseases. In
1910, Dr. Richard Cabot, an
American physician, studied
autopsies and learned that
doctors had misdiagnosed
their patients 40 percent of
the time. Today, using cadav-
ers to learn anatomy is com-
monplace. Many students
consider it to be a profound
experience.

component organs. We will introduce the 11 organ systems
in the human body later in the chapter.

Clinical anatomy includes a number of subspecialties im-
portant in clinical practice. Examples include pathological
anatomy (anatomical features that change during illness),
radiographic anatomy (anatomical structures seen using
specialized imaging techniques), and surgical anatomy
(anatomical landmarks important in surgery).

Developmental anatomy describes the changes in form

that take place between conception and adulthood. The
techniques of developmental anatomists are similar to
those used in gross anatomy and in microscopic anatomy
(discussed next) because developmental anatomy considers
anatomical structures over a broad range of sizes—from

a single cell to an adult human. The most extensive
structural changes take place during the first two months
of development. The study of these early developmental
processes is called embryology (em-bré-OL-6-je).
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Microscopic Anatomy

Microscopic anatomy deals with structures that we cannot see
without magnification. The boundaries of microscopic anat-
omy are set by the limits of the equipment we use. With a dis-
secting microscope you can see tissue structure. With a light
microscope, you can see basic details of cell structure. And
with an electron microscope, you can see individual molecules
that are only a few nanometers (billionths of a meter) across.

Microscopic anatomy includes two major subdivisions:
cytology and histology. Cytology (si-TOL-0-je) is the study of
the internal structure of individual cells, the simplest units of
life. Cells are made up of chemical substances in various combi-
nations, and our lives depend on the chemical processes taking
place in the trillions of cells in the body. For this reason, we
consider basic chemistry (Chapter 2) before we examine cell
structure (Chapter 3). Histology (his-TOL-0-je) is the exami-
nation of tissues—groups of specialized cells and cell products
that work together to perform specific functions (Chapter 4).
Tissues combine to form organs, such as the heart, kidney, liver,
or brain, each with specific functions. Many organs are easy to
examine without a microscope, so at the organ level we cross the
boundary from microscopic anatomy to gross anatomy. As we
proceed through the text, we will consider details at all levels,
from microscopic to macroscopic (Spotlight Figure 1-1).

Physiology

As noted earlier, physiology is the study of the function of
anatomical structures. Human physiology is the study of the
functions, or workings, of the human body. These functions are
complex processes and much more difficult to examine than
most anatomical structures. As a result, there are even more
specialties in physiology than in anatomy. Examples include:

o Cell physiology, the study of the functions of cells, is the
cornerstone of human physiology. Cell physiology looks
at events involving the atoms and molecules important to
life. It includes both chemical processes within cells and
chemical interactions among cells.

®  Organ physiology is the study of the function of specific
organs. An example is cardiac physiology, the study of heart
function—how the heart works.

o Systemic physiology includes all aspects of the functioning of
specific organ systems. Cardiovascular physiology, respira-
tory physiology, and reproductive physiology are examples.

o Pathological physiology is the study of the effects of diseases
on organ functions or system functions. Modern medicine
depends on an understanding of both normal physiology
and pathological physiology.

Physicians normally use a combination of anatomical,
physiological, chemical, and psychological information when
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they evaluate patients. When a patient presents signs (an ob-
jective disease indication like a fever) and symptoms (a sub-
jective disease indication, such as tiredness) to a physician, the
physician will look at the structures affected (gross anatomy),
perhaps collect a fluid or tissue sample (microscopic anatomy)
for analysis, and ask questions to find out what changes from
normal functioning the patient is experiencing. Think back
to your last trip to a doctor’s office. Not only did the attend-
ing physician examine your body, noting any anatomical ab-
normalities, but he or she also evaluated your physiological
processes by asking questions, observing your movements,
listening to your body sounds, taking your temperature, and
perhaps requesting chemical analyses of fluids such as blood
or urine.

In evaluating all these observations to reach a diagnosis,
physicians rely on a logical framework based on the scien-
tific method. The scientific method is a system of advancing
knowledge that begins by proposing a hypothesis to answer a
question, and then testing that hypothesis with data collected
through observation and experimentation. This method is at
the core of all scientific thought, including medical diagnosis.

CHECKPOINT
8. Describe how anatomy and physiology are closely
related.
9. What is the difference between gross anatomy and
microscopic anatomy?
10. Identify several specialties of physiology.
11. Why is it difficult to separate anatomy from
physiology?

See the blue Answers tab at the back of the book.

1-4 1 Levels of organization progress
from molecules to a complete organism

Learning Outcome Identify the major levels of organization in
organisms, from the simplest to the most complex, and identify major
components of each organ system.

Over the next three chapters, we will consider the three most
basic (chemical, cellular, and tissue) levels of organization of
the human body. They interact with more complex structures
and vital processes, as we describe in Chapters 5-29. The levels
of organization of the human body include:

o The Chemical Level. Atoms are the smallest stable units
of matter. They can combine to form molecules with
complex shapes. The atomic components and unique three-
dimensional shape of a particular molecule determine its
function. For example, complex protein molecules form fil-
aments that produce the contractions of muscle cells in the
heart. We explore this level of organization in Chapter 2.

o The Cellular Level. Cells are the smallest living units in the
body. Complex molecules can form various types of larger
structures called organelles. Each organelle has a specific
function in a cell. Energy-producing organelles provide the
energy needed for heart muscle cell contractions. We exam-
ine the cellular level of organization in Chapter 3.

o The Tissue Level. A tissue is a group of cells working to-
gether to perform one or more specific functions. Heart
muscle cells, also called cardiac muscle cells (cardium,
heart), interact with other types of cells and with materials
outside the cell to form cardiac muscle tissue. We consider
the tissue level of organization in Chapter 4.

® The Organ Level. Organs are made of two or more tissues
working together to perform specific functions. Layers of
cardiac muscle tissue, in combination with another type
of tissue called connective tissue, form the bulk of the wall
of the heart, which is a hollow, three-dimensional organ.

® The Organ System Level. A group of organs interacting to
perform a particular function forms an organ system.
Each time it contracts, the heart pushes blood into a
network of blood vessels. Together, the heart, blood, and
blood vessels make up the cardiovascular system, one of
11 organ systems in the body. This system functions to
distribute oxygen and nutrients throughout the body.

® The Organism Level. An organism—in this case, an indi-
vidual human—is the highest level of organization that
we consider. All of the body’s organ systems must work
together to maintain the life and health of the organism.

The organization at each level determines not only the
structural characteristics, but also the functions, of higher lev-
els. For example, the arrangement of atoms and molecules at the
chemical level creates the protein filaments and organelles at the
cellular level that give individual cardiac muscle cells the abil-
ity to contract. At the tissue level, these cells are linked, forming
cardiac muscle tissue. The structure of the tissue ensures that the
contractions are coordinated, producing a powerful heartbeat.
When that beat occurs, the internal anatomy of the heart, an
organ, enables it to function as a pump. The heart is filled with
blood and connected to the blood vessels, and its pumping ac-
tion circulates blood through the vessels of the cardiovascular
system. Through interactions with the respiratory, digestive, uri-
nary, and other systems, the cardiovascular system performs a
variety of functions essential to the survival of the organism.

Something that affects a system will ultimately affect each
of the system’s parts. For example, after massive blood loss, the
heart cannot pump blood effectively. When the heart cannot
pump and blood cannot flow, oxygen and nutrients cannot be
distributed to the heart or around the body. Very soon, the car-
diac muscle tissue begins to break down as individual muscle
cells die from oxygen and nutrient starvation. These changes will



not be restricted to the cardiovascular system. All cells, tissues,
and organs in the body will be damaged. Spotlight Figure 1-1
illustrates the levels of organization and introduces the 11 inter-
dependent, interconnected organ systems in the human body.
The cells, tissues, organs, and organ systems of the body
coexist in a relatively small, shared environment, much like the
residents of a large city. Just as city dwellers breathe the same
air and drink the water supplied by the local water company,
cells in the human body absorb oxygen and nutrients from the
fluids that surround them. If a city is blanketed in smog or its
water supply is contaminated, the people will become ill. Sim-
ilarly, if the body fluid composition becomes abnormal, cells
will be injured or destroyed. For example, suppose the tem-
perature or salt content of the blood changes. The effect on the
heart could range from the need for a minor adjustment (heart
muscle tissue contracts more often, raising the heart rate) to a
total disaster (the heart stops beating, so the individual dies).

CHECKPOINT
12. Identify the major levels of organization of the human
body from the simplest to the most complex.

13. Identify the organ systems of the body and cite some
major structures of each.

14. At which level of biological organization does
a histologist investigate structures?

See the blue Answers tab at the back of the book.

1-5 1 Homeostasis is the state
of internal balance

Learning Outcome Explain the concept of homeostasis.

Various physiological processes act to prevent harmful changes
in the composition of body fluids and the environment inside
our cells. Homeostasis (hd-mé-o-STA-sis; homeo, unchanging
+ stasis, standing) refers to the existence of a stable internal
environment. Maintaining homeostasis is absolutely vital to
an organism’s survival. Failure to maintain homeostasis soon
leads to illness or even death.

The principle of homeostasis is the central theme of this
text and the foundation of all modern physiology. Homeo-
static regulation is the adjustment of physiological systems
to preserve homeostasis. Physiological systems have evolved
to maintain homeostasis in an environment that is often in-
consistent, unpredictable, and potentially dangerous. An un-
derstanding of homeostatic regulation is crucial to making ac-
curate predictions about the body’s responses to both normal
and abnormal conditions.

Homeostatic regulation involves two general mechanisms:
autoregulation and extrinsic regulation.

1. Autoregulation is a process that occurs when a cell, a tis-
sue, an organ, or an organ system adjusts in response to
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some environmental change. For example, when oxygen
levels decline in a tissue, the cells release chemicals that
widen, or dilate, blood vessels. This dilation increases the
rate of blood flow and provides more oxygen to the region.

2. Extrinsic regulation is a process that results from the ac-
tivities of the nervous system or endocrine system. These
organ systems detect an environmental change and send
an electrical signal (nervous system) or chemical messen-
ger (endocrine system) to control or adjust the activities of
another or many other systems simultaneously. For exam-
ple, when you exercise, your nervous system issues com-
mands that increase your heart rate so that blood will cir-
culate faster. Your nervous system also reduces blood flow
to less active organs, such as the digestive tract. The oxygen
in circulating blood is then available to the active muscles,
which need it most.

In general, the nervous system directs rapid, short-term,
and very specific responses. For example, when you acciden-
tally set your hand on a hot stove, the heat produces a painful,
localized disturbance of homeostasis. Your nervous system re-
sponds by ordering specific muscles to contract and pull your
hand away from the stove. These contractions last only as long
as the neural activity continues, usually a matter of seconds.

In contrast, the endocrine system releases chemical mes-
sengers called hormones into the bloodstream. These molecular
messengers can affect tissues and organs throughout the body.
The responses may not be immediately apparent, but they may
persist for days or weeks. Examples of homeostatic regulation
dependent on endocrine function include the long-term regu-
lation of blood volume and composition, and the adjustment
of organ system function during starvation. Regardless of the
system involved, homeostatic regulation always works to keep
the internal environment within certain limits. A homeostatic
regulatory mechanism consists of three parts: (1) a receptor, a
sensor that is sensitive to a particular stimulus or environmental
change; (2) a control center, which receives and processes the
information supplied by the receptor and sends out commands;
and (3) an effector, a cell or organ that responds to the com-
mands of the control center and whose activity either opposes
or enhances the stimulus. You are probably already familiar
with similar regulatory mechanisms, such as the one involving
the thermostat in your house or apartment (Figure 1-2a).

The thermostat is the control center. It receives informa-
tion about room temperature from an internal or remote ther-
mometer (a receptor). The setting on the thermostat estab-
lishes the set point, or desired value, which in this case is the
temperature you select. (In our example, the set point is 22°C,
or about 72°F) The function of the thermostat is to keep room
temperature within acceptable limits, usually within a degree
or so of the set point. In summer, the thermostat performs this
function by controlling an air conditioner (an effector). When




Figure 1-1

SPOTLIGHT

Levels of Organization

Interacting atoms form molecules that combine to form the protein filaments of a heart
muscle cell. Such cells interlock, creating heart muscle tissue, which makes up most of
the walls of the heart, a three-dimensional organ. The heart is only one component of
the cardiovascular system, which also includes the blood and blood vessels. The various

organ systems must work together to maintain life at the organism level.

Atoms in combination

THE ORGAN SYSTEMS

0

Chemical Level

e
(—,r;' 77 ‘_. = -

Complex protein molecule

Protein filaments

Major Organs Major Organs Major Organs Major Organs Major Organs
« Skin « Bones « Skeletal muscles and + Brain « Pituitary gland
« Hair - Cartilages associated tendons + Spinal cord + Thyroid gland
+ Sweat glands + Associated ligaments + Peripheral nerves + Pancreas
- Nails « Bone marrow Functions - Sense organs + Adrenal glands
« Provides movement + Gonads
Functions Functions - Provides protection Functions - Endocrine tissues in
- Protects against « Provides support and and support for other « Directs immediate other systems
environmental protection for other tissues responses to stimuli
hazards tissues + Generates heat that + Coordinates or Functions
« Helps regulate body « Stores calcium and maintains body moderates activitiesof < Directs long-term
temperature other minerals temperature other organ systems changes in the
+ Provides sensory + Forms blood cells + Provides and activities of other
information interprets sensory organ systems

information about
external conditions

+ Adjusts metabolic
activity and energy
use by the body

+ Controls many
structural and
functional changes
during development

Cellular Level

Heart muscle
cell

Var |

Major Organs
+ Heart
+ Blood
- Blood vessels

Functions

- Distributes blood
cells, water and
dissolved materials
including nutrients,
waste products,
oxygen, and carbon
dioxide

Distributes heat
and assists in
control of body
temperature



tissue

Major Organs

« Spleen

« Thymus

« Lymphatic vessels
« Lymph nodes

- Tonsils

Functions

« Defends against
infection and
disease

« Returns tissue fluids
to the bloodstream

Cardiac muscle

Major Organs
« Nasal cavities
« Sinuses
+ Larynx
« Trachea
+ Bronchi
+ Lungs
« Alveoli

Functions

- Delivers air to alveoli
(sites in lungs where
gas exchange occurs)

+ Provides oxygen to
bloodstream

» Removes carbon
dioxide from
bloodstream

+ Produces sounds for
communication

The heart

cardiovascular

system

Major Organs

+ Teeth

« Tongue

+ Pharynx

+ Esophagus

+ Stomach

+ Small intestine
+ Largeintestine
. Liver

+ Gallbladder

« Pancreas

Functions

« Processes and digests
food

+ Absorbs and
conserves water

» Absorbs nutrients

- Stores energy reserves

"1: '

Urinary

Major Organs

« Kidneys

« Ureters

« Urinary bladder
« Urethra

Functions

« Excretes waste
products from the
blood

« Controls water
balance by regulating
volume of urine
produced

« Stores urine prior to
voluntary elimination

« Regulates blood ion
concentrations and
pH

Male Reproduct

Major Organs

« Testes

- Epididymides

« Ductus deferentia
« Seminal vesicles
« Prostate gland

« Penis

« Scrotum

Functions

« Produces male sex
cells (sperm),
seminal fluids, and
hormones

« Sexual intercourse

&

J/ Organ system ‘\’

4 N

Organism
level

I\.‘\

J A% 9
\"\

ive Female Reproductive

Major Organs

« Ovaries

- Uterine tubes

« Uterus

- Vagina

- Labia

- Clitoris

« Mammary glands

Functions

« Produces female sex
cells (oocytes) and
hormones

« Supports developing
embryo from con-
ception to delivery

« Provides milk to
nourish newborn
infant

« Sexual intercourse



10 UNIT 1 Levels of Organization

Figure 1-2 The Control of Room Temperature.

RECEPTOR
Information
Normal Thermometer affects
condition
disturbed g
STIMULUS:
Room temperature
rises
CONTROL CENTER
HOMEOSTASIS (Thermostat)
Normal room Air Air
temperature conditioner conditioner
turns on turns off
o
RESPONSE: o
Room temperature 20° 30° % .
drops @ oo |Setpoint 2= N ___ [Normal
I g range
Normal 9]
condition EFFECTOR Send’s E
restored Air conditioner comrtr(;ands 08:
turns on -
Time — >

B In response to input from a receptor (a thermometer), a thermostat (the control center)
triggers an effector response (either an air conditioner or a heater) that restores
normal temperature. In this case, when room temperature rises above the set point,

B With this regulatory system, room
temperature fluctuates around the
set point, 22°C.

the thermostat turns on the air conditioner, and the temperature returns to normal.

the temperature at the thermometer rises above the set point,
the thermostat turns on the air conditioner, which then cools
the room. Then, when the temperature at the thermometer
returns to the set point, the thermostat turns off the air con-
ditioner. The control is not precise because the room is large,
and the thermostat is located on just one wall. Over time, the
temperature in the center of the room fluctuates in a range
above and below the set point (Figure 1-2b).

