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The editors are grateful for many helpful suggestions from
readers of the frst, second, and third editions of Principles
of Pharmacology: The Pathophysiologic Basis of Drug
Therapy. The fourth edition features many changes to reflect
the rapidly evolving nature of pharmacology and drug de-
velopment. We believe that these updates will continue to
contribute to the learning and teaching of pharmacology both
nationally and internationally:

= Comprehensive updates of full-color f gures throughout
the textbook—about 450 in all. Every f gure has been
updated and colorized, and over 50 f gures are new or
substantially modif ed to highlight advances in our un-
derstanding of physiologic, pathophysiologic, and phar-
macologic mechanisms. As in the frst three editions, our
collaboration with a single illustrator creates a uniform
“look and feel” among the f gures that facilitates under-
standing and helps the reader make connections across
broad areas of pharmacology.

= Comprehensive updates and additions in the fundamen-
tals of pharmacology. Along with extensive updates in
the chapters on drug—receptor interactions, pharmaco-
dynamics, pharmacokinetics, drug metabolism, drug
toxicity, and pharmacogenomics, a new chapter on drug
transporters has been added. The frst section of the text-
book now provides a comprehensive framework for the
fundamental principles of pharmacology that serve as the
foundation for material in all subsequent chapters.

= Comprehensive updates of all 37 drug summary tables.
These tables, which have been particularly popular with
readers, group drugs and drug classes according to mech-
anism of action and list clinical applications, serious and
common adverse effects, contraindications, and therapeu-
tic considerations for each drug discussed in the chapter.

= Comprehensive updates of all chapters, including new
drugs approved through 2014-2015. We have focused
especially on newly discovered and revised mecha-
nisms that sharpen our understanding of the physiology,

Preface

pathophysiology, and pharmacology of the relevant sys-
tem. Sections throughout the book contain substantial
amounts of new and updated material, especially the chap-
ters on drug—receptor interactions; drug toxicity; pharma-
cogenomics; adrenergic pharmacology; local anesthetic
pharmacology; the pharmacology of serotonergic and
central adrenergic neurotransmission; the pharmacology
of analgesia; the pharmacology of cholesterol and lipopro-
tein metabolism; the pharmacology of volume regulation;
the pharmacology of vascular tone; the pharmacology
of hemostasis and thrombosis; the pharmacology of the
thyroid gland; the pharmacology of the endocrine pan-
creas and glucose homeostasis; the pharmacology of bone
mineral homeostasis; the pharmacology of bacterial DNA
replication, transcription, and translation; the pharmacol-
ogy of bacterial and mycobacterial cell wall synthesis;
the pharmacology of viral infections; the pharmacology
of cancer; the pharmacology of eicosanoids; the pharma-
cology of immunosuppression; the fundamentals of drug
development and regulation; and protein therapeutics.

As with the third edition, we have recruited a panel of
new, expert chapter authors who have added tremendous
strength and depth to the existing panel of authors, and the
editorial team has reviewed each chapter in detail to achieve
uniformity of style, presentation, and currency across the
entire text.

Finally, we would like to acknowledge the immeasur-
able contributions of the late Armen H. Tashjian, Jr., MD,
to the conception, design, and implementation of this text.
Armen was our friend, mentor, and close colleague, and his
indomitable spirit lives on 1n this fourth edition of Principles
of Pharmacology: The Pathophysiologic Basis of Drug
Therapy.

David E. Golan, MD, PhD
Ehrin J. Armstrong, MD, MSc
April W. Armstrong, MD, MPH
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This book represents a new approach to the teaching of a
frst or second year medical school pharmacology course.
The book, titled Principles of Pharmacology.: The Patho-
physiologic Basis of Drug Therapy, departs from standard
pharmacology textbooks in several ways. Principles of
Pharmacology provides an understanding of drug action
in the framework of human physiology, biochemistry, and
pathophysiology. Each section of the book presents the
pharmacology of a particular physiologic or biochemical
system, such as the cardiovascular system or the inflam-
mation cascade. Chapters within each section present the
pharmacology of a particular aspect of that system, such as
vascular tone or eicosanoids. Each chapter presents a clini-
cal vignette, illustrating the relevance of the system under
consideration; then discusses the biochemistry, physiology,
and pathophysiology of the system; and, f nally, presents the
drugs and drug classes that activate or inhibit the system by
interacting with specif ¢ molecular and cellular targets. In
this scheme, the therapeutic and adverse actions of drugs are
understood in the framework of the drug’s mechanism of ac-
tion. The physiology, biochemistry, and pathophysiology are
illustrated using clear and concise f gures, and the pharma-
cology is depicted by displaying the targets in the system
on which various drugs and drug classes act. Material from
the clinical vignette 1s referenced at appropriate points in the
discussion of the system. Contemporary directions in mo-
lecular and human pharmacology are introduced in chapters
on modern methods of drug discovery and drug delivery and
in a chapter on pharmacogenomics.

Preface

to the First Edition

This approach has several advantages. We anticipate that
students will use the text not only to learn pharmacology but
also to review essential aspects of physiology, biochemistry,
and pathophysiology. Students will learn pharmacology in a
conceptual framework that fosters mechanism-based learning
rather than rote memorization, and that allows for ready incor-
poration of new drugs and drug classes into the student’s fund
of knowledge. Finally, students will learn pharmacology in a
format that integrates the actions of drugs from the level of an
individual molecular target to the level of the human patient.

The writing and editing of this textbook have employed a
close collaboration among Harvard Medical School students and
faculty in all aspects of book production, from student—faculty
co-authorship of individual chapters to student—faculty editing of
the f nal manuscript. In all, 43 HMS students and 39 HMS fac-
ulty have collaborated on the writing of the book’s 52 chapters.
This development plan has blended the enthusiasm and per-
spective of student authors with the experience and expertise
of faculty authors to provide a comprehensive and consistent
presentation of modern, mechanism-based pharmacology.

David E. Golan, MD, PhD
Armen H. Tashjian, Jr., MD
Ehrin J. Armstrong, MD, MSc
Joshua M. Galanter, MD

April W. Armstrong, MD, MPH
Ramy A. Arnaout, MD, DPhil
Harris S. Rose, MD
FOUNDING EDITORS
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The editors are grateful for the support of students and faculty
from around the world who have provided encouragement
and helpful suggestions.

Stuart Ferguson continued his exemplary work as an execu-
tive assistant by managing all aspects of project coordination,
including submission of chapter manuscripts, multiple layers
of editorial revisions, coordination of f gure generation and
revision, and delivery of the f nal manuscript. We are extraor-
dinarily grateful for his unwavering dedication to this project.

Rob Duckwall did a superb job to update the full-color
f gures. Rob’s standardization and coloration of the f gures in
this textbook reflect his creativity and expertise as a leading
medical illustrator. His artwork is a major asset and highlight
of this textbook.

Quentin Baca electronically rendered the striking image
on the cover of this textbook. We are most grateful for his
creativity and expertise.

The editors would like to thank the publication, editorial,
and production staff at Wolters Kluwer for their expert man-
agement and production of this handsome volume.

David Golan would like to thank the many faculty, stu-
dent, and administrative colleagues whose support and un-
derstanding were critical for the successful completion of
this project. Members of the Golan laboratory and faculty
and staff in the Department of Biological Chemistry and
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thanks Drs. David Norris, David West, and Fu-Tong Liu
for fostering her career. She is grateful for the love of her
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acknowledging the use of noncopyrighted material, are gath-
ered together in a list at the end of the book. We thank all of
these sources for permission to use this material.

Xxiil






Gail K Adler, MD, PhD

Associate Professor of Medicine

Harvard Medical School

Associate Physician

Division of Endocrinology, Diabetes
and Hypertension

Department of Medicine

Brigham and Women’s Hospital

Boston, Massachusetts

Francis J. Alenghat, MD, PhD

Assistant Professor

Department of Medicine, Section of
Cardiology

University of Chicago

Chicago, Illinois

Seth L Alper, MD, PhD

Professor of Medicine

Harvard Medical School

Renal Division and Molecular and
Vascular Medicine Division

Department of Medicine

Beth Israel Deaconess Medical Center

Boston, Massachusetts

April W. Armstrong, MD, MPH

Associate Dean for Clinical Research

Director of Clinical Research, Southern
California Clinical and Translational
Science Institute (SC CTSI)

Vice Chair, Department of Dermatology

Associate Professor of Dermatology

University of Southern California

Los Angeles, California

Ehrin J. Armstrong, MD, MSc

Associate Professor of Medicine

Division of Cardiology

University of Colorado School
of Medicine

Denver, Colorado

Sarah R. Armstrong, MS, DABT
Consultant in Toxicology
Ambherst, Massachusetts

Ramy A. Arnaout, MD, DPhil

Assistant Professor of Pathology

Harvard Medical School

Associate Director, Clinical
Microbiology

Department of Pathology

Beth Israel Deaconess Medical Center

Boston, Massachusetts

Alireza Atri, MD, PhD

Ray Dolby Endowed Chair in Brain
Health Research

Ray Dolby Brain Health Center

California Pacif ¢ Medical Center

San Francisco, California

Visiting Scientist in Neurology

Harvard Medical School

Boston, Massachusetts

Jerry Avorn, MD

Professor of Medicine

Harvard Medical School

Chief, Division of
Pharmacoepidemiology

Brigham and Women’s Hospital

Boston, Massachusetts

Quentin J. Baca, MD, PhD

Chief Resident in Anesthesia

Department of Anesthesiology,
Perioperative and Pain Medicine

Stanford University School of

Medicine
Palo Alto, California

David A. Barbie, MD

Assistant Professor of Medicine
Harvard Medical School
Associate Physician

Department of Medical Oncology
Dana-Farber Cancer Institute
Boston, Massachusetts

Contributors

Robert L. Barbieri, MD

Kate Macy Ladd Professor of
Obstetrics, Gynecology and
Reproductive Biology

Department of Obstetrics, Gynecology
and Reproductive Biology

Harvard Medical School

Chairman, Department of Obstetrics
and Gynecology

Brigham and Women’s Hospital

Boston, Massachusetts

Elizabeth A. Brezinski, MD
Resident in Dermatology
Harvard Combined Dermatology

Residency Training Program
Boston, Massachusetts

[auren K Buhl, MD, PhD

Clinical Fellow in Anaesthesia
Harvard Medical School

Resident in Anaesthesia

Beth Israel Deaconess Medical Center
Boston, Massachusetts

Michael S. Chang, MD

Assistant Professor of Orthopedic
Surgery

University of Arizona College of
Medicine

Complex Spine Surgeon

Sonoran Spine Center

Phoenix, Arizona

William W. Chin, MD

Bertarelli Professor of Translational
Medical Science, Emeritus

Harvard Medical School

Boston, Massachusetts

Chief Medical Off cer and Executive
Vice President

Pharmaceutical Research and
Manufacturers of America

Washington, DC

XV




xvi Contributors

Janet Chou, MD

Instructor, Department of Pediatrics
Harvard Medical School

Assistant in Medicine

Department of Immunology
Children’s Hospital Boston

Boston, Massachusetts

David E. Clapham, MD, PhD

Aldo R. Castaneda Professor of
Cardiovascular Research

Professor of Neurobiology

Harvard Medical School

Chief, Basic Cardiovascular Research

Department of Cardiology

Children’s Hospital Boston

Boston, Massachusetts

Donald M. Coen, PhD

Professor of Biological Chemistry and
Molecular Pharmacology

Harvard Medical School

Boston, Massachusetts

David E. Cohen, MD, PhD

Robert H. Ebert Professor of Medicine
and Health Sciences and
Technology

Director, Harvard-Massachusetts
Institute of Technology Division of
Health Sciences and Technology

