


Golan_FM.indd   ii  12/29/15   1:42 PM



   P R IN C IP LE S  o f  P H A R M A C O LO G Y   
 TH E  P AT H O P H YS IO LO G IC  B A S IS  O F  D R U G  T H E R A P Y 

 F o u r t h  E d i t i o n  

Golan_FM.indd   i  12/29/15   1:42 PM



Golan_FM.indd   ii  12/29/15   1:42 PM



  David E. Golan, MD, PhD  
  Editor-in-Chief  

  Ehrin J. Armstrong , MD, MSc  
  April W. Armstrong , MD, MPH  

  Associate Editors  

  P R IN C IP LES  o f  P H A R M A C O LO G Y   
 T H E  P AT H O P H YS IO LO G I C  B A S IS  O F  D R U G  T H E R A P Y 

 F o u r t h  E d i t i o n  

Golan_FM.indd   iii  12/29/15   1:42 PM



Acquisitions Editor: Matthew Hauber
Product Development Editor: John Larkin
Marketing Manager: Mike McMahon
Production Project Manager: Bridgett Dougherty
Design Coordinator: Holly McLaughlin
Manufacturing Coordinator: Margie Orzech
Prepress Vendor: Absolute Service, Inc.

Fourth edition

Copyright © 2017 Wolters Kluwer.

Copyright © 2006, 2011 Wolters Kluwer Health/Lippincott Williams & Wilkins.
All rights reserved. This book is protected by copyright. No part o  this book may be reproduced or transmitted in any 
 orm or by any means, including as photocopies or scanned-in or other electronic copies, or utilized by any in ormation 
storage and retrieval system without written permission  rom the copyright owner, except  or brie  quotations embodied 
in critical articles and reviews. Materials appearing in this book prepared by individuals as part o  their o f cial 
duties as U.S. government employees are not covered by the above-mentioned copyright. To request permission, 
please contact Wolters Kluwer at Two Commerce Square, 2001 Market Street, Philadelphia, PA 19103, via email at 
permissions@lww.com, or via our website at lww.com (products and services).

9 8 7 6 5 4 3 2 1

Printed in China

Library of Congress Cataloging-in-Publication Data

Names: Golan, David E., editor. | Armstrong, Ehrin J., editor. | Armstrong,
   April W., editor.
Title: Principles o  pharmacology : the pathophysiologic basis o  drug
   therapy / David E. Golan, editor in chie  ; Ehrin J. Armstrong, April W.
   Armstrong, associate editors.
Other titles: Principles o  pharmacology (Golan)
Description: Fourth edition. | Philadelphia : Wolters Kluwer Health, [2017] | 
   Includes bibliographical re erences and index.
Identif ers: LCCN 2015048962 | ISBN 9781451191004
Subjects: | MESH: Pharmacological Phenomena | Drug Therapy
Classif cation: LCC RM301 | NLM QV 38 | DDC 615/.1—dc23 LC record available at http://lccn.loc.gov/2015048962

This work is provided “as is,” and the publisher disclaims any and all warranties, express or implied, including any 
warranties as to accuracy, comprehensiveness, or currency o  the content o  this work.

This work is no substitute  or individual patient assessment based on healthcare pro essionals’ examination o  each 
patient and consideration o , among other things, age, weight, gender, current or prior medical conditions, medication 
history, laboratory data, and other  actors unique to the patient. The publisher does not provide medical advice or 
guidance, and this work is merely a re erence tool. Healthcare pro essionals, and not the publisher, are solely responsible 
 or the use o  this work including all medical judgments and  or any resulting diagnosis and treatments.

Given continuous, rapid advances in medical science and health in ormation, independent pro essional verif cation o  
medical diagnoses, indications, appropriate pharmaceutical selections and dosages, and treatment options should be made 
and healthcare pro essionals should consult a variety o  sources. When prescribing medication, healthcare pro essionals 
are advised to consult the product in ormation sheet (the manu acturer’s package insert) accompanying each drug to 
veri y, among other things, conditions o  use, warnings, and side e  ects and identi y any changes in dosage schedule or 
contraindications, particularly i  the medication to be administered is new, in requently used, or has a narrow therapeutic 
range. To the maximum extent permitted under applicable law, no responsibility is assumed by the publisher  or any 
injury and/or damage to persons or property, as a matter o  products liability, negligence law or otherwise, or  rom any 
re erence to or use by any person o  this work.

LWW.com

Golan_FM.indd   iv  12/29/15   1:42 PM



  To our students and the patients they will serve  

Golan_FM.indd   v  12/29/15   1:42 PM



Golan_FM.indd   vi  12/29/15   1:42 PM



Contents

  Preface   ........................................................................................... ix
  Preface to the First Edition  ............................................................. xi
  Acknowledgments  ........................................................................ xiii
  Contributors  ....................................................................................xv

 S E C T IO N  I 
 Fundamental Principles of Pharmacology  1

1 Drug–Receptor Interactions  ..............................................2
 Francis J. Alenghat and David E. Golan 

2 Pharmacodynamics  ...........................................................17
 Quentin J. Baca and David E. Golan 

3 Pharmacokinetics  ..............................................................27
 Quentin J. Baca and David E. Golan 

4 Drug Metabolism  ...............................................................43
 F. Peter Guengerich 

5 Drug Transporters  ..............................................................56
 Baran A. Ersoy and Keith A. Ho  master 

6 Drug Toxicity  .......................................................................70
 Michael W. Conner, Catherine Dorian-Conner, 
Vishal S. Vaidya, Laura C. Green, and David E. Golan 

7 Pharmacogenomics  ..........................................................87
 Amber Dahlin and Kelan Tantisira 

 S E C T IO N  II 
 Principles of Neuropharmacology  96

 S e c t io n  IIA  
 Fundamental Principles of Neuropharmacology  97

8 Principles of Cellular Excitability and
  Electrochemical Transmission .........................................98

 Elizabeth Mayne, Lauren K. Buhl, and Gary R. Strichartz 

9 Principles of Nervous System
  Physiology and Pharmacology  ......................................110

 Joshua M. Galanter, Susannah B. Cornes, and 
Daniel H. Lowenstein 

 S e c t io n  IIB  
 Principles of Autonomic and Peripheral 
Nervous System Pharmacology  126

10 Cholinergic Pharmacology  .............................................127
 Alireza Atri, Michael S. Chang, and Gary R. Strichartz 

  11 Adrenergic Pharmacology  .............................................150
 Nidhi Gera, Ehrin J. Armstrong, and David E. Golan 

  12 Local Anesthetic Pharmacology  ...................................167
 Quentin J. Baca, Joshua M. Schulman, and 
Gary R. Strichartz 

 S e c t io n  IIC  
 Principles of Central Nervous System Pharmacology  183

  13 Pharmacology of GABAergic and
 Glutamatergic Neurotransmission  ................................184

 Stuart A. Forman, Hua-Jun Feng, Janet Chou, Jianren Mao, 
and Eng H. Lo 

  14 Pharmacology of Dopaminergic 
 Neurotransmission  ..........................................................206

 David G. Standaert and Victor W. Sung 

  15 Pharmacology of Serotonergic and
 Central Adrenergic Neurotransmission  .......................227

 Stephen J. Haggarty and Roy H. Perlis 

  16 Pharmacology of Abnormal Electrical 
 Neurotransmission in the Central Nervous System .....249

 Susannah B. Cornes, Edmund A. Gri f n, Jr., and 
Daniel H. Lowenstein 

  17 General Anesthetic Pharmacology  ...............................265
 Jacob Wouden and Keith W. Miller 

  18 Pharmacology of Analgesia  ...........................................288
 Robert S. Gri f n and Cli  ord J. Wool  

  19 Pharmacology of Drugs of Abuse  .................................308
 Peter R. Martin and Sachin Patel 

 S E C T IO N  III 
 Principles of Cardiovascular Pharmacology  335

  20 Pharmacology of Cholesterol and
 Lipoprotein Metabolism  ..................................................336

 Tibor I. Krisko, Ehrin J. Armstrong, and David E. Cohen 

vii

Golan_FM.indd   vii  12/29/15   1:42 PM



viii Contents

  21 Pharmacology o  Volume Regulation  ...........................358
 Hakan R. Toka and Seth L. Alper 

  22 Pharmacology o  Vascular Tone  ...................................385
 William M. Oldham and Joseph Loscalzo 

  23 Pharmacology o  Hemostasis and Thrombosis  ..........403
 Ehrin J. Armstrong and David E. Golan 

  24 Pharmacology o  Cardiac Rhythm  ................................433
 Ehrin J. Armstrong and David E. Clapham 

  25 Pharmacology o  Cardiac Contractility  ........................454
 Ehrin J. Armstrong 

  26 Integrative Cardiovascular Pharmacology:
 Hypertension, Ischemic Heart Disease,
 and Heart Failure  .............................................................469

 James M. McCabe and Ehrin J. Armstrong 

 S E C T IO N  IV  
 Principles o  Endocrine Pharmacology  497

  27 Pharmacology o  the Hypothalamus
 and Pituitary Gland  ..........................................................498

 Anand Vaidya and Ursula B. Kaiser 

  28 Pharmacology o  the Thyroid Gland  .............................514
 Anthony Hollenberg and William W. Chin 

  29 Pharmacology o  the Adrenal Cortex  ...........................524
 Rajesh Garg and Gail K. Adler 

  30 Pharmacology o  Reproduction  .....................................541
 Ehrin J. Armstrong and Robert L. Barbieri 

  31 Pharmacology o  the Endocrine Pancreas
 and Glucose Homeostasis  ..............................................561

 Giulio R. Romeo and Steven E. Shoelson 

  32 Pharmacology o  Bone Mineral Homeostasis  ............580
 David M. Slovik and Ehrin J. Armstrong 

 S E C T IO N  V  
 Principles o  Chemotherapy  602

  33 Principles o  Antimicrobial and
 Antineoplastic Pharmacology  .......................................603

 Donald M. Coen, Vidyasagar Koduri, and David E. Golan 

  34 Pharmacology o  Bacterial In ections: DNA 
 Replication, Transcription, and Translation  .................622

 Alexander J. McAdam and Donald M. Coen 

  35 Pharmacology o  Bacterial and Mycobacterial
 In ections: Cell Wall Synthesis  ......................................641