We can summarize the essential feature of temperature
control by a thermostat very simply: A variation outside the
set point triggers an automatic response that corrects the situ-
ation. This method of homeostatic regulation is called nega-
tive feedback, because an effector activated by the control center
opposes, or negates, the original stimulus. In this way, nega-
tive feedback tends to minimize change, keeping variation in
key body systems within acceptable ranges that are compatible
with our long-term survival.

CHECKPOINT

15. Define homeostasis.

16. Which general mechanism of homeostatic regulation
always involves the nervous or endocrine system?

17. Why is homeostatic regulation important to an
organism?

See the blue Answers tab at the back of the book.

1-6 1 Negative feedback opposes
variations from normal, whereas
positive feedback exaggerates them

Learning Outcome Describe how negative feedback and positive
feedback are involved in homeostatic regulation, and explain the
significance of homeostasis.

Besides negative feedback, the body also has another method
of homeostatic regulation called positive feedback, which tends
to increase the change that triggered it. Let’s examine the roles
of positive and negative feedback in homeostasis before con-
sidering the roles of organ systems in regulating homeostasis.

The Role of Negative Feedback
in Homeostasis

Most homeostatic regulatory mechanisms involve negative
feedback, a way of counteracting a change. An important exam-
ple is the control of body temperature, a process called thermo-
regulation. In thermoregulation, the relationship between heat
loss, which takes place mainly at the body surface, and heat
production, which takes place in all active tissues, is altered.

In the homeostatic control of body temperature
(Figure 1-3a), the control center is in the hypothalamus, a region
of the brain. This control center receives information from



Chapter 1 An Introduction to Anatomy and Physiology 11

Figure 1-3 Negative Feedback: Control of Body Temperature. In negative feedback, a stimulus produces a response

that opposes or negates the original stimulus.

RECEPTORS
Temperature Information
sensors in skin affects
Normal and
temperature hypothalamus CONTROL
disturbed CENTER
STIMULUS:
Body temperature
rises
HOMEOSTASIS
Normal body
temperature
RESPONSE:

Increased heat loss,
body temperature
drops

Normal EFFECTORS

Sends

temperature * Sweat glands commands
restored in skin increase to
secretion
¢ Blood vessels
in skin dilate

B Events in the regulation of body temperature, which are comparable to those
shown in Figure 1-2. A control center in the brain (the hypothalamus) functions as
a thermostat with a set point of 37°C. If body temperature exceeds 37.2°C, heat
loss is increased through enhanced blood flow to the skin and increased sweating.

two sets of temperature receptors, one in the skin and the
other within the hypothalamus. At the normal set point, body
temperature (as measured with an oral thermometer) is ap-
proximately 37°C (98.6°F).

If body temperature rises above 37.2°C, activity in the
control center targets two effectors: (1) muscle tissue lining
the walls of blood vessels supplying blood to the skin and
(2) sweat glands. The muscle tissue relaxes so the blood vessels
dilate (widen), increasing blood flow through vessels near the
body surface, and the sweat glands speed up their secretion of
sweat. The skin then acts like a radiator by losing heat to the
environment, and the evaporation of sweat speeds the process.

As body temperature returns to normal, temperature at
the hypothalamus declines, and the thermoregulatory control
center becomes less active. Blood flow to the skin and sweat
gland activity then decrease to previous levels. Body tempera-
ture drops below the set point as the secreted sweat evaporates.

Negative feedback is the primary mechanism of homeo-
static regulation, and it provides long-term control over the
body’s internal conditions and systems. Homeostatic mecha-
nisms using negative feedback normally ignore minor varia-
tions. They maintain a normal range rather than a fixed value.

Thermoregulatory

center in brain Vessels Vessels
dilate, constrict,
sweating sweating
increases decreases

37.2
37 -
36.7

Normal
range

Body temperature (°C)

Time >
B The thermoregulatory center keeps
body temperature fluctuating within
an acceptable range, usually between
36.7°Cand 37.2°C.

In our example, body temperature fluctuated around the set-
point temperature (Figure 1-3b). The regulatory process itself
is dynamic. That is, it is constantly changing because the set
point may vary with changing environments or differing activ-
ity levels. For example, when you are asleep, your thermoregu-
latory set point is lower. When you work outside on a hot day
(or when you have a fever), it is set higher. Body temperature
can vary from moment to moment or from day to day for any
individual, due to either (1) small fluctuations around the set
point or (2) changes in the set point. Comparable variations
take place in all other aspects of physiology.

The variability among individuals is even greater than that
within an individual. Each of us has homeostatic set points
determined by genetic factors, age, gender, general health, and
environmental conditions. For this reason, it is impractical
to define “normal” homeostatic conditions very precisely. By
convention, physiological values are reported either as average
values obtained by sampling a large number of individuals,
or as a range that includes 95 percent or more of the sample
population.

For example, for 95 percent of healthy adults, body tem-
perature ranges between 36.7°C and 37.2°C (98.1°F and 98.9°F).
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The other 5 percent of healthy adults have resting body tem-
peratures that are below 36.7°C or above 37.2°C. These tem-
peratures are perfectly normal for them, and the variations
have no clinical significance. Physicians must keep this vari-
ability in mind when they review lab reports, because unusual
values—even those outside the “normal” range—may represent
individual variation rather than disease.

The Role of Positive Feedback
in Homeostasis

In positive feedback, an initial stimulus produces a re-
sponse that exaggerates or enhances the original change in
conditions, rather than opposing it. You seldom encounter
positive feedback in your daily life, simply because it tends
to produce extreme responses. For example, suppose that
the thermostat in Figure 1-2a was accidentally connected to
a heater rather than to an air conditioner. Now, when room
temperature rises above the set point, the thermostat turns on

the heater, causing a further rise in room temperature. Room
temperature will continue to increase until someone switches
off the thermostat, turns off the heater, or intervenes in some
other way. This kind of escalating cycle is often called a
positive feedback loop.

In the body, positive feedback loops are typically found
when a potentially dangerous or stressful process must be
completed quickly to restore homeostasis. For example, the
immediate danger from a severe cut is the loss of blood, which
can lower blood pressure and reduce the efficiency of the heart.
The body's response to this blood loss is blood clotting, dia-
grammed in Figure 1-4. We will examine blood clotting more
closely in Chapter 19. Labor and delivery are another example
of positive feedback in action, as we will discuss in Chapter 29.

The human body is amazingly effective in maintaining
homeostasis. Nevertheless, an infection, an injury, or a genetic
abnormality can sometimes have effects so severe that homeo-
static mechanisms cannot fully compensate for them. One or
more variables within the internal environment may then be

Figure 1-4 Positive Feedback: Blood Clotting. In positive feedback, a stimulus produces a response that exaggerates

or enhances the original change in conditions, rather than opposing it.

Chemicals

i)

Clotting
accelerates

Positive
feedback
loop

\

Chemicals Blood clot

Damaged cells in the blood
vessel wall release chemicals
that begin the clotting
process.

The chemicals start chain
reactions in which cells,
cell fragments, and soluble
proteins in the blood begin
to form a clot.

As clotting continues, each
step releases chemicals that
further accelerate the
process.

This escalating process

is a positive feedback

loop that ends with the
formation of a blood clot,
which patches the vessel
wall and stops the bleeding.




pushed outside their normal range of values. When this hap-
pens, organ systems begin to malfunction, producing a state
known as illness, or disease. In Chapters 5-29, we devote con-
siderable attention to the mechanisms that bring about a vari-
ety of human diseases.

Systems Integration, Equilibrium,
and Homeostasis

Homeostatic regulation controls aspects of the internal envi-
ronment that affect every cell in the body. No single organ sys-
tem has total control over any of these aspects. Instead, such
control requires the coordinated efforts of multiple organ sys-
tems. In later chapters we will explore the functions of each
organ system and see how the systems interact to preserve ho-
meostasis. Table 1-1 lists the roles of various organ systems in
regulating several important functions that are subject to ho-
meostatic control. Note that in each case such regulation in-
volves several organ systems.

A state of equilibrium exists when opposing processes
or forces are in balance. In the case of body temperature, a
state of equilibrium exists when the rate of heat loss equals the
rate of heat production. Each physiological system functions

Table 1-1

Internal Stimulus Primary Organ Systems Involved

Chapter 1 An Introduction to Anatomy and Physiology 13

to maintain a state of equilibrium that keeps vital conditions
within a normal range of values. This is often called a state of
dynamic equilibrium because physiological systems are con-
tinually adapting and adjusting to changing conditions. For
example, when muscles become more active, more heat is pro-
duced. More heat must then be lost at the skin surface to re-
establish a state of equilibrium before body temperature rises
outside normal ranges. Yet the adjustments made to control
body temperature have other consequences. The sweating that
increases heat loss at the skin surface increases losses of both
water and salts. Other systems must then compensate for these
losses and reestablish an equilibrium state for water and salts.

Note this general pattern: Any adjustments made by one
physiological system have direct and indirect effects on a va-
riety of other systems. Maintaining homeostasis is like a jug-
gling act that keeps lots of different objects in the air.

Each organ system interacts with and depends on other
organ systems, but introductory students find it easier to
learn the basics of anatomy and physiology one system at a
time. Chapters 5-29 are organized around individual systems,
but remember that these systems all work together. The 11
System Integrators in later chapters will help reinforce this
message. Each provides an overview of one system'’s functions

Functions of the Organ Systems

Body temperature Integumentary system
Muscular system
Cardiovascular system

Nervous system

Heat loss

Heat production

Heat distribution

Coordination of blood flow, heat production, and heat loss

Body fluid composition

Nutrient concentration Digestive system
Cardiovascular system
Urinary system
Skeletal system
Respiratory system
Cardiovascular system

Lymphatic system

Oxygen, carbon dioxide levels

Levels of toxins and pathogens

Nutrient absorption, storage, and release

Nutrient distribution

Control of nutrient loss in the urine

Mineral storage and release

Absorption of oxygen, elimination of carbon dioxide

Internal transport of oxygen and carbon dioxide

Removal, destruction, or inactivation of toxins and pathogens

Body fluid volume Urinary system

Digestive system
Integumentary system
Cardiovascular system and

lymphatic system

Elimination or conservation of water from the blood
Absorption of water; loss of water in feces

Loss of water through perspiration

Distribution of water throughout body tissues

Waste product concentration Urinary system
Digestive system

Cardiovascular system

Elimination of waste products from the blood
Elimination of waste products from the liver in feces
Transport of waste products to sites of excretion

Blood pressure Cardiovascular system
Nervous system and endocrine

system

Pressure generated by the heart moves blood through blood vessels
Adjustments in heart rate and blood vessel diameter can raise or lower
blood pressure
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and summarizes its functional relationships with systems cov-
ered in previous chapters.

CHECKPOINT

18. Explain the function of negative feedback systems.
19. What happens to the body when homeostasis
breaks down?
20. Explain how a positive feedback system works.
21. Why is positive feedback helpful in blood clotting but
unsuitable for the regulation of body temperature?
22. Define equilibrium.

23. When the body continuously adapts by utilizing
homeostatic systems, it is said to be in a state of
equilibrium.

See the blue Answers tab at the back of the book.

1-7 1 Anatomical terms describe
body regions, anatomical positions
and directions, and body sections

Learning Outcome Use anatomical terms to describe body regions,
body sections, and relative positions.

Anatomists use anatomical terms to describe body regions,
relative positions and directions, and body sections, as well as
major body cavities and their subdivisions. In the following
sections we will introduce the terms used in superficial anat-
omy and sectional anatomy.

Superficial Anatomy

Superficial anatomy involves locating structures on or near
the body surface. A familiarity with anatomical landmarks
(structures that can be felt or palpated), anatomical regions
(specific areas used for reference purposes), and terms for ana-
tomical directions will make the material in subsequent chap-
ters easier to understand. As you encounter new terms, create
your own mental maps from the information provided in the
accompanying anatomical illustrations.

Anatomical Landmarks

Figure 1-5 presents important anatomical landmarks. Under-
standing the terms and their origins will help you remember
both the location of a particular structure and its name. For
example, brachium refers to the arm, and later we will consider
the brachialis muscle and the brachial artery, which are in the
arm, as their names suggest.

The standard anatomical reference for the human form is
the anatomical position. When the body is in this position,
the hands are at the sides with the palms facing forward, and

( ____ Clinical Note

Auscultation Auscultation (aws-kul-ta-shun) is the action
of listening to sounds from the heart, lungs, or other
organs with a stethoscope. It is a valuable tool and serves
as an important part of the medical diagnosis. These images
show the general locations for listening to heart and lung
sounds on both the anterior and posterior aspects of the
body. Aspect refers to the side of the body that faces

a particular direction.

the feet are together. Figure 1-5a shows an individual in the
anatomical position as seen from the front, called an anterior
view. Figure 1-5b shows the body as seen from the back, called
a posterior view. Unless otherwise noted, all descriptions in this
text refer to the body in the anatomical position. A person



Chapter 1 An Introduction to Anatomy and Physiology 15

Figure 1-5 Anatomical Landmarks. Anatomical terms are shown in boldface type and common names are in plain type.

Frontal or
forehead

Nasal or nose

Ocular, orbital
or eye

Cranial .
or skl Otic or ear Cephalic
: or head
CGephallceqises . Buccal or cheek
Facial .
e S—— Acromial or )
Cervical or neck shoulder Cervical
Oral or mouth i Dorsal or or neck
Mental or chin Thoracic or back
thorax, chest
Axillary or armpit
Mammary
or breast
Brachial
orarm Abdominal [~Trunk Olecranal Upper
Antecubital (abdomen) or back limb
or front of Umbilical of elbow
elbow or navel
Lumbar
Antebrachial Pelvic or loin
or forearm (pelvis)
Carpal or wrist
Palmar or palm —#
y Manual
or hand

S\

Pollex Digits
or thumb (phalanges)

or fingers (digital

or phalangeal)

Patellar

or kneecap

Inguinal
or groin

Pubic
(pubis)

Femoral

Crural or thigh

orleg

Tarsal or
ankle

Digits (phalanges)
or toes (digital or
phalangeal)

Hallux or
great toe

Pedal
or foot

N 1§

Bl Anterior view

lying down in the anatomical position is said to be supine
(soo-PIN) when face up, and prone when face down.

TIPS ;TRICKS

Supine means up. In order to carry a bowl of soup, your hand
must be in the supine position.

Gluteal
or buttock

— Lower

Popliteal or limb

back of knee

Sural
or calf

Calcaneal or
heel of foot

Plantar or
sole of foot

B Posterior view

Anatomical Regions

To describe a general area of interest or injury, clinicians and
anatomists often need broader terms in addition to specific
landmarks. They use two methods to map the surface of the
abdomen and pelvis.

Clinicians refer to four abdominopelvic quadrants
(Figure 1-6a) formed by a pair of imaginary perpendicular
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Figure 1-6 Abdominopelvic Quadrants and Regions.

Right Upper Left Upper
Quadrant Quadrant
(RUQ) (LUQ)

Right Lower Left Lower
Quadrant Quadrant
(RLQ) (LLQ)

Bl Abdominopelvic quadrants. The four abdominopelvic quadrants
are formed by two perpendicular lines that intersect at the navel.
The terms for these quadrants, or their abbreviations, are most
often used in clinical discussions.

Right — : Left
hypochondriac ' hypochondriac
region | Epigastric region

Right lumbar Ol OIIGEIE T | eft lumbar
region region region
. Hypogastric
Right o Left inguinal
- (pubic) h
inguinal : region
region region

J Abdominopelvic regions. The nine abdominopelvic regions
provide more precise regional descriptions.

Stomach
Gallbladder
Spleen
Large intestine
Small intestine
Appendix
Urinary
bladder

A Anatomical relationships. The relationship between the
abdominopelvic quadrants and regions and the locations
of the internal organs are shown here.

lines that intersect at the umbilicus (navel). This simple
method provides useful references for the description of aches,
pains, and injuries. The location can help the clinician deter-
mine the possible cause. For example, tenderness in the right
lower quadrant (RLQ) is a symptom of appendicitis. Tender-
ness in the right upper quadrant (RUQ), however, may indi-
cate gallbladder or liver problems.

Anatomists prefer more precise terms to describe the
location and orientation of internal organs. They recognize
nine abdominopelvic regions (Figure 1-6b). Figure 1-6¢
shows the relationships among quadrants, regions, and in-
ternal organs.

TIPS X, TRICKS

The imaginary lines dividing the abdominopelvic regions
resemble a tic-tac-toe game.

Anatomical Directions

Figure 1-7 introduces the main directional terms and some
examples of their use. There are many different terms, and
some can be used interchangeably. For example, anterior re-
fers to the front of the body when viewed in the anatomi-
cal position. In humans, this term is equivalent to ventral,
which refers to the belly. Posterior refers to the back of the
body; this term is equivalent to dorsal. When reading ana-
tomical descriptions, remember that the terms left and right
always refer to the left and right sides of the subject, not of the
observer.

Before you read further, analyze the image in detail, and
practice using the terms. We start using these terms in the
rest of this chapter. If you are familiar with the basic vocabu-
lary, the descriptions throughout this book will be easier to
follow.

Sectional Anatomy

Sometimes the only way to understand the relationships among
the parts of a three-dimensional object is to slice through it
and look at the internal organization. A slice through a three-
dimensional object is called a section.