Harvard Medical School

Director of Hepatology

Division of Gastroenterology,
Hepatology and Endoscopy

Department of Medicine

Brigham and Women’s Hospital

Boston, Massachusetts

Michael W. Conner, DVM

Vice President

Theravance Biopharma, U.S., Inc.
South San Francisco, California

Susannah B. Cornes, MD
Assistant Professor, Department
of Neurology
University of California, San Francisco
Department of Neurology
UCSF Medical Center
San Francisco, California

Amber Dahlin, PhD, MMSc

Instructor in Medicine

Harvard Medical School

Associate Epidemiologist

Channing Division of Network
Medicine, Department of Medicine,
Brigham and Women’s Hospital

Boston, Massachusetts

George D. Demetri, MD

Professor of Medicine
Department of Medical Oncology
Co-Director, Ludwig Center
Harvard Medical School
Department of Medical Oncology
Dana-Farber Cancer Institute
Boston, Massachusetts

Catherine Dorian-Conner, PharmD, PhD
Consultant in Toxicology
Half Moon Bay, California

David M. Dudzinski, MD, JD
Clinical Fellow 1in Medicine
Harvard Medical School

Fellow, Department of Cardiology
Massachusetts General Hospital
Boston, Massachusetts

Baran A. Frsoy, PhD

Instructor in Medicine

Harvard Medical School
Investigator

Brigham and Women’s Hospital
Boston, Massachusetts

Hua-Jun Feng, MD, PhD
Instructor in Anaesthesia
Harvard Medical School
Assistant in Pharmacology
Massachusetts General Hospital
Boston, Massachusetts

Stuart A. Forman, MD, PhD
Associate Professor of Anesthesia
Harvard Medical School

Boston, Massachusetts

David A. Frank, MD, PhD
Associate Professor of Medicine
Harvard Medical School
Departments of Medicine and

Medical Oncology
Dana-Farber Cancer Institute
Boston, Massachusetts

Joshua M. Galanter, MD

Assistant Professor, Department of
Medicine

University of California, San Francisco

San Francisco, California

Rajesh Garg, MD

Assistant Professor of Medicine

Harvard Medical School

Associate Physician

Division of Endocrinology, Diabetes
and Hypertension

Department of Medicine

Brigham and Women’s Hospital

Boston, Massachusetts

Nidhi Gera, PhD

Research Fellow

Department of Biological Chemistry
and Molecular Pharmacology

Harvard Medical School

Boston, Massachusetts

David E. Golan, MD, PhD

Professor of Biological Chemistry and
Molecular Pharmacology

George R. Minot Professor of Medicine

Dean for Basic Science and
Graduate Education

Special Advisor for Global Programs

Harvard Medical School

Senior Physician, Hematology
Division, Brigham and
Women’s Hospital and
Dana-Farber Cancer Institute

Department of Biological Chemistry
and Molecular Pharmacology,
Department of Medicine

Harvard Medical School

Boston, Massachusetts

Mark A. Goldberg, MD

Associate Professor of Medicine,
Part-time

Harvard Medical School

Boston, Massachusetts

Advisor

Medical and Regulatory Strategy

Synageva BioPharma Corp.

Lexington, Massachusetts

[aura C. Green, PhD, DABT
President and Senior Toxicologist
Green Toxicology, LLC
Brookline, Massachusetts

Edmund A. Griffn, Jr., MD, PhD

Assistant Professor of Clinical
Psychiatry

Department of Psychiatry

Columbia University

Attending Psychiatrist

New York-Presbyterian Hospital

New York, New York

Robert S. Griffn, MD, PhD

Clinical Assistant Professor of
Anesthesiology

Weill Cornell Medical College

Assistant Attending Anesthesiologist

Hospital for Special Surgery

New York, New York

E Peter Guengerich, PhD

Professor, Department of Biochemistry

Vanderbilt University School of
Medicine

Nashville, Tennessee



Stephen J. Haggarty, PhD

Associate Professor of Neurology

Harvard Medical School

Director, Chemical Neurobiology
Laboratory

Center for Human Genetic Research

Massachusetts General Hospital

Boston, Massachusetts

Sarah P. Hommond, MD
Assistant Professor of Medicine
Harvard Medical School
Associate Physician

Brigham and Women’s Hospital
Boston, Massachusetts

Keith A. Hoffmaster, PhD

Director, Global Program
Management

Translational Clinical Oncology

Novartis Institutes for Biomedical
Research

Cambridge, Massachusetts

Anthony Hollenberg, MD

Professor of Medicine

Harvard Medical School

Chief, Division of Endocrinology,
Diabetes and Metabolism

Beth Israel Deaconess Medical Center

Boston, Massachusetts

David L. Hutto, DVM, PhD, DACVP

Corporate Senior Vice President and
Chief Scientif ¢ Off cer—Safety
Assessment

Charles River Laboratories, Inc.

Wilmington, Massachusetts

Louise C. Ivers, MD, MPH, DIM&H
Associate Professor of Medicine
Harvard Medical School

Associate Physician

Department of Medicine

Brigham and Women’s Hospital
Boston, Massachusetts

Ursula B. Kaiser, MD

Professor of Medicine

Harvard Medical School

Chief, Division of Endocrinology,
Diabetes and Hypertension

Brigham and Women’s Hospital

Boston, Massachusetts

Loyd B. Klickstein, MD, PhD
Head of Translational Medicine
New Indications Discovery Unit
Novartis Institutes for
Biomedical Research
Cambridge, Massachusetts

Vidyasagar Koduri, MD, PhD

Clinical Fellow in Hematology/
Oncology

Dana Farber Cancer Institute/Harvard
Cancer Center

Boston, Massachusetts

Tibor I. Krisko, MD

Instructor

Department of Medicine

Harvard Medical School

Boston, Massachusetts

Staff Gastroenterologist

Department of Gastroenterology/
Medicine

Boston VA Medical Center

Jamaica Plain, Massachusetts

David W. Kubiak, PharmD

Adjunct Clinical Assistant Professor
of Pharmacy Practice

Massachusetts College of Pharmacy
and Health Sciences

Adjunct Assistant Professor of
Pharmacology

Massachusetts General Hospital
Institute of Health Professions

Adjunct Clinical Assistant Professor
of Pharmacy Practice

Northeastern University Bouvé
College of Heath Sciences

Co-Director of Antimicrobial
Stewardship and Advanced Practice
Infectious Diseases Pharmacy
Specialist

Brigham and Women’s Hospital

Boston, Massachusetts

Alexander E. Kuta, PhD

Vice President and Head of US
Regulatory Affairs

EMD Serono, Inc.

Rockland, Massachusetts

Robert Langer, ScD

David H. Koch Institute Professor

Departments of Chemical Engineering
and Bioengineering

Massachusetts Institute of Technology

Cambridge, Massachusetts

Senior Lecturer on Surgery

Children’s Hospital Boston

Boston, Massachusetts

Stephen Lazarus, MD

Professor of Medicine

Division of Pulmonary and Critical
Care Medicine

Director, Training Program in Pulmonary
and Critical Care Medicine

University of California, San Francisco

San Francisco, California

xvil  Contributors

Benjamin Leader, MD, PhD
Chief Executive Off cer
ReproSource

Woburn, Massachusetts

Jonathan Z. 11, MD, MMSc
Assistant Professor of Medicine
Harvard Medical School
Brigham and Women’s Hospital
Boston, Massachusetts

Eng H. Lo, PhD
Professor of Radiology
Harvard Medical School
Director, Neuroprotection
Research Laboratory
Departments of Radiology
and Neurology
Massachusetts General Hospital
Boston, Massachusetts

Joseph Loscalzo, MD, PhD

Hersey Professor of the Theory and
Practice of Medicine

Harvard Medical School

Chairman, Department of Medicine
and Physician-in-Chief

Brigham and Women’s Hospital

Boston, Massachusetts

Daniel H. Lowenstein, MD

Professor, Department of Neurology
University of California, San Francisco
Director, UCSF Epilepsy Center
UCSF Medical Center

San Francisco, California

Chelsea Ma, MD

Resident Physician

Internal Medicine

Beth Israel Deaconess Medical Center
Harvard Medical School

Boston, Massachusetts

Jianren Mao, MD, PhD

Richard J. Kitz Professor of
Anaesthesia Research

Harvard Medical School

Chief, Division of Pain Medicine

Massachusetts General Hospital

Boston, Massachusetts

Peter R. Martin, MD

Professor, Departments of Psychiatry
and Pharmacology

Vanderbilt University

Director, Division of Addiction
Psychiatry and Vanderbilt
Addiction Center

Vanderbilt University Medical Center

Nashville, Tennessee



xviii  Contributors

Elizabeth Mayne, MD, PhD

Resident in Pediatrics and Child
Neurology

Department of Pediatrics

Stanford University School of

Medicine
Palo Alto, California

Alexander J. McAdam, MD, PhD

Associate Professor of Pathology

Harvard Medical School

Medical Director

Infectious Diseases Diagnostic
Laboratory

Boston Children’s Hospital

Boston, Massachusetts

James M. McCabe, MD

Assistant Professor of Medicine

University of Washington

Director, Cardiac Catheterization
Laboratory

University of Washington Medical
Center

Seattle, Washington

Keith W. Miller, MA, DPhil
Edward Mallinckrodt Professor

of Pharmacology
Department of Anaesthesia
Harvard Medical School
Pharmacologist, Department of

Anesthesia, Critical Care and

Pain Medicine
Massachusetts General Hospital
Boston, Massachusetts

Joshua D. Moss, MD

Assistant Professor of Medicine

Heart Rhythm Center

University of Chicago Medical Center
Chicago, Illinois

Dalia S. Nagel, MD

Clinical Instructor, Department
of Ophthalmology

Mount Sinai School of Medicine

Attending Physician

Department of Ophthalmology

Mount Sinai Hospital

New York, New York

William M. Oldham, MD, PhD
Instructor in Medicine

Harvard Medical School

Associate Physician

Pulmonary and Critical Care Medicine
Brigham and Women’s Hospital
Boston, Massachusetts

Sachin Patel, MD, PhD
Assistant Professor, Departments
of Psychiatry and Molecular
Physiology and Biophysics
Vanderbilt University Medical Center
Nashville, Tennessee

Roy H. Perlis, MD, MSc

Director, Center for Experimental
Drugs and Diagnostics

Center for Human Genetic Research
and Department of Psychiatry

Massachusetts General Hospital

Associate Professor of Psychiatry

Harvard Medical School

Boston, Massachusetts

Maarten Postema, PhD
Director of Chemistry
EISAI Inc.