 David W. Kubiak, Ramy A. Arnaout, and Sarah P. Hammond 

  36 Pharmacology o  Fungal In ections  ..............................661
 Chelsea Ma and April W. Armstrong 

  37 Pharmacology o  Parasitic In ections  ..........................674
 Louise C. Ivers and Edward T. Ryan 

  38 Pharmacology o  Viral In ections  ..................................694
 Jonathan Z. Li and Donald M. Coen 

  39 Pharmacology o  Cancer: Genome Synthesis,
 Stability, and Maintenance  ............................................723

 David A. Barbie and David A. Frank 

  40 Pharmacology o  Cancer: Signal Transduction  ..........750
 David A. Barbie and David A. Frank 

  41 Principles o  Combination Chemotherapy  ...................770
 Quentin J. Baca, Donald M. Coen, and David E. Golan 

 S E C T IO N  V I 
 Principles o  Inf ammation and Immune Pharmacology  782

  42 Principles o  Inf ammation and
 the Immune System  .........................................................783

 Eryn L. Royer and April W. Armstrong 

  43 Pharmacology o  Eicosanoids  .......................................794
 David M. Dudzinski and Charles N. Serhan 

  44 Histamine Pharmacology  ...............................................819
 Elizabeth A. Brezinski and April W. Armstrong 

  45 Pharmacology o  Hematopoiesis
 and Immunomodulation  ..................................................830

 Andrew J. Wagner, Ramy A. Arnaout, and George D. Demetri 

  46 Pharmacology o  Immunosuppression  ........................844
 Elizabeth A. Brezinski, Lloyd B. Klickstein, and 
April W. Armstrong 

  47 Integrative Inf ammation Pharmacology:
 Peptic Ulcer Disease  .......................................................864

 Dalia S. Nagel and Helen M. Shields 

  48 Integrative Inf ammation Pharmacology: Asthma  ......877
 Joshua M. Galanter and Stephen Lazarus 

  49 Integrative Inf ammation Pharmacology: Gout  ...........895
 Ehrin J. Armstrong and Lloyd B. Klickstein 

 S E C T IO N  V II 
 Environmental Toxicology  904

  50 Environmental Toxicology  ...............................................905
 Laura C. Green, Sarah R. Armstrong, and 
Joshua M. Galanter 

 S E C T IO N  V III 
 Fundamentals o  Drug Development and Regulation  918

  51 Drug Discovery and Preclinical Development  ............919
 John L. Vahle, David L. Hutto, and Maarten Postema 

  52 Clinical Drug Evaluation and
 Regulatory Approval  ........................................................933

 Mark A. Goldberg and Alexander E. Kuta 

  53 Systematic Detection o  Adverse Drug Events  ...........946
 Jerry Avorn 

 S E C T IO N  IX  
 Frontiers in Pharmacology  954

  54 Protein Therapeutics  .......................................................955
 Quentin J. Baca, Benjamin Leader, and David E. Golan 

  55 Drug Delivery Modalities  ................................................979
 Joshua D. Moss and Robert Langer 

Credit List ....................................................................................987
  Index   ............................................................................................991

Golan_FM.indd   viii  12/29/15   1:42 PM



Preface

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

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

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

  David E. Golan, MD, PhD  
  Ehrin J . Armstrong, MD, MSc  
  April W. Armstrong, MD, MPH  

 The editors are grate ul  or many help ul suggestions  rom 
readers o  the f rst, second, and third editions o   Principles 
o  Pharmacology: The Pathophysiologic Basis o  Drug 
Therapy . The  ourth edition  eatures many changes to re  ect 
the rapidly evolving nature o  pharmacology and drug de-
velopment. We believe that these updates will continue to 
contribute to the learning and teaching o  pharmacology both 
nationally and internationally: 

 ■  Comprehensive updates o    ull-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 o  physiologic, pathophysiologic, and phar-
macologic mechanisms. As in the f rst three editions, our 
collaboration with a single illustrator creates a uni orm 
“look and  eel” among the f gures that  acilitates under-
standing and helps the reader make connections across 
broad areas o  pharmacology. 

 ■  Comprehensive updates and additions in the   undamen-
tals o  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 f rst section o  the text-
book now provides a comprehensive  ramework  or the 
 undamental principles o  pharmacology that serve as the 
 oundation  or material in all subsequent chapters. 

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

 ■  Comprehensive  updates   o  all chapters , including new 
drugs approved through 2014–2015. We have  ocused 
especially on newly discovered and revised mecha-
nisms that sharpen our understanding o  the physiology, 
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Golan_FM.indd   ix  12/29/15   1:42 PM



Golan_FM.indd   x  12/29/15   1:42 PM



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

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

  David E. Golan, MD, PhD  
  Armen H. Tashjian, J r., 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 

Preface
to the  Firs t  Edit ion

 This book represents a new approach to the teaching o  a 
f rst or second year medical school pharmacology course. 
The book, titled  Principles of Pharmacology: The Patho-
physiologic Basis of Drug Therapy , departs  rom standard 
pharmacology textbooks in several ways.  Principles of 
Pharmacology  provides an understanding o  drug action 
in the  ramework o  human physiology, biochemistry, and 
pathophysiology. Each section o  the book presents the 
pharmacology o  a particular physiologic or biochemical 
system, such as the cardiovascular system or the in  am-
mation cascade. Chapters within each section present the 
pharmacology o  a particular aspect o  that system, such as 
vascular tone or eicosanoids. Each chapter presents a clini-
cal vignette, illustrating the relevance o  the system under 
consideration; then discusses the biochemistry, physiology, 
and pathophysiology o  the system; and, f nally, presents the 
drugs and drug classes that activate or inhibit the system by 
interacting with specif c molecular and cellular targets. In 
this scheme, the therapeutic and adverse actions o  drugs are 
understood in the  ramework o  the drug’s mechanism o  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  rom 
the clinical vignette is re erenced at appropriate points in the 
discussion o  the system. Contemporary directions in mo-
lecular and human pharmacology are introduced in chapters 
on modern methods o  drug discovery and drug delivery and 
in a chapter on pharmacogenomics. 

xi
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Molecular Pharmacology at Harvard Medical School and in 
the Hematology Division at Brigham and Women’s Hospital 
and the Dana-Farber Cancer Institute were gracious and sup-
portive throughout. Deans Je  rey Flier and John Czajkowski 
were especially supportive and encouraging. Laura, Liza, 
and Sarah provided valuable insights at many critical stages 
o  this project and were constant sources o  support and love. 

 Ehrin Armstrong would like to thank colleagues at the 
University o  Colorado and the Denver Veterans Adminis-
tration Medical Center  or providing academic support and 
guidance. Greg Schwartz and Jim Beck were especially en-
couraging. Ki  any, Larry, and Ginger were a constant source 
o  support and love throughout. 

 April Armstrong would like to thank Drs. David Golan 
and Laura Green  or their constant support over the years. 
She thanks her dedicated coauthors Eryn Royer, Elizabeth 
Brezinski, and Chelsea Ma  or their hard work. She also 
thanks Drs. David Norris, David West, and Fu-Tong Liu 
 or  ostering her career. She is grate ul  or the love o  her 
 amily—Amy, Yanni, and Susan. 

Credit lines identi ying the original source o  a f gure or 
table borrowed or adopted  rom copyrighted material, and 
acknowledging the use o  noncopyrighted material, are gath-
ered together in a list at the end o  the book. We thank all o  
these sources  or permission to use this material.  

 The editors are grate ul  or the support o  students and  aculty 
 rom around the world who have provided encouragement 
and help ul suggestions. 

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

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

 Quentin Baca electronically rendered the striking image 
on the cover o  this textbook. We are most grate ul  or his 
creativity and expertise. 

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

 David Golan would like to thank the many  aculty, stu-
dent, and administrative colleagues whose support and un-
derstanding were critical  or the success ul completion o  
this project. Members o  the Golan laboratory and  aculty 
and sta   in the Department o  Biological Chemistry and 
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 1  
 Drug–Receptor Interactions 
 Francis  J . Ale nghat  and  David E. Golan 

 INTRODUCTION 
 Why is it that one drug a  ects cardiac  unction and another 
alters the transport o  specif c ions in the kidney? Why do 
antibiotics e  ectively kill bacteria but rarely harm patients? 
These questions can be answered by f rst examining the in-
teraction between a drug and its specif c molecular target and 
then considering the role o  that action in a broader physi-
ologic context. This chapter  ocuses on the molecular details 
o  drug–receptor interactions, emphasizing the variety o  
receptors and their molecular mechanisms. This discussion 
provides a conceptual basis  or the action o  the many drugs 
and drug classes discussed in this book. It also serves as a 
background  or Chapter 2, Pharmacodynamics, which dis-
cusses the quantitative relationships between drug–receptor 
interactions and pharmacologic e  ect. 

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

Drug receptors  are macromolecules that, upon binding to a 
drug, mediate those biochemical and physiologic changes. 

 CONFORMATION AND CHEMISTRY OF 
DRUGS AND RECEPTORS 

 An understanding o  why a drug binds to a particular receptor 
can be  ound in the structure and chemical properties o  the 
two molecules. This section discusses the basic determinants 
o  receptor structure and the chemistry o  drug–receptor 
binding. The discussion here  ocuses primarily on the inter-
actions o  drugs that are small molecules with target recep-
tors that are mainly macromolecules (especially proteins), 
but many o  these principles also apply to the interactions 
o  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 is use ul to review the  our major levels o  protein 
structure (Fig. 1-1). At the most basic level, proteins consist 
o  long chains o  amino acids, the sequences o  which are 
determined by the sequences o  the DNA that code  or the 
proteins. A protein’s amino acid sequence is re erred to as 
its  primary structure . Once a long chain o  amino acids has 
been synthesized on a ribosome, many o  the amino acids 
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C h a p t e r  1  Drug–Receptor Interactions 3

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  o  a 
protein by  orming well-def ned con ormations such as the 
   helix,     pleated sheet, and     barrel. As a result o  their 
highly organized shape, these structures o ten pack tightly 
with one another,  urther def ning the overall shape o  the 
protein.  Tertiary structure  results  rom the interaction o  
amino acids more distant  rom one another along a single 
amino acid chain. These interactions include hydrogen bond 
and ionic bond  ormation as well as the covalent linkage 
o  sul ur atoms to  orm intramolecular disulf de bridges. 
Finally, polypeptides may oligomerize to  orm more com-
plex structures. The con ormation that results  rom the 
interaction o  separate polypeptides is re erred to as the  qua-
ternary structure . 

