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As the 21st century unfolds, more information is avail-
able to more people at a faster pace than ever before.
This ever-evolving ability to communicate has produced
phenomenal advances in the ability to understand and
treat disease. Yet despite these advances, we are also
reminded that illness and disease continue to occur and
impact the physiologic, social, psychological, and eco-
nomic well-being of individuals, their families, the com-
munity, and the world.

As a nurse—physiologist, my major emphasis with this
edition, as in previous editions, is to relate normal body
functioning to the physiologic changes that participate
in disease production and occur as a result of disease, as
well as the body’s remarkable ability to compensate for
these changes. The beauty of physiology 1s that it inte-
grates all of the aspects of human genetics, molecular
and cellular biology, and organ anatomy and physiology
into a functional whole that can be used to explain both
the physical and psychological aspects of altered health.
Indeed, it has been my philosophy to share the beauty
of the human body and to emphasize that in disease, as
in health, there is more “going right” in the body than
1s “going wrong.”

With the creation of this text, I focused on present-
ing information that is fundamental to understand-
ing the physiologic processes of altered health states;
information that necessary to support an understand-
ing pathophysiology. One of the strengths of Essentials
of Pathophysiology is that it 1s a book to grow with.
Although intended as a course textbook for students,
it 1s also designed to serve as a reference book that stu-
dents can take with them and use in their practice once
the course is finished.

Updated to reflect state-of-the-art science, content
remains organized in a manner that is logical, under-
standable, and draws readers into the wonders of the
human body. Concepts build on one another, with con-
cepts from physiology, biochemistry, physics, and other
sciences reviewed as deemed appropriate. A conceptual
model that integrates the developmental and preventa-
tive aspects of health has been used. Selection of content
was based on common health problems, including the
special needs of children, pregnant women, and elderly
persons. The fourth edition expands the art program,
increasing the number of photographs depicting clinical
manifestations of selected disorders while also provid-
ing more than 500 full-color illustrations, many created
specifically to supplement and expand the concepts pre-
sented.

Newly created Summary Concepts follow each sec-
tion and provide a review of material that focuses on
integrating and linking concepts rather than fostering
rote memorization. Once again, the “Understanding”
feature depicts physiologic processes and phenomena,
breaking them down into an easy-to-follow sequence
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for easier learning. “Clinical Features™ are illustrations
that depict the clinical features of persons with selected
diseases. As with other types of illustrations in this edi-
tion, they are designed to help the reader develop a
visual memory—in this case, the memory of the entire
spectrum of clinical manifestations that are associated
with a disease state.

Review exercises appear at the end of each chapter
and assist the reader in using the conceptual approach
to solving problems related to chapter content. The
glossary defines the specialized terms of pathophysiol-
ogy. Tables of normal laboratory values provide a handy
reference of conventional and SI units, as well as conver-
sion units.

As with previous editions, every effort has been taken
to make the text as accurate and up to date as possible.
This was accomplished through an extensive review of
the literature and through the use of critiques provided
by students, faculty, and content specialists. This book
1s an extension of my career and, as such, of my phi-
losophy. It is my hope that readers will learn to appreci-
ate the marvelous potential of the body, incorporating
it into their own philosophy and ultimately sharing it
with their clients.

Carol Mattson Porth

A Comprehensive Package for
Teaching and Learning

To further facilitate teaching and learning, a carefully
designed ancillary package has been developed to assist
faculty and students.

Instructor Resources

Tools to assist you with teaching your course are avail-
able upon adoption of this text at http://thePoint.lww.
com/PorthEssentials4e.

e A thoroughly revised and augmented Test Generator
contains more than 1,100 NCLEX-style questions
mapped to chapter learning objectives.

 An extensive collection of materials 1s provided for
each book chapter:

* Pre-Lecture Quizzes (and answers) allow you to
check students’ reading.

 PowerPoint Presentations provide an easy way to
integrate the textbook with your students’ class-
room experience; multiple-choice questions are
included to promote class participation.

 Guided Lecture Notes offer corresponding
PowerPoint slide numbers to simplify preparation
for lecture.

e Discussion Topics (and suggested answers) can be
used 1n the classroom or 1n online discussion boards
to facilitate interaction with your students.
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o Assignments (and suggested answers) include
group, written, clinical, and Web assignments to
engage students in varied activities and assess their
learning.

« Case Studies with related questions (and suggested
answers) give students an opportunity to apply their
knowledge to a client case similar to one they might
encounter in practice.

« A QSEN Competency Map identifies content and spe-
cial features in the book related to competencies iden-
tified by the QSEN Institute.

 An Image Bank lets you use the photographs and
illustrations from this textbook in your course
materials.

 Strategies for Effective Teaching provide general tips
for instructors related to preparing course materials
and meeting student needs.

* Access to all Student Resources 1s provided so that
you can understand the student experience and use
these resources in your course as well.

Student Resources

An exciting set of free learning resources is available to
help students review and apply vital concepts of patho-
physiology. For the fourth edition, multimedia engines
have been optimized so that students can access many
of these resources on mobile devices. Students can acti-
vate the codes printed in the front of their textbooks
at http://thePoint.lww.com/activate to access these
resources:

« Student Review Questions for each chapter, total-
ing more than 900 questions, help students review
important concepts and practice for -certification
examinations.

 Interactive learning resources appeal to a variety of
learning styles. Icons in the text direct readers to rel-
evant resources:

y # Concepts in Action Animations bring physi-
" ologic and pathophysiologic concepts to life.

* J§% Interactive Clinical Simulation Case Studies
" present case scenarios and offer interactive exer-
cises and questions to help students apply what they
have learned.

A Spanish—-English Audio Glossary provides helpful
terms and phrases for communicating with patients
who speak Spanish.

« Journal articles offer access to current articles relevant
to each chapter and available in Lippincott Williams
& Wilkins journals to familiarize students with health
care literature.

Study Guide

A comprehensive study aid for reviewing key concepts,
Study Guide for Porth’s Essentials of Pathophysiology,
4th edition, has been thoroughly revised and presents a
variety of exercises, including case studies and practice
NCLEX-style questions, to reinforce textbook content
and enhance learning.

Adaptive Learning | Powered by PrepU

Updated to accompany the 4th edition, Lippincott
Adaptive Learning | Powered by PrepU helps every
student learn more, while giving instructors the data
they need to monitor each student’s progress, strengths,
and weaknesses. The adaptive learning system allows
instructors to assign quizzes or students to take quizzes
on their own—quizzes that adapt to each student’s indi-
vidual mastery level. Visit at http://thePoint.lww.com/
PrepU to learn more.

A Comprehensive, Digital, Integrated Course
Solution

Lippincott CoursePoint is the only integrated digital
course solution for health care education, combining the
power of digital course content, interactive resources,
and Adaptive Learning | Powered by PrepU. Pulling
these resources together into one solution, the integrated
product offers a seamless experience for learning, study-
ing, applying, and remediating.