Andover, Massachusetts

Giulio R. Romeo, MD

Instructor in Medicine

Harvard Medical School

Staff Physician, Adult Diabetes
Section

Joslin Diabetes Center

Staff Physician, Division of
Endocrinology BIDMC

Boston, Massachusetts

Eryn L. Royer, BA

Medical Student

University of Colorado School of
Medicine

Aurora, Colorado

Edward T. Ryan, MD

Professor of Medicine

Harvard Medical School

Professor of Immunology and
Infectious Diseases

Harvard T.H. Chan School of
Public Health

Director, Tropical Medicine

Massachusetts General Hospital

Boston, Massachusetts

Joshua M. Schulman, MD
Assistant Professor of Dermatology
University of California, Davis
Director of Dermatopathology
Sacramento VA Medical Center
Sacramento, California

Charles N. Serhan, PhD

Simon Gelman Professor of
Anaesthesia (Biological Chemistry
and Molecular Pharmacology)

Department of Anesthesiology,
Perioperative and Pain Medicine

Harvard Medical School

Director, Center for Experimental
Therapeutics and Reperfusion Injury

Brigham and Women’s Hospital

Boston, Massachusetts

Helen M. Shields, MD

Professor of Medicine

Harvard Medical School

Physician, Department of Medicine
Brigham and Women’s Hospital
Boston, Massachusetts

Steven E. Shoelson, MD, PhD

Professor of Medicine

Harvard Medical School

Associate Director of Research,
Section Head, Cellular and
Molecular Physiology

Joslin Diabetes Center

Boston, Massachusetts

David M. Slovik, MD

Associate Professor of Medicine
Harvard Medical School
Endocrine Unit

Massachusetts General Hospital
Boston, Massachusetts

Chief, Division of Endocrinology
Newton-Wellesley Hospital
Newton, Massachusetts

David G. Standaert, MD, PhD
John N. Whitaker Professor and Chair,
Department of Neurology
University of Alabama at Birmingham
Director, Division of
Movement Disorders
University Hospital
Birmingham, Alabama

Gary R. Strichartz, PhD

Professor of Anaesthesia
(Pharmacology),

Harvard Medical School

Director, Pain Research Center,
Department of Anesthesiology,
Perioperative and Pain Medicine

Brigham and Women’s Hospital

Boston, Massachusetts



Victor W. Sung, MD

Associate Professor, Department of
Neurology, Division of Movement

Disorders

The University of Alabama at
Birmingham

Birmingham, Alabama

Kelan Tantisira, MD, MPH

Associate Professor of Medicine

Harvard Medical School

Associate Physician

Channing Division of Network
Medicine and Division of
Pulmonary and Critical Care
Medicine

Brigham and Women’s Hospital

Boston, Massachusetts

Hakan R. Toka, MD, PhD

Assistant Professor of Medicine

Division of Nephrology and
Hypertension

Eastern Virginia Medical School

Norfolk, Virginia

John L. Vahle, DVM, PhD, DACVP

Senior Research Pathologist, Department
of Toxicology and Pathology

Lilly Research Laboratories

Indianapolis, Indiana

Anand Vaidya, MD

Assistant Professor of Medicine
(Endocrinology)

Harvard Medical School

Division of Endocrinology, Diabetes,
and Hypertension

Brigham and Women’s Hospital

Boston, Massachusetts

Vishal S. Vaidya, PhD

Associate Professor of Medicine

Head, Systems Toxicology
Program, Laboratory of Systems
Pharmacology

Harvard Medical School

Brigham and Women’s Hospital

Associate Professor of Environmental
Health

Harvard T.H. Chan School of
Public Health

Boston, Massachusetts

xix Contributors

Andrew J. Wagner, MD, PhD

Assistant Professor, Department of
Medicine

Harvard Medical School

Medical Director, Ambulatory Oncology

Center for Sarcoma and Bone Oncology

Dana-Farber Cancer Institute

Boston, Massachusetts

(Clifford J. Woolf, MB, BCh, PhD
Professor of Neurology
and Neurobiology
Harvard Medical School
Director, F.M. Kirby
Neurobiology Center
Children’s Hospital Boston
Boston, Massachusetts

Jacob Wouden, MD

Radiologist, Washington Hospital
Medical Staff

Washington Hospital Healthcare Group

Fremont, California






Glu 286

-
-,

Fundamental Principles of
Pharmacology

.....



Drug—Receptor Interactions

Francis J. Alenghat and David E. Golan

MNTRODUCTION & CASE. . . . ... 2-3
CONFORMATION AND CHEMISTRY OF
DRUGS ANDRB-EPIURS .. ... .. ... ... 2
Iugact of Drug Binding on the Receptor ................... 5
Membrane Effects on Drug—Receptor Interat120s. .. ... . ... 6
MOLECULAR AND CELIU LAF DETERMINANTS OF
DRUGSELECTIVITY . ... ..., 6
MAJOR TYPES OFDRUGRECEPTORS ...............c.ov.. .. 6
Transmembiune don Channels ............................ !
Transmembrane G Protein-Coupled Hevéptors ............. 9
Tranam= nkrane Receptors with Linked Enzymatic Domains. . . 11
Receptor rosine Kinases. ........................... 11
Receptor Tyrosine Phosphatases...................... 12
Tyrosine Kinase-Associated Receptors................. 12
Receptor Serine/Threonine Kinases, ................... 12
Receptor Guanylyl Cyclases ............cooviiiinn. .. 12

§ INTRODUCTION

Why is it that one drug affects cardiac function and another
alters the transport of specif ¢ 1ons in the kidney? Why do
antibiotics effectively kill bacteria but rarely harm patients?
These questions can be answered by frst examining the in-
teraction between a drug and its specif ¢ molecular target and
then considering the role of that action in a broader physi-
ologic context. This chapter focuses on the molecular details
of drug—receptor interactions, emphasizing the variety of
receptors and their molecular mechanisms. This discussion
provides a conceptual basis for the action of the many drugs
and drug classes discussed in this book. It also serves as a
background for Chapter 2, Pharmacodynamics, which dis-
cusses the quantitative relationships between drug—-receptor
interactions and pharmacologic effect.

Although drugs can theoretically bind to almost any
three-dimensional target, most drugs achieve their desired
(therapeutic) effects by interacting selectively with target
molecules that play important physiologic or pathophysi-
ologic roles. In many cases, selectivity of drug binding to
receptors also determines the undesired (adverse) effects
of a drug. In general, drugs are molecules that interact with
specif ¢ molecular components of an organism to cause bio-
chemical and physiologic changes within that organism.
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Drug receptors are macromolecules that, upon binding to a
drug, mediate those biochemical and physiologic changes.

§ CONFORMATION AND CHE
DRUGS AND RECEPTORS

An understanding of why a drug binds to a particular receptor
can be found 1n the structure and chemical properties of the
two molecules. This section discusses the basic determinants
of receptor structure and the chemistry of drug-receptor
binding. The discussion here focuses primarily on the inter-
actions of drugs that are small molecules with target recep-
tors that are mainly macromolecules (especially proteins),
but many of these principles also apply to the interactions
of antibody- or other protein-based therapeutics with their
molecular targets (see Chapter 54, Protein Therapeutics).
Because many human and microbial drug receptors are
proteins, it 1s useful to review the four major levels of protein
structure (Fig. 1-1). At the most basic level, proteins consist
of long chains of amino acids, the sequences of which are
determined by the sequences of the DNA that code for the
proteins. A protein’s amino acid sequence is referred to as
its primary structure. Once a long chain of amino acids has
been synthesized on a ribosome, many of the amino acids
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Intent on enjoying his newly found
retirement, Mr. B has made a point of
playing tennis as often as possible dur-
ing the past year. For the past 3 months,
however, he has noted increasing fa-
tigue. Moreover, he is now unable to
fnish a meal, despite his typically voracious ap-
petite. Worried and wondering what these symp-
toms mean, Mr. B schedules an appointment with
his doctor. On physical examination, the physician
notes that Mr. B has an enlarged spleen, extending
approximately 10 cm below the left costal margin;
the physical exam 1s otherwise within normal lim-
its. Blood tests show an increased total white blood
cell count (70,000 cells/mm?) with an absolute in-
crease in neutrophils, band forms, metamyelocytes,
and myelocytes, but no blast cells (undifferentiated
precursor cells). Cytogenetic analysis of metaphase
cells demonstrates that 90% of Mr. B’s myeloid cells
possess the Philadelphia chromosome (indicating a
translocation between chromosomes 9 and 22), con-
frming the diagnosis of chronic myeloid leukemia.
The physician initiates therapy with imatinib, a highly
selective inhibitor of the BCR-ADbI tyrosine kinase
fusion protein that is encoded by the Philadelphia
chromosome. Over the next month, the cells

>

begin to interact with nearby amino acids in the polypeptide
chain. These interactions, which are typically mediated by
hydrogen bonding, give rise to the secondary structure of a
protein by forming well-def ned conformations such as the
o helix, B pleated sheet, and 3 barrel. As a result of their
highly organized shape, these structures often pack tightly
with one another, further def ning the overall shape of the
protein. Tertiary structure results from the interaction of
amino acids more distant from one another along a single
amino acid chain. These interactions include hydrogen bond
and 1onic bond formation as well as the covalent linkage
of sulfur atoms to form intramolecular disulf de bridges.
Finally, polypeptides may oligomerize to form more com-
plex structures. The conformation that results from the
interaction of separate polypeptides is referred to as the qua-
ternary structure.

Different portions of a protein’s structure generally have
different aff nities for water, and this feature has an additional
effect on the protein’s shape. Because both the extracellular
and intracellular environments are composed primarily of
water, hydrophobic protein segments are often drawn to the
inside of the protein or shielded from water by insertion into
lipid bilayer membranes. Conversely, hydrophilic protein
segments are often located on a protein’s exterior surface.
After all of this twisting and turning is completed, each pro-
tein has a unique shape that determines its function, location
in the body, relationship to cellular membranes, and binding
interactions with drugs and other macromolecules.

The site on the receptor at which the drug binds is
called its binding site. Each binding site has unique chemi-
cal characteristics that are determined by the specifc
properties of the amino acids that make up the site. The
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containing the Philadelphia chromosome disappear
completely from Mr. B’s blood, and he begins to feel
well enough to compete in a seniors tennis tourna-
ment. Mr. B continues to take imatinib every day,
and he has a completely normal blood countand no
fatigue. He is not sure what the future will bring, but
he is glad to have been given the chance to enjoy a
healthy retirement.

r . »
Questions

1 . How does imatinib interrupt the activity of the BCR-Abl
tyrosine kinase fusion protein?

2 . Unlike imatinib, most of the older therapies for chronic
myeloid leukemia (such as interferon-a) had signif cant
“flu-like” adverse effects. Why did these therapies
cause signifcant adverse effects in most patients,
whereas (as in this case) imatinib causes adverse
effects in very few patients?

3 . Why is imatinib a selective therapy for chronic myeloid
leukemia? Is this selectivity related to the lack of ad-
verse effects associated with imatinib therapy?