 Di  erent portions o  a protein’s structure generally have 
di  erent a f nities  or water, and this  eature has an additional 
e  ect on the protein’s shape. Because both the extracellular 
and intracellular environments are composed primarily o  
water,  hydrophobic  protein segments are o ten drawn to the 
inside o  the protein or shielded  rom water by insertion into 
lipid bilayer membranes. Conversely,  hydrophilic  protein 
segments are o ten located on a protein’s exterior sur ace. 
A ter all o  this twisting and turning is completed, each pro-
tein has a unique shape that determines its  unction, 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 specif c 
properties o  the amino acids that make up the site. The 

 In te n t o n  e n jo yin g  h is  n e w ly  o u n d  
re tirem en t, Mr. B has  m ade  a  po in t o   
p laying  tennis  as  o  ten  as  poss ib le  dur-
ing the  pas t year. For the  pas t 3 m onths , 
however, he  ha s  no ted  increa s ing   a -
tigue . Moreove r, he  is  now unab le  to  

f n ish  a  m ea l, d e sp ite  h is  typ ica lly vo racio us  ap -
pe tite . Worried  an d  won de ring  w ha t th es e  s ym p-
tom s  m ean , Mr. B schedu les  an  appo in tm en t with  
h is  docto r. On  phys ica l exam ina tion , the  phys ician  
notes  tha t Mr. B has  an  en larged  sp leen , extending  
approxim ate ly 10 cm  be low the  le  t cos ta l m arg in ; 
the  phys ica l exam  is  o the rwise  with in  no rm al lim -
its . Blood  tes ts  show an  increased  to ta l white  b lood  
ce ll coun t (70,000 ce lls /m m  3 ) w ith  an  abso lu te  in -
crease  in  neutrophils , band   o rm s , m etam yelocytes , 
and  m yelocytes , bu t no  b las t ce lls  (undi  e ren tia ted  
precursor ce lls ). Cytogene tic ana lys is  o   m etaphase  
ce lls  dem ons tra tes  tha t 90% o  Mr. B’s  m yelo id  ce lls  
possess  the  Philade lphia  chrom osom e (ind ica ting  a  
trans loca tion be tween  chrom osom es  9 and 22), con-
f rm ing  the  d iagnos is  o   chronic m yelo id  leukem ia . 
The  phys ician  in itia tes  therapy with   imatinib , a  h igh ly 
s e lective  inh ib ito r o   the  BCR-Abl tyros ine  kinase  
 us ion  p ro te in  tha t is  encoded  by the  Ph ilade lph ia  
ch ro m o s o m e . Ove r th e  n e xt m o n th , th e  ce lls  

conta in ing  the  Philade lphia  chrom osom e d isappear 
com ple te ly  rom  Mr. B’s  b lood , and  he  begins  to   ee l 
we ll enough to  com pete  in  a  sen iors  tenn is  tourna-
m en t. Mr. B con tinues  to  take  im a tin ib  eve ry day, 
and  he  has  a  com ple te ly norm al b lood  count and  no  
 a tigue . He  is  no t sure  wha t the   u ture  will b ring , bu t 
he  is  g lad  to  have  been  g iven  the  chance  to  en joy a  
hea lthy re tirem ent. 

Questions
1 .   How does imatinib interrupt the activity o  the BCR-Abl 

tyrosine kinase  usion protein? 
2 .   Unlike imatinib, most o  the older therapies  or chronic 

myeloid leukemia (such as inter eron-   ) had signif cant 
“  u-like” adverse e  ects. Why did these therapies 
cause signif cant adverse e  ects in most patients, 
whereas (as in this case) imatinib causes adverse 
e  ects in very  ew patients? 

3 .   Why is imatinib a selective therapy  or chronic myeloid 
leukemia? Is this selectivity related to the lack o  ad-
verse e  ects associated with imatinib therapy? 

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

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

van der Waals  orces , resulting  rom the polarity induced 
in a molecule by the shi ting o  its electron density in re-
sponse to the close proximity o  another molecule, provide 
a weak attractive  orce  or drugs and their receptors. This 
induced polarity is a ubiquitous component o  all molecular 
interactions.  Hydrogen bonds  have substantial strength and 
are o ten important  or drug–receptor association. This type 
o  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 sul ur that are covalently attached to less electronega-
tive atoms such as carbon or hydrogen).  Ionic interactions , 
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which occur between atoms with opposite charges, are 
stronger than hydrogen bonds but less strong than covalent 
bonds.  Covalent bonding  results  rom the sharing o  a pair o  
electrons between two atoms on di  erent molecules. Cova-
lent interactions are so strong that, in most cases, they are 
essentially irreversible. Table 1-1 indicates the mechanism 

o  interaction and relative strength o  each o  these types o  
bonds. As noted above, the environment in which drugs and 
receptors interact also a  ects the  avorability o  binding. 
The  hydrophobic effect  re ers to the mechanism by which the 
unique properties o  the ubiquitous solvent water cause the 
interaction o  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  orces comprise the majority o  
drug–receptor interactions. For example, imatinib  orms 
many van der Waals interactions and hydrogen bonds with 
the ATP-binding site o  the BCR-Abl tyrosine kinase. The 
sum total o  these relatively weak  orces creates a strong 
(high a f nity) interaction between this drug and its recep-
tor (Fig. 1-2). Ionic and hydrophobic interactions exert 
 orce at a greater distance than van der Waals interactions 
and hydrogen bonds;  or this reason, the  ormer interac-
tions are o ten critical to initiate the association o  a drug 
and receptor. 

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

 The molecular structure o  a drug dictates the physical 
and chemical properties that contribute to its specif c bind-
ing to the receptor. Important  actors include hydrophobicity, 
ionization state ( pK  a ), con ormation, and stereochemistry o  
the drug molecule. All o  these  actors combine to determine 
the complementarity o  the drug to the binding site. Recep-
tor binding pockets are highly specif c, and small changes 
in the drug can have a large e  ect on the a f nity o  the 
drug–receptor interaction. For example, the  stereochemistry  
o  the drug has a great impact on the strength o  the bind-
ing interaction.  Warfarin  is synthesized and administered as 
a racemic mixture (a mixture containing 50% o  the right-
handed molecule and 50% o  the le t-handed molecule); 
however, the S enantiomer is  our times more potent than 
the R because o  a stronger interaction o  the S  orm with its 
binding site on vitamin K epoxide reductase. Stereochem-
istry can also a  ect toxicity in cases where one enantiomer 
o  a drug causes the desired therapeutic e  ect and the other 
enantiomer causes an undesired toxic e  ect, perhaps due to 
an interaction with a second receptor or to metabolism to a 
toxic species. Although it is sometimes di f cult  or pharma-
ceutical companies to synthesize and puri y individual en-
antiomers on a large scale, a number o  currently marketed 
drugs are produced as individual enantiomers in cases where 
one enantiomer has higher e f cacy and/or lower toxicity 
than its mirror image. 

Primary

Amino acids

Alpha  helix

Alpha  he lix

Beta  plea ted
shee t

Beta  plea ted shee t

Secondary

Tertiary

Quaternary

 FIGURE 1-1. Levels of protein structure. Protein structure can be divided 
into  our levels o  complexity, re erred to as  primary ,  secondary ,  tertiary , 
and  quaternary  structure. Primary structure is determined by the sequence 
o  amino acids that make up the polypeptide chain. Secondary structure is 
determined by the interaction o  positively polarized hydrogen atoms with 
negatively polarized atoms (such as oxygen) on the same polypeptide chain. 
These interactions result in a number o  characteristic secondary patterns 
o  protein con ormation, including the     helix and     pleated sheet. Tertiary 
structure is determined by the interactions o  amino acids that are relatively 
 ar apart on the protein backbone. These interactions, which include ionic 
bonds and covalent disulf de 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. 
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C h a p t e r  1  Drug–Receptor Interactions 5

 Impact o  Drug Binding on the Receptor 
 How does drug binding produce a biochemical and/or physi-
ologic change in the organism? In the case o  receptors with 
enzymatic activity, the binding site o  the drug is o ten the 
active site  at which an enzymatic trans ormation is cata-
lyzed, and the catalytic activity o  the enzyme is inhibited 
by drugs that prevent substrate binding to the site or that 
covalently modi y the site. In cases where the binding site is 
not the active site o  the enzyme, drugs can cause a change 
by preventing the binding o  endogenous ligands to their 
receptor binding pockets. In many drug–receptor interac-
tions, however, the binding o  a drug to its receptor results 
in a change in the  con ormation  o  the receptor. Altering the 
shape o  the receptor can a  ect its  unction, including en-
hancing the a f nity o  the drug  or the receptor. Such an 
interaction is o ten re erred to as  induced f t , because the re-
ceptor’s con ormation changes so as to improve the quality 
o  the binding interaction. 

 The principle o  induced f t suggests that drug–receptor 
binding can have pro ound e  ects on the con ormation o  
the receptor. By inducing con ormational changes in the re-
ceptor, many drugs not only improve the quality o  the bind-
ing interaction but also alter the action o  the receptor. The 
change in shape induced by the drug is sometimes identi-
cal to that caused by the binding o  an endogenous ligand. 
For example, exogenously administered  insulin   analogues
all stimulate the insulin receptor to the same extent, despite 
their slightly di  erent amino acid sequences. In other cases, 
drug binding alters the shape o  the receptor so as to make it 
more or less  unctional than normal. For example, imatinib 
binding to the BCR-Abl tyrosine kinase causes the protein to 
assume an enzymatically inactive con ormation, thus inhib-
iting the kinase activity o  the receptor. 