Lippincott CoursePoint provides a personalized
learning experience that is structured in the way stu-
dents study. It drives students to immediate remedia-
tion in their text; digital course content and interactive
course resources like case studies, videos, and journal
articles are also immediately available in the same digi-
tally integrated course solution to help expand on con-
cepts and bring them to life. After students complete
an adaptive, formative assessment on the reading, the
results identify students’ specific weaknesses and, at
the moment it’s identified they don’t understand the
material, they can immediately remediate to that con-
tent. Instructors also have a powerful and measurable
way to assess their students’ understanding and to help
engage them in the course content. Knowing where
students are struggling allows instructors to adapt class
time as appropriate.

Lippincott CoursePoint can bring Adaptive Learn-
ing | Powered by PrepU and digital resources together
on the same platform to provide all of the aids that
students need to study more effectively, score higher
on exams, and prepare for clinical practice. The
SmartSense links feature included throughout Course-
Point integrates all of the content, offering immedi-
ate remediation and additional learning resources at
the click of a mouse. With Lippincott CoursePoint,
instructors can collaborate with students at any time,
identify common misunderstandings, evaluate stu-
dent comprehension, and differentiate instruction as
needed. This unique offering creates an unparalleled
learning experience for students because they can
learn and retain course material in an adaptive, per-
sonalized way.

Contact your Wolters Kluwer Health sales repre-
sentative or visit http://thePoint.lww.com/coursepoint-
porthessentials4e for more information about Lippincott
CoursePoint solution.

It 1s with pleasure that we introduce these resources—
the textbook, ancillary resources, and additional



supplements and learning tools—to you. One of our
primary goals in creating these resources has been
to help students learn how to provide quality care to
patients and families across health care settings. We
hope that we have succeeded 1n that goal, and we wel-
come feedback from our readers.

To the Reader

This book was written with the intent of making the
subject of pathophysiology an exciting exploration
that relates normal body functioning to the physiologic
changes that occur as a result of disease, as well as
the body’s remarkable ability to compensate for these
changes. Indeed, it is these changes that represent many
of the signs and symptoms of disease.

Using a book such as this can be simplified by taking
time out to find what is in the book and how to locate
information when it is needed. The Table of Contents
provides an overall view of the organization and con-
tent of the book. The Index can be viewed as a road-
map for locating content. Using the Index, readers can
quickly locate related content in different chapters of
the book or answer questions that come up in other
courses.

Organization

The book 1s organized into units and chapters. The
units 1dentify broad areas of content, such as altera-
tions in the circulatory system. Many of the units have
introductory chapters that contain information about
the normal structure and function of the body sys-
tems discussed in the unit. These chapters, which are
intended as a review of content from previous courses
as well as an update on recent scientific advances in
genetic and molecular biology, provide the foundation
for understanding the pathophysiology content pre-
sented in the subsequent chapters. The disorder chap-
ters focus on specific areas of pathophysiology content,
such as heart failure and circulatory shock. The chap-
ter outline that appears at the beginning of each chap-
ter provides an overall view of the chapter content and
organization. Icons identify specific content related to
infants and children ||, pregnant women , and
older adults E

Reading and Learning Aids

In an ever-expanding world of information, you will not
be able to read, let alone remember, everything that is
in this (or any other) book. With this in mind, we have
developed a number of special features that will help
you focus on and master the essential content for your
current as well as future needs.

It 1s essential for any professional to use and
understand the vocabulary of his or her profession.
Throughout the text, you will encounter terms in italics.
This is a signal that a word and the 1deas associated with
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it are important to learn. To help, the Glossary contains
concise definitions of frequently encountered terms. If
you are unsure of the meaning of a term you encounter
in your reading, check the Glossary in the back of the
book before proceeding.

Summary Concepts

Summary concepts at the end of each section provide a
review and a reinforcement of the main content that has
been covered. One of the ways to approach learning is
to focus on the major ideas or concepts rather than try-
ing to memorize significant amounts of information. As
you have probably already discovered, it is impossible
to memorize everything that i1s in a particular section or
chapter of the book. Not only does your brain have a dif-
ficult time trying to figure out where to store all the differ-
ent bits of information, your brain doesn’t know how to
retrieve the information when you need it. Most impor-
tant of all, memorized lists of content can seldom, 1f ever,
be applied directly to an actual clinical situation. Sum-
mary concepts guide you in identifying the major ideas or
concepts that form the foundation for truly understand-
ing the major areas of content. When you understand the
concepts in these sections, you will have a framework for
remembering and using the facts given in the text.

! SUMMARY CONCEPTS

B Chromosomal disorders result from a change in
chromosome structure or number. They reflect
events that occur at the time of meiosis, such as
defective movement of an entire chromosome
or breakage of a chromosome with loss, gain, or
translocation of genetic material.

B A change in chromosome number is called
aneuploidy. Manosomy involves the presence
of only one member of a chromosome pair as
is seen in Turner syndrome, in which there is
monosomy of the X chromosome in females.
Polysomy refers to the presence of more than
two chromosomes in a set, as occurs in
Klinefelter syndrome, which involves polysomy
of the X chromosome in males. Trisomy 21
(i.e., Down syndrome) is the most common
disorder of the autosomal chromosomes, and
occurs in both sexes.

Tables, Charts, and Boxes

Tables, charts, and boxes are designed to present com-
plex information in a format that makes it more mean-
ingful and easier to remember. Tables have two or more
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columns, and are often used for the purpose of compar-
ing or contrasting information. Charts have one column
and are used to summarize information. Boxes highlight
key information.
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Radiation

Drugs and Chemical Substances
Alcohol
Anticoagulants
Warfarin
Anticonvulsants
Cancer drugs
Aminopterin
Moethotrexate
6-Mercaptopurine
Isotretinoin (Accutane)
Propylthiouracil
Tetracyciine
Thalidomide

Infectious Agents
Viruses

Cytomegalovirus

Herpes simplex virus

Measles (rubella)

Mumps

Varicella-zoster virus (chickenpox)
Nonviral factors

Syphilis

Toxoplasmosis

*Not inclusive,

Measursment Units
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[llustrations and Photographs

The full-color illustrations will help you to build your
own mental image of the content that is being presented.
Each drawing has been developed to fully support and
build upon the ideas in the text. Some illustrations are
used to help you picture the complex interactions of the
multiple phenomena that are involved in the develop-
ment of a particular disease; others can help you visu-
alize normal function or understand the mechanisms
whereby the disease processes exert their effects. In
addition, photographs depicting clinical manifestations
and detailing pathologic processes provide a realistic
view of selected disorders and pathologic processes.
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FAGURE &-1. Distribution of body water, The extracellular space
includés the vascular compasftiment and the interstilisl spoces,

Clinical Features

This edition retains the illustrations that depict the c/ini-
cal features of persons with selected diseases. This fea-
ture 1s designed to help you visualize the entire spectrum
of clinical manifestations that are associated with these
disease states.
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Understanding Physiologic Processes

Included in a number of chapters i1s an Understanding
feature that focuses on the physiologic processes and
phenomena that form the basis for understanding disor-
ders presented in the text. This feature breaks a process
or phenomenon down to its component parts and pres-
ents them in a sequential manner, providing an insight
into the many opportunities for disease processes to dis-
rupt the sequence.