4 . How does the BCR-Abl protein affect intracellular
signaling pathways?

three-dimensional structure, shape, and reactivity of the
site, and the inherent structure, shape, and reactivity of the
drug, determine the orientation of the drug with respect to
the receptor and govern how tightly these molecules bind to
one another. Drug—receptor binding is the result of multiple
chemical interactions between the two molecules, some
of which are fairly weak (such as van der Waals forces)
and some of which are extremely strong (such as covalent
bonding). The sum total of these interactions provides the
specif city of the overall drug—receptor interaction. The fa-
vorability of a drug—receptor interaction is referred to as the
affnity of the drug for its binding site on the receptor. This
concept 1s discussed in more detail in Chapter 2. The chem-
istry of the local environment in which these interactions
occur—such as the hydrophobicity, hydrophilicity, and pK,
of amino acids near the binding site—may also affect the
aff nity of the drug—receptor interaction. The primary forces
that contribute to drug—receptor aff nity are described below
and in Table 1-1.

van der Waals forces, resulting from the polarity induced
in a molecule by the shifting of its electron density in re-
sponse to the close proximity of another molecule, provide
a weak attractive force for drugs and their receptors. This
induced polarity is a ubiquitous component of all molecular
interactions. Hydrogen bonds have substantial strength and
are often important for drug—receptor association. This type
of bond is mediated by the interaction between positively
polarized hydrogen atoms (which are covalently attached
to more electronegative atoms such as nitrogen or oxygen)
and negatively polarized atoms (such as oxygen, nitrogen,
or sulfur that are covalently attached to less electronega-
tive atoms such as carbon or hydrogen). Ionic interactions,
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Primary

Secondary

Beta pleated
sheet

Tertiary

Quaternary

FIGURE 1-1. Levels of protein structure. Protein structure can be divided
into four levels of complexity, referred to as primary, secondary, tertiary,
and quaternary structure. Primary structure is determined by the sequence
of amino acids that make up the polypeptide chain. Secondary structure is
determined by the interaction of positively polarized hydrogen atoms with
negatively polarized atoms (such as oxygen) on the same polypeptide chain.
These interactions result in a number of characteristic secondary patterns
of protein conformation, including the « helix and 8 pleated sheet. Tertiary
structure is determined by the interactions of amino acids that are relatively
far apart on the protein backbone. These interactions, which include ionic
bonds and covalent disulfde linkages (among others), give proteins their
characteristic three-dimensional structure. Quaternary structure is deter-
mined by the binding interactions among two or more independent protein
subunits.

which occur between atoms with opposite charges, are
stronger than hydrogen bonds but less strong than covalent
bonds. Covalent bonding results from the sharing of a pair of
electrons between two atoms on different molecules. Cova-
lent interactions are so strong that, in most cases, they are
essentially irreversible. Table 1-1 indicates the mechanism

of interaction and relative strength of each of these types of
bonds. As noted above, the environment in which drugs and
receptors interact also affects the favorability of binding.
The hydrophobic effect refers to the mechanism by which the
unique properties of the ubiquitous solvent water cause the
interaction of a hydrophobic molecule with a hydrophobic
binding site to be enhanced.

Rarely is drug—receptor binding caused by a single type
of interaction; rather, it is a combination of these binding
interactions that provides drugs and receptors with the
forces necessary to form a stable drug—receptor complex.
In general, multiple weak forces comprise the majority of
drug-receptor interactions. For example, imatinib forms
many van der Waals interactions and hydrogen bonds with
the ATP-binding site of the BCR-AbI tyrosine kinase. The
sum total of these relatively weak forces creates a strong
(high aff nity) interaction between this drug and its recep-
tor (Fig. 1-2). Ionic and hydrophobic interactions exert
force at a greater distance than van der Waals interactions
and hydrogen bonds; for this reason, the former interac-
tions are often critical to initiate the association of a drug
and receptor.

Although relatively rare, covalent interactions between
a drug and its receptor are a special case. The formation
of a covalent bond is often essentially irreversible, and 1n
such cases, the drug and receptor form an inactive complex.
To regain activity, the cell must synthesize a new receptor
molecule to replace the inactivated protein; and the drug
molecule, which 1s also part of the inactive complex, is
generally not available to inhibit other receptor molecules.
Drugs that modify their target receptors (often enzymes)
through this mechanism are sometimes called suicide sub-
strates. Aspirin 1s an example of such a drug; it irrevers-
ibly acetylates cyclooxygenases to reduce the production
of prostaglandins (anti-inflammatory effect) and thrombox-
anes (antiplatelet effect) (see Chapter 43, Pharmacology of
Eicosanoids).

The molecular structure of a drug dictates the physical
and chemical properties that contribute to its specif ¢ bind-
ing to the receptor. Important factors include hydrophobicity,
ionization state (pK,), conformation, and stereochemistry of
the drug molecule. All of these factors combine to determine
the complementarity of the drug to the binding site. Recep-
tor binding pockets are highly specif ¢, and small changes
in the drug can have a large effect on the aff nity of the
drug—receptor interaction. For example, the stereochemistry
of the drug has a great impact on the strength of the bind-
ing interaction. Warfarin is synthesized and administered as
a racemic mixture (a mixture containing 50% of the right-
handed molecule and 50% of the left-handed molecule);
however, the S enantiomer is four times more potent than
the R because of a stronger interaction of the S form with its
binding site on vitamin K epoxide reductase. Stereochem-
istry can also affect toxicity in cases where one enantiomer
of a drug causes the desired therapeutic effect and the other
enantiomer causes an undesired toxic effect, perhaps due to
an interaction with a second receptor or to metabolism to a
toxic species. Although it 1s sometimes diff cult for pharma-
ceutical companies to synthesize and purify individual en-
antiomers on a large scale, a number of currently marketed
drugs are produced as individual enantiomers in cases where
one enantiomer has higher eff cacy and/or lower toxicity
than its mirror image.
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TABIE 1-1 Relative Strength of Bonds between Receptors and Drugs
BOND TYPE MECHANISM BOND STRENGTH
van der Waals Shifting electron density in areas of a molecule, or in a molecule as a whole, results in the generation of +

transient positive or negative charges. These areas interact with transient areas of opposite charge

on another molecule.
Hydrogen Hydrogen atoms bound to nitrogen or oxygen become more positively polarized, allowing them to bond + +

to more negatively polarized atoms such as oxygen, nitrogen, or sulfur.
Tonic Atoms with an excess of electrons (imparting an overall negative charge on the atom) are attracted to +++

atoms with a defciency of electrons (imparting an overall positive charge on the atom).
Covalent Two bonding atoms share electrons. ++++

Impact of Drug Binding on the Receptor

How does drug binding produce a biochemical and/or physi-
ologic change in the organism? In the case of receptors with
enzymatic activity, the binding site of the drug i1s often the
active site at which an enzymatic transformation is cata-
lyzed, and the catalytic activity of the enzyme 1s inhibited
by drugs that prevent substrate binding to the site or that
covalently modify the site. In cases where the binding site 1s
not the active site of the enzyme, drugs can cause a change
by preventing the binding of endogenous ligands to their
receptor binding pockets. In many drug-receptor interac-
tions, however, the binding of a drug to its receptor results
in a change in the conformation of the receptor. Altering the
shape of the receptor can affect its function, including en-
hancing the aff nity of the drug for the receptor. Such an
interaction 1s often referred to as induced f't, because the re-
ceptor’s conformation changes so as to improve the quality
of the binding interaction.
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The principle of induced f't suggests that drug—receptor
binding can have profound effects on the conformation of
the receptor. By inducing conformational changes in the re-
ceptor, many drugs not only improve the quality of the bind-
ing interaction but also alter the action of the receptor. The
change in shape induced by the drug is sometimes identi-
cal to that caused by the binding of an endogenous ligand.
For example, exogenously administered insulin analogues
all stimulate the insulin receptor to the same extent, despite
their slightly different amino acid sequences. In other cases,
drug binding alters the shape of the receptor so as to make 1t
more or less functional than normal. For example, imatinib
binding to the BCR-ADbl tyrosine kinase causes the protein to
assume an enzymatically inactive conformation, thus inhib-
iting the kinase activity of the receptor.

Another way to describe the induced ft principle is to
consider that many receptors exist in multiple conforma-
tional states—such as 1nactive (or closed), active (or open),
and desensitized (or inactivated)—and that the binding of a
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FIGURE 1-2. Structural basis of specifc enzyme inhibition: imatinib interaction with the BCR-Abl kinase. A. The kinase portion of the BCR-Abl tyrosine
kinase is shown in a ribbon format (gray). An analogue of imatinib, a specif ¢ inhibitor of the BCR-Abl tyrosine kinase, is shown as a space-flling model (blue).
B. Detailed diagram of the intermolecular interactions between the drug (shaded in purple) and amino acid residues in the BCR-Abl protein. Hydrogen bonds
are indicated by dashed lines, while van der Waals interactions (indicated by halos around the amino acid name and its position in the protein sequence)
are shown for nine amino acids with hydrophobic side chains. C. The interaction of the drug (blue) with the BCR-Abl protein (gray) inhibits phosphorylation
of a critical activation loop (green-highlighted ribbon format), thus preventing catalytic activity.
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drug to the receptor stabilizes one or more of these confor-
mations. Quantitative models that incorporate these concepts
of drug—receptor interactions are discussed in Chapter 2.

Membrane Efects on Drug—Receptor
Interactions

The structure of the receptor also determines where the pro-
tein 1s located in relationship to cellular boundaries such as
the plasma membrane. Proteins that have large hydrophobic
domains are able to reside in the plasma membrane because
of the membrane’s high lipid content. Many receptors that
span the plasma membrane have lipophilic domains that are
located in the membrane and hydrophilic domains that re-
side 1n the intracellular and extracellular spaces. Other drug
receptors, including a number of transcription regulators
(also called transcription factors), have only hydrophilic do-
mains and reside in the cytoplasm, nucleus, or both.

Just as the structure of the receptor determines its loca-
tion in relationship to the plasma membrane, the structure of
a drug affects its ability to gain access to the receptor. For
example, many drugs that are highly water-soluble are un-
able to pass through the plasma membrane and bind to target
molecules in the cytoplasm. Certain hydrophilic drugs are
able to pass through transmembrane channels (or use other
transport mechanisms) and gain ready access to cytoplasmic
receptors. Drugs that are highly lipophilic, such as many
steroid hormones, are often able to pass through the hydro-
phobic lipid environment of the plasma membrane without
special channels or transporters and thereby gain access to
intracellular targets.

Drug-induced alterations in receptor shape can allow
drugs bound to cell surface receptors to affect functions
inside cells. Many cell surface receptors have extracellular
domains that are linked to intracellular effector molecules by
receptor domains that span the plasma membrane and extend
into the cytoplasm. In some cases, changing the shape of
the extracellular domain can alter the conformation of the
membrane-spanning and/or intracellular domains of the
receptor, resulting in a change in receptor function. In other
cases, drugs can cross-link the extracellular domains of two
receptor molecules, forming a dimeric receptor complex that
activates effector molecules inside the cell.

All of these factors—drug and receptor structure, the
chemical forces influencing drug—receptor interaction, drug
solubility n water and in the plasma membrane, and the
function of the receptor in its cellular environment—confer
substantial specifcity on the interactions between drugs
and their target receptors. This book discusses numerous
examples of drugs that can gain access and bind to receptors,
induce conformational changes in the receptors, and thereby
produce biochemical and physiologic effects. Specif city of
drug-receptor binding suggests that, armed with the knowl-
edge of the structure of a receptor, one could theoretically
design a drug that interrupts or enhances receptor activity.
This process, known as rational drug design, could poten-
tially increase the eff cacy and reduce the toxicity of drugs
by optimizing their structure so that they bind more selec-
tively to their targets. Rational drug design was frst used to
develop highly selective agents such as the antiviral prote-
ase inhibitor ritonavir and the antineoplastic tyrosine kinase
inhibitor imatinib. Indeed, further rounds of rational drug
design have led to the development of second-generation

protease inhibitors and antineoplastics with high aff nity for
the mutated drug targets that can evolve in patients who de-
velop resistance to frst-generation drugs. The rational drug
design approach is discussed in greater detail in Chapter 51,
Drug Discovery and Preclinical Development.

| MOLECULAR AND CELLULAR
DETERMINANTS OF DRUG SELECTIVITY

The 1deal drug would interact only with a molecular target
that causes the desired therapeutic effect but not with molec-
ular targets that cause unwanted adverse effects. Although
no such drug has yet been discovered (i.e., all drugs cur-
rently in clinical use have the potential to cause adverse
effects as well as therapeutic effects; see Chapter 6, Drug
Toxicity), pharmacologists can take advantage of several de-
terminants of drug selectivity in an attempt to reach this goal.
Selectivity of drug action can be conferred by at least two
classes of mechanisms, including (1) the cell-type specif c-
ity of receptor subtypes and (2) the cell-type specif city of
receptor—effector coupling.