An understanding of sectional views is particularly impor-
tant now that imaging techniques enable us to see inside the
living body. These views are sometimes difficult to interpret,
but it is worth spending the time required to understand what
they show. Once you are able to interpret sectional views, you
will have a good mental model for studying the anatomy and
physiology of a particular region or system. Radiologists and
other medical professionals responsible for interpreting medi-
cal scans spend much of their time analyzing sectional views
of the body.
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Figure 1-7 Directional References.

Superior: Above; at a higher level (in the human body, toward the head) The head is superior to the knee.

Right Left

The cranial,
the pelvis i

Toward an
attached base

The shoulder is
proximal to the
wrist.

Posterior or Dorsal

Posterior: The back
surface

Dorsal: The back.
(equivalent to posterior
when referring to the
human body)

The scapula (shoulder
blade) is located
posterior
to the rib cage.

Away
from the
midline

Away from an
attached base

The fingers are
distal to the wrist.

OTHER DIRECTIONAL TERMS

At, near, or relatively close
to the body surface

The skin is superficial to
underlying structures.

Toward the interior of the
body; farther from the surface

The bone of the thigh is deep
to the surrounding skeletal
muscles.

Distal

B Anterior view

Inferior: Below; at a lower level; toward the feet The knee is inferior to the hip.
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Superior

Cranial or Cephalic

Toward the head

, or cephalic, border of
s superior to the thigh.

Anterior or Ventral

Anterior: The front
surface

Ventral: The belly side.

(equivalent to anterior

when referring to the
human body)

The umbilicus (navel)
is on the
anterior (or ventral)
surface of the trunk.

(coccyx in
humans)
The hips are

caudal to the
. wais

I Lateral view

Inferior
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Figure 1-8 Sectional Planes.

Frontal or coronal
plane

Plane is oriented
parallel to long axis

A frontal, or coronal,
section separates
anterior and
posterior portions of
the body. Coronal
usually refers to
sections passing
through the skull.

Directional term:
frontally or coronally

Frontal plane

Planes and Sections

Any section through a three-dimensional object can be de-
scribed in reference to three sectional planes, as indicated
in Figure 1-8. A plane is an axis, and three planes are needed
to describe any three-dimensional object. A section is a single
view or slice along one of these planes:

® A plane that lies at right angles to the long axis of the
body is the transverse (or horizontal) plane. It divides
the body into superior and inferior portions. A cut in this
plane is called a transverse section, or cross section.
Unless otherwise noted, in this book all anatomical
diagrams that present cross-sectional views of the body
are oriented as though the subject were supine with you,
the observer, standing at the subject’s feet and looking
toward the head.

® Two planes are parallel to the long axis of the body. These
are the frontal (coronal) plane and the sagittal plane.

The atlas that accompanies this text contains images of
sections taken through the body in various planes.

Sagittal plane

Plane is oriented parallel to
long axis

A sagittal section separates
right and left portions. You
examine a sagittal section,
but you section sagittally.

In a midsagittal section, the
plane passes through the
midline. It separates the
body into equal right and
left sides.

A parasagittal section
misses the midline. It
separates the body into
unequal right and left sides.

Midsagittal plane

Directional term: sagittally

Transverse, or
horizontal, plane

e C N Plane is oriented
@k \.',) - perpendicular to long axis
Transverse plane
(inferior view)

A transverse, or cross,
section separates
superior and inferior
portions of the body.

Directional term:
transversely or horizontally

CHECKPOINT

24. What is the purpose of anatomical terms?
25. In the anatomical position, describe an anterior view
and a posterior view.

See the blue Answers tab at the back of the book.

1-8 1 Body cavities of the trunk
protect internal organs and allow
them to change shape

Learning Outcome Identify the major body cavities of the trunk
and their subdivisions, and describe the functions of each.

The body’s trunk is subdivided into three major regions es-
tablished by the body wall: the thoracic, abdominal, and pel-
vic regions (p. 15). Most of our vital organs are located within
these regions of the trunk. The true body cavities are closed,
fluid-filled, and lined by a thin tissue layer called a serous mem-
brane, or serosa. The vital organs of the trunk are suspended
within these body cavities; they do not simply lie there. Early
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Figure 1-9 Relationships among the Subdivisions of the Body Cavities of the Trunk.

Visceral
pericardium
. ) Air space
Pericardial P
cavity
Balloon

Parietal
pericardium

Thoracic cavity

B The heart projects into the pericardial cavity like a fist pushed into a
balloon. The attachment site, corresponding to the wrist of the hand,
lies at the connection between the heart and major blood vessels. The
width of the pericardial cavity is exaggerated here; normally the
visceral and parietal layers are separated only by a thin layer of

pericardial fluid.

- Pleural cavity

- Pericardial cavity

jo—

Diaphragm
phrag Pericardial

cavity

Abdominopelvic

cavi
b Pleural cavity

— Peritoneal cavity Parietal pleura

— Abdominal cavity
Mediastinum

Spinal cord

— Pelvic cavity

Bl A lateral view showing the body cavities
of the trunk. The muscular diaphragm
subdivides them into a superior thoracic
cavity and an inferior abdominopelvic
cavity. Three of the four adult true body
cavities are shown and outlined in red;
only one of the two pleural cavities can
be shown in a sagittal section.

anatomists used the term “cavity” when referring to internal
regions. For example, everything deep to the chest wall of the
thoracic region is considered to be within the thoracic cavity,
and all of the structures deep to the abdominal and pelvic walls
are said to lie within the abdominopelvic cavity. Internally, the
diaphragm (DI-uh-fram), a flat muscular sheet, separates these
anatomical regions. The boundaries of the true body cavities
and the regional “cavities” are not identical. For example, the
thoracic cavity contains two pleural cavities, each surrounding a
lung, the pericardial cavity of the heart, and a large tissue mass,
the mediastinum, and the peritoneal cavity extends only partway
into the pelvic cavity. Figure 1-9 shows the boundaries between
the subdivisions of the thoracic cavity and the abdominopelvic
cavity.

B Atransverse section through the thoracic cavity, showing the central

location of the pericardial cavity. The mediastinum and pericardial cavity
lie between the two pleural cavities. Note that this transverse or cross-
sectional view is oriented as though the observer were standing at the
subject’s feet and looking toward the subject’s head. This inferior view of a
transverse section is the standard presentation for clinical images. Unless
otherwise noted, transverse or cross-sectional views in this text use this
same orientation (see Spotlight Figure 1-10).

The body cavities of the trunk have two essential functions:
(1) They protect delicate organs from shocks and impacts; and
(2) they permit significant changes in the size and shape of in-
ternal organs. For example, the lungs, heart, stomach, intestines,
urinary bladder, and many other organs can expand and contract
without distorting surrounding tissues or disrupting the activities
of nearby organs because they project into body cavities.

The internal organs that are enclosed by these cavities are
known as viscera (VIS-e-ruh). A delicate serous membrane lines
the walls of these internal cavities and covers the surfaces of the
enclosed viscera. A watery fluid, called serous fluid, moistens se-
rous membranes, coats opposing surfaces, and reduces friction.
The portion of a serous membrane that covers a visceral organ is
called the visceral serosa. The opposing layer that lines the inner
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Over the past several decades, rapid progress
has been made in discovering more accurate

and more detailed ways to image the human More recently, a variety of scanning techniques dependent on computers
body both in health and disease have been developed to show the less radiopaque, soft tissues of the body

in much greater detail.

Stomach

X-rays are the oldest and
still the most common
method of imaging.
X-rays are a form of
high-energy radiation
that can penetrate living
tissues. An x-ray beam

travels through the body l

before striking a '

photographic plate. Blght Vertebra .Left Spleen
kidney kidney

Not all of the projected
x-rays arrive at the film.
The body absorbs or
deflects some of those
x-rays. The ability to stop the passage of
x-rays is referred to as radiopacity. When '
taking an x-ray, these areas that are
impenetrable by x-rays appear light or
white on the exposed film and are said
to be radiopaque. In the body, air
has the lowest radiopacity. Fat, liver,
blood, muscle, and bone are increasingly radiopaque.
As a result, radiopaque tissues look white, and less
radiopaque tissues are in shades of gray to black.

An x-ray of the skull, taken

e e (e siele Diagrammatic views showing the relative position and

orientation of the CT scan below and the MRI to the
right.

Stomach

To use x-rays to Al

visualize soft tissues, -
a very radiopaque
substance must be
introduced. To study
the upper digestive
tract, a radiopaque
barium solution is
ingested by the
patient. The resulting
x-ray shows the
contours of the
stomach and
intestines.

Vertebra

CT scan of the abdomen

CT (computed tomography) scans use computers to reconstruct
sectional views. A single x-ray source rotates around the body, and the
x-ray beam strikes a sensor monitored by the computer. The x-ray source
completes one revolution around the body every few seconds. It then
moves a short distance and repeats the process. The result is usually
displayed as a sectional view in black and white, but it can be colorized
for visual effect. CT scans show three-dimensional relationships and soft
tissue structures more clearly than do standard x-rays.

« Note that when anatomical diagrams or scans present cross-sectional views,
the sections are presented from an inferior perspective, as though the
observer were standing at the feet of a person in the supine position and
looking toward the head of the subject.

A barium-contrast x-ray of the
upper digestive tract
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| s — Spleen

MRI scan of the abdomen

An MRI of the same region (in this case, the abdomen) can show soft tissue
structure in even greater detail than a CT scan. Magnetic resonance imaging
surrounds part or all of the body with a magnetic field 3000 times as strong
as that of Earth. This field causes particles within atoms throughout the body
to line up in a uniform direction. Energy from pulses of radio waves are
absorbed and released by the different atoms. The released energy is used to
create a detailed image of the soft tissue structure.

PET scan of the brain

Positron emission tomography (PET) is
an imaging technique that assesses
metabolic and physiological activity of a
structure. A PET scan is an important
tool in evaluating healthy and diseased
brain function.

Ultrasound of the uterus

In ultrasound procedures, a small
transmitter contacting the skin
broadcasts a brief, narrow burst of
high-frequency sound and then
detects the echoes. The sound
waves are reflected by internal
structures, and a picture, or
echogram, is assembled from the
pattern of echoes. These images
lack the clarity of other procedures,
but no adverse effects have been
reported, and fetal development
can be monitored without a
significant risk of birth defects.
Special methods of transmission
and processing permit analysis of
the beating heart without the
complications that can accompany
dye injections.

Ultrasound
transmitter

Special Scanning Methods

Posterior vein
of left ventricle

Left
ventricle

Middle
cardiac
vein

Right
ventricle

Branch of right
coronary artery

Spiral scan of the heart
[Courtesy of TeraRecon, Inc.]

A spiral CT scan is a form of three-dimensional imaging
technology that is becoming increasingly importantin
clinical settings. During a spiral CT scan, the patient is on
a platform that advances at a steady pace through the
scanner while the imaging source, usually x-rays, rotates
continuously around the patient. Because the x-ray
detector gathers data quickly and continuously, a higher
quality image is generated, and the patient is exposed to
less radiation as compared to a standard CT scanner,
which collects data more slowly and only one slice of the
body at a time.

Arteries of %

the heart -

Digital subtraction angiography of
coronary arteries

Digital subtraction angiography (DSA) is used to
monitor blood flow through specific organs, such as the
brain, heart, lungs, and kidneys. X-rays are taken before
and after radiopaque dye is administered, and a computer
“subtracts” details common to both images. The result is a
high-contrast image showing the distribution of the dye.
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surface of the body wall or chamber is called the parietal serosa.
Because the moist parietal and visceral serosae are usually in
close contact, the body cavities are called potential spaces. In some
clinical conditions, however, excess fluid can accumulate within
these potential spaces, increasing their volume and exerting pres-
sure on the enclosed viscera.

The Thoracic Cavity

The thoracic cavity (Figure 1-9a,c) contains the lungs
and heart; associated organs of the respiratory, cardiovascular,
and lymphatic systems; the inferior portions of the esophagus;
and the thymus. The thoracic cavity is subdivided into the left
and right pleural cavities (holding the lungs), separated by
a mass of tissue called the mediastinum (mé-dé-a-STI-num).
Each pleural cavity surrounds a lung and is lined by a shiny,
slippery serous membrane that reduces friction as the lung ex-
pands and recoils during breathing. The serous membrane lin-
ing a pleural cavity is called a pleura (PLOOR-ah). The visceral
pleura covers the outer surfaces of a lung, and the parietal pleura
covers the mediastinal surface and the inner body wall.

The mediastinum consists of a mass of connective tissue
that surrounds, stabilizes, and supports the esophagus, tra-
chea, and thymus, as well as the major blood vessels that origi-
nate or end at the heart. The mediastinum also contains the
pericardial cavity, a small chamber that surrounds the heart.
The relationship between the heart and the pericardial cavity
resembles that of a fist pushing into a balloon (Figure 1-9b).
The wrist corresponds to the base (attached portion) of the
heart, and the balloon corresponds to the serous membrane
that lines the pericardial cavity. The serous membrane asso-
ciated with the heart is called the pericardium (peri-, around
+ cardium, heart). The layer covering the heart is the visceral
pericardium, and the opposing surface is the parietal pericar-
dium. During each beat, the heart changes in size and shape.
The pericardial cavity permits these changes, and the slippery
pericardial serous membrane lining prevents friction between
the heart and nearby structures in the thoracic cavity.

The Abdominopelvic Cavity

The abdominopelvic cavity extends from the diaphragm to the
pelvis. It is subdivided into a superior abdominal cavity and
an inferior pelvic cavity (Figure 1-9). The abdominopelvic
cavity contains the peritoneal (per-i-to-NE-al) cavity, a poten-
tial space lined by a serous membrane known as the peritoneum
(per-i-t6-NE-um). The parietal peritoneum lines the inner surface
of the body wall. A narrow space containing a small amount
of fluid separates the parietal peritoneum from the visceral peri-
toneum, which covers the enclosed organs. You are probably
already aware of the movements of the organs in this cavity.
Most of us have had at least one embarrassing moment when a
digestive organ contracted, producing a movement of liquid or

gas and a gurgling or rumbling sound. The peritoneum allows
the organs of the digestive system to slide across one another
without damage to themselves or the walls of the cavity.

The abdominal cavity extends from the inferior (toward
the feet) surface of the diaphragm to the level of the superior
(toward the head) margins of the pelvis. This cavity contains
the liver, stomach, spleen, small intestine, and most of the
large intestine. (Figure 1-6¢ shows the positions of most of
these organs.) The organs are partially or completely enclosed
by the peritoneal cavity, much as the heart and lungs are en-
closed by the pericardial and pleural cavities, respectively. A
few organs, such as the kidneys and pancreas, lie between the
peritoneal lining and the muscular wall of the abdominal cav-
ity. Those organs are said to be retroperitoneal (retro, behind).

The pelvic cavity is inferior to the abdominal cavity. The
bones of the pelvis form the walls of the pelvic cavity, and a
layer of muscle forms its floor. The pelvic cavity contains the
urinary bladder, various reproductive organs, and the distal (far-
thest) portion of the large intestine. In females, the pelvic cavity
contains the ovaries, uterine tubes, and uterus. In males, it con-
tains the prostate gland and seminal glands (seminal vesicles).
The pelvic cavity also contains the inferior portion of the peri-
toneal cavity. The peritoneum covers the ovaries and the uterus
in females, as well as the superior portion of the urinary bladder
in both sexes. Organs such as the urinary bladder and the distal
portions of the ureters and large intestine, which extend inferior
to the peritoneal cavity, are said to be infraperitoneal.

The true body cavities of the trunk in the adult share a
common embryological origin. The term “dorsal body cavity”
is sometimes used to refer to the internal chamber of the skull
(cranial cavity) and the space enclosed by the vertebral bodies
and vertebral arches (vertebral cavity). These chambers, which
are defined by bony structures, are anatomically and embryo-
logically distinct from true body cavities, and the term “dor-
sal body cavity” is not encountered in either clinical anatomy
or comparative anatomy. For these reasons, we have avoided
using that term in our discussion of body cavities.

A partial list of chambers, or spaces, within the body that
are not true body cavities would include the cranial cavity, ver-
tebral cavity, oral cavity, digestive cavity, orbits (eye sockets),
tympanic cavity of each middle ear, nasal cavities, and parana-
sal sinuses (air-filled chambers within some cranial bones that
are connected to the nasal cavities). These structures will be
discussed in later chapters.

Spotlight Figure 1-10 Diagnostic Imaging Techniques
highlights some clinical tests commonly used for viewing the
interior of the body.

CHECKPOINT

26. Name two essential functions of the body cavities
of the trunk.

27. Describe the various body cavities of the trunk.

See the blue Answers tab at the back of the book.



Related Clinical Terms

acute: A disease of short duration but typically severe.

chemotherapy: The treatment of disease or mental disorder
by the use of chemical substances, especially the treatment
of cancer by cytotoxic and other drugs.

chronic: Illness persisting for a long time or constantly recurring.
Often contrasted with acute.

epidemiology: The branch of science that deals with the incidence,
distribution, and possible control of diseases and other factors
relating to health.

Chapter Review
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 PhysioEx PhysioEX

I An Introduction to Studying the Human Body p. 2
1. Biology is the study of life. One of its goals is to discover the
unity and the patterns that underlie the diversity of organisms.