 Another way to describe the induced f t principle is to 
consider that many receptors exist in multiple con orma-
tional states—such as inactive (or closed), active (or open), 
and desensitized (or inactivated)—and that the binding o  a 

TABLE 1-1 Relative Strength o  Bonds between Receptors and Drugs

BOND TYPE  MECHANISM  BOND STRENGTH

van der Waals  Shi ting electron density in areas o  a molecule, or in a molecule as a whole, results in the generation o  
transient positive or negative charges. These areas interact with transient areas o  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 sul ur.

  

Ionic  Atoms with an excess o  electrons (imparting an overall negative charge on the atom) are attracted to 
atoms with a def ciency o  electrons (imparting an overall positive charge on the atom).

   

Covalent  Two bonding atoms share electrons.     

Asp 381

A  B  C

Imatinib
Ala  269

Leu 248 Phe  317

Met 318

Leu 370

Gly 321

Tyr 253

Asp 381

Val 256

Phe  382 Lys  271

Glu 286
Met 290

Thr 315

Ile  313

Imatinib

Phe  382

Gly 383

Asp 363

Tyr 393

Asn 368

Arg 367

Activa tion loop
of kinase

FIGURE 1-2. Structural basis o  specif c enzyme inhibition: imatinib interaction with the BCR-Abl kinase.  A.  The kinase portion o  the BCR-Abl tyrosine 
kinase is shown in a ribbon  ormat ( gray ). An analogue o  imatinib, a specif c inhibitor o  the BCR-Abl tyrosine kinase, is shown as a space-f lling model ( blue ). 
 B.  Detailed diagram o  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  or nine amino acids with hydrophobic side chains.  C.  The interaction o  the drug ( blue ) with the BCR-Abl protein ( gray ) inhibits phosphorylation 
o  a critical activation loop ( green-highlighted ribbon format ), thus preventing catalytic activity.
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6 FUNDAMENTAL PRINCIPLES OF PHARMACOLOGY

drug to the receptor stabilizes one or more o  these con or-
mations. Quantitative models that incorporate these concepts 
o  drug–receptor interactions are discussed in Chapter 2. 

 Membrane E  ects on Drug–Receptor 
Interactions 
 The structure o  the receptor also determines where the pro-
tein is 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 
o  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 in the intracellular and extracellular spaces. Other drug 
receptors, including a number o  transcription regulators 
(also called  transcription  actors ), have only hydrophi lic do-
mains and reside in the cytoplasm, nucleus, or both. 

 Just as the structure o  the receptor determines its loca-
tion in relationship to the plasma membrane,  the structure o  
a drug a  ects 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 o ten able to pass through the hydro-
phobic lipid environment o  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 sur ace receptors to a  ect  unctions 
inside cells. Many cell sur ace receptors have extracellular 
domains that are linked to intracellular e  ector molecules by 
receptor domains that span the plasma membrane and extend 
into the cytoplasm. In some cases, changing the shape o  
the extracellular domain can alter the con ormation o  the 
membrane-spanning and/or intracellular domains o  the 
receptor, resulting in a change in receptor  unction. In other 
cases, drugs can cross-link the extracellular domains o  two 
receptor molecules,  orming a dimeric receptor complex that 
activates e  ector molecules inside the cell. 

 All o  these  actors—drug and receptor structure, the 
chemical  orces in  uencing drug–receptor interaction, drug 
solubility in water and in the plasma membrane, and the 
 unction o  the receptor in its cellular environment—con er 
substantial  specif city  on the interactions between drugs 
and their target receptors. This book discusses numerous 
examples o  drugs that can gain access and bind to receptors, 
induce con ormational changes in the receptors, and thereby 
produce biochemical and physiologic e  ects. Specif city o  
drug–receptor binding suggests that, armed with the knowl-
edge o  the structure o  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 e f cacy and reduce the toxicity o  drugs 
by optimizing their structure so that they bind more selec-
tively to their targets. Rational drug design was f rst used to 
develop highly selective agents such as the antiviral prote-
ase inhibitor ritonavir and the antineoplastic tyrosine kinase 
inhibitor imatinib. Indeed,  urther rounds o  rational drug 
design have led to the development o  second-generation 

protease inhibitors and antineoplastics with high a f nity  or 
the mutated drug targets that can evolve in patients who de-
velop resistance to f rst-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 ideal drug would interact only with a molecular target 
that causes the desired therapeutic e  ect but not with molec-
ular targets that cause unwanted adverse e  ects. Although 
no such drug has yet been discovered (i.e., all drugs cur-
rently in clinical use have the potential to cause adverse 
e  ects as well as therapeutic e  ects; see Chapter 6, Drug 
Toxicity), pharmacologists can take advantage o  several de-
terminants o  drug  selectivity  in an attempt to reach this goal. 
Selectivity o  drug action can be con erred by at least two 
classes o  mechanisms, including (1) the cell-type specif c-
ity o  receptor subtypes and (2) the cell-type specif city o  
receptor–e  ector coupling. 

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

 Similarly, even though many di  erent cell types may ex-
press the same molecular target  or a drug, the e  ect o  that 
drug may di  er in the various cell types because o  di  er-
ential receptor–e  ector coupling mechanisms or di  erential 
requirements  or 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 e  ects o  calcium chan-
nel blocking agents than are cardiac ventricular muscle cells. 
This di  erential e  ect is attributable to the  act that action po-
tential propagation depends mainly on the action o  calcium 
channels in cardiac pacemaker cells, whereas sodium chan-
nels are more important than calcium channels in the action 
potentials o  ventricular muscle cells. In general,  the more 
the receptor–e  ector coupling mechanisms di  er among the 
various cell types that express a particular molecular target 
 or a drug ,  the more selective the drug is likely to be . 

 MAJOR TYPES OF DRUG RECEPTORS 
 Given the great diversity o  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  act, 
 most o  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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C h a p t e r  1  Drug–Receptor Interactions 7

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  actors, 
structural proteins, and nucleic acids; (5) extracellular targets; 
and (6) cell sur ace adhesion receptors (Fig. 1-3). Table 1-2 
provides a summary o  each major interaction type. 

 Knowing whether and to what extent a drug activates or 
inhibits its target provides valuable in ormation about the in-
teraction. Although  pharmacodynamics  (the e  ects o  drugs 
on the human body) is covered in detail in the next chapter, it 
is use ul to state brief y the major pharmacodynamic relation-
ships between drugs and their targets be ore examining the mo-
lecular mechanisms o  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 con ormational change in the receptor-associated ion 

channel  rom a nonconducting to a  ully conducting state.  Par-
tial agonists  produce a submaximal response upon binding to 
their targets.  Inverse agonists  cause constitutively active targets 
to become inactive.  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 o  
a physiologic agonist are called  competitive antagonists ; drugs 
that bind to other sites on the target molecule, and thereby pre-
vent the con ormational change required  or receptor activation 
(or inactivation), may be either  noncompetitive  or  uncompetitive 
antagonists  (see Chapter 2). As the mechanism o  each drug–
receptor interaction is outlined in the next several sections, it 
will be use ul to consider at a structural level how these di  er-
ent pharmacodynamic e  ects could be produced. 

 Transmembrane Ion Channels 
 Many cellular  unctions require the passage o  ions and 
other hydrophilic molecules across the plasma membrane. 

GDP

β
γ

α

A  B  C  D

 FIGURE 1-3. Major types of interactions between drugs and receptors. Most drug–receptor interactions can be divided into six groups,  our o  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  unctionally coupled to intracellular G proteins. Drugs can in  uence the actions o  these receptors by binding to 
the extracellular sur ace or transmembrane region o  the receptor.  C.  Drugs can bind to the extracellular domain o  a transmembrane receptor and cause a 
change in signaling within the cell by activating or inhibiting an enzymatic intracellular domain ( rectangular box ) o  the same receptor molecule.  D.  Drugs can 
di  use through the plasma membrane and bind to cytoplasmic or nuclear receptors. This is o ten 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 sur ace adhesion receptors 
without the need to cross the plasma membrane ( not shown ). 

TABLE 1-2 Six Major Types of Drug–Receptor Interactions

RECEPTOR TYPE  SITE OF DRUG–RECEPTOR INTERACTION  SITE OF RESULTANT ACTION  EXAMPLES

Transmembrane ion 
channel

Extracellular, intrachannel, or intracellular  Cytoplasm  Amlodipine, diazepam, 
lidocaine, omeprazole

Transmembrane linked to 
intracellular G protein

Extracellular or intramembrane  Cytoplasm  Albuterol, loratadine, 
losartan, metoprolol

Transmembrane with 
linked enzymatic 
domain

Extracellular or intracellular  Cytoplasm  Erlotinib, insulin, nesiritide, 
sunitinib

Intracellular  Cytoplasm or nucleus  Cytoplasm or nucleus  Atorvastatin, doxycycline, 
levothyroxine, paclitaxel

Extracellular target  Extracellular  Extracellular  Dabigatran, donepezil, 
etanercept, lisinopril

Adhesion  Extracellular  Extracellular  Eptif batide, natalizumab
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8 FUNDAMENTAL PRINCIPLES OF PHARMACOLOGY

Specialized transmembrane channels regulate these pro-
cesses. The  unctions o   ion channels  are diverse, including 
 undamental roles in neurotransmission, cardiac conduction, 
muscle contraction, and secretion. Because o  this, drugs tar-
geting ion channels can have a substantial impact on major 
body  unctions. 

 Three major mechanisms are used to regulate the activ-
ity o  transmembrane ion channels. In some channels, the 
conductance is controlled by ligand binding to the channel. 
In other channels, the conductance is 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 f rst group o  channels is re erred to as  ligand-
gated , the second as  voltage-gated , and the third as  second 
messenger-regulated . Table 1-3 summarizes the mechanism 
o  activation and  unction o  each channel type. 