Although many potential receptors for drugs are widely
distributed among diverse cell types, some receptors are
more limited in their distribution. Systemic administration of
drugs that interact with such localized receptors can result in
a highly selective therapeutic effect. For example, drugs that
target ubiquitous processes such as DNA synthesis are likely
to cause signif cant toxic side effects; this is the case with
many currently available chemotherapeutics for the treat-
ment of cancer. Other drugs that target cell-type restricted
processes such as acid generation in the stomach may have
fewer adverse effects. Imatinib, for example, 1s an extremely
selective drug because the BCR-ADbI protein 1s not expressed
in normal (noncancerous) cells. In general, the more re-
stricted the cell-type distribution of the receptor targeted by
a particular drug, the more selective the drug is likely to be.

Similarly, even though many different cell types may ex-
press the same molecular target for a drug, the effect of that
drug may differ in the various cell types because of differ-
ential receptor—effector coupling mechanisms or differential
requirements for the drug target in the various cell types.
For example, although voltage-gated calcium channels are
ubiquitously expressed in the heart, cardiac pacemaker cells
are relatively more sensitive to the effects of calcium chan-
nel blocking agents than are cardiac ventricular muscle cells.
This differential effect is attributable to the fact that action po-
tential propagation depends mainly on the action of calcium
channels in cardiac pacemaker cells, whereas sodium chan-
nels are more important than calcium channels in the action
potentials of ventricular muscle cells. In general, the more
the receptor—effector coupling mechanisms differ among the
various cell types that express a particular molecular target
for a drug, the more selective the drug is likely to be.

§ MAJOR TYPES OF DRUG RECEPTORS

Given the great diversity of drug molecules, it might seem
likely that the interactions between drugs and their molecular
targets would be equally diverse. This is only partly true. In fact,
most of the currently understood drug—receptor interactions
can be classif ed into six major groups. These groups com-
prise the interactions between drugs and (1) transmembrane
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FIGURE 1-3. Major types ofinteractions between drugs and receptors. Most drug—receptor interactions can be divided into six groups, four of which are
shown here. A. Drugs can bind to ion channels spanning the plasma membrane, causing an alteration in the channel’s conductance. B. Heptahelical recep-
tors spanning the plasma membrane are functionally coupled to intracellular G proteins. Drugs can influence the actions of these receptors by binding to
the extracellular surface or transmembrane region of the receptor. C. Drugs can bind to the extracellular domain of a transmembrane receptor and cause a
change in signaling within the cell by activating or inhibiting an enzymatic intracellular domain (rectangular box) of the same receptor molecule. D. Drugs can
diffuse through the plasma membrane and bind to cytoplasmic or nuclear receptors. This is often the pathway used by lipophilic drugs (e.g., drugs that bind
to steroid hormone receptors). Additionally, drugs can bind to enzymes and other targets in the extracellular space and to cell surface adhesion receptors

without the need to cross the plasma membrane (not shown).

ion channels; (2) transmembrane receptors coupled to intra-
cellular G proteins; (3) transmembrane receptors with linked
enzymatic domains; (4) intracellular receptors, including en-
zymes, signal transduction molecules, transcription factors,
structural proteins, and nucleic acids; (5) extracellular targets;
and (6) cell surface adhesion receptors (Fig. 1-3). Table 1-2
provides a summary of each major interaction type.

Knowing whether and to what extent a drug activates or
inhibits its target provides valuable information about the in-
teraction. Although pharmacodynamics (the effects of drugs
on the human body) is covered in detail in the next chapter, it
1s useful to state brief'y the major pharmacodynamic relation-
ships between drugs and their targets before examining the mo-
lecular mechanisms of drug—receptor interactions. Agonists are
molecules that, upon binding to their targets, cause a change
in the activity of those targets. Full agonists bind to and acti-
vate their targets to the maximal extent possible. For example,
acetylcholine binds to the nicotinic acetylcholine receptor and
induces a conformational change in the receptor-associated ion

channel from a nonconducting to a fully conducting state. Par-
tial agonists produce a submaximal response upon binding to
their targets. Inverse agonists cause constitutively active targets
to become 1nactive. Antagonists inhibit the ability of their tar-
gets to be activated (or inactivated) by physiologic or pharma-
cologic agonists. Drugs that directly block the binding site of
a physiologic agonist are called competitive antagonists; drugs
that bind to other sites on the target molecule, and thereby pre-
vent the conformational change required for receptor activation
(or mactivation), may be either noncompetitive or uncompetitive
antagonists (see Chapter 2). As the mechanism of each drug—
receptor interaction is outlined in the next several sections, it
will be useful to consider at a structural level how these differ-
ent pharmacodynamic effects could be produced.

Transmembrane Ion Channels

Many cellular functions require the passage of ions and
other hydrophilic molecules across the plasma membrane.

TABILE 1-2 Six Major Types of Drug—Receptor Interactions

RECEPTOR TYPE

SITE OF DRUG-RECEPTOR INTERACTION

SITE OF RESULTANT ACTION

Transmembrane ion Extracellular, intrachannel, or intracellular Cytoplasm Amlodipine, diazepam,
channel lidocaine, omeprazole
Transmembrane linked to Extracellular or intramembrane Cytoplasm Albuterol, loratadine,
intracellular Gprotein losartan, metoprolol
Transmembrane with Extracellular or intracellular Cytoplasm Erlotinib, insulin, nesiritide,
linked enzymatic sunitinib
domain
Intracellular Cytoplasm or nucleus Cytoplasm or nucleus Atorvastatin, doxycycline,
levothyroxine, paclitaxel
Extracellular target Extracellular Extracellular Dabigatran, donepezil,
etanercept, lismopril
Adhesion Extracellular Extracellular Eptifbatide, natalizumab
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Specialized transmembrane channels regulate these pro-
cesses. The functions of ion channels are diverse, including
fundamental roles in neurotransmission, cardiac conduction,
muscle contraction, and secretion. Because of this, drugs tar-
geting ion channels can have a substantial impact on major
body functions.

Three major mechanisms are used to regulate the activ-
ity of transmembrane 1on channels. In some channels, the
conductance 1s controlled by ligand binding to the channel.
In other channels, the conductance 1s regulated by changes in
voltage across the plasma membrane. In still other channels,
the conductance is controlled by ligand binding to plasma
membrane receptors that are linked to the channel in some
way. The frst group of channels is referred to as ligand-
gated, the second as voltage-gated, and the third as second
messenger-regulated. Table 1-3 summarizes the mechanism
of activation and function of each channel type.

Channels are generally highly selective for the ions they
conduct. For example, action potential propagation in neu-
rons of the central and peripheral nervous systems occurs as
a result of the synchronous stimulation of voltage-gated ion
channels that permit the selective passage of Na™ ions into
the cell. When the membrane potential in such a neuron be-
comes suff ciently positive, the voltage-gated Na™ channels
open, allowing a large influx of extracellular sodium 1ons
that further depolarizes the cell. The role of ion-selective
channels in action potential generation and propagation is
discussed in Chapter 8, Principles of Cellular Excitability
and Electrochemical Transmission.

Most 1on channels share some structural similarity, re-
gardless of their 1on selectivity, the magnitude of their
conductance, or their mechanism of activation (gating) or
inactivation. Ion channels are pore-forming macromolecules
consisting of one or more protein subunits that pass through
the plasma membrane. The ligand-binding domain can be ex-
tracellular, within the channel, or intracellular, whereas the
domain that interacts with other receptors or modulators is
most often intracellular. The structures of several ion chan-
nels have been determined to atomic resolution; the nico-
tinic acetylcholine (ACh) receptor provides an example of
the structure of an important ligand-gated 1on channel. This
receptor consists of f ve subunits, each of which crosses the

TABILE 1-3 Three Major Types of Transmembrane Ion

Channels
MECHANISM OF
ACTIVATION
Ligand-gated Binding of ligand to Altered ion
channel conductance
Voltage-gated Change in Altered ion
transmembrane conductance
voltage gradient
Second messenger-  Binding of ligand to Second
regulated transmembrane messenger
receptor with regulates ion
Gprotein-coupled conductance
cytosolic domain, of channel

leading to second
messenger generation

plasma membrane (Fig. 1-4). Two of the subunits have been
designated a; each contains a single extracellular binding
site for ACh. In the free (nonliganded) state of the recep-
tor, the channel 1s occluded by amino acid side chains and
does not allow the passage of 1ons. Binding of two molecules
of acetylcholine to the receptor induces a conformational
change that opens the channel and allows 10on conductance.
Although the nicotinic ACh receptor appears to assume
only two states, open or closed, many ion channels assume
other states as well. For example, some ion channels are able
to become refractory or inactivated. In this state, the chan-
nel’s permeability cannot be altered for a certain period of
time, known as the channel’s refractory period. The volt-
age-gated sodium channel undergoes a cycle of activation,
channel opening, channel closing, and channel inactiva-
tion. During the inactivation (refractory) period, the channel

Ligand binding sites
"™

~

0]
ll Receptor gate closed

Acetylcholine

Receptor gate open

FIGURE 1-4. Ligand-gated nicotinic acetylcholine receptor. A. The plasma
membrane acetylcholine (ACh) receptor is composed of fve subunits—two
o subunits, a 3 subunit, a y subunit, and a 6 subunit. B. The «y subunit has
been removed to show an internal schematic view of the receptor, demon-
strating that it forms a transmembrane channel. In the absence of ACh, the
receptor gate is closed, and cations (most importantly, sodium ions [Na™])
are unable to traverse the channel. C. When ACh is bound to both o subunits,
the channel opens, and sodium can pass down its concentration gradient
into the cell.



cannot be reactivated for a number of milliseconds, even 1f
the membrane potential returns to a voltage that normally
stimulates the channel to open. Some drugs bind with differ-
ent aff nities to different states of the same ion channel. This
state-dependent binding 1s important in the mechanism of
action of some local anesthetic and antiarrhythmic drugs, as
discussed in Chapters 12 (Local Anesthetic Pharmacology)
and 24 (Pharmacology of Cardiac Rhythm), respectively.

Two important classes of drugs that act by altering the
conductance of 1on channels are the local anesthetics and the
benzodiazepines. Local anesthetics block the conductance
of sodium 1ons through voltage-gated sodium channels in
neurons that transmit pain information from the periphery to
the central nervous system, thereby preventing action poten-
tial propagation and, hence, pain perception (nociception).
Benzodiazepines also act on the nervous system, but by a
different mechanism. These drugs inhibit neurotransmission
in the central nervous system by potentiating the ability of
the neurotransmitter gamma-aminobutyric acid (GABA) to
increase the conductance of chloride ions across neuronal
membranes, thereby driving the membrane potential further
away from its threshold for activation.