1-1 I Anatomy and physiology directly affect your life p. 2

2. This course will help you discover how your body works under
normal and abnormal conditions, by serving as a base for un-
derstanding other life sciences and expanding your vocabulary.

1-2 I Anatomy is structure, and physiology is function p. 3

3. Anatomy is the study of internal and external structures of
the body and the physical relationships among body parts.
Physiology is the study of how living organisms perform their
vital functions. All physiological functions are performed by
specific structures.

4. Medical terminology is the use of prefixes, suffixes, word
roots, and combining forms to construct anatomical, physi-
ological, or medical terms.

5. Terminologia Anatomica (International Anatomical Terminology)
was used as the standard in preparing your textbook.

1-3 I Anatomy and physiology are closely integrated p. 4

6. All specific functions are performed by specific structures.

7. In gross (macroscopic) anatomy, we consider features that are
visible without a microscope. This field includes surface anat-
omy (general form and superficial markings); regional anatomy
(anatomical organization of specific areas of the body); and
systemic anatomy (structure of organ systems). In developmental

etiology: The science and study of the cause of diseases.
idiopathic: Denoting any disease or condition of unknown cause.
morbidity: The state of being diseased or unhealthy, or the inci-
pathophysiology: The functional changes that accompany

syndrome: a condition characterized by a group of associated
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dence of disease in a population.

a particular syndrome or disease.

symptoms.

anatomy, we examine the changes in form that occur between
conception and physical maturity. In embryology, we study
developmental processes that occur during the first two
months of development. Clinical anatomy includes anatomical
subspecialties important to the practice of medicine.

The equipment used determines the limits of microscopic anatomy.
In cytology, we analyze the internal structure of individual cells.
In histology, we examine tissues, groups of cells that perform
specific functions. Tissues combine to form organs, anatomical
structures with multiple functions. (Spotlight Figure 1-1)

Human physiology is the study of the functions of the human
body. It is based on cell physiology, the study of the functions
of cells. In organ physiology, we study the physiology of specific
organs. In systemic physiology, we consider all aspects of the
functioning of specific organ systems. In pathological physiology,
we study the effects of diseases on organ or system functions.

1-4 1 Levels of organization progress from molecules

10.

11.

to a complete organism p. 6
Anatomical structures and physiological mechanisms occur
in a series of interacting levels of organization. (Spotlight
Figure 1-1)
The 11 organ systems of the body are the integumentary,
skeletal, muscular, nervous, endocrine, cardiovascular,
lymphatic, respiratory, digestive, urinary, and reproductive
systems. (Spotlight Figure 1-1)

1-5 I Homeostasis is the state of internal balance p. 7

12.

13.

14.

15.

Homeostasis is the existence of a stable environment within
the body.

Physiological systems preserve homeostasis through homeo-
static regulation.

Autoregulation occurs when a cell, tissue, organ, or organ
system adjusts its activities automatically in response to some
environmental change. Extrinsic regulation results from the
activities of the nervous system or endocrine system.
Homeostatic regulation mechanisms usually involve a receptor
that is sensitive to a particular stimulus; a control center,
which receives and processes the information supplied by the
receptor and then sends out commands; and an effector that
responds to the commands of the control center and whose
activity either opposes or enhances the stimulus. (Figure 1-2)
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UNIT 1 Levels of Organization

1-6 1 Negative feedback opposes variations from normal,

16.

17.

18.

whereas positive feedback exaggerates them p. 10
Negative feedback is a corrective mechanism involving an
action that directly opposes a variation from normal limits.
(Figure 1-3)

In positive feedback, an initial stimulus produces a response

that exaggerates or enhances the change in the original condi-
tions, creating a positive feedback loop. (Figure 1-4)

No single organ system has total control over the body’s inter-
nal environment; all organ systems work together. (Table 1-1)

1-7 I Anatomical terms describe body regions, anatomical

19.

20.

21.

22.

positions and directions, and body sections p. 14
The standard arrangement for anatomical reference is called
the anatomical position. If the person is shown lying down,
it can be either supine (face up) or prone (face down).
(Figure 1-5 and Spotlight Figure 1-10)
Abdominopelvic quadrants and abdominopelvic regions
represent two approaches to describing anatomical regions
of that portion of the body. (Figure 1-6)
The use of special directional terms provides clarity for the
description of anatomical structures. (Figure 1-7)
The three sectional planes (transverse, or horizontal, plane;
frontal, or coronal, plane; and sagittal plane) describe

Review Questions

23.

24.

25.

relationships among the parts of the three-dimensional
human body. (Figure 1-8)

1-8 I Body cavities in the trunk protect internal organs

and allow them to change shape p. 18
Body cavities protect delicate organs and permit significant
changes in the size and shape of internal organs. The body
cavities of the trunk surround organs of the respiratory,
cardiovascular, digestive, urinary, and reproductive systems.
(Figure 1-9)
The diaphragm divides the (superior) thoracic and (infe-
rior) abdominopelvic cavities. The thoracic cavity consists
of two pleural cavities (each surrounding a lung) with a
central tissue mass known as the mediastinum. Within the
mediastinum is the pericardial cavity, which surrounds the
heart. The abdominopelvic cavity consists of the abdominal
cavity and the pelvic cavity and contains the peritoneal cav-
ity, a chamber lined by the peritoneum, a serous membrane.
(Figure 1-9 and Spotlight Figure 1-10)
Diagnostic imaging techniques are used in clinical medicine
to view the body’s interior. (Spotlight Figure 1-10)

See the blue Answers tab at the back of the book.

LEVEL 1 Reviewing Facts and Terms
1.

Label the directional terms in the figures below.

Right .
1y

17.

(a) (b)
9 — (d)
(€ — (9
(8 — (h)
om )

Match each numbered item with the most closely related lettered item. Use
letters for answers in the spaces provided.

2. cytology (a) study of tissues
3. physiology (b) constant internal environment
4. histology (c) face up position
5. anatomy (d) study of functions
6. homeostasis (e) positive feedback
7. muscle (f) organ system
8. heart (g) study of cells
9. endocrine (h) negative feedback
__10. temperature regulation (i) serous membrane
____11. labor and delivery (j) study of internal and external
12. supine body structures
13. prone (k) diaphragm
14. divides thoracic and ab- (1) tissue
dominopelvic body cavities (m) peritoneal cavity
15. abdominopelvic cavity (n) organ
16. pericardium (o) face down position

The following is a list of six levels of organization that make up the
human body:
(1) tissue

(3) organ

(5) organism

(2) cell
(4) chemical
(6) organ system

The correct order, from the simplest to the most complex level, is
(a)2,4,1,3,6,5,(b)4,2,1,3,6,5,(c) 4,2, 1,6, 3, 5,
(d)4,2,3,1,6,5,(e) 2, 1,4,3,5,6.



18. The study of the structure of tissue is called (a) gross anatomy,
(b) cytology, (c) histology, (d) organology.

19. The increasingly forceful labor contractions during childbirth are an
example of (a) receptor activation, (b) effector shutdown, (c) negative
feedback, (d) positive feedback.

20. Failure of homeostatic regulation in the body results in (a) autoregu-
lation, (b) extrinsic regulation, (c) disease, (d) positive feedback.

21. A plane through the body that passes perpendicular to the long axis of
the body and divides the body into a superior and an inferior section
is a (a) sagittal section, (b) transverse section, (c) coronal section,

(d) frontal section.

22. Which body cavity would enclose each of the following organs?

(a) heart, (b) small intestine, large intestine, (c) lung,
(d) kidneys.

23. The mediastinum is the region between the (a) lungs and heart,

(b) two pleural cavities, (c) chest and abdomen,
(d) heart and pericardium.

LEVEL 2 Reviewing Concepts

24. (a) Define anatomy.
(b) Define physiology.

25. The two major body cavities of the trunk are the
(a) pleural cavity and pericardial cavity, (b) pericardial cavity and
peritoneal cavity, (c) pleural cavity and peritoneal cavity, (d) thoracic
cavity and abdominopelvic cavity.

( CLINICAL CASE
{

() |using A&P to Save a Life

The patient is wheeled through the door and into
Trauma Room 1. He is barely alive. Because of the
location of the abdominal wound, in the right upper quadrant, and
the likely depth of the wound, more than 6 inches, the chances
are good that the liver has been lacerated. Depending on the
angle of the knife, sections of large intestine, containing bacteria
that are deadly when released into the abdominal cavity, have
probably also been lacerated. Any blood spilled onto the street or
into the patient’s abdominal cavity is lost from the cardiovascular
system and cannot carry oxygen to body tissues. For this reason,
the trauma nurse is ready with blood for transfusion.

An x-ray shows free air in the abdominal cavity, a sure sign
the large intestine is cut. It also shows a fluid level indicating
free blood in the abdominal cavity. Both conditions need
immediate surgical attention. The patient is taken directly to the
operating room where a surgeon performs open abdominal
surgery. The lacerations of the liver and large intestine

Wrap-Up
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26. What distinguishes autoregulation from extrinsic regulation?

27. Describe the anatomical position.

28. Which sectional plane could divide the body so that the face remains
intact? (a) sagittal plane, (b) frontal (coronal) plane, (c) equatorial
plane, (d) midsagittal plane, (e) parasagittal plane.

29. Which the following is not an example of negative feedback? (a)
Increased pressure in the aorta triggers mechanisms to lower blood
pressure, (b) A rise in blood calcium levels triggers the release of a
hormone that lowers blood calcium levels, (c) A rise in estrogen dur-
ing the menstrual cycle increases the number of progesterone recep-
tors in the uterus, (d) Increased blood sugar stimulates the release of
a hormone from the pancreas that stimulates the liver to store blood
sugar.

LEVEL 3 Critical Thinking and Clinical Applications

30. The hormone calcitonin is released from the thyroid gland in response
to increased levels of calcium ions in the blood. If this hormone is
controlled by negative feedback, what effect would calcitonin have on
blood calcium levels?

31. A stroke occurs when there is a disruption in blood flow to
the brain, causing brain cells to die. Why might a stroke result in a rise
or fall of normal body temperature?

are repaired and the bleeding is

stopped. A diverting colostomy is

performed, creating an opening

from the large intestine through

the abdominal wall in the right lower

quadrant, proximal to the level of injury. It will allow the injured

large intestine to rest while healing. A life is saved because

an EMT, trauma nurse, and surgeon know their anatomy and

physiology.

1. Besides the liver and most of the large intestine, what other
major organs are in the abdominal cavity?

2. If the deep knife wound had been superior to the diaphragm,
what body cavity would the knife have entered, and what
organs does it contain?

See the blue Answers tab at the back of the book.




Learning Outcomes

These Learning Outcomes correspond by number to this chapter’s sections
and indicate what you should be able to do after completing the chapter.

2-1 I' Describe an atom and how atomic structure affects
interactions between atoms.

2-2 I Compare the ways in which atoms combine to form
molecules and compounds.

2-3 1 Distinguish among the major types of chemical
reactions that are important for studying
physiology.

2-4 I Describe the crucial role of enzymes in
metabolism.

2-5 1 Distinguish between organic compounds
and inorganic compounds.

2-6 I Explain how the chemical properties
of water make life possible.

2-7 1 Discuss the importance of pH and '
the role of buffers in body fluids. ,

2-8 I Describe the physiological roles
of inorganic compounds.

2-9 1 Discuss the structures and functions
of carbohydrates.

2-10 1 Discuss the structures and functions of
lipids.

- I Discuss the structures and functions of proteins.
- I Discuss the structures and functions of nucleic acids.
I Discuss the structures and functions of high-energy
compounds.

2-14 1 Explain the relationship between chemicals

and cells.
SPOTLIGHT CLINICAL CASE Clinical Notes
e Chemical Notation p. 32 e What Is Wrong with My Baby? p. 27 e Radiation Sickness p. 29

e Fatty Acids and Health p. 48



CLINICAL CASE

i ?
L_. What Is Wrong with My Baby?

Sean is Maureen’s first baby. Maureen and her
) husband, Conner, had enjoyed an uncom-
plicated pregnancy and delivery. Maureen had felt healthy
throughout the pregnancy, but something was wrong with
her baby.

Sean is 1 month old, and not thriving. He seems to have a
good appetite and breastfeeds as if he is starving; yet he has
dropped 20 percent of his normal birth weight of 7 pounds,

8 ounces. He is down to only 6 pounds at his 1-month checkup,
and his skin looks “wrinkly.” He is having several greasy, almost
foamy-looking stools each day. They remind Maureen of cake

! An Introduction to the Chemical Level
of Organization

In this chapter we consider the structure of atoms, the basic
chemical building blocks. You will also learn how atoms can
combine to form increasingly complex structures.

2-1 1 Atoms are the basic particles
of matter

Learning Outcome Describe an atom and how atomic structure affects
interactions between atoms.

Our study of the human body begins at the chemical level of
organization. Chemistry is the science that deals with the struc-
ture of matter, defined as anything that takes up space and
has mass. Mass, the amount of material in matter, is a physi-
cal property that determines the weight of an object in Earth's
gravitational field. For our purposes, the mass of an object is
the same as its weight. However, the two are not always equiva-
lent: In orbit you would be weightless, but your mass would
remain unchanged.

The smallest stable units of matter are called atoms. Air,
elephants, oranges, oceans, rocks, and people are all composed
of atoms in varying combinations. The unique characteris-
tics of each object, living or nonliving, result from the types
of atoms involved and the ways those atoms combine and
interact.

Atoms are composed of subatomic particles. Many differ-
ent subatomic particles exist, but only three, protons, neutrons,
and electrons, are important for understanding the chemical
properties of matter. Protons and neutrons are similar in size
and mass, but protons (p*) have a positive electrical charge.

icing. Maureen also notices the
funniest thing. Sean’s skin tastes
salty.

Most alarmingly, he seems
to be having some difficulty
breathing recently. He sounds
wheezy. Maureen and Conner
are both from big families, and
none of the babies have ever
been sickly like this.

What is wrong with Baby Sean? To find out, turn to the
Clinical Case Wrap-Up on p. 63.

Neutrons (n or n°) are electrically neutral, or uncharged.
Electrons (e”) are much lighter than protons—only 1/1836
as massive—and have a negative electrical charge. For this rea-
son, the mass of an atom is determined primarily by the num-
ber of protons and neutrons in the nucleus, the central region
of an atom. The mass of a large object, such as your body, is
the sum of the masses of all the component atoms.

Atomic Structure

Atoms normally contain equal numbers of protons and elec-
trons. The number of protons in an atom is known as its
atomic number. Hydrogen (H) is the simplest atom, with an
atomic number of 1. An atom of hydrogen contains one pro-
ton, and one electron as well. Hydrogen'’s proton is located in
the center of the atom and forms the nucleus. Hydrogen atoms
seldom contain neutrons, but when neutrons are present, they
are also located in the nucleus. All atoms other than hydrogen
have both neutrons and protons in their nuclei.

Electrons travel around the nucleus at high speed,
within a spherical area called the electron cloud. We often
illustrate atomic structure in the simplified form shown in
Figure 2-1a. In this two-dimensional representation, the
electrons occupy a circular electron shell. One reason an
electron tends to remain in its electron shell is that the nega-
tively charged electron is attracted to the positively charged
proton. The attraction between opposite electrical charges
is an example of an electrical force. As you will see in later
chapters, electrical forces are involved in many physiological
processes.

The dimensions of the electron cloud determine the
overall size of the atom. To get an idea of the scale involved,
consider that if the nucleus were the size of a tennis ball, the
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Figure 2-1 The Structure of Hydrogen Atoms. Three forms of hydrogen atoms are shown using the
two-dimensional electron-shell model, which indicates the electron cloud surrounding the nucleus.

Electron shell
¢ o @O ©

Hydrogen-2, Hydrogen-3,
deuterium tritium
mass number: 2 mass number: 3

A A deuterium (2H) nucleus

Hydrogen-1
mass number: 1

Bl A typical hydrogen nucleus B A tritium (3H) nucleus contains

contains a proton and no

neutrons. neutron.

electron cloud of a hydrogen atom would have a radius of
10 km (about 6 miles!). In reality, atoms are so small that
atomic measurements are most conveniently reported in
nanometers (NAN-6-mé-ter) (nm). One nanometer is 10~°
meter (0.000000001 m), or one billionth of a meter. The very
largest atoms approach 0.5 nm in diameter (0.0000000005 m,
or 0.00000002 in.).

Elements and Isotopes

An element is a pure substance composed of atoms of
only one kind. Atoms are the smallest particles of an ele-
ment that still retain the characteristics of that element. As
a result, each element has uniform composition and prop-
erties. Each element includes all the atoms with the same
number of protons, and thus the same atomic number. Only
92 elements exist in nature. Researchers have created about
two dozen additional elements through nuclear reactions in
laboratories.

Every element has a chemical symbol, an abbreviation
recognized by scientists everywhere. Most of the symbols are
easy to connect with the English names of the elements (O for
oxygen, N for nitrogen, C for carbon, and so on), but a few are
abbreviations of their Latin names. For example, the symbol
for sodium, Na, comes from the Latin word natrium.

Atomic nuclei are unaltered by ordinary chemical pro-
cesses. So, elements cannot be changed or broken down into
simpler substances in chemical reactions. For example, an
atom of carbon always remains an atom of carbon, regardless
of the chemical events in which it may take part.