Material for Review

An important feature has been built into the text to help
you verify your understanding of the material presented.
After you have finished reading and studying the chap-
ter, work on answering the Review Exercises at the end
of the chapter. They are designed to help you integrate,
conceptualize, and apply material from the text. If you
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are unable to answer a question, reread the relevant sec-
tion in the chapter.

MEVIEW EXERCISES

Appendix

The Lab Values tables in the appendix provide rapid
access to normal values for many laboratory tests in
conventional and SI units, as well as a description of the
prefixes, symbols, and factors (e.g., micro, p, 107°) used
for describing these values. Knowledge of normal values
can help you put abnormal values in context.

We hope that this guide has given you a clear picture of
how to use this book. Good luck and enjoy the journey!
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Introduction

Pathophysiology, which is the focus of this book, may
be defined as the physiology of altered health. The term
combines the words pathology and physiology. Pathol-
ogy (from the Greek pathos, meaning “disease”) deals
with the study of the structural and functional changes
in cells, tissues, and organs of the body that cause or
are caused by disease. Physiology deals with the func-
tions of the human body. Thus, pathophysiology deals
not only with the cellular and organ changes that occur
with disease, but also with the effects that these changes
have on total body function. In addition, pathophysiol-
ogy focuses on the mechanisms of the underlying disease
process and provides the background for preventive as
well as therapeutic health care measures and practices.

Disease

Disease may be defined as an interruption, cessation,
or disorder of a body system or organ structure that is
characterized usually by a recognized etiologic agent or
agents, an identifiable group of signs and symptoms,
or consistent anatomic alterations.! The aspects of the
disease process include etiology, pathogenesis, morpho-
logic changes, and clinical manifestations.

Etiology

The causes of disease are known as etiologic factors.?
Among the recognized etiologic agents are biologic
agents (e.g., bacteria, viruses), physical forces (e.g.,
trauma, burns, radiation), chemical agents (e.g., poi-
sons, alcohol), and nutritional excesses or deficits. At the
molecular level, it is important to distinguish between
abnormal molecules and molecules that cause disease.’
This is true of diseases such as cystic fibrosis, sickle cell
anemia, and familial hypercholesterolemia, in which the
genetic abnormality of a single amino acid, transporter
molecule, or receptor protein produces widespread
effects on health.

Most disease-causing agents are nonspecific, and
many different agents can cause disease of a single
organ. A single agent or traumatic event can, how-
ever, lead to disease of a number of organs or systems.
Although a disease-causing agent can affect more than a
single organ and a number of disease-causing agents can
affect the same organ, most disease states do not have a
single cause. Instead, the majority of diseases are mul-
tifactorial in origin. This 1s particularly true of diseases
such as cancer, heart disease, and diabetes. The multiple
factors that predispose to a particular disease often are
referred to as risk factors.*

One way to view the factors that cause disease is
to group them into categories according to whether
they were present at birth or acquired later in life.
Congenital conditions are defects that are present at
birth, although they may not be evident until later in
life. Congenital conditions may be caused by genetic
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influences, environmental factors (e.g., viral infections
in the mother, maternal drug use, irradiation, or intra-
uterine crowding), or a combination of genetic and envi-
ronmental factors. Acquired defects are those that are
caused by events that occur after birth. These include
injury, exposure to infectious agents, inadequate nutri-
tion, lack of oxygen, inappropriate immune responses,
and neoplasia. Many diseases are thought to be the
result of a genetic predisposition and an environmental
event or events that serve as a trigger to initiate disease
development.

Pathogenesis

Pathogenesis is the sequence of cellular and tissue events
that take place from the time of initial contact with an
etiologic agent until the ultimate expression of a dis-
case.” Etiology describes what sets the disease process
in motion, while pathogenesis describes how the disease
process evolves. Although the two terms often are used
interchangeably, their meanings are quite different. For
example, atherosclerosis often is cited as the cause or
etiology of coronary heart disease. In reality, the pro-
gression from fatty streak to the occlusive vessel lesion
seen in persons with coronary heart disease represents
the pathogenesis of the disorder. The true etiology of
atherosclerosis remains largely uncertain.

Morphology

Morphology refers to the fundamental structure or form
of cells or tissues. Morphologic changes are concerned
with both the gross anatomic and microscopic changes
that are characteristic of a disease.” Histology deals with
the study of the cells and extracellular matrix of body
tissues. The most common method used in the study of
tissues 1s the preparation of histologic sections—thin,
translucent sections of human tissues and organs—that
can be examined with the aid of a microscope. Histo-
logic sections play an important role in the diagnosis of
many types of cancer. A lesion represents a pathologic
or traumatic discontinuity of a body organ or tissue.
Descriptions of lesion size and characteristics often can
be obtained through the use of radiographs, ultrasonog-
raphy, and other imaging methods. Lesions also may be
sampled by biopsy and the tissue samples subjected to
histologic study.

Clinical Manifestations

Diseases can manifest in a number of ways. Sometimes
the condition produces manifestations, such as fever,
that make it evident that the person is sick. In other
cases, the condition is silent at the onset and is detected
during examination for other purposes or after the dis-
ease 1s far advanced.

Signs and symptoms are terms used to describe the
structural and functional changes that accompany a dis-
case.’> A symptom is a subjective complaint that is noted



by the person with a disorder, whereas a sign is a mani-
festation that is noted by an observer. Pain, difficulty in
breathing, and dizziness are symptoms of a disease. An
clevated temperature, a swollen extremity, and changes
in pupil size are objective signs that can be observed by
someone other than the person with the disease. Signs
and symptoms may be related to the primary disorder or
they may represent the body’s attempt to compensate for
the altered function caused by the pathologic condition.
Many pathologic states are not observed directly—one
cannot see a sick heart or a failing kidney. Instead, what
can be observed 1s the body’s attempt to compensate for
changes in function brought about by the disease, such
as the tachycardia that accompanies blood loss or the
increased respiratory rate that occurs with pneumonia.

A syndrome 1s a compilation of signs and symptoms
(e.g., chronic fatigue syndrome) that are characteristic
of a specific disease state. Complications are possible
adverse extensions of a disease or outcomes from treat-
ment. Sequelae are lesions or impairments that follow or
are caused by a disease.

Diagnosis

A diagnosis 1s the designation as to the nature or cause
of a health problem (e.g., bacterial pneumonia or hem-
orrhagic stroke). The diagnostic process usually requires
a careful history and physical examination. The history
1s used to obtain a person’s account of his or her symp-
toms and their progression, and the factors that contrib-
ute to a diagnosis. The physical examination is done to
observe for signs of altered body structure or function.

The development of a diagnosis involves weighing
competing possibilities and selecting the most likely one
from among the conditions that might be responsible for
the person’s clinical presentation.* The clinical probabil-
ity of a given disease in a person of a given age, gender,
race, lifestyle, and locality often is influential in arriving
at a presumptive diagnosis. Laboratory tests, radiologic
studies, computed tomography (CT) scans, and other
tests often are used to confirm a diagnosis.