Transmembrane G Protein-Coupled Receptors

G protein-coupled receptors are the most abundant class of
receptors in the human body. These receptors are exposed at
the extracellular surface of the plasma membrane, traverse
the membrane, and possess intracellular regions that acti-
vate a unique class of signaling molecules called G proteins.
(G proteins are so named because they bind the guanine nu-
cleotides GTP and GDP.) G protein-coupled signaling mech-
anisms are involved in many important processes, including
vision, olfaction, and neurotransmission.

Receptor
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G protein-coupled receptors have seven transmembrane
regions within a single polypeptide chain. Each transmem-
brane region consists of a single a helix, and the a heli-
ces are arranged in a characteristic structural motif that is
similar 1n all members of this receptor class. The extracel-
lular domain of this class of proteins usually contains the
ligand-binding region, although some G protein-coupled
receptors bind ligands within the transmembrane domain
of the receptor. G proteins have o and By subunits that are
noncovalently linked in the resting state. Stimulation of a
G protein-coupled receptor causes its cytoplasmic domain to
bind and activate a nearby G protein, whereupon the o sub-
unit of the G protein exchanges GDP for GTP. The a-GTP
subunit then dissociates from the 3y subunit, and the o or By
subunit diffuses along the inner leaflet of the plasma mem-
brane to interact with a number of different effectors. These
effectors include adenylyl cyclase, phospholipase C, various
ion channels, and other classes of proteins. Signals medi-
ated by G proteins are usually terminated by the hydrolysis
of GTP to GDP, which 1s catalyzed by the inherent GTPase
activity of the o subunit (Fig. 1-5).

One major role of the G proteins 1s to activate the production
of second messengers; that is, signaling molecules that convey
the mput provided by the frst messenger—usually an endog-
enous ligand or an exogenous drug—to cytoplasmic effectors
(Fig. 1-6). The activation of cyclases such as adenylyl cyclase,
which catalyzes the production of the second messenger cyclic
adenosine-3’,5’-monophosphate (c AMP), and guanylyl cyclase,
which catalyzes the production of cyclic guanosine-3',5'-
monophosphate (cGMP), constitutes the most common path-
way linked to G proteins. In addition, G proteins can activate the
enzyme phospholipase C(PLC), which, among other functions,
plays a key role in regulating the concentration of intracellular

, Effector
Q /'/,
s
1) Agonist unbindirV ‘1) Agonist binding
(2) GTP hydrolysis Y 3 (2) GTP-GDP exchange
(3} Heterotrimeric a,,\iy) : "' "3} G protein activation
G protein reconstituted GDP - \
/ Agonist
Effector activated GTP
\
\ B
e B
1) a-GTP diffusion to effector
. ¢
_Off .2 Effector activation ?’__' B‘y-}.
TP, -bGTP. -
7

Receptor-mediated activation ofa Gprotein and the resultant effector interaction. A. In the resting state, the o and -y subunits of a Gprotein
are associated with one another, and GDP is bound to the a subunit. B. Binding of an extracellular ligand (agonist) to a G protein-coupled receptor causes
the exchange of GTP for GDP on the « subunit. C. The By subunit dissociates from the o subunit, which diffuses to interact with effector proteins. Interac-
tion of the GIP-associated o subunit with an effector activates the effector. In some cases (not shown), the By subunit can also activate effector proteins.
Depending on the receptor subtype and the specifc Ga isoform, Ga can also inhibit the activity of an effector molecule. The o subunit possesses intrinsic
GTPase activity, which leads to hydrolysis of GIP to GDP. This leads to reassociation of the a subunit with the B~y subunit, and the cycle can begin again.
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FIGURE 1-6. Activation of adenylyl cyclase (AC) and phospholipase C
(PLC) by G proteins. G proteins can interact with several different types of
effector molecules. The subtype of Ga protein that is activated often deter-
mines which effector the Gprotein will activate. Tivo of the most common Go
subunits are Gos and Gog, which stimulate adenylyl cyclase and phospholi-
pase C, respectively. A. When stimulated by Go, adenylyl cyclase converts
ATP to cyclic AMP (cAMP). cAMP then activates protein kinase A (PKA),
which phosphorylates a number of specifc intracellular proteins. B. When
stimulated by Gay, phospholipase C (PLC) cleaves the membrane phospho-
lipid phosphatidylinositol-4,5-bisphosphate (PIP,) into diacylglycerol (DAG)
and inositol-1,4,5-trisphosphate (IPs). DAG diffuses in the membrane to acti-
vate protein kinase C(PKC), which then phosphorylates specif ¢ cellular pro-
teins. IP; stimulates release of Ca** from the endoplasmic reticulum into the
cytosol. Calciumrelease also stimulates protein phosphorylation events that
lead to changes in protein activation. Although not shown, the By subunits
of Gproteins can also affect certain cellular signal transduction cascades.

calctum. Upon activation by a G protein, PLC cleaves the mem-
brane phospholipid phosphatidylinositol-4,5-bisphosphate
(PIP,) to the second messengers diacylglycerol (DAG) and
nositol-1,4,5-trisphosphate (IP;). IP5 triggers the release of
Ca’”" from intracellular stores, thereby dramatically increasing
the cytosolic Ca*" concentration and activating downstream
molecular and cellular events. DAG activates protein kinase
C, which then mediates other molecular and cellular events
including smooth muscle contraction and transmembrane ion
transport. All of these events are dynamically regulated, so that
the different steps in the pathways are activated and inactivated
with characteristic kinetics.

A large number of Ga protein isoforms have been 1denti-
fed, each with unique effects on its targets. Based on the
primary sequence of the Ga subunit, these isoforms can

TABLE 1-4 The Major G Protein Families and Examples

of Their Actions
G-stimulatory (G;)  Activates Ca*" channels, activates adenylyl
cyclase
G-inhibitory (G) Activates K" channels, inhibits adenylyl cyclase
G, Inhibits Ca** channels
G, Activates phospholipase C
Giy13 Diverse ion transporter interactions

be grouped into fve major families—G-stimulatory (Gy),
G-1nhibitory (Gj), G,, Gg, and G5/13. Examples of the effects
of these i1soforms are shown in Table 1-4. The differential
functioning of these G proteins, some of which may couple
in different ways to the same receptor in different cell types,
is likely to be important for the potential selectivity of future
drugs. The By subunits of G proteins can also act as sec-
ond messenger molecules, although their actions are not as
completely characterized.

One important class in the G protein-coupled receptor
family 1s the (3-adrenergic receptor group. The most thor-
oughly studied of these receptors have been designated 34,
B,, and 3;. As discussed in more detail in Chapter 11, Ad-
renergic Pharmacology, 3, receptors play a role in control-
ling heart rate; 3, receptors are involved in the relaxation of
smooth muscle; and 35 receptors play a role in the mobiliza-
tion of energy by fat cells. Each of these receptors 1s stimu-
lated by the binding of endogenous catecholamines, such as
epinephrine and norepinephrine, to the extracellular domain
of the receptor. Epinephrine binding induces a conforma-
tional change in the receptor and thereby activates G pro-
teins associated with the cytoplasmic domain of the receptor.
The activated (GTP-bound) form of the G protein activates
adenylyl cyclase, resulting in increased intracellular cAMP
levels and downstream cellular effects. Table 1-5 indicates

TABLE 1-5 Tissue Localization and Action of
B-Adrenergic Receptors

TISSUE

LOCALIZATION

B Sinoatrial (SA) node Increases heart rate
of heart
Cardiac muscle

Adipose tissue

Increases contractility
Increases lipolysis

B, Bronchial smooth Dilates bronchioles
muscle
Gastrointestinal Constricts sphincters and
smooth muscle relaxes gut wall
Uterus Relaxes uterine wall
Bladder Relaxes bladder
Liver Increases gluconeogenesis
and glycolysis
Pancreas Increases insulin release
B3 Adipose tissue Increases lipolysis
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FIGURE 1-7. Major types of transmembrane receptors with linked

enzymatic domains. There are fve major categories of transmembrane re-

ceptors with linked enzymatic domains. A. The largest group is composed

of receptor tyrosine kinases. After ligand-induced activation, these recep-

tors dimerize and transphosphorylate tyrosine residues in the receptor and,

often, on target cytosolic proteins. Examples of receptor tyrosine kinases

include the insulin receptor and many growth factor receptors. B. Some

receptors can act as tyrosine phosphatases. These receptors dephos-

phorylate tyrosine residues either on other transmembrane receptors or on

cytosolic proteins. Many cells of the immune system have receptor tyro-

= Cytoplasmic sine phosphatases. C. Some tyrosine kinase-associated receptors lack a

protein defnitive enzymatic domain, but binding of ligand to the receptor triggers

activation of receptor-associated protein 1 (termed nonreceptor tyrosine

-’ kinases) that then phosphorylate tyrosine residues on certain cytosolic

L proteins. D. Receptor serine/threonine kinases phosphorylate serine and

b threonine residues on certain target cytosolic proteins. Members of the

TGF- superfamily of receptors are in this category. E. Receptor guanylyl

cyclases contain a cytosolic domain that catalyzes the formation of cGMP

from GTP. The receptor for B-type natriuretic peptide is one of the receptor
guanylyl cyclases that has been well characterized.
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Transmembrane Receptors with Linked
Enzymatic Domains

The third major class of cellular drug targets consists of
transmembrane receptors that transduce an extracellular li-
gand-binding interaction into an intracellular action through
the activation of a linked enzymatic domain. The enzymatic
_ Tyrosine kinase =™ domain may be part of the receptor itself or part of a cyto-
\“‘) activity T N solic protein that 1s recruited to the receptor in response to
" Tyred Ty receptor activation. Such receptors play roles in a diverse set
: of physiologic processes, including cell metabolism, growth,
9 and differentiation. Receptors that have a linked enzymatic
e domain can be grouped into f ve major classes based on their
cytoplasmic mechanism of action (Fig. 1-7). All of these
receptors are single-membrane-spanning proteins, in con-
trast to the seven—membrane-spanning motif present in G
protein-coupled receptors. Many receptors with enzymatic
cytosolic domains form dimers or multisubunit complexes
to transduce their signals.
. , -----*1 Many receptors with linked enzymatic domains modify
Serine/threonine = . . .
Kinase activity sl N proteins by adding or removing phosphate groups to or from
_ RTIY R r—— specnf ¢ amino acid res1du§s. Phosphorylatzon is a ub.zq-
9 uitous mechanism of protein signaling. The large negative
charge of phosphate groups can dramatically alter the three-
dimensional structure of a protein and thereby change that
protein’s activity. In addition, phosphorylation 1s easily re-
versible, thus allowing this signaling mechanism to act spe-
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cif cally in time and space.

Guanylyl cyclase ----;_\ The. largest group of. trqnsmembrane receptors With enzy-

activity matic cytosolic domains is the receptor tyrosine kinase fam-
ily. These receptors transduce signals from many hormones
and growth factors by phosphorylating tyrosine residues on
the cytoplasmic tail of the receptor. This leads to recruitment
and subsequent tyrosine phosphorylation of cytosolic signal-
ing molecules. When aberrantly expressed or overexpressed,
growth factor-responsive receptor tyrosine kinases (such as
epidermal growth factor receptor [EGFR], HER2/neu, and
vascular endothelial growth factor receptor [VEGFR]) are
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associated with a wide array of cancers; these receptor tyro-
sine kinases are the targets of several monoclonal antibody
and small-molecule inhibitor drugs (see Chapter 40, Phar-
macology of Cancer: Signal Transduction).