Our bodies consist of many elements, and the 13 most
abundant elements are listed in Table 2-1. Our bodies also
contain atoms of another 14 elements—called trace elements—
that are present in very small amounts.

contains a proton and a

Table 2-1
Element (% of total body weight)

Oxygen, O (65)

a proton and two neutrons.

Significance

A component of water and other
compounds; gaseous form is
essential for respiration

Carbon, C (18.6)

Found in all organic molecules

Hydrogen, H (9.7)

A component of water and most
other compounds in the body

Nitrogen, N (3.2)

Found in proteins, nucleic acids,
and other organic compounds

Calcium, Ca (1.8)

Found in bones and teeth; important
for membrane function, nerve
impulses, muscle contraction,

and blood clotting

Phosphorus, P (1.0)

Found in bones and teeth, nucleic
acids, and high-energy compounds

Potassium, K (0.4)

Important for proper membrane
function, nerve impulses, and muscle
contraction

Sodium, Na (0.2)

Important for blood volume,
membrane function, nerve impulses,
and muscle contraction

Chlorine, Cl (0.2)

Important for blood volume,
membrane function, and water
absorption

Magnesium, Mg (0.06)

A cofactor for many enzymes

Sulfur, S (0.04)

Found in many proteins

Iron, Fe (0.007)

Essential for oxygen transport
and energy capture

lodine, 1 (0.0002)

A component of hormones of the
thyroid gland

Trace elements: silicon (Si), fluorine
(F), copper (Cu), manganese (Mn),
zinc (Zn), selenium (Se), cobalt (Co),
molybdenum (Mo), cadmium (Cd),
chromium (Cr), tin (Sn), aluminum
(Al), boron (B), and vanadium (V)

Some function as cofactors; the
functions of many trace elements
are poorly understood



The atoms of a single element all have the same num-
ber of protons, but they can differ in the number of neutrons
in the nucleus. For example, most hydrogen nuclei consist
solely of a single proton, but 0.015 percent also contains one
neutron, and a very small percentage contains two neutrons
(Figure 2-1). Atoms of the same element whose nuclei contain
different numbers of neutrons are called isotopes.

Different isotopes of an element have essentially identical
chemical properties, and are alike except in mass. The mass
number—the total number of protons plus neutrons in the
nucleus—is used to designate isotopes. For example, hydrogen
has three isotopes. Hydrogen-1, or 'H, has one proton and one
electron (Figure 2-1a). Hydrogen-2, or 2H, also known as deu-
terium, has one proton, one electron, and one neutron (Figure
2-1b). Hydrogen-3, or *H, also known as tritium, has one pro-
ton, one electron, and two neutrons (Figure 2-1c).

The nuclei of some isotopes are unstable. That is, they
spontaneously break down and give off subatomic particles
or radiation in measurable amounts. Such isotopes are called
radioisotopes. The breakdown process is called radioactive
decay. Strongly radioactive isotopes are dangerous, because
the particles or radiation they give off can ionize atoms, break
apart molecules, and destroy cells and tissues.

Clinical Note

Radiation Sickness Radiation sickness, or acute radiation
syndrome, results from excessive exposure to radiation.

It is commonly marked by fatigue, nausea, vomiting, loss
of teeth and hair, and in more severe cases by damage to
blood-forming tissue. Radiation sickness is also sometimes
called radiation poisoning. In a clinical setting, it can occur
when large doses of radiation are given to an individual
over a short period of time to treat disease, such as cancer.
(X-rays and CT scans use low-dose radiation and do not
cause radiation sickness.) The amount of radiation received
will determine how ill a person can become. Effects range
from anorexia (loss of appetite), nausea, and vomiting, to
anemia (low red blood cell count), central nervous sys-
tem damage, and death. Widespread radiation sickness
occurred after the 2011
earthquake and tsunami-
generated nuclear reactor
accident in Fukushima,
Japan; the 1986 nuclear
reactor accident in
Chernobyl, Ukraine; and
the atomic bombing of
Japan during World War Il
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Weakly radioactive isotopes are sometimes used in diag-
nostic procedures to monitor the structural or functional char-
acteristics of internal organs.

Radioisotopes differ in how rapidly they decay (lose their
radioactivity). The decay rate of a radioisotope is commonly
expressed as its half-life: the time required for half of a given
amount of the isotope to decay. The half-lives of radioisotopes
range from fractions of a second to billions of years.

Atomic Weights

A typical oxygen atom has an atomic number of 8 and con-
tains eight protons and eight neutrons. The mass number of
this isotope is therefore 16. The mass numbers of other iso-
topes of oxygen depend on the number of neutrons present.
Mass numbers are useful because they tell us the number of
subatomic particles in the nuclei of different atoms. However,
they do not tell us the actual mass of the atoms. For example,
they do not take into account the masses of the electrons or
the slight difference between the mass of a proton and that of
a neutron. The actual mass of an atom of a specific isotope is
known as its atomic mass.

The unit used to express atomic mass is the atomic mass
unit (amu), or dalton. By international agreement, one amu
is equal to one-twelfth the mass of a carbon-12 atom. One
atomic mass unit is very close to the mass of a single proton or
neutron. Thus, the atomic mass of an atom of the most com-
mon isotope of hydrogen is very close to 1, and that of the
most common isotope of oxygen is very close to 16.

The atomic weight of an element is an average of the
different atomic masses and proportions of its different iso-
topes. This results in the atomic weight of an element being
very close to the mass number of the most common isotope
of that element. For example, the mass number of the most
common isotope of hydrogen is 1, but the atomic weight of
hydrogen is 1.0079, primarily because some hydrogen atoms
(0.015 percent) have a mass number of 2, and even fewer have
a mass number of 3. (The periodic table of the elements in the
Appendix at the back of this book shows the atomic weight of
each element rounded to its nearest one-hundredth decimal
place. For example, the atomic weight of hydrogen is shown as
1.01, rather than 1.0079.)

Atoms take part in chemical reactions in fixed numerical
ratios. To form water, for example, exactly two atoms of hydro-
gen combine with one atom of oxygen. But individual atoms
are far too small and too numerous to be counted, so chemists
use a unit called the mole. For any element, a mole (abbrevi-
ated mol) is a specific quantity with a weight in grams equal to
that element’s atomic weight.

The mole is useful because one mole of a given element
always contains the same number of atoms as one mole of any
other element (just as we use dozen to stand for 12 items). That
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number (called Avogadro’s number) is 6.023 X 10%%, or about
600 billion trillion. Expressing relationships in moles rather
than in grams makes it much easier to keep track of the rela-
tive numbers of atoms in chemical samples and processes.
For example, if a report stated that a sample contains 0.5 mol
of hydrogen atoms and 0.5 mol of oxygen atoms, you would
know immediately that the two atoms were present in equal
numbers. That would not be so evident if the report stated that
there were 0.505 g of hydrogen atoms and 8.00 g of oxygen
atoms. Most chemical analyses and clinical laboratory tests
report data in moles (mol), millimoles (mmol—1/1000 mol,
or 107 mol), or micromoles (ypmol—1/1,000,000 mol, or
10~° mol).

Electrons and Energy Levels

Atoms are electrically neutral. In other words, every positively
charged proton is balanced by a negatively charged electron.
Thus, each increase in the atomic number has a comparable
increase in the number of electrons traveling around the
nucleus.

Within the electron cloud, electrons occupy an orderly se-
ries of energy levels. The electrons in an energy level may travel
in complex patterns around the nucleus, but for our purposes
the patterns can be diagrammed as a series of concentric elec-
tron shells. The first electron shell is the one closest to the nu-
cleus, and it corresponds to the lowest energy level.

Each energy level is limited in the number of electrons it
can hold. The first energy level can hold at most 2 electrons.
The next two levels can each hold up to 8 electrons. Note
that the maximum number of electrons that may occupy
shells 1 through 3 corresponds to the number of elements in
rows 1 through 3 of the periodic table of the elements (see
Appendix). The electrons in an atom occupy successive shells
in an orderly manner: The first energy level fills before any
electrons enter the second, and the second energy level fills
before any electrons enter the third.

The outermost energy level forms the “surface” of the
atom and is called the valence shell. The number of electrons
in this level determines the chemical properties of the ele-
ment. Atoms with unfilled energy levels are unstable—that is,
they will react with other atoms, usually in ways that result in
full outer electron shells. In contrast, atoms with a filled outer-
most energy level are stable and therefore do not readily react
with other atoms.

As indicated in Figure 2-2a, a hydrogen atom has one elec-
tron in the first energy level, so that level is unfilled. A hydro-
gen atom readily reacts with other atoms. A helium atom has
2 electrons in its first energy level (Figure 2-2b). A helium
atom is very stable because its outer energy level is filled. It
will not ordinarily react with other atoms. A lithium atom has
3 electrons (Figure 2-2c). Its first energy level can hold only

Figure 2-2 The Arrangement of Electrons into Energy
Levels. The electron-shell model is also used to indicate the
relative energy of electrons in an atom.

The first energy level
can hold a maximum
of two electrons.

Helium, He
Atomic number: 2
Mass number: 4
(2 protons + 2 neutrons)
2 electrons
I Helium (He). An atom of
helium has two protons,
two neutrons, and two
electrons. The two
electrons orbit in the
same energy level.

Hydrogen, H
Atomic number: 1
Mass number: 1
1 electron

B} Hydrogen (H). A typical
hydrogen atom has one proton
and one electron. The electron
orbiting the nucleus occupies
the first, or lowest, energy level,
diagrammed as an electron shell.

The second and
third energy levels
can each contain
up to 8 electrons.

Lithium, Li
Atomic number: 3
Mass number: 6
(8 protons + 3 neutrons)
3 electrons

Neon, Ne
Atomic number: 10
Mass number: 20
(10 protons + 10 neutrons)
10 electrons

E] Neon (Ne). A neon atom
has 10 protons, 10 neutrons,
and 10 electrons. The
second level can hold up to
eight electrons; thus, both
the first and second energy
levels are filled.

[ Lithium (Li). A lithium atom
has three protons, three
neutrons, and three electrons.
The first energy level can hold
only two electrons, so the
third electron occupies a
second energy level.

2 of them, so lithium has a single electron in a second, unfilled
energy level. Like hydrogen, lithium is also unstable and reac-
tive. The second energy level is filled in a neon atom, which has
an atomic number of 10 (Figure 2-2d). Neon atoms, like he-
lium atoms and other elements in the last column of the peri-
odic table, are very stable. The atoms of elements that are most



important to biological systems are unstable. (Table 2-1, p. 28).
Their instability promotes atom interactions to form larger
structures.

CHECKPOINT

1. Define atom.
2. Atoms of the same element that have different numbers
of neutrons are called

3. How is it possible for two samples of molecular
hydrogen to contain the same number of atoms, yet
have different molecular weights?

See the blue Answers tab at the back of the book.

2-2 1 Chemical bonds are forces
formed by atom interactions

Learning Outcome Compare the ways in which atoms combine to form
molecules and compounds.

Elements that do not readily participate in chemical processes are
said to be inert. Helium, neon, and argon, which are known as
noble gases, have filled outermost energy levels. These elements
are also called inert gases, because their atoms do not react with
one another and do not combine with atoms of other elements.

Elements with unfilled outermost energy levels, such as
hydrogen and lithium, are called reactive, because they readily
interact or combine with other atoms. Reactive atoms become
stable by gaining, losing, or sharing electrons to fill their out-
ermost energy level. The interactions often involve the forma-
tion of chemical bonds, which hold the participating atoms
together once the reaction has ended. In the sections that fol-
low, we will consider three basic types of chemical bonds: ionic
bonds, covalent bonds, and hydrogen bonds.

When chemical bonding takes place, new chemical en-
tities called molecules and compounds are created. The term
molecule refers to any chemical structure consisting of atoms
held together by shared electrons. A compound is a pure
chemical substance made up of atoms of two or more different
elements in a fixed proportion, regardless of the type of chemi-
cal bond joining them. The two categories overlap, but they
are not the same. Not all molecules are compounds, because
some molecules consist of atoms of only one element. (Two
oxygen atoms, for example, can be joined by sharing electrons
to form a molecule of oxygen.) And not all compounds con-
sist of molecules, because some compounds, such as ordinary
table salt (sodium chloride) are held together by bonds that
do not involve shared electrons.

Many substances, however, fit both categories. Take water,
for example. Water is a compound because it contains two dif-
ferent elements—hydrogen and oxygen—in a fixed proportion
of two hydrogen atoms to one oxygen atom. It also consists of
molecules, because the two hydrogen atoms and one oxygen
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atom are held together by shared electrons. As we will see in
later sections, most biologically important compounds, from
carbohydrates to DNA, are molecules.

Regardless of the type of bonding involved, a chemical
compound has properties that can be quite different from
those of its components. For example, a mixture of hydrogen
gas and oxygen gas can explode, but the explosion is a chemi-
cal reaction that produces liquid water, a compound used to
put out fires.

The molecular weight of a molecule or compound is
the sum of the atomic weights of its component atoms. It fol-
lows from the definition of the mole given previously (p. 29)
that the molecular weight of a molecule in grams is equal to
the weight of one mole of molecules. Molecular weights are
important because we cannot handle individual molecules
nor can we easily count the billions of molecules involved in
chemical reactions in the body.

As an example of how to calculate a molecular weight, let’s
use water, or H,O. The atomic weight of hydrogen is 1.0079.
To simplify our calculations, we will round that value up to
1.01. Then, one hydrogen molecule (H,) with its two atoms
has a molecular weight of 2.02 (1.01 X 2 = 2.02). One oxygen
atom has an atomic weight of 16.00. Summing up, the molec-
ular weight of 1 molecule of H,O is 18.02. One mole of water
molecules would then have a mass of 18.02 grams.

The human body consists of countless molecules and
compounds, so it is a challenge to describe these substances
and their varied interactions. Chemists simplify such descrip-
tions through a standardized system of chemical notation. The
basic rules of this system are described in Spotlight Figure 2-3.

lonic Bonds

An ion is an atom or group of atoms that has an electric charge,
either positive or negative. Ions with a positive charge (+) are
called cations (KAT-i-onz). Ions with a negative charge (—) are
called anions (AN-i-onz). Ionic bonds are chemical bonds
created by the electrical attraction between anions and cations.

TIPS X, TRICKS
Think of the t in cation as a plus sign (+) to remember that
a cation has a positive charge, and think of the n in anion as
standing for negative (-) to remember that anions have
a negative charge.

Ions have an unequal number of protons and electrons.
Atoms become ions by losing or gaining electrons. We assign
a value of +1 to the charge on a proton. The charge on an
electron is —1. When the number of protons is equal to the
number of electrons, an atom is electrically neutral. An atom
that loses an electron becomes a cation with a charge of +1,
because it then has one proton that lacks a corresponding




S P OT L I G H T Eﬁj{eer;_iial Notation

Before we can consider the specific compounds that occur in the human body, we must be
able to describe chemical compounds and reactions effectively. The use of sentences to
describe chemical structures and events often leads to confusion. A simple form of “chemical
shorthand” makes communication much more efficient. The chemical shorthand we will use
is known as chemical notation. Chemical notation enables us to describe complex events
briefly and precisely; its rules are summarized below.

VISUAL REPRESENTATION CHEMICAL NOTATION

Atoms

The symbol of an element

®

H

O

indicates one atom of that one atom one atom one atom one atom
element. A number preceding the of hydrogen of oxygen of hydrogen  of oxygen
symbol of an element indicates
more than one atom of that
element. @ @ @ @ 2H 20
two atoms two atoms two atoms  two atoms
of hydrogen of oxygen of hydrogen  of oxygen
Molecules
A numerical subscript following % H2 02
the symbol of an element
i yt i . 5 hydrogen molecule oxygen molecule hydrogen oxygen
Indicates the Pum €roratoms o composed of two composed of two molecule molecule
that element in a molecule. hydrogen atoms oxygen atoms
@ @ water molecule HZO
@ composed of two hydrogen water
atoms and one oxygen atom el

Reactions

In a description of a chemical reaction,

the participants at the start of the

reaction are called reactants, and the ‘B m
reaction generates one or more products. @ @ + @ e @
Chemical reactions are represented by

chemical equations. An arrow indicates
the direction of the reaction, from

2H+0 —> H,0
Balanced equation

Chemical reactions neither create nor destroy
atoms; they merely rearrange atoms into new

reactants (usually on the left) to products combinations. Therefore, the numbers of atoms of
each element must always be the same on both

(usua'lly on the right). In the following ] sides of the equation for a chemical reaction.
reaction, two atoms of hydrogen combine  \yhen this is the case, the equation is balanced.

with one atom of oxygen to produce a
® © Nt C ca

2H + 20 — H,0

Unbalanced equation

single molecule of water.

lons

A superscript plus or minus sign
following the symbol of an element
indicates an ion. A single plus sign

L ) . sodium ion chloride ion calciumion

indicates a cation with a charge of +1. the sodi tha i o sodium chloride  calcium

(The original atom has lost one < sﬁ |u|m eﬁ Sk d . cf} c"fm ion ion ion
lectron.) A single minus sign indicates atom has oSt S EOEE S ————

electron. g 9 one electron one electron two electrons

an anion with a charge of 1. (The
original atom has gained one
electron.) If more than one
electron has been lost or
gained, the charge on
theion is indicated by a
number preceding the
plus or minus sign.