An important factor when interpreting diagnostic test
results is the determination of whether they are normal
or abnormal. Is a blood count above normal, within
the normal range, or below normal? What is termed a
normal value for a laboratory test is established statisti-
cally from test results obtained from a selected sample of
people. The normal values refer to the 95% distribution
(mean plus or minus two standard deviations [mean £ 2
SD]) of test results for the reference population.** Thus,
the normal levels for serum sodium (136 to 145 mEq/L)
represent the mean serum level for the reference popu-
lation = 2 SD. The normal values for some laboratory
tests are adjusted for sex or age. For example, the nor-
mal hemoglobin range for women is 12.0 to 16.0 g/dL,
and for men, 14.0 to 17.4 g/dL.” Serum creatinine levels
often are adjusted for age in the elderly, and normal
values for serum phosphate differ between adults and
children.

The quality of data on which a diagnosis is based
may be judged for their validity, reliability, sensitivity,
specificity, and predictive value.*”® Validity refers to the
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extent to which a measurement tool measures what it 1s
intended to measure. This often is assessed by comparing
a measurement method with the best possible method
of measure that 1s available. For example, the validity
of blood pressure measurements obtained by a sphyg-
momanometer might be compared with those obtained
by intra-arterial measurements. Reliability refers to the
extent to which an observation, if repeated, gives the
same result. A poorly calibrated blood pressure machine
may give inconsistent measurements of blood pressure,
particularly of pressures in either the high or low range.
Reliability also depends on the persons making the mea-
surements. For example, blood pressure measurements
may vary from one observer to another because of the
technique used (e.g., different observers may deflate the
cuff at a different rate, thus obtaining different values),
the way the numbers on the manometer are read, or dif-
ferences in hearing acuity.

In the field of clinical laboratory measurements, stan-
dardization 1s aimed at increasing the trueness and reli-
ability of measured values. Standardization relies on the
use of written standards, reference measurement pro-
cedures, and reference materials.” In the United States,
the Food and Drug Administration (FDA) regulates in
vitro diagnostic devices, including clinical laboratory
instruments, test kits, and reagents. Manufacturers who
propose to market new diagnostic devices must submit
information on their instrument, test kit, or reagent to
the FDA, asrequired by existing statutes and regulations.
The FDA reviews this information to decide whether the
product may be marketed in the United States.

Measures of sensitivity and specificity are concerned
with determining how likely or how well the test or
observation will identify people with or without the dis-
case.* Sensitivity refers to the proportion of people with
a disease who are positive for that disease on a given test
or observation (called a true-positive result). If the result
of a very sensitive test is negative, it tells us the per-
son does not have the disease and the disease has been
excluded or “ruled out.” Specificity refers to the propor-
tion of people without the disease who are negative on a
given test or observation (called a true-negative result).
Specificity can be calculated only from among people
who do not have the disease. A test that is 95% specific
correctly identifies 95 of 100 normal people. The other
5% are false-positive results. A false-positive test result
can be unduly stressful for the person being tested,
whereas a false-negative test result can delay diagnosis
and jeopardize the outcome of treatment.

Predictive value 1s the extent to which an observation
or test result 1s able to predict the presence of a given
disease or condition.*'® A positive predictive value refers
to the proportion of true-positive results that occurs in
a given population. In a group of women found to have
“suspect breast nodules” in a cancer screening program,
the proportion later determined to have breast cancer
would constitute the positive predictive value. A nega-
tive predictive value refers to the true-negative obser-
vations in a population. In a screening test for breast
cancer, the negative predictive value represents the pro-
portion of women without suspect nodules who do not
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have breast cancer. Although predictive values rely in
part on sensitivity and specificity, they depend more
heavily on the prevalence of the condition in the popu-
lation. Despite unchanging sensitivity and specificity,
the positive predictive value of an observation rises with
prevalence, whereas the negative predictive value falls.

Clinical Course

The clinical course describes the evolution of a disease.
A disease can have an acute, subacute, or chronic course.
An acute disorder is one that is relatively severe, but self-
limiting. Chronic disease implies a continuous, long-
term process. A chronic disease can run a continuous
course or can present with exacerbations (aggravation
of symptoms and severity of the disease) and remissions
(a period during which there 1s a decrease in severity and
symptoms). Subacute disease is intermediate or between
acute and chronic: it is not as severe as an acute disease
and not as prolonged as a chronic disease.

The spectrum of disease severity for infectious dis-
eases, such as hepatitis B, can range from preclinical
to persistent chronic infection. During the preclinical
stage, the disease is not clinically evident but is destined
to progress to clinical disease. As with hepatitis B, it is
possible to transmit a virus during the preclinical stage.
Subclinical disease is not clinically apparent and is not
destined to become clinically apparent. It i1s diagnosed
with antibody or culture tests. Most cases of tubercu-
losis are not clinically apparent, and evidence of their
presence is established by skin tests. Clinical disease 1is
manifested by signs and symptoms. A persistent chronic
infectious disease persists for years—sometimes for life.
Carrier status refers to an individual who harbors an
organism but 1s not infected, as evidenced by antibody
response or clinical manifestations. This person still can
infect others. Carrier status may be of limited duration
or it may be chronic, lasting for months or years.

Perspectives and Patterns of Disease

The health of individuals 1s closely linked to the health
of the community and to the population it encompasses.
The ability to traverse continents in a matter of hours
has opened the world to issues of populations at a global
level. Diseases that once were confined to limited areas
of the world now pose a threat to populations through-
out the world.

As we move through the 21st century, we are continu-
ally reminded that the health care system and the services
it delivers are targeted to particular populations. Man-
aged care systems are focused on a population-based
approach to planning, delivering, providing, and evalu-
ating health care. The focus of health care also has begun
to emerge as a partnership in which individuals are asked
to assume greater responsibility for their own health.

Epidemiology and Patterns of Disease

Epidemiology 1s the study of disease occurrence in
human populations.* It was initially developed to
explain the spread of infectious diseases during epidem-
ics and has emerged as a science to study risk factors

for multifactorial diseases, such as heart disease and
cancer. Epidemiology looks for patterns, such as age,
race, dietary habits, lifestyle, or geographic location,
of persons affected with a particular disorder. In con-
trast to biomedical researchers, who seek to elucidate
the mechanisms of disease production, epidemiologists
are more concerned with whether something happens
than how it happens. For example, the epidemiologist is
more concerned with whether smoking itself is related
to cardiovascular disease and whether the risk of heart
disease decreases when smoking ceases. The biomedi-
cal researcher, however, is more concerned about the
causative agent in cigarette smoke and the pathway by
which it contributes to heart disease.

Much of our knowledge about disease comes from
epidemiologic studies. Epidemiologic methods are used
to determine how a disease is spread, how to control it,
how to prevent it, and how to eliminate it. Epidemio-
logic methods also are used to study the natural history
of disease, to evaluate new preventative and treatment
strategies, to explore the impact of different patterns of
health care delivery, and to predict future health care
needs. As such, epidemiologic studies serve as a basis
for clinical decision making, allocation of health care
dollars, and development of policies related to public
health 1ssues.