The 1nsulin receptor 1s a well-characterized receptor
tyrosine kinase. This receptor consists of two extracellular
o subunits that are covalently linked to two membrane-
spanning [3 subunits. Binding of insulin to the o subunits
results in a change in conformation of the adjacent 3 subunits,
causing the (3 subunits to move closer to one another on the
intracellular side of the membrane. The proximity of the
two [B subunits promotes a transphosphorylation reaction,
in which one 3 subunit phosphorylates the other (autophos-
phorylation). The phosphorylated tyrosine residues then act
to recruit other cytosolic proteins, known as insulin receptor
substrate (IRS) proteins. Type 2 diabetes mellitus may, in
some cases, be associated with defects in post-insulin recep-
tor signaling; thus, understanding the insulin receptor signal-
ing pathways is relevant for the potential design of rational
therapeutics. The mechanism of insulin receptor signaling 1s
discussed in more detail in Chapter 31, Pharmacology of the
Endocrine Pancreas and Glucose Homeostasis.

Receptor Tyrosine Phosphatases

Just as receptor tyrosine kinases phosphorylate the tyro-
sine residues of cytoplasmic proteins, receptor tyrosine
phosphatases remove phosphate groups from specif ¢ tyro-
sine residues. In some cases, this may be an example of re-
ceptor convergence (discussed later), where the differential
effects of two receptor types can negate one another. How-
ever, receptor tyrosine phosphatases possess novel signaling
mechanisms as well. Many receptor tyrosine phosphatases
are found mn immune cells, where they regulate cell activa-
tion. These receptors are discussed further in Chapter 46,
Pharmacology of Immunosuppression.

Tyrosine Kinase-Associated Receptors

Tyrosine kinase-associated receptors constitute a diverse
family of proteins that, although lacking inherent cata-
lytic activity, recruit active cytosolic signaling proteins in a
ligand-dependent manner. These cytosolic proteins are also
called (somewhat confusingly) nonreceptor tyrosine kinases.
Ligand activation of cell surface tyrosine kinase-associated
receptors causes the receptors to cluster together. This clus-
tering event recruits cytoplasmic proteins that are then acti-
vated to phosphorylate other proteins on tyrosine residues.
Thus, the downstream effect 1s much like that of receptor
tyrosine kinases, except that tyrosine kinase-associated re-
ceptors rely on a nonreceptor kinase to phosphorylate target
proteins. Important examples of tyrosine kinase-associated
receptors include cytokine receptors and a number of other
receptors in the immune system. These receptors are dis-
cussed in detail in Chapter 46.

Receptor Serine/Threonine Kinases

Some transmembrane receptors are capable of catalyzing the
phosphorylation of serine or threonine residues on cytoplas-
mic protein substrates. Ligands for such receptors are typi-
cally members of the transforming growth factor 3 (TGF-[3)
superfamily. Many receptor serine/threonine kinases are
important mediators of cell growth and differentiation that
have been implicated in cancer progression and metastasis.
While there are many approved drugs that target cyfosolic

serine/threonine kinases (see Intracellular Receptors below),
drugs selective for receptor serine/threonine kinases are
mainly in development.

Receptor Guanylyl Cyclases

As 1llustrated in Figure 1-6, the stimulation of G protein-
coupled receptors may cause activation and release of
Ga subunits, which, in turn, alter the activity of adenylyl and
guanylyl cyclases. In contrast, receptor guanylyl cyclases
have no intermediate G protein. Instead, ligand binding
stimulates intrinsic receptor guanylyl cyclase activity, in
which GTP is converted to cGMP. This 1s the smallest fam-
ily of transmembrane receptors. B-type natriuretic peptide,
a hormone secreted by the ventricles in response to volume
overload, acts via a receptor guanylyl cyclase. Nesiritide,
a recombinant version of the native peptide ligand, is ap-
proved for the treatment of decompensated heart failure (al-
though 1t does not reliably improve outcomes), as discussed
in Chapter 21, Pharmacology of Volume Regulation.

Intracellular Receptors

The plasma membrane provides a unique barrier for drugs
that have intracellular receptors. Many such drugs are small
or lipophilic and are thus able to cross the membrane by
diffusion. Others require specialized protein transporters for
facilitated diffusion or active transport into the cell.

Intracellular Enzymes and Signal Transduction

Molecules

Enzymes are common intracellular drug targets. Many drugs
that target intracellular enzymes exert their effect by altering
the enzyme’s production of critical signaling or metabolic
molecules. Vitamin K epoxide reductase, a cytosolic enzyme
involved in the post-translational modif cation of glutamate res-
1dues 1n certain coagulation factors, is the target of the antico-
agulant drug warfarin. HMG-CoA reductase, the rate-limiting
enzyme in cholesterol synthesis, is the target of atorvastatin and
the other lipid-lowering statins. Many inhibitors of cytosolic
signal transduction molecules are approved or in development.
For example, inhibitors of the serine/threonine kinase mTOR
(such as everolimus) are used to prevent rejection of trans-
planted organs, to treat certain cancers, and to prevent resteno-
sis in drug-eluting coronary stents.

Many other intracellular kinases play important roles in
cellular growth and differentiation, and it is not surprising
that “gain-of-function” mutations in these proteins can lead
to uncontrolled cell growth and cancer. Recall from the in-
troductory case that chronic myeloid leukemia is associated
with the Philadelphia chromosome, which results from a
reciprocal translocation between the long arms of chromo-
somes 9 and 22. The mutant chromosome codes for a con-
stitutively active tyrosine kinase referred to as the BCR-Abl
protein. (BCR and Abl are short for “break-point cluster
region” and “Abelson,” respectively, the two chromosomal
regions that undergo translocation with high frequency in
this form of leukemia.) The constitutive activity of this kinase
results in phosphorylation of a number of cytosolic proteins,
leading to dysregulated myeloid cell growth and chronic
myeloid leukemia. Imatinib 1s a selective therapy for chronic
myeloid leukemia because it selectively targets the BCR-Abl
protein; the drug inhibits BCR-Abl activity by neutralizing
its ability to phosphorylate substrates. Imatinib was the frst
example of a drug targeted selectively to tyrosine kinases,



and 1its success has led to the development of a number of
drugs that act by similar mechanisms. Such drugs include
second-generation drugs such as dasatinib and nilotinib
that are used to treat CML patients with imatinib-resistant
BCR-AbI 1soforms, as well as the inhibitors of growth
factor-responsive receptor tyrosine kinases discussed above.
Indeed, the kinase targets of antineoplastic drugs are diverse.
For instance, sorafenib targets both receptor tyrosine kinases
and intracellular serine/threonine kinases, and vemurafenib
1s a recently approved late-stage melanoma treatment that
targets a specif ¢ mutant of the serine/threonine kinase
B-RAF. As a f nal example, idelalisib 1s a recently approved
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) in-
hibitor used to treat certain leukemias and lymphomas (see
Chapter 40).

Transcription Factors

The transcription regulatory factors are important intracel-
lular receptors that are targeted by lipophilic drugs. All pro-
teins in the body are encoded by DNA. The transcription
of DNA into RNA and the translation of RNA into protein
are controlled by a diverse set of molecules. Transcription of
many genes 1s regulated, in part, by the interaction between
lipid-soluble signaling molecules and transcription regu-
latory factors. Because of the fundamental role played by
control of transcription in many biological processes, tran-
scription regulators (also called transcription factors) are the
targets of some important drugs. Steroid hormones are a class
of lipophilic drugs that diffuse readily through the plasma
membrane and act by binding to transcription factors in the
cytoplasm or nucleus (Fig. 1-8).

Just as the shape of a transcription factor governs the
drugs to which it binds, the shape also determines where on
the genome the transcription factor attaches and which co-
activator or corepressor molecules bind to it. By activating or
inhibiting transcription, thereby altering the intracellular or
extracellular concentrations of specif ¢ gene products, drugs
that target transcription factors can have profound effects
on cellular function. The cellular responses to such drugs,
and the effects that result from these cellular responses in
tissues and organ systems, provide links between the mo-
lecular drug—receptor interaction and the effects of the drug
on the organism as a whole. Because gene transcription is a
relatively slow and long-lasting process (minutes to hours),
drugs that target transcription factors often require a longer
period of time for the onset of action to take place, and have
longer lasting effects, than do drugs that alter more transient
processes such as ion conductance (seconds to minutes).

Structural Proteins

Structural proteins are another important class of intracellu-
lar drug targets. For example, the antimitotic vinca alkaloids
bind to tubulin monomers and prevent the polymerization of
this molecule into microtubules. Inhibition of microtubule
formation arrests the affected cells in metaphase, making the
vinca alkaloids useful antineoplastic drugs.

Nucleic Acids

Nucleic acids are a fourth subset of intracellular drug tar-
gets. Some small-molecule drugs bind directly to RNA or
ribosomes; these include important antibiotics (such as
doxycycline and azithromycin) that block translation in target
microorganisms. DNA- and RNA-binding chemotherapeutic
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factor. A. Small lipophilic molecules can diffuse through the plasma mem-
brane and bind to intracellular transcription factors. In this example, steroid
hormone binding to a cytosolic hormone receptor is shown, although some
receptors of this class may be located in the nucleus before ligand binding.
B. Ligand binding triggers a conformational change in the receptor (and
often, as shown here, dissociation of a chaperone repressor protein) that
leads to transport of the ligand—receptor complex into the nucleus. In the
nucleus, the ligand-receptor complex typically dimerizes. In the example
shown, the active form ofthe receptor is a homodimer (two identical recep-
tors binding to one another), but heterodimers (such as the thyroid hormone
receptor and the retinoid Xreceptor) may also form. C. The dimerized ligand—
receptor complex binds to DNA and may then recruit coactivators or core-
pressors (not shown). These complexes alter the rate of gene transcription,
leading to a change (either up or down) in cellular protein expression.

agents (such as doxorubicin) are mainstays of treatment for
many cancers. Drugs composed of nucleic acids can also tar-
get nucleic acids. Antisense therapeutics (such as the recently
approved drug mipomersen) bind target mRNA to block tran-
scription of specif ¢ proteins. With continued development
of such antisense approaches and of related RNA interfer-
ence (RNA1) therapeutics, such targeting could someday en-
able physicians to routinely modify the expression levels of
specif ¢ gene transcripts. To date, technical challenges in de-
livering such therapeutics to their targets have limited their
utility to specialized applications.

Extracellular Targets

Many important drug receptors are enzymes with active sites
located outside the plasma membrane. The extracellular
environment consists of a milieu of proteins and signaling
molecules. Many of these proteins serve a structural role,
and others are used to communicate information between
cells. Enzymes that modify the molecules mediating these
important signals can influence physiologic processes such
as vasoconstriction and neurotransmission. One example of
this class of receptors is the angiotensin converting enzyme
(ACE), which converts angiotensin I to the potent vasocon-
strictor angiotensin II. ACE inhibitors are drugs that inhibit
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this enzymatic conversion and thereby lower blood pressure
(among other effects; see Chapter 21). Another example is
acetylcholinesterase, which degrades acetylcholine after
this neurotransmitter is released from cholinergic neurons.
Acetylcholinesterase inhibitors enhance neurotransmis-
sion at cholinergic synapses by preventing neurotransmit-
ter degradation at these sites (see Chapter 10, Cholinergic
Pharmacology).