A sodium atom
becomes a sodium ion

Electron lost
[e) 00

Sodium Sodium
atom (Na) ion (Na*)
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electron. Losing a second electron would give the cation a
charge of +2. Adding an extra electron to a neutral atom pro-
duces an anion with a charge of -1. Adding a second electron
gives the anion a charge of -2.

In the formation of an ionic bond,

» one atom—the electron donor—loses one or more electrons
and becomes a cation, with a positive (+) charge.

= another atom—the electron acceptor—gains those same elec-
trons and becomes an anion, with a negative (-) charge.

» attraction between the opposite charges then draws the two
ions together.

Figure 2-4a illustrates the formation of an ionic bond.
The sodium atom diagrammed in @) has an atomic number
of 11, so this atom normally contains 11 protons and 11 elec-
trons. (Because neutrons are electrically neutral, they do not
affect the formation of ions or ionic bonds.) Electrons fill the
first and second energy levels, and a single electron occupies
the outermost level. Losing that 1 electron would give the so-
dium atom a full outermost energy level—the second level—
and would produce a sodium ion, with a charge of +1. (The
chemical shorthand for a sodium ion is Na*.) But a sodium

Figure 2-4 The Formation of lonic Bonds.

VFormation of ions

Sodium atom

Attraction between
opposite charges

Sodium ion (Na*)
Om®

Chlorine atom Chloride ion (CI")

B Formation of an ionic bond. OA sodium (Na) atom loses an electron, which is accepted by a
chlorine (Cl) atom. e Because the sodium ion (Na*) and chloride ion (Cl~) have opposite charges,
The association of sodium and chloride ions forms the ionic

they are attracted to one another.
compound sodium chloride.
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atom cannot simply throw away the electron: The electron
must be donated to an electron acceptor. A chlorine atom has
seven electrons in its outermost energy level, so it needs only
one electron to achieve stability. A sodium atom can provide
the extra electron. In the process (), the chlorine atom be-
comes a chloride ion (Cl™) with a charge of -1.

Both atoms have now become stable ions with filled out-
ermost energy levels. But the two ions do not move apart after
the electron transfer, because the positively charged sodium
ion is attracted to the negatively charged chloride ion (Q).
The combination of oppositely charged ions forms an ionic
compound—in this case, sodium chloride, otherwise known as
table salt (€)). Large numbers of sodium and chloride ions
interact to form highly structured crystals, held together by
the strong electrical attraction of oppositely charged ions
(Figure 2-4b).

Note that ionic compounds are not called molecules.
That is because they consist of an aggregation of ions rather
than atoms bonded by shared electrons. Sodium chloride and
other ionic compounds are common in body fluids, but they
are not present as intact crystals. When placed in water, many
ionic compounds dissolve, and some, or all, of the component
anions and cations separate.

Chloride ions Sodium ions
(o])] (Na™)

,'/\

Formation of an
ionic compound

B sodium chloride crystal. Large
numbers of sodium and chloride
ions form a crystal of sodium
chloride (table salt).

Sodium chloride (NaCl)

n Photo of sodium chloride crystals
(magnified 0.5X)
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Covalent Bonds

Some atoms can complete their outer electron shells not by
gaining or losing electrons, but by sharing electrons with other
atoms. Such sharing creates covalent (ko-VA-lent) bonds be-
tween the atoms involved.

Individual hydrogen atoms, as diagrammed in Figure 2-2a,
do not exist in nature. Instead, we find hydrogen molecules.
Molecular hydrogen consists of a pair of hydrogen atoms
(Figure 2-5). In chemical shorthand, molecular hydrogen is H,,
where H is the chemical symbol for hydrogen, and the subscript
2 indicates the number of atoms. Molecular hydrogen is a gas
that is present in the atmosphere in very small quantities. When
the two hydrogen atoms share their electrons, each electron
whirls around both nuclei. The sharing of one pair of electrons
creates a single covalent bond, which can be represented by a
single line (—) in the structural formula of a molecule.

Oxygen, with an atomic number of 8, has two electrons
in its first energy level and six in its second. The oxygen atoms
diagrammed in Figure 2-5 become stable by sharing two pairs
of electrons, forming a double covalent bond, represented
by two lines (=) in its structural formula. Molecular oxygen
(O,) is an atmospheric gas that most organisms need to sur-
vive. Our cells would die without a relatively constant supply
of oxygen.

Figure 2-5 Covalent Bonds in Five Common Molecules.

Electron Shell Model and

Molecule
Structural Formula

Hydrogen
(Ho)

Oxygen
©G2)

Carbon
dioxide
(COy

C=0

Nitrogen

(N2) N=O

Nitric
oxide
(NO)

N=0

In our bodies, chemical processes that consume oxy-
gen generally also produce carbon dioxide (CO,) as a waste
product. Each of the oxygen atoms in a carbon dioxide mol-
ecule forms double covalent bonds with the carbon atom, as
Figure 2-5 shows.

A triple covalent bond is the sharing of three pairs of elec-
trons, and is indicated by three lines (=) in a structural for-
mula. A triple covalent bond joins two nitrogen atoms to form
molecular nitrogen (N,) (Figure 2-5). Molecular nitrogen ac-
counts for about 79 percent of our planet’s atmosphere, but
our cells ignore it completely. In fact, deep-sea divers live for
long periods while breathing artificial air that does not con-
tain nitrogen. (We discuss the reasons for eliminating nitro-
gen under these conditions in the Decompression Sickness
Clinical Note in Chapter 23.)

Covalent bonds usually form molecules in which the
outer energy levels of the atoms involved are filled. An atom,
ion, or molecule that contains unpaired electrons in its outer-
most energy level is called a free radical. Free radicals are highly
reactive. Almost as fast as it forms, a free radical enters addi-
tional reactions that are typically destructive. For example, free
radicals can damage or destroy vital compounds, such as pro-
teins. Evidence suggests that the cumulative damage from free
radicals inside and outside our cells is a major factor in the
aging process. Free radicals sometimes form in the course of
normal metabolism, but cells have several methods of remov-
ing or inactivating them.

Nitric oxide (NO), however, is a free radical with several
important functions in the body (Figure 2-5). It reacts readily
with other atoms or molecules, but it is involved in chemical
communication in the nervous system, in the control of blood
vessel diameter, in blood clotting, and in the defense against
bacteria and other pathogens (disease-causing organisms).

TIPS ;TRICKS
Remember this mnemonic for the covalent bonding of

hydrogen, oxygen, nitrogen, and carbon atoms: HONC 1234.
Hydrogen shares 1 pair of electrons (H-), oxygen shares 2 pairs

|
(—0-), nitrogen shares 3 pairs (—N—), and carbon shares
|
4 pairs (—?—).

Nonpolar Covalent Bonds

Covalent bonds are very strong, because the shared electrons
hold the atoms together. In typical covalent bonds the atoms
remain electrically neutral, because each shared electron spends
just as much time “at home” as away. (If you and a friend were
tossing a pair of baseballs back and forth as fast as you could,
on average, each of you would have just one baseball.)

Many covalent bonds involve an equal sharing of elec-
trons. Such bonds are called nonpolar covalent bonds. They



occur, for instance, between two atoms of the same type. Non-
polar covalent bonds are very common. In fact, those involv-
ing carbon atoms form most of the structural components of
the human body.

Polar Covalent Bonds

Covalent bonds involving different types of atoms may involve
an unequal sharing of electrons, because the elements differ in
how strongly they attract electrons. An unequal sharing of elec-
trons creates a polar covalent bond. For example, in a mol-
ecule of water, an oxygen atom forms covalent bonds with two
hydrogen atoms (Figure 2-6). The oxygen nucleus (with its
eight protons) has a much stronger attraction for the shared
electrons than the hydrogen atoms (each with a single pro-
ton). As a result, the electrons spend more time orbiting the
oxygen nucleus than orbiting the hydrogen nuclei.

Because the oxygen atom has two extra electrons most of
the time, it develops a slight (partial) negative charge, indi-
cated by 6, as shown in Figure 2-6b. At the same time, each
hydrogen atom develops a slight (partial) positive charge, 6,
because its electron is away much of the time. (Suppose you
and a friend were tossing a pair of baseballs back and forth,
but one of you returned them as fast as possible while the

Figure 2-6 Water Molecules Contain Polar Covalent Bonds.

Hydrogen
@ atom
Hydrogen
@atom

B} Formation of a water ot
molecule. In forming a water Hydrogen
molecule, an oxygen atom atom
completes its outermost
energy level by sharing
electrons with a pair of
hydrogen atoms. The sharing B
is unequal, because the 20
oxygen atom holds the
electrons more tightly than
do the hydrogen atoms.

Oxygen atom

Oxygen o+
atom

] Charges on a water
molecule. Because the
oxygen atom has two extra
electrons much of the time,
it develops a slight negative
charge, and the hydrogen
atoms become weakly
positive. The bonds in a water
molecule are polar covalent
bonds.
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other held onto them for a while before throwing them back.
One of you would now, on average, have more than one base-
ball, and the other would have less than one.)

The unequal sharing of electrons makes polar covalent
bonds somewhat weaker than nonpolar covalent bonds. Polar
covalent bonds often create polar molecules—molecules that
have positive and negative ends. Water is the most important
polar molecule in the body. We will consider its very interest-
ing characteristics in a later section.

Hydrogen Bonds

Covalent and ionic bonds tie atoms together to form mol-
ecules and/or compounds. Other, comparatively weak forces
also act between adjacent molecules, and even between
atoms within a large molecule. The most important of these
weak attractive forces is the hydrogen bond. A hydrogen
bond is the attraction between a slight positive charge (§")
on the hydrogen atom of a polar covalent bond and a slight
negative charge (67) on an oxygen, nitrogen, or fluorine
atom of another polar covalent bond. The polar covalent
bond containing the oxygen, nitrogen, or fluorine atom can
be in a different molecule from, or in the same molecule as,
the hydrogen atom.

Hydrogen bonds are too weak to create molecules, but
they can change the shapes of molecules or pull molecules
closer together. For example, hydrogen bonding occurs be-
tween water molecules (Figure 2-7). At a water surface, this
attraction between water molecules slows the rate of evapora-
tion and creates what is known as surface tension. Surface ten-
sion acts as a barrier that keeps small objects from entering the
water. For example, it allows insects to walk across the surface
of a pond or puddle. Similarly, the surface tension in a layer of
tears on the eye prevents dust particles from touching the sur-
face of the eye. At the cellular level, hydrogen bonds affect the
shapes and properties of complex molecules, such as proteins
and nucleic acids (including DNA). Hydrogen bonds may
also determine the three-dimensional relationships between
molecules.

States of Matter

Most matter in our environment exists in one of three states:
solid, liquid, or gas. Solids keep their volume and their shape
at ordinary temperatures and pressures. A lump of granite, a
brick, and a textbook are solid objects. Liquids have a constant
volume, but no fixed shape. The shape of a liquid is deter-
mined by the shape of its container. Water, coffee, and soda
are liquids. A gas has no constant volume and no fixed shape.
Gases can be compressed or expanded, and unlike liquids they
will fill a container of any size. The most familiar example is
the air of our atmosphere.
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Figure 2-7 Hydrogen Bonds Form between Water Molecules.
The hydrogen atoms of a water molecule have a slight positive charge,
and the oxygen atom has a slight negative charge (see Figure 2-6b).
The distances between these molecules have been exaggerated

for clarity.

hl\?
(=7
v
1
\
o
=)
(t
N
l’°'f
1
1
1
1
]
\
\
\
\
\ =/
2 +
)

8+~~ ;5:~ aj “““ ‘a+
25 %
KEY
@  Hydrogen

\ ) Oxygen

----- Hydrogen bond

What determines whether a substance is a solid, a liquid,
or a gas? A matter’s state depends on the degree of interaction
among its atoms or molecules. The particles of a solid are held
tightly together, while those of a gas are very far apart. Water is
the only substance that occurs as a solid (ice), a liquid (water),
and a gas (water vapor) at temperatures compatible with life.
Water exists as a liquid over a broad range of temperatures
primarily because of hydrogen bonding among the water mol-
ecules. We will talk more about water’s unusual properties in a
later section.

CHECKPOINT

4. Define chemical bond and identify several types
of chemical bonds.

5. Which kind of bond holds atoms in a water molecule
together? What attracts water molecules to one
another?

6. Both oxygen and neon are gases at room temperature.
Oxygen combines readily with other elements, but
neon does not. Why?

See the blue Answers tab at the back of the book.

2-3 1 Decomposition, synthesis,
and exchange reactions are important
chemical reactions in physiology

Learning Outcome Distinguish among the major types of chemical
reactions that are important for studying physiology.

Cells stay alive and functional by controlling chemical reac-
tions. In a chemical reaction, new chemical bonds form
between atoms, or existing bonds between atoms are broken.
These changes take place as atoms in the reacting substances,
called reactants, are rearranged to form different substances,
or products (Spotlight Figure 2-3).

In effect, each cell is a chemical factory. Growth, main-
tenance and repair, secretion, and contraction all involve
complex chemical reactions. Cells use chemical reactions to
provide the energy they need to maintain homeostasis and
to perform essential functions. All of the reactions under way
in the cells and tissues of the body at any given moment make
up its metabolism (me-TAB-0-lizm).

Basic Energy Concepts

An understanding of some basic relationships between mat-
ter and energy is helpful for any discussion of chemical re-
actions. Work is the movement of an object or a change in
the physical structure of matter. In your body, work includes
movements like walking or running, and also the synthesis of
organic (carbon-containing) molecules and the conversion of
liquid water to water vapor (evaporation). Energy is the capac-
ity to do work, and movement or physical change cannot take
place without energy. The two major types of energy are kinetic
energy and potential energy.

1. Kinetic energy is the energy of motion—energy that
can be transferred to another object and do work. When
you fall off a ladder, it is kinetic energy that does the
damage.

2. Potential energy is stored energy—energy that has the po-
tential to do work. It may derive from an object’s position
(you standing on a ladder) or from its physical or chemical
structure (a stretched spring or a charged battery).

Kinetic energy must be used in climbing the ladder, in
stretching the spring, or in charging the battery. The resulting
potential energy is converted back into kinetic energy when
you descend, the spring recoils, or the battery discharges. The
kinetic energy can then be used to perform work. For exam-
ple, in an MP3 player, the chemical potential energy stored
in small batteries is converted to kinetic energy that vibrates
the sound-producing membranes in headphones or external
speakers.



Energy cannot be destroyed. It can only be converted
from one form to another. A conversion between poten-
tial energy and kinetic energy is never 100 percent efficient.
Each time an energy exchange occurs, some of the energy is
released in the form of heat. Heat is an increase in random
molecular motion, and the temperature of an object is pro-
portional to the average kinetic energy of its molecules. Heat
can never be completely converted to work or any other form
of energy, and cells cannot capture it or use it to do work.

Cells do work as they synthesize complex molecules and
move materials into, out of, and within the cell. The cells of a
skeletal muscle at rest, for example, contain potential energy
in the form of the positions of protein filaments and the cova-
lent bonds between molecules inside the cells. When a muscle
contracts, it performs work. Potential energy is converted into
kinetic energy, and heat is released. The amount of heat is pro-
portional to the amount of work done. As a result, when you
exercise, your body temperature rises.

Types of Chemical Reactions

Three types of chemical reactions are important to the study of
physiology: decomposition reactions, synthesis reactions, and
exchange reactions.

Decomposition Reactions

A decomposition reaction breaks a molecule into smaller
fragments. Here is a diagram of a simple decomposition reaction:

AB— A+ B

Decomposition reactions take place outside cells as well as
inside them. For example, a typical meal contains molecules of
fats, sugars, and proteins that are too large and too complex to
be absorbed and used by your body. Decomposition reactions
in the digestive tract break these molecules down into smaller
fragments that can be absorbed.

Decomposition reactions involving water are important
in the breakdown of complex molecules in the body. In
hydrolysis (hi-DROL-i-sis; hydro-, water + Iysis, a loosening),
one of the bonds in a complex molecule is broken, and the
components of a water molecule (H and OH) are added to the
resulting fragments:

A-B+HO—A-H+HO—-B

Collectively, the decomposition reactions of complex
molecules within the body’s cells and tissues are referred to
as catabolism (ka-TAB-0-lizm; katabole, a throwing down).
When a covalent bond—a form of potential energy—is bro-
ken, it releases kinetic energy that can do work. By harnessing
the energy released in this way, cells carry out vital functions
such as growth, movement, and reproduction.
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Synthesis Reactions

Synthesis (SIN-the-sis) is the opposite of decomposition. A
synthesis reaction assembles smaller molecules into larger mol-
ecules. A simple synthetic reaction is diagrammed here:

A+B—AB

Synthesis reactions may involve individual atoms or the combi-
nation of molecules to form even larger products. The formation
of water from hydrogen and oxygen molecules is a synthesis re-
action. Synthesis always involves the formation of new chemical
bonds, whether the reactants are atoms or molecules.

A dehydration synthesis, or condensation reaction, is the
formation of a complex molecule by the removal of a water
molecule:

A-H+HO-B—>A-B+H0

Dehydration synthesis is the opposite of hydrolysis. We will
see examples of both reactions in later sections.