Measures of disease frequency are an important aspect
of epidemiology. They establish a means for predicting
what diseases are present in a population and provide
an indication of the rate at which they are increasing
or decreasing. A disease case can be either an existing
case or the number of new episodes of a particular 1ll-
ness that are diagnosed within a given period. Incidence
reflects the number of new cases arising in a popula-
tion at risk during a specified time. The population at
risk is considered to be persons who are without the
disease but are at risk for developing it. It 1s determined
by dividing the number of new cases of a disease by the
population at risk for development of the disease during
the same period (e.g., new cases per 1000 or 100,000
persons in the population who are at risk). The cumula-
tive incidence estimates the risk of developing the disease
during that period of time. Prevalence 1s a measure of
existing disease in a population at a given point in time
(e.g., number of existing cases divided by the current
population).” The prevalence is not an estimate of risk of
developing a disease because it 1s a function of both new
cases and how long the cases remain in the population.
Incidence and prevalence are always reported as rates
(e.g., cases per 100 or cases per 100,000).

Morbidity and mortality statistics provide informa-
tion about the functional effects (morbidity) and death-
producing (mortality) characteristics of a disease. These
statistics are useful in terms of anticipating health care
needs, planning of public education programs, direct-
ing health research efforts, and allocating health care
dollars.

Mortality statistics provide information about the
causes of death in a given population. In most countries,
people are legally required to record certain facts such
as age, sex, and cause of death on a death certificate.



Internationally agreed-upon classification procedures
(the International Classification of Diseases [ICD] by
the World Health Organization) are used for coding the
cause of death, and these data are expressed as death
rates."' Crude mortality rates (i.e., number of deaths in
a given period) do not account for age, sex, race, socio-
economic status, and other factors. For this reason,
mortality often is expressed as death rates for a specific
population, such as the infant mortality rate. Mortality
also can be described in terms of the leading causes of
death according to age, sex, race, and ethnicity.

Morbidity describes the effects an illness has on a
person’s life. Many diseases, such as arthritis, have low
death rates but a significant impact on quality of life.
Morbidity is concerned not only with the occurrence or
incidence of a disease but also the persistence and long-
term consequences of the disease.

Determination of Risk Factors

Conditions suspected of contributing to the develop-
ment of a disease are called risk factors. They may be
inherent to the person (high blood pressure or over-
weight) or external (smoking or drinking alcohol).
There are different types of studies used to determine
risk factors, including cross-sectional studies, case—con-
trol studies, and cohort studies. Cross-sectional studies
use the simultaneous collection of information neces-
sary for classification of exposure and outcome status.
They can be used to compare the prevalence of a disease
in those with the factor (or exposure) with the preva-
lence of a disease in those who are unexposed to the
factor, such as the prevalence of coronary heart disease
in smokers and nonsmokers. Case—control studies are
designed to compare persons known to have the out-
come of interest (cases) with those known not to have
the outcome of interest (controls).* Information on
exposures or characteristics of interest is then collected
from persons in both groups. For example, the char-
acteristics of maternal alcohol consumption in infants
born with a fetal alcohol spectrum disorder (cases) can
be compared with those in infants born without one of
these disorders (controls).

A cohort 1s a group of persons who were born at
approximately the same time or share some characteris-
tics of interest.* Persons enrolled in a cohort study (also
called a longitudinal study) are followed over a period
of time to observe a specific health outcome. A cohort
may consist of a single group of persons chosen because
they have or have not been exposed to suspected risk
factors; two groups specifically selected because one has
been exposed and the other has not; or a single exposed
group in which the results are compared with the gen-
eral population.

One of the best-known examples of a cohort study
1s the Framingham Study, which was carried out in
Framingham, Massachusetts.'? Framingham was
selected because of the size of its population, the relative
case with which the people could be contacted, and the
stability of the population in terms of moving into and
out of the area. This longitudinal study, which began
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in 1950, was set up by the U.S. Public Health Service
to study the characteristics of people who would later
develop coronary heart disease. The study consisted of
5000 persons, aged 30 to 59 years, selected at random
and followed for an initial period of 20 years, during
which time it was predicted that 1500 of them would
develop coronary heart disease. The advantage of such
a study is that it can explore a number of risk factors at
the same time and determine the relative importance of
each. Another advantage is that the risk factors can later
be related to other diseases, such as stroke.

A second well-known cohort study is the Nurses’
Health Study, which was developed by Harvard
University and Brigham and Women’s Hospital. The
study began in 1976 with a cohort of 121,700 female
nurses, 30 to 55 years of age, living in the United States.'
Initially designed to explore the relationship between
oral contraceptives and breast cancer, nurses in the study
have provided answers to detailed questions about their
menstrual cycle, smoking habits, diet, weight and waist
measurements, activity patterns, health problems, and
medication use. They have given urine and blood sam-
ples, and even provided researchers with their toenail
clippings. In selecting the cohort, it was reasoned that
nurses would be well-organized, accurate, and observant
in their responses, and that physiologically they would
be no different from other groups of women. It also was
anticipated that their childbearing, eating, and smok-
ing patterns would be similar to those of other working
women.

Natural History

The natural history of a disease refers to the progression
and projected outcome of the disease without medical
intervention.* By studying the patterns of a disease over
time in populations, epidemiologists can better under-
stand its natural history. Knowledge of the natural his-
tory can be used to determine disease outcome, establish
priorities for health care services, determine the effects
of screening and early detection programs on disease
outcome, and compare the results of new treatments
with the expected outcome without treatment.

There are some diseases for which there are no effec-
tive treatment methods available, or for which the cur-
rent treatment measures are only effective in certain
people. In this case, the natural history of the disease
can be used as a predictor of outcome. For example, the
natural history of hepatitis C indicates that 80% of peo-
ple who become infected with the virus fail to clear the
virus and progress to chronic infection.'* Information
about the natural history of a disease and the availabil-
ity of effective treatment methods provides directions for
preventive measures. In the case of hepatitis C, careful
screening of blood donations and education of intrave-
nous drug abusers can be used to prevent transfer of the
virus. At the same time, scientists are striving to develop
a vaccine that will prevent infection in persons exposed
to the virus. The development of vaccines to prevent the
spread of infectious diseases such as polio and hepatitis
B undoubtedly has been motivated by knowledge about
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the natural history of these diseases and the lack of effec-
tive intervention measures. With other diseases, such as
breast cancer, early detection through use of clinical
breast examination and mammography increases the
chances for a cure.

Prognosis refers to the probable outcome and pros-
pect of recovery from a disease. It can be designated as
chances for full recovery, possibility of complications,
or anticipated survival time. Prognosis often 1s presented
in relation to treatment options—that is, the expected
outcomes or chances for survival with or without a cer-
tain type of treatment. The prognosis associated with a
given type of treatment usually 1s presented along with
the risk associated with the treatment.