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

 Most ion channels share some structural similarity, re-
gardless o  their ion selectivity, the magnitude o  their 
conductance, or their mechanism o  activation (gating) or 
inactivation. Ion channels are pore- orming macromolecules 
consisting o  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 o ten intracellular. The structures o  several ion chan-
nels have been determined to atomic resolution; the nico-
tinic acetylcholine (ACh) receptor provides an example o  
the structure o  an important ligand-gated ion channel. This 
receptor consists o  f ve subunits, each o  which crosses the 

plasma membrane (Fig. 1-4). Two o  the subunits have been 
designated    ; each contains a single extracellular binding 
site  or ACh. In the  ree (nonliganded) state o  the recep-
tor, the channel is occluded by amino acid side chains and 
does not allow the passage o  ions. Binding o  two molecules 
o  acetylcholine to the receptor induces a con ormational 
change that opens the channel and allows ion 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  or a certain period o  
time, known as the channel’s re ractory period. The volt-
age-gated sodium channel undergoes a cycle o  activation, 
channel opening, channel closing, and channel inactiva-
tion. During the inactivation (re ractory) period, the channel 

TABLE 1-3  Three Major Types of Transmembrane Ion 
Channels

CHANNEL TYPE
MECHANISM OF 
ACTIVATION  FUNCTION

Ligand-gated  Binding o  ligand to 
channel

Altered ion 
conductance

Voltage-gated  Change in 
transmembrane 
voltage gradient

Altered ion 
conductance

Second messenger-
regulated

Binding o  ligand to 
transmembrane 
receptor with 
G protein-coupled 
cytosolic domain, 
leading to second 
messenger generation

Second 
messenger 
regulates ion 
conductance 
o  channel

O
N+

O
Receptor ga te  closed

Ligand binding s ites

Receptor ga te  open

γα  α

α  α

Na+

Na+

A

B

C

Acetylcholine

α  α

 FIGURE 1-4. Ligand-gated nicotinic acetylcholine receptor. A.  The plasma 
membrane acetylcholine (ACh) receptor is composed o  f ve subunits—two 
   subunits, a     subunit, a     subunit, and a     subunit.  B.  The     subunit has 
been removed to show an internal schematic view o  the receptor, demon-
strating that it  orms a transmembrane channel. In the absence o  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     subunits, 
the channel opens, and sodium can pass down its concentration gradient 
into the cell. 
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C h a p t e r  1  Drug–Receptor Interactions 9

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

 Two important classes o  drugs that act by altering the 
conductance o  ion channels are the local anesthetics and the 
benzodiazepines. Local anesthetics block the conductance 
o  sodium ions through voltage-gated sodium channels in 
neurons that transmit pain in ormation  rom 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 
di  erent mechanism. These drugs inhibit neurotransmission 
in the central nervous system by potentiating the ability o  
the neurotransmitter gamma-aminobutyric acid ( GABA ) to 
increase the conductance o  chloride ions across neuronal 
membranes, thereby driving the membrane potential  urther 
away  rom its threshold  or activation. 

 Transmembrane G Protein-Coupled Receptors 
  G protein-coupled receptors  are the most abundant class o  
receptors in the human body. These receptors are exposed at 
the extracellular sur ace o  the plasma membrane, traverse 
the membrane, and possess intracellular regions that acti-
vate a unique class o  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, ol action, and neurotransmission. 

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

 One major role o  the G proteins is to activate the production 
o   second messengers ; that is, signaling molecules that convey 
the input provided by the f rst messenger—usually an endog-
enous ligand or an exogenous drug—to cytoplasmic e  ectors 
(Fig. 1-6). The activation o  cyclases such as  adenylyl cyclase , 
which catalyzes the production o  the second messenger cyclic 
adenosine-3′,5′-monophosphate ( cAMP ), and  guanylyl cyclase , 
which catalyzes the production o  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  unctions, 
plays a key role in regulating the concentration o  intracellular 
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2  Effector activa tion

GTP-GDP exchange

G prote in activa tion
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1  Agonis t unbinding

2  GTP hydrolys is

3  Hete rotrimeric
G prote in recons tituted

Effector activa ted

GDP

GTP
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β
γ

β
γ

α

1

2
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γ
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GTP

α

GTP

3

 FIGURE 1-5. Receptor-mediated activation of a G protein and the resultant effector interaction.  A.  In the resting state, the     and        subunits o  a G protein 
are associated with one another, and GDP is bound to the     subunit.  B.  Binding o  an extracellular ligand (agonist) to a G protein-coupled receptor causes 
the exchange o  GTP  or GDP on the     subunit.  C.  The        subunit dissociates  rom the     subunit, which di  uses to interact with e  ector proteins. Interac-
tion o  the GTP-associated     subunit with an e  ector activates the e  ector. In some cases ( not shown ), the        subunit can also activate e  ector proteins. 
Depending on the receptor subtype and the specif c G    iso orm, G    can also inhibit the activity o  an e  ector molecule. The     subunit possesses intrinsic 
GTPase activity, which leads to hydrolysis o  GTP to GDP. This leads to reassociation o  the     subunit with the        subunit, and the cycle can begin again. 
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10 FUNDAMENTAL PRINCIPLES OF PHARMACOLOGY

be grouped into f ve major  amilies—G-stimulatory (G s ), 
G-inhibitory (G i ), G o , G q , and G 12/13 . Examples o  the e  ects 
o  these iso orms are shown in Table 1-4. The di  erential 
 unctioning o  these G proteins, some o  which may couple 
in di  erent ways to the same receptor in di  erent cell types, 
is likely to be important  or the potential selectivity o   uture 
drugs. The        subunits o  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 
 amily is the    -adrenergic receptor group. The most thor-
oughly studied o  these receptors have been designated     1 , 
   2 , and     3 . As discussed in more detail in Chapter 11, Ad-
renergic Pharmacology,     1  receptors play a role in control-
ling heart rate;     2  receptors are involved in the relaxation o  
smooth muscle; and     3  receptors play a role in the mobiliza-
tion o  energy by  at cells. Each o  these receptors is stimu-
lated by the binding o  endogenous catecholamines, such as 
epinephrine  and  norepinephrine , to the extracellular domain 
o  the receptor.  Epinephrine  binding induces a con orma-
tional change in the receptor and thereby activates G pro-
teins associated with the cytoplasmic domain o  the receptor. 
The activated (GTP-bound)  orm o  the G protein activates 
adenylyl cyclase, resulting in increased intracellular cAMP 
levels and downstream cellular e  ects. Table 1-5 indicates 

calcium. Upon activation by a G protein, PLC cleaves the mem-
brane phospholipid phosphatidylinositol-4,5-bisphosphate 
(PIP 2 ) to the second messengers diacylglycerol (DAG) and 
inositol-1,4,5-trisphosphate (IP 3 ). IP 3  triggers the release o  
Ca 2      rom intracellular stores, thereby dramatically increasing 
the cytosolic Ca 2     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 o  these events are dynamically regulated, so that 
the di  erent steps in the pathways are activated and inactivated 
with characteristic kinetics. 

 A large number o  G    protein iso orms have been identi-
f ed, each with unique e  ects on its targets. Based on the 
primary sequence o  the G    subunit, these iso orms can 
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β
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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 di  erent types o  
e  ector molecules. The subtype o  G    protein that is activated o ten deter-
mines which e  ector the G protein will activate. Two o  the most common G    
subunits are G    s  and G    q , which stimulate adenylyl cyclase and phospholi-
pase C, respectively.  A.  When stimulated by G    s , adenylyl cyclase converts 
ATP to cyclic AMP (cAMP). cAMP then activates protein kinase A (PKA), 
which phosphorylates a number o  specif c intracellular proteins.  B.  When 
stimulated by G    q , phospholipase C (PLC) cleaves the membrane phospho-
lipid phosphatidylinositol-4,5-bisphosphate (PIP 2 ) into diacylglycerol (DAG) 
and inositol-1,4,5-trisphosphate (IP 3 ). DAG di  uses in the membrane to acti-
vate protein kinase C (PKC), which then phosphorylates specif c cellular pro-
teins. IP 3  stimulates release o  Ca 2      rom the endoplasmic reticulum into the 
cytosol. Calcium release also stimulates protein phosphorylation events that 
lead to changes in protein activation. Although not shown, the        subunits 
o  G proteins can also a  ect certain cellular signal transduction cascades. 

TABLE 1-4  The Major G Protein Families and Examples 
of Their Actions

G PROTEIN  ACTIONS

G-stimulatory (Gs) Activates Ca2  channels, activates adenylyl 
cyclase

G-inhibitory (Gi) Activates K  channels, inhibits adenylyl cyclase

Go Inhibits Ca2  channels

Gq Activates phospholipase C

G12/13 Diverse ion transporter interactions

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

RECEPTOR
TISSUE 
LOCALIZATION  ACTION

 1 Sinoatrial (SA) node 
o  heart

Cardiac muscle
Adipose tissue

Increases heart rate

Increases contractility
Increases lipolysis

 2 Bronchial smooth 
muscle

Gastrointestinal 
smooth muscle

Uterus
Bladder
Liver

Pancreas

Dilates bronchioles

Constricts sphincters and 
relaxes gut wall

Relaxes uterine wall
Relaxes bladder
Increases gluconeogenesis 

and glycolysis
Increases insulin release

 3 Adipose tissue  Increases lipolysis
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some o  the diverse tissue localizations and actions o  the 
   -adrenergic receptors. 

 Transmembrane Receptors with Linked 
Enzymatic Domains 
 The third major class o  cellular drug targets consists o  
transmembrane receptors that transduce an extracellular li-
gand-binding interaction into an intracellular action through 
the activation o  a linked enzymatic domain. The enzymatic 
domain may be part o  the receptor itsel  or part o  a cyto-
solic protein that is recruited to the receptor in response to 
receptor activation. Such receptors play roles in a diverse set 
o  physiologic processes, including cell metabolism, growth, 
and di  erentiation. Receptors that have a linked enzymatic 
domain can be grouped into f ve major classes based on their 
cytoplasmic mechanism o  action (Fig. 1-7). All o  these 
receptors are single–membrane-spanning proteins, in con-
trast to the seven–membrane-spanning moti  present in G 
protein-coupled receptors. Many receptors with enzymatic 
cytosolic domains  orm dimers or multisubunit complexes 
to transduce their signals. 