Collectively, the synthesis of new molecules within the
body’s cells and tissues is known as anabolism (a-NAB-0-lizm;
anabole, a throwing upward). Anabolism is usually considered
an “uphill” process because it takes energy to create a chemical
bond (just as it takes energy to push something uphill). Cells
must balance their energy budgets, with catabolism providing
the energy to support anabolism and other vital functions.

TIPS ;TRICKS
To remember the difference between anabolism (synthesis)
and catabolism (breakdown), relate the terms to words you
already know: Anabolic steroids are used to build up muscle
tissue, while both catastrophe and catabolism involve destruc-
tion (breakdown).

Exchange Reactions

In an exchange reaction, parts of the reacting molecules are
shuffled around to produce new products:

AB + CD —> AD + CB

The reactants and products contain the same components
(A, B, C, and D), but those components are present in different
combinations. In an exchange reaction, the reactant molecules
AB and CD must break apart (a decomposition) before they
can interact with each other to form AD and CB (a synthesis).

Reversible Reactions

At least in theory, chemical reactions are reversible, so if
A + B — AB, then AB — A + B. Many important bio-
logical reactions are freely reversible. Such reactions can be
represented as an equation:

A+ B —— AB
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This equation indicates that, in a sense, two reactions are tak-
ing place at the same time. One is a synthesis (A + B ——> AB)
and the other is a decomposition (AB — A + B).

Recall from Chapter 1 that a state of equilibrium exists
when opposing processes or forces are in balance. At equilib-
rium, the rates of the two reactions are in balance. As fast as
one molecule of AB forms, another degrades into A + B.

What happens when equilibrium is disturbed—say, if you
add more AB? In our example, the rate of the synthesis reac-
tion is directly proportional to the frequency of encounters be-
tween A and B. In turn, the frequency of encounters depends
on the degree of crowding. (You are much more likely to bump
into another person in a crowded room than in a room that
is almost empty.) So, adding more AB molecules will increase
the rate of conversion of AB to A and B. The amounts of A and
B will then increase, leading to an increase in the rate of the re-
verse reaction—the formation of AB from A and B. Eventually,
a balance, or equilibrium, is again established.

TIPS X, TRICKS
Jell-O provides an example of a physical reversible reaction.
Once Jell-O has been refrigerated, the gelatin sets up and
forms a solid, but if it sits without refrigeration for too long,
it goes back to a liquid again.

CHECKPOINT
7. When using the rules for chemical notation, how is
an ion’s electrical charge represented?

8. Using the rules for chemical notation, write the molecular
formula for glucose, a compound composed of 6 carbon
atoms, 12 hydrogen atoms, and 6 oxygen atoms.

9. Identify and describe three types of chemical reactions
important to human physiology.

10. In cells, glucose, a six-carbon molecule, is converted
into two three-carbon molecules by a reaction that
releases energy. How would you classify this reaction?

See the blue Answers tab at the back of the book.

2-4 1 Enzymes catalyze specific
biochemical reactions by lowering
the energy needed to start them

Learning Outcome Describe the crucial role of enzymes in metabolism.

Most chemical reactions do not take place spontaneously, or if
they do, they occur so slowly that they would be of little value
to living cells. Before a reaction can proceed, enough energy
must be provided to activate the reactants. The amount of en-
ergy required to start a reaction is called the activation energy.
Many reactions can be activated by changes in temperature or

acidity, but such changes are deadly to cells. For example, every
day your cells break down complex sugars as part of your nor-
mal metabolism. Yet to break down a complex sugar in a labo-
ratory, you must boil it in an acidic solution. Your cells don’t
have that option! Temperatures that high and solutions that
corrosive would immediately destroy living tissues. Instead,
your cells use special proteins called enzymes to perform most
of the complex synthesis and decomposition reactions in your
body.

Enzymes promote chemical reactions by lowering the ac-
tivation energy required (Figure 2-8). In doing so, they make
it possible for chemical reactions, such as the breakdown of
sugars, to proceed under conditions compatible with life. Cells
make enzyme molecules, each of which promotes a specific
reaction.

Enzymes belong to a class of substances called catalysts
(KAT-uh-lists; katalysis, dissolution), compounds that speed
up chemical reactions without themselves being permanently
changed or consumed. Enzymatic reactions, which are revers-
ible, can be written as

enzyme

A+ B AB

An appropriate enzyme can accelerate, or speed up, a reac-
tion, but an enzyme affects only the rate of the reaction, not its
direction or the products that are formed. An enzyme cannot
bring about a reaction that would otherwise be impossible.
Enzymatic reactions are generally reversible, and they proceed
until equilibrium is reached.

The complex reactions that support life take place in a se-
ries of interlocking steps, each controlled by a specific enzyme.
Such a reaction sequence is called a metabolic pathway. A syn-
thetic pathway can be diagrammed as

enzyme 1

enzyme 2 enzyme 3

and so on.
Step 1 Step 2 Step 3

Figure 2-8 Enzymes Lower Activation Energy. Enzymes lower
the activation energy required for a chemical reaction to proceed
readily (in order, from 1-4) under conditions in the body.

Activation energy
required

Energy

Progress of reaction




In many cases, the steps in the synthetic pathway differ from
those in the decomposition pathway, and separate enzymes
are often involved.

It takes activation energy to start a chemical reaction, but
once it has begun, the reaction as a whole may absorb or re-
lease energy as it proceeds to completion. If the amount of
energy released is greater than the activation energy needed to
start the reaction, there will be a net release of energy. Reac-
tions that release energy are said to be exergonic (exo-, out-
side + ergon, work). Exergonic reactions are relatively common
in the body. They generate the heat that maintains your body
temperature.

If more energy is required to begin the reaction than is re-
leased as it proceeds, the reaction as a whole will absorb en-
ergy. Such reactions are called endergonic (endo-, inside). The
synthesis of molecules such as fats and proteins result from
endergonic reactions.

CHECKPOINT

11. What is an enzyme?
12. Why are enzymes needed in our cells?

See the blue Answers tab at the back of the book.

2-5 1 Inorganic compounds
lack carbon, and organic compounds
contain carbon

Learning Outcome Distinguish between organic compounds
and inorganic compounds.

The human body is very complex, but it contains relatively
few elements (Table 2-1, p. 28). Just knowing the identity
and quantity of each element in the body will not help you
understand the body any more than only memorizing the al-
phabet will help you understand this textbook. Just as 26 let-
ters can be combined to form thousands of different words
in this book, only about 26 elements combine to form thou-
sands of different chemical compounds in our bodies. As we
saw in Chapter 1, these compounds make up the living cells
that form the framework of the body and carry on all its life
processes. Learning about the major classes of chemical com-
pounds will help you to understand the structure and function
of the human body.

We now turn our attention to nutrients and metabo-
lites. Nutrients are the substances from food that are neces-
sary for normal physiological functions. Nutrients include
carbohydrates, proteins, fats, vitamins, minerals, and water.
Metabolites (me-TAB-0-lits; metabole, change) are substances
that are involved in, or a byproduct of, metabolism. We
can broadly categorize nutrients and metabolites as either
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inorganic or organic. Inorganic compounds generally do not
contain carbon and hydrogen atoms as their primary structural
ingredients. In contrast, carbon and hydrogen always form the
basis for organic compounds.

The most important inorganic compounds in the body
are (1) carbon dioxide, a byproduct of cell metabolism; (2)
oxygen, an atmospheric gas required in important metabolic
reactions; (3) water, which accounts for most of our body
weight; and (4) inorganic acids, bases, and salts—compounds
held together partially or completely by ionic bonds. In the
next section, we focus on water, its properties, and how those
properties establish the conditions necessary for life. Most of
the other inorganic molecules and compounds in the body
exist in association with water, the primary component of our
body fluids. Both carbon dioxide and oxygen, for example, are
gas molecules that are transported in body fluids. Also, all the
inorganic acids, bases, and salts we will discuss are dissolved
in body fluids.

CHECKPOINT
13. Compare organic compounds to inorganic compounds.

See the blue Answers tab at the back of the book.

2-6 1 Physiological systems
depend on water

Learning Outcome Explain how the chemical properties of water
make life possible.

Water (H,O) is the most important substance in the body. It
makes up to two-thirds of total body weight. A change in the
body’s water content can be fatal because virtually all physi-
ological systems will be affected.

Although water is familiar to everyone, it has some highly
unusual properties. These properties are due to the hydrogen
bonding between nearby water molecules.

1. Solubility. A remarkable number of inorganic and organic
molecules are soluble, meaning they will dissolve or break
up in water. The individual particles become distributed
within the water, and the result is a solution—a uniform
mixture of two or more substances. The liquid in which
other atoms, ions, or molecules are distributed is called
the solvent. The dissolved substances are the solutes. In
aqueous solutions, water is the solvent. The solvent proper-
ties of water are so important that we will consider them
further in the next section.

2. Reactivity. In our bodies, chemical reactions take place in
water, but water molecules also take part in some reac-
tions. Hydrolysis and dehydration synthesis are two exam-
ples noted earlier in the chapter.
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3. High Heat Capacity. Heat capacity is the quantity of heat
required to raise the temperature of a unit mass of a sub-
stance 1°C. Water has an unusually high heat capacity.
Why? The reason is that water molecules in the liquid state
are attracted to one another through hydrogen bonding.
Important consequences of this attraction include the
following:

s The temperature of water must be quite high before
all the hydrogen bonds are broken between individual
water molecules and they have enough energy to break
free and become water vapor, a gas. Therefore, water
remains a liquid over a broad range of environmental
temperatures, and the freezing and boiling points of
water are far apart.

» Water carries a great deal of heat away with it when it
changes from a liquid to a gas. This feature explains the
cooling effect of perspiration on the skin.

» An unusually large amount of heat energy is required to
change the temperature of 1 g of water by 1°C. As a re-
sult, a large mass of water changes temperature slowly.
This property is called thermal inertia. Thermal inertia
helps stabilize body temperature because water accounts
for up to two-thirds of the weight of the human body.

4. Lubrication. Water is an effective lubricant because there
is little friction between water molecules. So, even a thin

layer of water between two opposing surfaces will greatly
reduce friction between them. (That is why driving on wet
roads can be tricky. Your tires may start sliding on a layer
of water rather than maintaining contact with the road.)
Within joints such as the knee, an aqueous solution pre-
vents friction between the opposing surfaces. Similarly, a
small amount of fluid in the body cavities prevents fric-
tion between internal organs, such as the heart or lungs,
and the body wall. O p. 19

The Properties of Aqueous Solutions

Water’s chemical structure makes it an unusually effective sol-
vent. The covalent bonds in a water molecule are oriented so
that the hydrogen atoms are fairly close together. As a result,
the water molecule has positive and negative ends, or poles
(Figure 2-9a). For this reason, a water molecule is called a
polar molecule.

Many inorganic compounds are held together partly or
completely by ionic bonds. In water, these compounds un-
dergo dissociation (di-so-sé-A-shun), or ionization (i-on-i-
ZA-shun). In this process, ionic bonds are broken as the indi-
vidual ions interact with the positive or negative ends of polar
water molecules (Figure 2-9b). The result is a mixture of cat-
ions and anions surrounded by water molecules. The water
molecules around each ion form a hydration sphere.

Figure 2-9 Water Molecules Surround Solutes in Aqueous Solutions.
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organic molecule containing polar
covalent bonds. If the molecule
binds water strongly, as does
glucose, it will be carried into
solution—in other words, it will
dissolve. Note that the molecule
does not dissociate, as occurs for
ionic compounds.



Table 2-2

Electrolyte lons Released
NaCl (sodium chloride) —Na" +Cl”
KClI (potassium chloride) — K"+ ClI™
CaPO, (calcium phosphate) —Ca*" + PO,
NaHCO; (sodium bicarbonate) —Na™ + HCO;~
MgCl, (magnesium chloride) —Mg?" + 2CI~

—>2Na* + HPO,2
—2Na* + S0,2~

Na,HPO, (sodium hydrogen phosphate)

Na,S0, (sodium sulfate)

An aqueous solution containing anions and cations will
conduct an electrical current. When this happens, cations (+)
move toward the negative side, and anions (-) move toward
the positive side. Electrical forces across plasma membranes
affect the functioning of all cells, and small electrical currents
carried by ions are essential to muscle contraction and nerve
function. In Chapters 10 and 12 we will discuss these processes
in more detail.

Electrolytes and Body Fluids

Soluble inorganic substances whose ions will conduct an
electrical current in solution are called electrolytes (e-LEK-tro-
lits). Sodium chloride in solution is an electrolyte. The disso-
ciation of electrolytes in blood and other body fluids releases
a variety of ions. Table 2-2 lists important electrolytes and the
ions released when they dissociate.

Changes in the concentrations of electrolytes in body flu-
ids will disturb almost every vital function. For example, de-
clining potassium levels will lead to a general muscular paral-
ysis, and rising concentrations will cause weak and irregular
heartbeats. The concentrations of ions in body fluids are care-
fully regulated, mostly by the coordination of activities at the
kidneys (ion excretion), the digestive tract (ion absorption),
and the skeletal system (ion storage or release).

Hydrophilic and Hydrophobic Compounds

Some organic molecules contain polar covalent bonds, which
also attract water molecules. The hydration spheres that form
may then carry these molecules into solution (Figure 2-9c).
Molecules that interact readily with water molecules in this
way are called hydrophilic (hi-dro-FIL-ik; hydro-, water +
philos, loving). Glucose, an important soluble sugar, is one
example.

Many other organic molecules have very few or no polar
covalent bonds. Such molecules do not have positive and neg-
ative ends, and are said to be nonpolar. When nonpolar mol-
ecules are exposed to water, hydration spheres do not form
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and the molecules do not dissolve. Molecules that do not read-
ily interact with water are called hydrophobic (hi-dro-FOB-
ik; hydro-, water + phobos, fear). Fats and oils of all kinds are
some of the most familiar hydrophobic molecules. For exam-
ple, body fat deposits consist of large, hydrophobic droplets
trapped in the watery interior of cells. Gasoline and heating oil
are hydrophobic molecules not found in the body. When acci-
dentally spilled into lakes or oceans, they form long-lasting oil
slicks instead of dissolving.

TIPS <, TRICKS

To distinguish between hydrophobic and hydrophilic,
remember that a phobia is a fear of something, and that
-philic ends with “lic,’ which resembles “like.”

Colloids and Suspensions

Body fluids may contain large and complex organic molecules,
such as proteins and protein complexes, that are held in solu-
tion by their association with water molecules (Figure 2-9c).
A solution containing dispersed proteins or other large mol-
ecules is called a colloid. Liquid Jell-O is a familiar viscous
(thick) colloid. The particles or molecules in a colloid will re-
main in solution indefinitely.

In contrast, a suspension contains large particles in solu-
tion, but if undisturbed, its particles will settle out of solution
due to the force of gravity. For example, stirring beach sand
into a bucket of water creates a temporary suspension that will
last only until the sand settles to the bottom. Whole blood
is another temporary suspension, because the blood cells are
suspended in the blood plasma. If clotting is prevented, the
cells in a blood sample will gradually settle to the bottom of
the container. Measuring that settling rate, or “sedimentation
rate,” is a common laboratory test.

CHECKPOINT

14. Explain how the chemical properties of water make life
possible.

See the blue Answers tab at the back of the book.

2-7 1 Body fluid pH is vital
for homeostasis

Learning Outcome Discuss the importance of pH and the role of buffers
in body fluids.

A hydrogen atom involved in a chemical bond or participating
in a chemical reaction can easily lose its electron, to become a
hydrogen ion, H*. Hydrogen ions are extremely reactive in so-
lution. In excessive numbers, they will break chemical bonds,
change the shapes of complex molecules, and generally disrupt
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cell and tissue functions. As a result, the concentration of hy-
drogen ions in body fluids must be regulated precisely.

A few hydrogen ions are normally present even in a
sample of pure water, because some of the water molecules
dissociate spontaneously, releasing cations and anions. The
dissociation of water is a reversible reaction. We can repre-
sent it as:

H,O0 = H' + OH"~

Notice that the dissociation of one water molecule yields a
hydrogen ion (H") and a hydroxide (hi-DROK-sid) ion, OH".

Very few water molecules ionize in pure water, so the
number of hydrogen and hydroxide ions is small. The quanti-
ties are usually reported in moles, making it easy to keep track
of the numbers of hydrogen and hydroxide ions. One liter of
pure water contains about 0.0000001 mol of hydrogen ions
and an equal number of hydroxide ions. In other words, the
concentration of hydrogen ions in a solution of pure water is
0.0000001 mol per liter. This can be written as

[H"] =1 X 10" “mol/L

The brackets around the H™ signify “the concentration of,”
another example of chemical notation.

The hydrogen ion concentration in body fluids is so
important to physiological processes that we use a special
shorthand to express it. The pH of a solution is defined as
the negative logarithm of the hydrogen ion concentration
in moles per liter. So instead of using the equation [H'] =
1 X 1077 mol/L, we say that the pH of pure water is —(-7), or 7.