ILevels of Prevention

Leading a healthy life contributes to the prevention of
disease. There are three fundamental types of preven-
tion: primary prevention, secondary prevention, and ter-
tiary prevention.*!> It is important to note that all three
levels are aimed at prevention. Primary prevention 1s
directed at keeping disease from occurring by removing
all risk factors. Examples of primary prevention include
the administration of folic acid to pregnant women and
women who may become pregnant to prevent fetal neu-
ral tube defects, giving immunizations to children to
prevent communicable disease, and counseling people
to adopt healthy lifestyles as a means of preventing
heart disease. Primary prevention is often accomplished
outside the health care system at the community level.
Some primary prevention measures are mandated by
law (e.g., wearing seat belts in automobiles and helmet
use on motorcycles). Other primary prevention activi-
ties (e.g., use of earplugs or dust masks) occur in specific
occupations. Secondary prevention detects disease early
when it is still asymptomatic and treatment measures
can affect a cure or stop the disease from progressing.
The use of a Papanicolaou (Pap) smear for early detec-
tion of cervical cancer i1s an example of secondary pre-
vention. Screening also includes history taking (asking if
a person smokes), physical examination (blood pressure
measurement), laboratory tests (cholesterol level deter-
mination), and other procedures (colonoscopy) that can
be applied to asymptomatic people. Most secondary
prevention is done in clinical settings. All types of health
care professionals (e.g., physicians, nurses, dentists,
audiologists, optometrists) participate in secondary
prevention. Tertiary prevention 1s directed at clinical

interventions that prevent further deterioration or
reduce the complications of a disease once it has been
diagnosed.
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Cell Structure
and Function

’];};e cell 1s the smallest functional unit of life. Cells are
he smallest unit capable of self-reproduction and
are vehicles for transmitting genetic information that
defines the organism. Cells with similar specialized func-
tions are often organized into larger functional aggre-
gates called tissues. These tissues in turn combine to
form the various body structures and organs. Although
the cells of different tissues and organs vary in structure
and function, they are remarkably similar in their abil-
ity to exchange materials with their immediate environ-
ment, obtain energy from organic nutrients, synthesize
complex molecules, and replicate themselves. Because
most diseases begin at the cellular level, an understand-
ing of cell function is crucial to understanding the dis-
ease process. Some diseases affect the cells of a single
organ, others affect the cells of a particular tissue type,
and still others affect the cells of the entire organism.

This chapter discusses the structural and functional
components of the cell, basic cellular mechanisms, and
tissue types.

Functional Components of
the Cell

Although diverse in their organization, all eukaryotic
cells (cells with a true nucleus) have in common struc-
tures that perform unique functions. Under a light micro-
scope, three primary components of the eukaryotic cell
become evident: the plasma membrane, the nucleus, and
the cytoplasm, while numerous structures are visible by
higher magnification electron microscopy (Fig. 1-1).
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Two distinct regions exist in the cell: the cytoplasm,
which lies outside the nucleus, and the nucleoplasm,
which lies inside the nucleus. The cytoplasm contains
membrane-enclosed organelles (“little organs”) and
inclusions in an aqueous gel called the cytoplasmic
matrix. The matrix consists of a variety of solutes includ-
ing inorganic ions (Na*, K*, Ca") and organic molecules
such as intermediate metabolites, carbohydrates, lipids,
proteins, and RN A. The nucleus is the largest organelle
within the cell and its nucleoplasm contains the genome
along with the enzymes necessary for deoxyribonucleic

acid (DN A) and ribonucleic acid (RN A) transcription.

The Cell Membrane

In many respects, the cell membrane (also called the
plasma membrane) is one of the most important parts
of the cell. It acts as a semipermeable structure that sep-
arates the intracellular and extracellular environments.
It controls the transport of materials from the extracel-
lular fluids to the interior of the cell, holds and binds
receptors for hormones and other biologically active
substances, participates in the generation and conduc-
tion of electrical currents in nerve and muscle cells, and
aids in the regulation of cell growth and proliferation.
The cell membrane is a dynamic and fluid struc-
ture consisting of an organized arrangement of lipids,

FIGURE 1-1. Composite cell
designed to show in one cell all
of the various components of
the nucleus and cytoplasm.

carbohydrates, and proteins (Fig. 1-2). A main struc-
tural component of the membrane is its lipid bilayer that
consists primarily of phospholipids, cholesterol, and
glycoproteins. This lipid bilayer provides the basic fluid
structure of the membrane and serves as a relatively
impermeable barrier to all but lipid-soluble substances.
The most abundant lipids are phospholipids, each with
a hydrophilic (water-soluble) head and a hydrophobic
(water-insoluble) tail. Phospholipid molecules along
with the glycolipids are aligned such that their hydro-
philic heads face outward on each side of the membrane
and their hydrophobic tails project toward the middle
of the membrane. The presence of cholesterol makes the
membrane regionally less deformable and less perme-
able to small water soluble molecules.

Although the lipid bilayer provides the basic struc-
ture of the cell membrane, proteins carry out most of the
specific functions. The integral proteins span the entire
lipid bilayer and are part of the membrane. Because
most of the integral proteins pass directly through the
membrane, they are also referred to as transmembrane
proteins. Other proteins, called the peripheral proteins,
are bound to one or the other side of the membrane and
do not pass into the lipid bilayer.

The manner in which proteins are associated with the
cell membrane often determines their function. Thus,
peripheral proteins are associated with functions involv-
ing the inner or outer side of the membrane where they
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FIGURE 1-2. Structure ofthe plasma (cell) membrane showing the hydrophilic (polar) heads and
the hydrophobic (fatty acid) tails (inset), and the position of the integral and peripheral proteins in

relation to the interior and exterior of the cell.

are found. Several peripheral proteins serve as receptors
or are involved in intracellular signaling systems. By
contrast, only the transmembrane proteins can function
on both sides of the membrane or transport molecules
across it. Many integral transmembrane proteins form
the 1on channels found on the cell surface. These chan-
nel proteins have a complex morphology and are selec-
tive with respect to the substances they transmit.

A fuzzy-looking layer, called the cell coat or glycoca-
lyx, surrounds the cell surface. It consists of long, com-
plex carbohydrate chains attached to protein molecules
that penetrate the outside portion of the membrane
(i.e., glycoproteins); outward-facing membrane lipids
(i.e., glycolipids); and carbohydrate-binding proteins
called lectins. The cell coat participates in cell-to-cell
recognition due to antigens that label cells as self or
nonself and are important in tissue transplantation. The
cell coat of a red blood cell contains the ABO blood
group antigens.

The Nucleus

The nucleus of a nondividing cell appears as a rounded
or elongated structure situated near the center of the cell
(see Fig. 1-1). It is enclosed in a nuclear envelope and
contains chromatin, the genetic material of the nucleus,
and a distinct region called the nucleolus. All eukaryotic
cells have at least one nucleus (prokaryotic cells, such as
bacteria, lack a nucleus and nuclear membrane).