Some extracellular targets are not enzymes. For example,
several proteins, including monoclonal antibodies, are used
to target soluble cytokines and block them from interacting
with their endogenous receptors. One set of such drugs is the
anti-TNF-a agents, including etanercept, infliximab, adalim-
umab, and others, which are commonly used to treat autoim-
mune diseases such as rheumatoid arthritis (see Chapter 46).

Cell Surface Adhesion Receptors

Cells often interact directly with other cells to perform spe-
cif ¢ functions or to communicate information. The forma-
tion of tissues and the migration of immune cells to a site
of inflammation are examples of physiologic processes that
require cell—cell adhesive interactions. A region of contact
between two cells 1s termed an adhesion, and cell—cell adhe-
sive interactions are mediated by pairs of adhesion receptors
on the surfaces of the individual cells. In many cases, several
such receptor—counter-receptor pairs combine to secure a
frm adhesion, and intracellular regulators control the activ-
ity of the adhesion receptors by changing their aff nity or
by controlling their expression and localization on the cell
surface. Adhesion receptors also mediate adhesion of cells to
the extracellular matrix. Several adhesion receptors involved
in the inflammatory response are attractive targets for selec-
tive mhibitors. Inhibitors of a specif ¢ class of adhesion re-
ceptors, known as integrins, have entered the clinic in recent
years, and these drugs are used in the treatment of a range
of conditions including thrombosis (abciximab, eptifbatide),
inflammatory bowel disease (vedolizumab), and multiple
sclerosis (natalizumab) (see Chapter 23, Pharmacology of
Hemostasis and Thrombosis, and Chapter 46).

¥ PROCESSING OF SIGNAIS
RESUITING FROM DRUG-RECE
INTERACTIONS

Many cells in the body are continuously inundated with mul-
tiple inputs, some stimulatory and some inhibitory. How do
cells integrate these signals to produce a coherent response?
G proteins and other second messengers appear to provide
important points of integration. As noted above, relatively
few second messengers have been identif ed, and it 1s un-
likely that many more remain to be discovered. Thus, second
messengers are an attractive candidate mechanism for pro-
viding cells with a set of common points upon which numer-
ous outside stimuli could converge to generate a coordinated
cellular effect (Fig. 1-9).

[on concentrations provide another point of integra-
tion for cellular effects because the cellular concentration
of a particular ion is the result of the integrated activity of
multiple 1onic currents that both increase and decrease the
concentration of the ion within the cell. For example, the
contractile state of a smooth muscle cell is a function of
the intracellular calcium i1on concentration, which is de-
termined by several different Ca’" conductances. These
conductances include calcium ion leaks into the cell and
calctum currents into and out of the cytoplasm through
specialized channels in the plasma membrane and smooth
endoplasmic reticulum.

Because the magnitude of cellular response is often
considerably greater than the magnitude of the stimulus
that caused the response, cells appear to have the ability
to amplify the effects of receptor binding. G proteins pro-
vide an excellent example of signal amplif cation. Ligand
binding to a G protein-coupled receptor activates a single
G protein molecule. This G protein molecule can then bind
to and activate many effector molecules, such as adenylyl
cyclase, which can then generate an even greater number
of second messenger molecules (in this example, cAMP).
Another example of signal amplif cation is “trigger Ca*"”
or calcium-induced calcium release, in which a small influx

TOR
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Signaling convergence of two receptors. A limited number of mechanisms are used to transduce intracellular signal cascades. In some
cases, this allows for convergence, where two different receptors have opposite effects that tend to negate one another in the cell. In a simple example, two
different Gprotein-coupled receptors could be stimulated by different ligands. The receptor shown on the left is coupled to Gog, a Gprotein that stimulates
adenylyl cyclase to catalyze the formation of c AMP. The receptor shown on the right is coupled to Ga;, a Gprotein that inhibits adenylyl cyclase. When both
ofthese receptors are activated simultaneously, they can attenuate or even neutralize each other, as shown. Sometimes, signaling through a pathway may

alternate as the two receptors are sequentially activated.



of Ca*" through voltage-gated Ca®" channels in the plasma
membrane “triggers” the release of larger amounts of Ca**
from intracellular stores into the cytoplasm.

§ CELLULAR REGULATION OF DRUG-
RECEPTOR INTERACTIONS

Drug-induced activation or inhibition of a receptor often
has a lasting impact on the receptor’s subsequent respon-
siveness to drug binding. Mechanisms that mediate such
effects are important because they prevent overstimulation
that could lead to cellular damage or adversely affect the
organism as a whole. Many drugs show diminishing ef-
fects over time; this phenomenon is called tachyphylaxis.
In pharmacologic terms, the receptor and the cell become
desensitized to the action of the drug. Mechanisms of de-
sensitization can be divided into two types: homologous,
in which the effects of agonists at only one type of re-
ceptor are diminished, and heterologous, in which the ef-
fects of agonists at two or more types of receptors are
coordinately diminished. Heterologous desensitization is
thought to be caused by drug-induced alteration in a com-
mon point of convergence in the signaling pathways acti-
vated by the involved receptors, such as a shared effector
molecule.

Many receptors exhibit desensitization. For example, the
cellular response to repeated stimulation of [(3-adrenergic
receptors by epinephrine diminishes steadily over time
(Fig. 1-10). B-Adrenergic receptor desensitization is medi-
ated by epinephrine-induced phosphorylation of the cyto-
plasmic tail of the receptor. This phosphorylation promotes
the binding of (3-arrestin to the receptor; in turn, 3-arrestin
inhibits the receptor’s ability to stimulate the G protein G;.
With lower levels of activated G present, adenylyl cyclase
produces less cAMP. In this manner, repeated cycles of
ligand—receptor binding result in smaller and smaller cel-
lular effects. Other molecular mechanisms have even more
profound effects, completely turning off the receptor to
stimulation by ligand. The latter phenomenon, referred to
as inactivation, may also result from phosphorylation of the
receptor; in this case, the phosphorylation completely blocks
the signaling activity of the receptor or causes removal of the
receptor from the cell surface.

Another mechanism that can affect the cellular response
caused by drug-receptor binding is called refractoriness.
Receptors that assume a refractory state following activa-
tion require a period of time to pass before they can be
stimulated again. As noted above, voltage-gated sodium
channels, which mediate the fring of neuronal action po-
tentials, are subject to refractory periods. After channel
opening induced by membrane depolarization, the voltage-
gated sodium channel spontaneously closes and cannot
be reopened for some period of time (called the refractory
period). This inherent property of the channel determines
the maximum rate at which neurons can be stimulated and
transmit information.

Theeffect of drug—receptorbinding can alsobe influenced
by drug-induced changes in the number of receptors on or
in a cell. One example of a molecular mechanism by which
receptor number can be altered 1s called down-regulation.
In this phenomenon, prolonged receptor stimulation by li-
gand induces the cell to endocytose and sequester receptors
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B-Adrenergic receptor regulation. Agonist-bound
B-adrenergic receptors activate G proteins, which then stimulate adeny-
lyl cyclase activity (not shown). A. Repeated or persistent stimulation of
the receptor by agonist results in phosphorylation of amino acids at the
C-terminus of the receptor by protein kinase A (PKA) and/or B-adrenergic
receptor kinase (BARK). 3-Arrestin then binds to the phosphorylated domain
of the receptor and blocks G; binding, thereby decreasing adenylyl cyclase
(effector) activity. B. Binding of 3-arrestin also leads to receptor sequestra-
tion into endosomal compartments via clathrin-mediated endocytosis (not
shown), effectively neutralizing [3-adrenergic receptor signaling activity.
The receptor can then be recycled and reinserted into the plasma mem-
brane. C. Prolonged receptor occupation by an agonist can lead to receptor
down-regulation and eventual receptor degradation. Cells can also reduce
the number of receptors by inhibiting the transcription or translation of the
gene coding for the receptor (not shown).

Lysosome

in endocytic vesicles. This sequestration prevents the re-
ceptors from coming into contact with ligands, resulting
in cellular desensitization. When the stimulus that caused
the receptor sequestration subsides, the receptors can be
recycled to the cell surface and thereby rendered functional
again (Fig. 1-10). Cells also have the ability to alter the
rates of synthesis or degradation of receptors and thereby
to regulate the number of receptors available for drug
binding. Receptor sequestration and alterations in recep-
tor synthesis and degradation occur on a longer time scale
than does phosphorylation and have longer lasting effects
as well. Table 1-6 provides a summary of the mechanisms
by which the effects of drug—receptor interactions can be
regulated.
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TABILE 1-6 Mechanisms of Receptor Regulation

MECHANISM  DEFINITION

Tachyphylaxis Repeated administration of the same dose ofa
drug results in a diminishing effect of the drug
over time

Desensitization Decreased ability of a receptor to respond to
stimulation by a drug or ligand

Homologous Decreased response at a single type of
receptor

Heterologous Decreased response at two or more types of
receptor

Inactivation Loss of ability of a receptor to respond to
stimulation by a drug or ligand

Refractory After a receptor is stimulated, a period of time

is required before the next drug—receptor
interaction can produce an effect

Down-regulation = Repeated or persistent drug—receptor interaction
results in removal of the receptor from sites
where subsequent drug—receptor interactions

could take place

¥ DRUGS THAT DO NOT FIT THE DRUG-
RECEPTOR MODE

Although most drugs interact with one of the basic recep-
tor types outlined above, others act by nonreceptor-mediated
mechanisms. Two examples are the osmotic diuretics and
the antacids.

Diuretics control fluid balance in the body by altering the
relative rates of water and ion absorption and secretion in
the kidney. Many of these drugs act on 1on channels. One
class of diuretics, however, alters water and ion balance not
by binding to ion channels or G protein-coupled receptors
but by changing the osmolarity in the nephron directly. The
sugar mannitol, which is used mainly to treat increased in-
tracranial pressure, is secreted into the lumen of the nephron
and increases the osmolarity of the urine to such a degree
that water is drawn from the peritubular blood into the
lumen. This fluid shift serves to increase the volume of urine
while decreasing the blood volume.

Another class of drugs that does not f't the drug—receptor
model 1s the antacids, which are used to treat gastroesopha-
geal reflux disease and peptic ulcer disease. Unlike antiul-
cer agents that bind to receptors involved in the physiologic
generation of gastric acid, antacids act nonspecif cally by
absorbing or chemically neutralizing stomach acid. Ex-

amples of these agents include bases such as NaHCO; and
Mg(OH),.

.

§ CONCLUSION AND FUTURE
DIRECTIONS

Although the molecular details of drug—receptor interactions
vary widely among drugs of different classes and receptors
of different types, the fundamental mechanisms of action
described in this chapter serve as paradigms for the principles
of pharmacodynamics. The ability to classify drugs based on
their receptors and mechanisms of action makes it possible
to simplify the study of pharmacology, because the molecu-
lar mechanism of action of a drug can usually be linked to its
cellular, tissue, organ, and system levels of action. In turn, it
becomes easier to understand how a given drug mediates its
therapeutic effects and its unwanted or adverse effects in a
particular patient. The major aim of modern drug develop-
ment 1s to 1dentify drugs that are highly selective by tailoring
drug molecules to unique targets responsible for disease. As
knowledge of drug development and the genetic and patho-
physiologic basis of disease progresses, physicians and sci-
entists will learn to combine the molecular specif city of a
drug with the genetic and pathophysiologic specif city of the
drug target to provide more and more selective therapies.
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