 Many receptors with linked enzymatic domains modi y 
proteins by adding or removing phosphate groups to or  rom 
specif c amino acid residues.  Phosphorylation is a ubiq-
uitous mechanism of protein signaling.  The large negative 
charge o  phosphate groups can dramatically alter the three-
dimensional structure o  a protein and thereby change that 
protein’s activity. In addition, phosphorylation is easily re-
versible, thus allowing this signaling mechanism to act spe-
cif cally in time and space. 

 Receptor Tyrosine Kinases 
 The largest group o  transmembrane receptors with enzy-
matic cytosolic domains is the receptor tyrosine kinase  am-
ily. These receptors transduce signals  rom many hormones 
and growth  actors by phosphorylating tyrosine residues on 
the cytoplasmic tail o  the receptor. This leads to recruitment 
and subsequent tyrosine phosphorylation o  cytosolic signal-
ing molecules. When aberrantly expressed or overexpressed, 
growth  actor-responsive receptor tyrosine kinases (such as 
epidermal growth  actor receptor [EGFR], HER2/neu, and 
vascular endothelial growth  actor receptor [VEGFR]) are 
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Tyr  Tyr
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A

Tyros ine  kinase
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kinase
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Tyros ine  kinase
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Serine /threonine
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Guanylyl cyclase
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Tyros ine  phospha tase
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 FIGURE 1-7. Major types of transmembrane receptors with linked 
enzymatic domains. There are f ve major categories o  transmembrane re-
ceptors with linked enzymatic domains.  A.  The largest group is composed 
o   receptor tyrosine kinases . A ter ligand-induced activation, these recep-
tors dimerize and transphosphorylate tyrosine residues in the receptor and, 
o ten, on target cytosolic proteins. Examples o  receptor tyrosine kinases 
include the insulin receptor and many growth  actor 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 o  the immune system have receptor tyro-
sine phosphatases.  C.  Some tyrosine kinase-associated receptors lack a 
def nitive enzymatic domain, but binding o  ligand to the receptor triggers 
activation o  receptor-associated protein 1 (termed  nonreceptor tyrosine 
kinases ) that then phosphorylate tyrosine residues on certain cytosolic 
proteins.  D.  Receptor serine/threonine kinases phosphorylate serine and 
threonine residues on certain target cytosolic proteins. Members o  the 
TGF-    super amily o  receptors are in this category.  E.  Receptor guanylyl 
cyclases contain a cytosolic domain that catalyzes the  ormation o  cGMP 
 rom GTP. The receptor  or B-type natriuretic peptide is one o  the receptor 
guanylyl cyclases that has been well characterized. 
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12 FUNDAMENTAL PRINCIPLES OF PHARMACOLOGY

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

 Receptor Guanylyl Cyclases 
 As illustrated in Figure 1-6, the stimulation o  G protein-
coupled receptors may cause activation and release o  
G    subunits, which, in turn, alter the activity o  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 is the smallest  am-
ily o  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 o  the native peptide ligand, is ap-
proved  or the treatment o  decompensated heart  ailure (al-
though it does not reliably improve outcomes), as discussed 
in Chapter 21, Pharmacology o  Volume Regulation. 

 Intracellular Receptors 
 The plasma membrane provides a unique barrier  or drugs 
that have intracellular receptors. Many such drugs are small 
or lipophilic and are thus able to cross the membrane by 
di  usion. Others require specialized protein transporters  or 
 acilitated di  usion 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 e  ect by altering 
the enzyme’s production o  critical signaling or metabolic 
molecules. Vitamin K epoxide reductase, a cytosolic enzyme 
involved in the post-translational modif cation o  glutamate res-
idues in certain coagulation  actors, is the target o  the antico-
agulant drug  warfarin . HMG-CoA reductase, the rate-limiting 
enzyme in cholesterol synthesis, is the target o   atorvastatin  and 
the other lipid-lowering statins. Many inhibitors o  cytosolic 
 signal transduction molecules  are approved or in development. 
For example, inhibitors o  the serine/threonine kinase mTOR 
(such as  everolimus ) are used to prevent rejection o  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 di  erentiation, and it is not surprising 
that “gain-o - unction” mutations in these proteins can lead 
to uncontrolled cell growth and cancer. Recall  rom the in-
troductory case that chronic myeloid leukemia is associated 
with the Philadelphia chromosome, which results  rom a 
reciprocal translocation between the long arms o  chromo-
somes 9 and 22. The mutant chromosome codes  or a con-
stitutively active tyrosine kinase re erred to as the BCR-Abl 
protein. (BCR and Abl are short  or “break-point cluster 
region” and “Abelson,” respectively, the two chromosomal 
regions that undergo translocation with high  requency in 
this  orm o  leukemia.) The constitutive activity o  this kinase 
results in phosphorylation o  a number o  cytosolic proteins, 
leading to dysregulated myeloid cell growth and chronic 
myeloid leukemia. Imatinib is a selective therapy  or 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 f rst 
example o  a drug targeted selectively to tyrosine kinases, 

associated with a wide array o  cancers; these receptor tyro-
sine kinases are the targets o  several monoclonal antibody 
and small-molecule inhibitor drugs (see Chapter 40, Phar-
macology o  Cancer: Signal Transduction). 

 The insulin receptor is a well-characterized receptor 
tyrosine kinase. This receptor consists o  two extracellular 
    subunits that are covalently linked to two membrane-
spanning     subunits. Binding o  insulin to the     subunits 
results in a change in con ormation o  the adjacent     subunits, 
causing the     subunits to move closer to one another on the 
intracellular side o  the membrane. The proximity o  the 
two     subunits promotes a transphosphorylation reaction, 
in which one     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 de ects in post-insulin recep-
tor signaling; thus, understanding the insulin receptor signal-
ing pathways is relevant  or the potential design o  rational 
therapeutics. The mechanism o  insulin receptor signaling is 
discussed in more detail in Chapter 31, Pharmacology o  the 
Endocrine Pancreas and Glucose Homeostasis. 

 Receptor Tyrosine Phosphatases 
 Just as receptor tyrosine kinases phosphorylate the tyro-
sine residues o  cytoplasmic proteins, receptor tyrosine 
phosphatases remove phosphate groups  rom specif c tyro-
sine residues. In some cases, this may be an example o  re-
ceptor convergence (discussed later), where the di  erential 
e  ects o  two receptor types can negate one another. How-
ever, receptor tyrosine phosphatases possess novel signaling 
mechanisms as well. Many receptor tyrosine phosphatases 
are  ound in immune cells, where they regulate cell activa-
tion. These receptors are discussed  urther in Chapter 46, 
Pharmacology o  Immunosuppression. 

 Tyrosine Kinase-Associated Receptors 
 Tyrosine kinase-associated receptors constitute a diverse 
 amily o  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 con usingly)  nonreceptor tyrosine kinases . 
Ligand activation o  cell sur ace 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 e  ect is much like that o  receptor 
tyrosine kinases, except that tyrosine kinase-associated re-
ceptors rely on a nonreceptor kinase to phosphorylate target 
proteins. Important examples o  tyrosine kinase-associated 
receptors include cytokine receptors and a number o  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 o  catalyzing the 
phosphorylation o  serine or threonine residues on cytoplas-
mic protein substrates. Ligands  or such receptors are typi-
cally members o  the trans orming growth  actor     (TGF-   ) 
super amily. Many receptor serine/threonine kinases are 
important mediators o  cell growth and di  erentiation that 
have been implicated in cancer progression and metastasis. 
While there are many approved drugs that target  cytosolic  
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and its success has led to the development o  a number o  
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-Abl iso orms, as well as the inhibitors o  growth 
 actor-responsive receptor tyrosine kinases discussed above. 
Indeed, the kinase targets o  antineoplastic drugs are diverse. 
For instance,  sorafenib  targets both receptor tyrosine kinases 
and intracellular serine/threonine kinases, and  vemurafenib  
is a recently approved late-stage melanoma treatment that 
targets a specif c mutant o  the serine/threonine kinase 
B-RAF. As a f nal example,  idelalisib  is 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  actors are important intracel-
lular receptors that are targeted by lipophilic drugs. All pro-
teins in the body are encoded by DNA. The transcription 
o  DNA into RNA and the translation o  RNA into protein 
are controlled by a diverse set o  molecules. Transcription o  
many genes is regulated, in part, by the interaction between 
lipid-soluble signaling molecules and transcription regu-
latory  actors. Because o  the  undamental role played by 
control o  transcription in many biological processes,  tran-
scription regulators  (also called  transcription factors ) are the 
targets o  some important drugs.  Steroid hormones  are a class 
o  lipophilic drugs that di  use readily through the plasma 
membrane and act by binding to transcription  actors in the 
cytoplasm or nucleus (Fig. 1-8). 

 Just as the shape o  a transcription  actor governs the 
drugs to which it binds, the shape also determines where on 
the genome the transcription  actor attaches and which co-
activator or corepressor molecules bind to it. By activating or 
inhibiting transcription, thereby altering the intracellular or 
extracellular concentrations o  specif c gene products, drugs 
that target transcription  actors can have pro ound e  ects 
on cellular  unction. The cellular responses to such drugs, 
and the e  ects that result  rom these cellular responses in 
tissues and organ systems, provide links between the mo-
lecular drug–receptor interaction and the e  ects o  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  actors o ten require a longer 
period o  time  or the onset o  action to take place, and have 
longer lasting e  ects, than do drugs that alter more transient 
processes such as ion conductance (seconds to minutes). 

 Structural Proteins 
  Structural proteins  are another important class o  intracellu-
lar drug targets. For example, the antimitotic vinca alkaloids 
bind to tubulin monomers and prevent the polymerization o  
this molecule into microtubules. Inhibition o  microtubule 
 ormation arrests the a  ected cells in metaphase, making the 
vinca alkaloids use ul antineoplastic drugs. 