Using pH values saves space, but always remember that the
pH number is an exponent and that the pH scale is logarithmic.
For instance, a pH of 6 ([H"] = 1 X 107, or 0.000001 mol/L)
means that the concentration of hydrogen ions is 10 times
greater than it is at a pH of 7 ([H*] = 1 X 1077, or 0.0000001
mol/L). The pH scale ranges from 0 to 14 (Figure 2-10).

Pure water has a pH of 7, but solutions display a wide range
of pH values, depending on the nature of the solutes involved.

s A solution with a pH of 7 is said to be neutral, because it
contains equal numbers of hydrogen and hydroxide ions.

o A solution with a pH below 7 is acidic (a-SI-dik), meaning
that it contains more hydrogen ions than hydroxide ions.

o A pH above 7 is basic, or alkaline (AL-kuh-lin), meaning
that it has more hydroxide ions than hydrogen ions.

The normal pH of blood ranges from 7.35 to 7.45.
Abnormal fluctuations in pH can damage cells and tissues by
breaking chemical bonds, changing the shapes of proteins, and
altering cellular functions. Acidosis is an abnormal physiological
state caused by low blood pH (below 7.35). A pH below 7 can
produce coma. Likewise, alkalosis results from an abnormally
high pH (above 7.45). A blood pH above 7.8 generally causes
uncontrollable and sustained skeletal muscle contractions.

CHECKPOINT

15. Define pH, and explain how the pH scale relates to
acidity and alkalinity.

16. What is the significance of pH in physiological systems?

See the blue Answers tab at the back of the book.

2-8 1 Acids, bases, and salts are
inorganic compounds with important
physiological roles

Learning Outcome Describe the physiological roles of inorganic
compounds.

The body contains both inorganic and organic acids and bases
that may cause acidosis or alkalosis, respectively. An acid is
any solute that dissociates in solution and releases hydrogen

Figure 2-10 The pH Scale Indicates Hydrogen lon Concentration. The pH scale is logarithmic; an increase or decrease of one unit

corresponds to a tenfold change in H* concentration.
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ions, lowering the pH. A hydrogen atom that loses its electron
consists solely of a proton, so we often refer to hydrogen ions
simply as protons, and to acids as proton donors.

A strong acid dissociates completely in solution, and the
reaction occurs essentially in one direction only. Hydrochloric
acid (HCl) is a representative strong acid. In water, it ionizes
as follows:

HCl — H' + CI~

The stomach produces this powerful acid to help break down
food. Hardware stores sell HCl under the name muriatic acid,
for cleaning concrete and swimming pools.

A base is a solute that removes hydrogen ions from a so-
lution, raising the pH. It acts as a proton acceptor. In solution,
many bases release a hydroxide ion (OH™). Hydroxide ions
have an attraction for hydrogen ions and react quickly with
them to form water molecules. A strong base dissociates com-
pletely in solution. Sodium hydroxide, NaOH, is a strong base.
In solution, it releases sodium ions and hydroxide ions:

NaOH — Na®™ + OH~

Strong bases have a variety of industrial and household uses.
Drain openers (Drano) and lye are two familiar examples.
Weak acids and weak bases do not dissociate completely. At
equilibrium, a significant number of molecules remains intact
in the solution. For the same number of molecules in solution,
weak acids and weak bases have less impact on pH than do
strong acids and strong bases. Carbonic acid (H,COs3) is a weak
acid found in body fluids. In solution, carbonic acid reversibly
dissociates into a hydrogen ion and a bicarbonate ion, HCO;™:

H,CO; = H" + HCO;

Salts

A salt is an ionic compound containing any cation except a
hydrogen ion, and any anion except a hydroxide ion. Because
they are held together by ionic bonds, many salts dissociate
completely in water, releasing cations and anions. For exam-
ple, sodium chloride (table salt) dissociates immediately in
water, releasing Na® and CI™. Sodium and chloride are the
most abundant ions in body fluids. However, many other ions
are present in lesser amounts as a result of the dissociation of
other inorganic compounds. Ionic concentrations in the body
are regulated in ways we will describe in Chapters 26 and 27.

The ionization of sodium chloride does not affect the
local concentrations of hydrogen ions or hydroxide ions. For
this reason, NaCl, like many salts, is a “neutral” solute. It does
not make a solution more acidic or more basic. Through their
interactions with water molecules, however, other salts may in-
directly affect the concentrations of H" and OH™ ions. Thus,
the dissociation of some salts makes a solution slightly acidic
or slightly basic.
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Buffers and pH Control

Buffers are compounds that stabilize the pH of a solution by
removing or replacing hydrogen ions. Buffer systems usually
involve a weak acid and its related salt, which functions as a
weak base. For example, the carbonic acid-bicarbonate buffer
system (detailed in Chapter 27) consists of carbonic acid and
sodium bicarbonate, NaHCO;, otherwise known as baking
soda. Buffers and buffer systems in body fluids help maintain
the pH within normal limits. The pH of several body fluids is
included in Figure 2-10.

The use of antacids such as Alka-Seltzer is one exam-
ple of the type of reaction that takes place in buffer systems.
Alka-Seltzer uses sodium bicarbonate to neutralize excess
hydrochloric acid in the stomach.

Note that the effects of neutralization are most evident
when you add a strong acid to a strong base. For example, by
adding hydrochloric acid to sodium hydroxide, you neutralize
both the strong acid and the strong base.

HCl + NaOH — H,0O + NaCl

This neutralization reaction produces water and a salt—in this
case, the neutral salt sodium chloride.

CHECKPOINT

17. Define the following terms: acid, base, and salt.
18. How does an antacid help decrease stomach
discomfort?

See the blue Answers tab at the back of the book.

2-9 1 Carbohydrates contain carbon,
hydrogen, and oxygen in a 1:2:1 ratio

Learning Outcome Discuss the structures and functions
of carbohydrates.

Carbohydrates are one type of organic compound. Organic
compounds always contain the elements carbon and hydro-
gen, and generally oxygen as well. Many organic molecules are
made up of long chains of carbon atoms linked by covalent
bonds. The carbon atoms typically form additional covalent
bonds with hydrogen or oxygen atoms and, less commonly,
with nitrogen, phosphorus, sulfur, iron, or other elements.
Many organic molecules are soluble in water. Our previ-
ous discussion focused on inorganic acids and bases, but there
are also important organic acids and bases. For example, active
muscle tissues generate lactic acid, an organic acid. It must be
neutralized by the carbonic acid-bicarbonate buffer system to
prevent a potentially dangerous pH decline in body fluids.
Organic compounds are diverse, but certain groupings
of atoms occur again and again, even in very different types
of molecules. These functional groups greatly influence the
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Table 2-3

Functional Group Structural Formula* Importance

Important Functional Groups of Organic Compounds

Examples

Amino group —NH, H Acts as a base, accepting H, depending on pH; can form bonds Amino acids
/ with other molecules
R—N
\
H
Carboxyl group — COOH OH Acts as an acid, releasing H' to become R—COO™ Fatty acids, amino acids
R—C=0
Hydroxyl group — OH R—O—H May link molecules through dehydration synthesis (condensation);  Carbohydrates, fatty acids,
hydrogen bonding between hydroxyl groups and water molecules ~ amino acids
affects solubility
Phosphate group — PO 0 May link other molecules to form larger structures; may store Phospholipids, nucleic acids,
4 ” energy in high-energy bonds high-energy compounds
R—O0—P—0O-
o

*A structural formula shows the covalent bonds within a molecule or functional group. The letter R represents the term R group and is used to denote the rest of the molecule to which

a functional group is attached.

properties of any molecule they are in. Table 2-3 details the
functional groups you will study in this chapter.

A carbohydrate is an organic molecule that contains
carbon, hydrogen, and oxygen in a ratio near 1:2:1. Famil-
iar carbohydrates include the sugars and starches that make
up about half of the typical U.S. diet. Carbohydrates typi-
cally account for less than 1 percent of total body weight.
Carbohydrates are most important as energy sources that are
catabolized. We will focus on monosaccharides, disaccharides,
and polysaccharides.

Monosaccharides

A monosaccharide (mon-0-SAK-uh-rid; mono-, single +
sakcharon, sugar), or simple sugar, is a carbohydrate with three
to seven carbon atoms. A monosaccharide can be called a triose
(three-carbon), tetrose (four-carbon), pentose (five-carbon), hex-
ose (six-carbon), or heptose (seven-carbon). The hexose glucose
(GLOO-kos), C¢H;,0y, is the most important metabolic “fuel”
in the body. As shown by diagrams known as structural formu-
las, the atoms in a glucose molecule may form either a straight
chain (Figure 2-11a) or a ring (Figure 2-11b). In the body,
the ring form is more common. A three-dimensional model
shows the arrangement of atoms in the ring form most clearly
(Figure 2-11c).

The three-dimensional structure of an organic molecule
is an important characteristic, because it usually determines
the molecule’s fate or function. Some molecules have the
same molecular formula—in other words, the same types
and numbers of atoms—but different structures. Such mol-
ecules are called isomers. The body usually treats different

Figure 2-11 The Structures of Glucose.
H—Cc=o0
| H
H— C — OH |
| HO—C —H
HO—C —H |
| c——o0
H— C — OH H/| \H
| I/ w |
H—C— OH T OH H T
| AN 4
H—C — OH HO c—¢" OH
| | |
H H OH

B The structural formula of
the ring form, the most
common form of glucose

Bl The structural formula of
the straight-chain form

KEY
‘ = Carbon
° = Oxygen

) = Hydrogen

A A three-dimensional model that shows the
organization of the atoms in the ring form

isomers as distinct molecules. For example, the monosaccha-
rides glucose and fructose are isomers. Fructose is a hexose
found in many fruits and in secretions of the male repro-
ductive tract. It has the same chemical formula as glucose,
C¢H,,04, but the arrangement of its atoms differs from that



of glucose. As a result, separate enzymes and reaction se-
quences control its breakdown and synthesis. Monosaccha-
rides such as glucose and fructose dissolve readily in water
and are rapidly distributed throughout the body by blood
and other body fluids.

Disaccharides and Polysaccharides

Carbohydrates other than simple sugars are complex molecules
composed of monosaccharide building blocks. Two monosac-
charides joined together form a disaccharide (di-SAK-uh-rid;
di-, two). Disaccharides such as sucrose (table sugar) have a sweet
taste and, like monosaccharides, are quite soluble in water.

The formation of sucrose involves a dehydration synthe-
sis, or condensation reaction (Figure 2-12a). Dehydration syn-
thesis reactions link molecules together by the removal of a
water molecule. The breakdown of sucrose into simple sugars
is an example of hydrolysis, or breakdown by the addition of
a water molecule (Figure 2-12b). Hydrolysis is the functional
opposite of dehydration synthesis.

Many foods contain disaccharides, but all carbohydrates
except monosaccharides must be broken apart through hydro-
lysis before they can provide useful energy. Most popular junk
foods (high in calories but otherwise lacking in nutritional
content), such as candies and sodas, abound in monosac-
charides (commonly fructose) and disaccharides (generally-
sucrose). Some people cannot tolerate sugar for medical
reasons. Others avoid it in an effort to control their weight
(because excess sugars are converted to fat for long-term
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storage). Many of these people use artificial sweeteners in their
foods and beverages. These compounds have a very sweet taste,
but they either cannot be broken down in the body or are used
in insignificant amounts.

More complex carbohydrates result when repeated
dehydration synthesis reactions add additional monosac-
charides or disaccharides. These large molecules are called
polysaccharides (pol-e-SAK-uh-ridz; poly-, many). Polysac-
charide chains can be straight or highly branched. Cellulose, a
structural component of many plants, is a polysaccharide that
our bodies cannot digest because the particular linkages be-
tween the glucose molecules cannot be cleaved by enzymes in
the body. Foods such as celery, which contains cellulose, water,
and little else, contribute bulk to digestive wastes but are use-
less as a source of energy.

Starches are large polysaccharides formed from glucose
molecules. Most starches are manufactured by plants. Your
digestive tract can break these molecules into monosaccha-
rides. Starches such as those in potatoes and grains are a major
dietary energy source.

The polysaccharide glycogen (GLEko-jen), or animal
starch, has many side branches consisting of chains of glucose
molecules (Figure 2-13). Like most other starches, glycogen
does not dissolve in water or other body fluids. Muscle cells
make and store glycogen. When muscle cells have a high de-
mand for glucose, glycogen molecules are broken down. When
the need is low, these cells absorb glucose from the blood-
stream and rebuild glycogen reserves. Table 2-4 (on the next
page) summarizes information about carbohydrates.

Figure 2-12 The Formation and Breakdown of Complex Sugars. Enzymes perform both these reactions.

CH,OH CH,OH
H /L AH HOGH: O H DEHYDRATION H H
o N Won o\ Y cH,0H SYNTHESIS HO CH,OH + H,0
H  OH OH H H  OH OH H T
Glucose Fructose Sucrose

Bl Formation of the disaccharide sucrose through dehydration synthesis. During dehydration
synthesis, two molecules are joined by the removal of a water molecule.

CH,OH

Sucrose

CH20OH
HYDROLYSIS , 1o O H
H HO
HO CH,OH
OH H
Glucose Fructose

B Breakdown of sucrose into simple sugars by hydrolysis. Hydrolysis reverses the steps of dehydration
synthesis; a complex molecule is broken down by the addition of a water molecule.
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Table 2-4

Structural Class

Carbohydrates in the Body

Examples Primary Function

Monosaccharides Glucose, fructose Energy source Manufactured in the body and obtained from food; distributed in body fluids

(simple sugars)

Disaccharides Sucrose, lactose, Energy source Sucrose is table sugar, lactose is in milk, and maltose is malt sugar found in germinating
maltose grain; all must be broken down to monosaccharides before absorption

Polysaccharides Glycogen Storage of glucose

Figure 2-13 The Structure of the Polysaccharide Glycogen.
Liver and muscle cells store glucose as the polysaccharide glycogen,
a long, branching chain of glucose molecules. Note that this figure
uses a kind of shorthand for representing a carbon ring structure:
At five corners of each hexagon is a carbon atom. An oxygen atom
occupies the remaining corner in each glucose ring.

9

0]

Glucose 0
molecules

T

: 0 C,C;(),CH2

CHECKPOINT

19. A food contains organic molecules with the elements C,
H, and O in a ratio of 1:2:1. What class of compounds
do these molecules belong to, and what are their major
functions in the body?

See the blue Answers tab at the back of the book.

Glycogen is in animal cells; other starches and cellulose are within or around plant cells

2-10 1 Lipids often contain
a carbon-to-hydrogen ratio of 1:2

Learning Outcome Discuss the structures and functions of lipids.

Like carbohydrates, lipids (lipos, fat) contain carbon, hydrogen,
and oxygen, and the carbon-to-hydrogen ratio is near 1:2. How-
ever, lipids contain much less oxygen than do carbohydrates
with the same number of carbon atoms. The hydrogen-to-
oxygen ratio is therefore very large. For example, a represen-
tative lipid, such as lauric acid (found in coconut, laurel, and
palm kernel oils), has a formula of C,,H,,O,. Lipids may also
contain small quantities of phosphorus, nitrogen, or sulfur.
Familiar lipids include fats, oils, and waxes. Most lipids are in-
soluble in water, but special transport mechanisms carry them
into the bloodstream.

Lipids form essential structural components of all cells. In
addition, lipid deposits are important as energy reserves. On
average, lipids provide twice as much energy as carbohydrates
do, gram for gram, when broken down in the body. When the
supply of lipids exceeds the demand for energy, the excess is
stored in fat deposits. For this reason, there has been great in-
terest in developing fat substitutes that provide less energy, but
have the same desirable taste and texture as the fats found in
many foods.

Lipids normally make up 12-18 percent of the total body
weight of adult men, and 18-24 percent for adult women.
Many kinds of lipids exist in the body. We will consider five
classes of lipids: fatty acids, eicosanoids, glycerides, steroids, and
phospholipids and glycolipids.

Fatty Acids

Fatty acids are long carbon chains with hydrogen atoms at-
tached. One end of the carbon chain is always attached to a
carboxyl (kar-BOK-sil) group, —COOH (Table 2-3). The name
carboxyl should help you remember that a carbon and a hy-
droxyl (— OH) group are the important structural features of
fatty acids. The carbon chain attached to the carboxyl group is
known as the hydrocarbon tail of the fatty acid. Figure 2-14a
shows a representative fatty acid, lauric acid.



Fatty acids have a very limited solubility in water. When a
fatty acid is in solution, only the carboxyl end associates with
water molecules, because that is the only hydrophilic portion
of the molecule. The hydrocarbon tail is hydrophobic. In gen-
eral, the longer the hydrocarbon tail, the lower the solubility
of the molecule.

Fatty acids may be either saturated or unsaturated
(Figure 2-14b). These terms refer to the number of hydrogen
atoms bound to the carbon atoms in the hydrocarbon tail.
In a saturated fatty acid, each carbon atom in the tail has four
single covalent bonds (Figure 2-14a). Within the tail, two

Figure 2-14  Fatty Acids.

Lauric acid (C,,H,,0,)
BJ Lauric acid demonstrates two structural characteristics

common to all fatty acids: a long chain of carbon atoms
and a carboxyl group (—COOH) at one end.

Saturated

N2 N2 2N
C C C C

Unsaturated

N N2
C C—0C C

I A fatty acid is either saturated (has single covalent bonds
on