The nucleus is regarded as the control center for the
cell. It contains the DN A that is essential to the cell
because its genes encode the information necessary for
the synthesis of proteins that the cell must produce to

stay alive. The genes also represent the individual units
of inheritance that transmit information from one gen-
eration to another. The nucleus also is the site for the
synthesis of the three types of RN A that move to the
cytoplasm and carry out the actual synthesis of pro-
teins. Messenger RNA (mRNA) copies and carries the
DNA instructions for protein synthesis to the cyto-
plasm; ribosomal RNA (rRNA) is the site of protein
synthesis; and transfer RN A (tRNA) transports amino
acids to the site of protein synthesis for incorporation
into the protein being synthesized (see Chapter 5).

The complex structure of DN A and DN A-associated
proteins dispersed in the nuclear matrix 1is called
chromatin. Depending on its transcriptional activ-
ity, chromatin may be condensed as an inactive form
of chromatin called heterochromatin or extended as a
more active form called euchromatin. Because hetero-
chromatic regions of the nucleus stain more intensely
than regions consisting of euchromatin, nuclear stain-
ing can be a guide to cell activity. The nucleus also con-
tains the darkly stained round body called the nucleolus
that 1s the site of rRN A synthesis and initial ribosomal
assembly. Cells that are actively synthesizing proteins
can be recognized because their nucleoli are large and
prominent and the nucleus as a whole is euchromatic or
slightly stained.

Surrounding the nucleus is the nuclear envelope
formed by an inner and outer nuclear membrane con-
taining a perinuclear space between them (Fig. 1-3). The
inner nuclear membrane is supported by a rigid network
of protein filaments called nuclear lamina that bind to
chromosomes and secure their position in the nucleus.
The outer nuclear membrane resembles and is continu-
ous with the membrane of the endoplasmic reticulum.
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FIGURE 1-3. Schematic drawing ofthe inner and outer
membranes of the nuclear envelope.The double-membrane
envelope is penetrated by pores in which nuclear pore
complexes are positioned and continuous with the rough
endoplasmic reticulum.The nuclear lamina on the surface of
the inner membrane binds to DNA and holds the chromosomes
in place. DNA, deoxyribonucleic acid.

At the site where the inner and outer membranes fuse,
the nuclear envelope is penetrated by pores containing
nuclear pore complexes. Structures of the nuclear pore
complexes act as barriers and enable selective transpor-
tation of RN A, ribosomes, and lipids and proteins with
signaling functions between the nucleus and cytoplasm
to coordinate events such as gene transcription and met-
abolic activities.

The Cytoplasm and Its Membrane-
Bound Organcelles

The cytoplasm surrounds the nucleus, and it is in
the cytoplasm that the work of the cell takes place.
Embedded in the cytoplasm are various membrane-
enclosed organelles (e.g., endoplasmic reticulum [ER],
Golgi apparatus, mitochondria, and lysosomes) and
complexes without membranes (e.g., ribosomes and
proteasomes) that have important functions in cells.

Ribosomes, Endoplasmic Reticulum, and
Golgi Apparatus

The endoplasmic reticulum (with its associated ribo-
somes) and Golgi apparatus represent the primary sites
of protein synthesis in the cell (Fig. 1-4). Following
protein synthesis in the ribosomes, the endoplasmic
reticulum and Golgi apparatus use transport vesicles
to move newly synthesized proteins, membrane com-
ponents, and soluble molecules from one organelle
to another.

Rough ER Free ribosomes

Ribosomes

Transfer vesicle

Secretory
granules

Smooth ER ]
Tubular elements Golgiapparatus

ofthe ER

FIGURE 1-4.Three-dimensional view ofthe rough and the
smooth endoplasmic reticula (ER) and the Golgi apparatus.

The ER functions as a tubular communication system

through which substances can be transported from one part
ofthe cell to another and as the site of protein (rough ER),
carbohydrate, and lipid (smooth ER) synthesis. Most of the
proteins synthesized by the rough ER are sealed into transfer
vesicles and transported to the Golgi apparatus, where they are
modified and packaged into secretory granules.

Ribosomes. The ribosomes are small particles of
nucleoproteins (rRNA and proteins) that are held
together by a strand of mRNA. Poly Ribosomes exist as
isolated clusters of free ribosomes within the cytoplasm
or attached to the membrane of the ER (see Fig. 1-4).
Free ribosomes are involved in the synthesis of pro-
teins that remain in the cell as cytoplasmic structural or
functional elements, whereas those attached to the ER
translate mRN As that code for proteins to be bound in
membranes or destined for secretion.

Endoplasmic Reticulum. The endoplasmic reticulum is
an extensive dynamic system of interconnected membra-
nous tubes and sac-like cisternae (see Figs. 1-3 and 1-4).
Within the lumen of the ER is a matrix that connects
the space between the two membranes of the nuclear
envelope to the cell periphery. The ER functions as a
tubular communication system for transporting various
substances from one part of the cell to another. A large
surface area and multiple enzyme systems attached to
the ER membranes also provide the machinery for many
cellular metabolic functions.

Two forms of ER exist in cells: rough and smooth.
Rough ER is studded with ribosomes attached to specific
binding sites on the membrane. These ribosomes, with
their accompanying strand of mRNA, synthesize pro-
teins destined to be incorporated into cell membranes,
used in the generation oflysosomal enzymes, or exported



from the cell. The smooth ER is free of ribosomes and
1s continuous with the rough ER. It does not participate
in protein synthesis; instead, its enzymes are involved in
the synthesis of lipid and steroid hormone molecules,
regulation of intracellular calcium, and metabolism and
detoxification of certain hormones and drugs. The sar-
coplasmic reticulum of skeletal and cardiac muscle cells
is a form of smooth ER. Calcium ions needed for muscle
contraction are stored and released from cisternae of the
sarcoplasmic reticulum. The smooth ER of the liver is
involved in glycogen storage and metabolism of lipid-
soluble drugs.

Golgi Apparatus. The Golgi apparatus, sometimes
called the Golgi complex, consists of stacks of thin,
flattened vesicles or sacs (see Fig. 1-4). These Golgi
bodies are found near the nucleus and function in
association with the ER. Substances produced in the
ER are transported to the Golgi complex in small,
membrane-bound transport vesicles. Many cells syn-
thesize proteins that are larger than the active prod-
uct. The Golgi complex modifies these substances and
packages them into secretory granules or vesicles.
Insulin, for example, 1s synthesized as a large, inac-
tive proinsulin molecule that is cleaved to produce a
smaller, active insulin molecule within the Golgi com-
plex of the beta cells of the pancreas. In addition to
producing secretory granules, the Golgi complex is
thought to produce large carbohydrate molecules that
are added to proteins produced by the rough ER to
form glycoproteins.

Lysosomes

The lysosomes, which can be viewed as digestive organ-
elles in the cell, are small, membrane-bound sacs filled
with hydrolytic enzymes. These enzymes can break
down excess and worn-out cell parts as well as foreign
substances that are taken into the cell. All of the lyso-
somal enzymes are acid hydrolases, which means that
they require an acid environment. The lysosomes pro-
vide this environment by maintaining a pH of approxi-
mately 5.0 in their interior. The pH of the cytosol and
other cellular components 1s approximately 7.2. Like all
other cellular organelles, lysosomes not only contain a
unique collection of enzymes, but also have a unique
surrounding membrane that prevents the release of its
digestive enzymes into the cytosol.