 Nucleic Acids 
  Nucleic acids  are a  ourth subset o  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 

agents (such as  doxorubicin ) are mainstays o  treatment  or 
many cancers. Drugs composed o  nucleic acids can also tar-
get nucleic acids.  Antisense therapeutics  (such as the recently 
approved drug  mipomersen ) bind target mRNA to block tran-
scription o  specif c proteins. With continued development 
o  such antisense approaches and o  related RNA inter er-
ence (RNAi) therapeutics, such targeting could someday en-
able physicians to routinely modi y the expression levels o  
specif c 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 o  a milieu o  proteins and signaling 
molecules. Many o  these proteins serve a structural role, 
and others are used to communicate in ormation between 
cells. Enzymes that modi y the molecules mediating these 
important signals can in  uence physiologic processes such 
as vasoconstriction and neurotransmission. One example o  
this class o  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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 FIGURE 1-8. Lipophilic molecule binding to an intracellular transcription 
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 of the receptor is a homodimer (two identical recep-
tors binding to one another), but heterodimers (such as the thyroid hormone 
receptor and the retinoid X receptor) 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. 
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14 FUNDAMENTAL PRINCIPLES OF PHARMACOLOGY

 PROCESSING OF SIGNALS 
RESULTING FROM DRUG–RECEPTOR 
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 o  integration. As noted above, relatively 
 ew second messengers have been identif ed, and it is un-
likely that many more remain to be discovered. Thus, second 
messengers are an attractive candidate mechanism  or pro-
viding cells with a set o  common points upon which numer-
ous outside stimuli could converge to generate a coordinated 
cellular e  ect (Fig. 1-9). 

 Ion concentrations provide another point o  integra-
tion  or cellular e  ects because the cellular concentration 
o  a particular ion is the result o  the integrated activity o  
  multiple  ionic currents that both increase and decrease the 
concentration o  the ion within the cell. For example, the 
contractile state o  a smooth muscle cell is a  unction o  
the intracellular calcium ion concentration, which is de-
termined by several di  erent Ca 2     conductances. These 
conductances include calcium ion leaks into the cell and 
calcium currents into and out o  the cytoplasm through 
specialized channels in the plasma membrane and smooth 
 endoplasmic reticulum. 

 Because the magnitude o  cellular response is o ten 
considerably greater than the magnitude o  the stimulus 
that caused the response, cells appear to have the ability 
to ampli y the e  ects o  receptor binding. G proteins pro-
vide an excellent example o  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 e  ector molecules, such as adenylyl 
cyclase, which can then generate an even greater number 
o  second messenger molecules (in this example, cAMP). 
Another example o  signal amplif cation is “trigger Ca 2    ” 
or calcium-induced calcium release, in which a small in  ux 
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 FIGURE 1-9. Signaling convergence o  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 G protein-coupled receptors could be stimulated by different ligands. The receptor shown on the left is coupled to G    s , a G protein that stimulates 
adenylyl cyclase to catalyze the formation of cAMP. The receptor shown on the right is coupled to G    i , a G protein that inhibits adenylyl cyclase. When both 
of these 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. 

this enzymatic conversion and thereby lower blood pressure 
(among other e  ects; see Chapter 21). Another example is 
 acetylcholinesterase , which degrades acetylcholine a ter 
this neurotransmitter is released  rom 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  rom  interacting 
with their endogenous receptors. One set o  such drugs is the 
anti-TNF-    agents, including  etanercept ,  in  iximab ,  adalim-
umab , and others, which are commonly used to treat autoim-
mune diseases such as rheumatoid arthritis (see Chapter 46). 

 Cell Sur ace Adhesion Receptors 
 Cells o ten interact directly with other cells to per orm spe-
cif c  unctions or to communicate in ormation. The  orma-
tion o  tissues and the migration o  immune cells to a site 
o  in  ammation are examples o  physiologic processes that 
require cell–cell adhesive interactions. A region o  contact 
between two cells is termed an  adhesion , and cell–cell adhe-
sive interactions are mediated by pairs o   adhesion receptors  
on the sur aces o  the individual cells. In many cases, several 
such receptor–counter-receptor pairs combine to secure a 
f rm adhesion, and intracellular regulators control the activ-
ity o  the adhesion receptors by changing their a f nity or 
by controlling their expression and localization on the cell 
sur ace. Adhesion receptors also mediate adhesion o  cells to 
the extracellular matrix. Several adhesion receptors involved 
in the in  ammatory response are attractive targets  or selec-
tive inhibitors. Inhibitors o  a specif c class o  adhesion re-
ceptors, known as  integrins , have entered the clinic in recent 
years, and these drugs are used in the treatment o  a range 
o  conditions including thrombosis ( abciximab ,  eptif batide ), 
in  ammatory bowel disease ( vedolizumab ), and multiple 
sclerosis ( natalizumab ) (see Chapter 23, Pharmacology o  
Hemostasis and Thrombosis, and Chapter 46). 
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o  Ca 2     through voltage-gated Ca 2     channels in the plasma 
membrane “triggers” the release o  larger amounts o  Ca 2     
 rom intracellular stores into the cytoplasm. 

 CELLULAR REGULATION OF DRUG–
RECEPTOR INTERACTIONS 

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

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

 Another mechanism that can a  ect the cellular response 
caused by drug–receptor binding is called  refractoriness . 
Receptors that assume a  refractory  state  ollowing activa-
tion require a period o  time to pass be ore they can be 
stimulated again. As noted above, voltage-gated sodium 
channels, which mediate the f ring o  neuronal action po-
tentials, are subject to re ractory periods. A ter channel 
opening induced by membrane depolarization, the voltage-
gated sodium channel spontaneously closes and cannot 
be reopened  or some period o  time (called the  refractory 
period ). This inherent property o  the channel determines 
the maximum rate at which neurons can be stimulated and 
transmit in ormation. 

 The e  ect o  drug–receptor binding can also be in  uenced 
by drug-induced changes in the number o  receptors on or 
in a cell. One example o  a molecular mechanism by which 
receptor number can be altered is called   down-regulation . 
In this phenomenon, prolonged receptor stimulation by li-
gand induces the cell to  endocytose and  sequester  receptors 

in endocytic vesicles. This  sequestration prevents the re-
ceptors  rom 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 sur ace and thereby rendered  unctional 
again (Fig. 1-10). Cells also have the ability to alter the 
rates o  synthesis or degradation o  receptors and thereby 
to regulate the number o  receptors available  or 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 e  ects 
as well. Table 1-6 provides a summary o  the mechanisms 
by which the e  ects o  drug–receptor interactions can be 
regulated. 
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 FIGURE 1-10.    -Adrenergic receptor regulation. Agonist-bound 
   -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    -adrenergic 
receptor kinase (   ARK).    -Arrestin then binds to the phosphorylated domain 
of the receptor and blocks G s  binding, thereby decreasing adenylyl cyclase 
(effector) activity.  B.  Binding of    -arrestin also leads to receptor sequestra-
tion into endosomal compartments via clathrin-mediated endocytosis ( not 
shown ), effectively neutralizing    -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 ). 
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 CONCLUSION AND FUTURE 
DIRECTIONS 

 Although the molecular details o  drug–receptor interactions 
vary widely among drugs o  di  erent classes and receptors 
o  di  erent types, the  undamental mechanisms o  action 
described in this chapter serve as paradigms  or the principles 
o  pharmacodynamics. The ability to classi y drugs based on 
their receptors and mechanisms o  action makes it possible 
to simpli y the study o  pharmacology, because the molecu-
lar mechanism o  action o  a drug can usually be linked to its 
cellular, tissue, organ, and system levels o  action. In turn, it 
becomes easier to understand how a given drug mediates its 
therapeutic e  ects and its unwanted or adverse e  ects in a 
particular patient. The major aim o  modern drug develop-
ment is to identi y drugs that are highly selective by tailoring 
drug molecules to unique targets responsible  or disease. As 
knowledge o  drug development and the genetic and patho-
physiologic basis o  disease progresses, physicians and sci-
entists will learn to combine the  molecular  specif city o  a 
drug with the  genetic  and  pathophysiologic  specif city o  the 
drug target to provide more and more selective therapies. 
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 DRUGS THAT DO NOT FIT THE DRUG–
RECEPTOR MODEL 

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

 Diuretics control   uid balance in the body by altering the 
relative rates o  water and ion absorption and secretion in 
the kidney. Many o  these drugs act on ion channels. One 
class o  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 o  the nephron 
and increases the osmolarity o  the urine to such a degree 
that water is drawn  rom the peritubular blood into the 
lumen. This   uid shi t serves to increase the volume o  urine 
while decreasing the blood volume. 

 Another class o  drugs that does not f t the drug–receptor 
model is the antacids, which are used to treat gastroesopha-
geal re  ux disease and peptic ulcer disease. Unlike antiul-
cer agents that bind to receptors involved in the physiologic 
generation o  gastric acid, antacids act nonspecif cally by 
absorbing or chemically neutralizing stomach acid. Ex-
amples o  these agents include bases such as NaHCO 3  and 
Mg(OH) 2 . 

TABLE 1-6 Mechanisms of Receptor Regulation

MECHANISM  DEFINITION

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

Desensitization

 Homologous

 Heterologous

Decreased ability of a receptor to respond to 
stimulation by a drug or ligand
Decreased response at a single type of 

receptor
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
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 INTRODUCTION 
Pharmacodynamics  is the term used to describe the e  ects 
o  a drug on the body. These e  ects are typically described 
in quantitative terms. The previous chapter considered the 
molecular interactions by which pharmacologic agents exert 
their e  ects. The integration o  these molecular actions into 
an e  ect on the organism as a whole is the subject addressed 
in this chapter. It is important to describe the e  ects o  a drug 
quantitatively in order to determine appropriate dose ranges 
 or patients, as well as to compare the potency, e f cacy, 
and sa ety o  one drug to that o  another. 