Lysosomes are formed from digestive vesicles called
endosomes. These vesicles fuse to form multivesicu-
lar bodies called early endosomes (Fig. 1-5). The early
endosomes mature into late endosomes as they recycle
lipids, proteins, and other membrane components back
to the plasma membrane in vesicles called recycling ves-
icles. Lysosomal enzymes are synthesized in the rough
ER and then transported to the Golgi apparatus, where
they are biochemically modified and packaged for trans-
port to the endosomes. The late endosomes mature into
lysosomes as they progressively accumulate newly syn-
thesized acid hydrolases from the Golgi apparatus and
attain digestive abilities.
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FIGURE 1-5. Pathways for digestion of materials by
lysosomes. (A) Receptor-mediated endocytosis with formation
oflysosome from early and late endosomes. Vesicle contents
are sorted in the early endosome with receptors and lipids
being sent back to the membrane.Transport vesicles carry
lysosomal enzymes to the late endosomes, converting them
into lysosomes that digest proteins and other components
acquired from the endocytotic vesicles. (B) Phagocytosis
involving the delivery of large extracellular particles such as
bacteria and cellular debris to the lysosomes via phagosomes.
(O) Autophagy is the process in which worn-out mitochondria
and other cell parts are surrounded by a membrane derived
from the rough endoplasmic reticulum (RER).The resulting
autophagosome then fuses with a lysosome to form an
authophagolysosome. Undigested material may be extruded
from the cell or remain in the cytoplasm as lipofuscin granules
or membrane-bound residual bodies.
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Depending on the nature of the substance, differ-
ent pathways are used for lysosomal degradation of
unwanted materials (see Fig. 1-5). Small extracellu-
lar particles such as extracellular proteins and plasma
membrane proteins form endocytotic vesicles after being
internalized by pinocytosis or receptor-mediated endo-
cytosis. These vesicles are converted into early and late
endosomes, after which they mature into lysosomes.
Large extracellular particles such as bacteria, cell debris,
and other foreign particles are engulfed in a process
called phagocytosis. A phagosome, formed as the mate-
rial 1s internalized within the cell, fuses with a lysosome
to form a phagolysosome. Intracellular particles, such
as entire organelles, cytoplasmic proteins, and other
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cellular components, are engulfed in a process called
autophagy. These particles are isolated from the cyto-
plasmic matrix by ER membranes to form an autopha-
gosome, which then fuses with a lysosome to form an
autophagolysosome.

Although the lysosomal enzymes can break down most
proteins, carbohydrates, and lipids to their basic con-
stituents, some materials remain undigested. These undi-
gested materials may remain in the cytoplasm as residual
bodies or be extruded from the cell. In some long-lived
cells, such as neurons and heart muscle cells, large quan-
tities of residual bodies accumulate as lipofuscin granules
or age pigments. Other indigestible pigments, such as
inhaled carbon particles and tattoo pigments, also accu-
mulate and may persist in residual bodies for decades.

Lysosomes are also repositories where cells accumu-
late abnormal substances that cannot be completely
digested or broken down. In some genetic diseases
known as lysosomal storage diseases, a specific lyso-
somal enzyme 1s absent or inactive, in which case the
digestion of certain cellular substances (e.g., glucocer-
ebrosides, gangliosides, sphingomyelin) does not occur.
As a result, these substances accumulate in the cell. In
Tay-Sachs disease (see Chapter 6), an autosomal reces-
sive disorder, hexosaminidase A, which is the lysosomal
enzyme needed for degrading the GM , ganglioside found
in nerve cell membranes, i1s absent. Although the GM,
ganglioside accumulates in many tissues, such as the
heart, liver, and spleen, its accumulation in the nervous
system and retina of the eye causes the most damage.

Peroxisomes

Spherical membrane-bound organelles called peroxi-
somes contain enzymes that are used in oxidative reac-
tions. Reactions occurring in peroxisomes use oxygen
to produce peroxides and convert hydrogen peroxide
to water. Unless degraded, these highly unstable reac-
tive oxygen species and free radicals (see Chapter 2)
would damage other cellular molecules and structures.
Peroxisomes also contain the enzymes needed for break-
ing down very—long-chain fatty acids, which are ineffec-
tively degraded by mitochondrial enzymes. In liver cells,

peroxisomal enzymes are involved in the formation of

the bile acids.

Proteasomes

Proteasomes are cytoplasmic protein complexes that are
not bound by membranes. Proteasomes are responsible
for proteolysis of malformed and misfolded proteins and
have roles in many cellular responses and events. The
process of cytosolic proteolysis is carefully controlled by
the cell and requires that the protein be targeted for deg-
radation. This process involves ubiquitination, a pro-
cess whereby several small ubiquitin molecules (a small
76-amino-acid polypeptide chain) are attached to an
amino acid residue of the targeted protein. Once a pro-
tein is so tagged, it is degraded by proteasomes. After the
targeted protein has been degraded, the resultant amino
acids join the intracellular pool of free amino acids and
the ubiquitin molecules are released and recycled.

Mitochondra

The mitochondria are literally the “power plants” of the
cell because they contain the enzymes needed for cap-
turing most of the energy in foodstuffs and converting
it into cellular energy. This multistep process requires
oxygen and is often referred to as aerobic metabolism.
Much of this energy is stored in the high-energy phos-
phate bonds of adenosine triphosphate (ATP) that serves
to power various cell activities. Mitochondria are found
close to the site of energy consumption in the cell (e.g.,
near the myofibrils in muscle cells). The number of mito-
chondria in a given cell type is largely determined by the
type of activity the cell performs and how much energy
is needed to undertake the activity. For example, a dra-
matic increase in mitochondria occurs in skeletal muscle
repeatedly stimulated to contract.

The mitochondria are composed of two membranes:
an outer membrane that encloses the periphery of the
mitochondrion and an inner membrane that forms
shelflike projections, called cristae (Fig. 1-6). The nar-
row space between the outer and inner membranes is
called the intermembrane space, whereas the large space
enclosed by the inner membrane is termed the matrix
space. The outer mitochondrial membrane contains a
large number of transmembrane porins, through which
inorganic ions and metabolites may pass. The inner
membrane contains the respiratory chain enzymes and
transport proteins needed for the synthesis of ATP.

Mitochondria contain their own DN A and ribosomes
and are self-replicating. The DNA is found in the mito-
chondrial matrix and 1s distinct from the chromosomal
DN A found in the nucleus. Mitochondrial DN A, known
as the “other human genome,” i1s a double-stranded,
circular molecule that encodes the rRNA and tRNA
required for intramitochondrial synthesis of the proteins
needed for the energy-generating function of the mito-
chondria. Although mitochondrial DN A directs the syn-
thesis of 13 of the proteins required for mitochondrial
function, the DN A of the nucleus encodes the structural

Outer limiting
membrane

Inner limiting
membrane

FIGURE 1-6. Mitochondrion.The inner membrane forms
transverse folds called cristae, where the enzymes needed for
the final step in adenosine triphosphate (ATP) production (i.e.,
oxidative phosphorylation) are located.