 DRUG–RECEPTOR BINDING 
 The study o  pharmacodynamics is based on the concept o  
drug–receptor binding. When either a drug or an endogenous 
ligand (such as a hormone or neurotransmitter) binds to its 
receptor, a response may result  rom that binding interac-
tion. When a su f cient number o  receptors are bound (or 
“occupied”) on or in a cell, the cumulative e  ect o  receptor 
“occupancy” may become apparent in that cell. At some point, 
all o  the receptors may be occupied, and a maximal response 
may be observed (an exception is the case o  spare receptors; 
see below). When the response occurs in many cells, the e  ect 
can be seen at the level o  the organ or even the patient. But 
this all starts with the binding o  drug or ligand to a recep-
tor ( or the purpose o  discussion, “drug” and “ligand” will 
be used interchangeably  or the remainder o  this chapter). 
A model that accurately describes the binding o  drug to re-
ceptor would there ore be use ul in predicting the e  ect o  the 
drug at the molecular, cellular, tissue (organ), and organism 
(patient) levels. This section describes one such model. 

 Consider the simplest case, in which the receptor is either 
 ree (unoccupied) or reversibly bound to drug (occupied). 
We can describe this case as  ollows: 

L  R  LR 
kon

koff

Æ̈
  

Equation 2-1

 where  L  is ligand (drug),  R  is  ree receptor, and  LR  is bound 
drug–receptor complex. At equilibrium, the  raction o  re-
ceptors in each state is dependent on the dissociation con-
stant,  K  d , where  K  d       k  o   / k  on .  K  d  is an intrinsic property o  
any given drug–receptor pair. Although  K  d  varies with tem-
perature, the temperature o  the human body is relatively 
constant, and it can there ore be assumed that  K  d  is a con-
stant  or each drug–receptor combination. 

 According to the law o  mass action, the relationship be-
tween  ree and bound receptor can be described as  ollows: 

 
Kd  , rearranged to [LR]   [LR]

[L][R]
Kd

[L][R]

  
Equation 2-2

  

 where [ L ] is  ree ligand concentration, [ R ] is  ree receptor con-
centration, and [ LR ] is ligand–receptor complex concentration. 
Because  K  d  is a constant, some important properties o  the 
drug–receptor interaction can be deduced  rom this equation. 
First, as ligand concentration is increased, the concentration 
o  bound receptors increases. Second, and not so obvious, is 
that as  ree receptor concentration is increased (as may happen, 
 or example, in disease states or upon repeated exposure to a 
drug), bound receptor concentration also increases. There ore, 
 an increase in the effect of a drug can result from an increase in 
the concentration of either the ligand or the receptor . 

 The remainder o  the discussion in this chapter, how-
ever, assumes that the total concentration o  receptors is a 
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18 FUNDAMENTAL PRINCIPLES OF PHARMACOLOGY

 DOSE–RESPONSE RELATIONSHIPS 
 The pharmacodynamics o  a drug can be quantif ed by the 
relationship between the dose (concentration) o  the drug 
and the organism’s (patient’s) response to that drug. One 
might intuitively expect the dose–response relationship to 
be related closely to the drug–receptor binding relationship, 
and this turns out to be the case  or many drug–receptor 
combinations. Thus, a use ul assumption at this stage o  dis-
cussion is that  the response to a drug is proportional to the 
concentration o  receptors that are bound (occupied) by the 
drug . This assumption can be quantif ed by the  ollowing 
relationship: 

response
max response  [Ro]

[DR]
 

[D]
[D]   Kd   

Equation 2-5

 where [ D ] is the concentration o   ree drug, [ DR ] is the 
concentration o  drug–receptor complexes, [ R  o ] is the con-
centration o  total receptors, and  K  d  is the equilibrium disso-
ciation constant  or the drug–receptor interaction. (Note that 
the right side o  Equation 2-5 is equivalent to Equation 2-4, 
with [ D ] substituted  or [ L ].) The generalizability o  this as-
sumption is examined below. 

 There are two major types o  dose–response relationships—
graded and quantal. The di  erence between the two types is 
that graded dose–response relationships describe the e  ect 
o  various doses o  a drug on an individual, whereas quantal 
relationships show the e  ect o  various doses o  a drug on a 
population o  individuals. 

 Graded Dose–Response Relationships 
 Figure 2-2 shows graded dose–response curves  or two hy-
pothetical drugs that elicit the same biological response. 

constant, so that [ LR ]     [ R ]     [ R  o ]. This allows Equation 
2-2 to be arranged as  ollows: 

 

Ê
Ë

ˆ
¯

[Ro]   [R]   [LR]   [R]  
[L][R]

Kd

[L]1    [R]

Kd

  
Equation 2-3

 Solving  or [ R ] and substituting Equation 2-3 into Equation 
2-2 yields: 

, rearranged to[LR]  

[LR]
[Ro]

[Ro] [L]
[L]   Kd

[L]
[L]   Kd

 
  

Equation 2-4

 Note that the le t side o  this equation, [ LR ]/[ R  o ], represents 
the  raction o  all available receptors that are bound to ligand. 

 Figure 2-1 shows two plots o  Equation 2-4  or the bind-
ing o  two hypothetical drugs to the same receptor. These 
plots are known as  drug–receptor binding curves . Figure 2-1A 
shows a linear plot, and Figure 2-1B shows the same plot on 
a semilogarithmic scale. Because drug responses occur over 
a wide range o  doses (concentrations), the semilog plot is 
o ten used to display drug–receptor binding data. The two 
drug–receptor interactions are characterized by di  erent val-
ues o   K  d . In this case,  K  dA       K  dB . 

 Notice  rom Figure 2-1 that maximal drug–receptor bind-
ing occurs when [ LR ] is equal to [ R  o ], or [ LR ]/[ R  o ]     1. Also 
notice that, according to Equation 2-4, when [ L ]      K  d , then 
[ LR ]/[ R  o ]      K  d /2 K  d      ½. Thus,  K  d   can be def ned as the con-
centration o  ligand at which 50% o  the available receptors 
are occupied . 

 Adm ira l X is  a  66-year-o ld  re tired  sub-
m a rin e  ca p ta in  w ith  a  70 p a ck–ye a r 
sm oking  h is to ry (two  packs  a  day  o r 
35 years ) and  a   am ily h is tory o   coro-
nary a rte ry d isease . He  takes  da ily a tor-

vas ta tin  to  reduce  h is  choles tero l leve l and aspirin  to  
reduce  h is  risk o   coronary arte ry occlus ion . 

 One  day, while  working  in  h is  wood  shop , Adm i-
ra l X beg ins  to   ee l tigh tness  in  h is  ches t. The   ee ling  
rapidly becom es pa in  u l, and the  pain  rad ia tes  down 
h is  le  t a rm . He  ca lls  911, and  an  am bulance  trans-
ports  h im  to  the  loca l em ergency departm ent. A te r 
eva lua tion , it is  de te rm ined  tha t Adm ira l X is  having  
an  anterior m yocardia l in  arction . Because  Adm iral X 
canno t be  trans  e rred  to  a  hosp ita l with  a  ca rd iac 
ca th e te riza tion  la b o ra to ry w ith in  120 m in u te s  o   
f rs t m ed ica l con tact, and  he  ha s  no  re la tive  con-
tra ind ica tions  to  th rom bolytic the rapy (such  as  un-
contro lled  hypertens ion , h is tory o   s troke , o r recent 
su rge ry), the  phys ician  in itia te s  the rapy with  bo th  
a  th rom bolytic agent, tis sue-type  p lasm inogen  acti-
va to r (tPA), and  an  an ticoagulan t, heparin . Because  
o   the ir low therapeutic ind ices , im proper dos ing  o   

bo th  o   the se  d ru gs  can  have  d ire  consequences  
(hem orrha ge  and  dea th ). Th e re  o re , Adm ira l X is  
close ly m onitored , and  the  pharm acologic e   ect o   
the  heparin  is  m easured  period ica lly by tes ting  the  
partia l throm boplas tin  tim e (PTT). Adm ira l X’s  sym p-
tom s reso lve  over the  next severa l hours , a lthough 
he  rem ains  in  the  hospita l  o r m onitoring . He is  d is -
cha rged  a  te r 4 days  in  the  hosp ita l; h is  d is cha rge  
m edica tions  include  a to rvas ta tin , a sp irin , a teno lo l, 
lis inopril, and  clop idogre l  o r secondary prevention  
o   m yocard ia l in  a rction . 

 Questions 
1 .   How does the molecular interaction o  a drug with its re-

ceptor determine the potency and e f cacy o  the drug? 
2 .   Why does the  act that a drug has a low therapeutic 

index mean that the physician must use greater care 
in its administration? 

3 .   What properties o  certain drugs, such as aspirin, 
allow them to be taken without monitoring o  plasma 
drug levels, whereas other drugs, such as heparin, re-
quire such monitoring? 

vas ta tin  to  re
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C h a p t e r  2  Pharmacodynamics 19

that  ollows. Note again that the graded dose–response curve 
o  Figure 2-2 bears a close resemblance to the drug–receptor 
binding curve o  Figure 2-1, with  EC  50  replacing  K  d  and  E  max  
replacing  R  o . 

 Quantal Dose–Response Relationships 
  The quantal dose–response relationship plots the fraction 
of the population that responds to a given dose of drug 
as a function of the drug dose.  Quantal dose–response 
relationships describe the concentrations o  a drug that pro-
duce a given e  ect in a population. Figure 2-3 shows an 
example o  quantal dose–response curves. Because o  di  er-
ences in biological response among individuals, the e  ects 
o  a drug are seen over a range o  doses. The responses are 
def ned as either present or not present (i.e.,  quantal , not 
 graded ). Endpoints such as “sleep/no sleep” or “alive at 

The curves are presented on both linear and semilogarithmic 
scales. The curves are similar in shape to those in Figure 2-1, 
consistent with the assumption that response is proportional 
to receptor occupancy. 

 Two important parameters—potency and e f cacy—can 
be deduced  rom the graded dose–response curve. The  po-
tency ( EC  50 )  o  a drug is  the concentration at which the drug 
elicits 50% of its maximal response . The  e f cacy ( E  max )  is 
 the maximal response produced by the drug . In accordance 
with the assumption stated above, e f cacy can be thought o  
as the state at which receptor-mediated signaling is maximal 
and, there ore, additional drug will produce no additional 
response. This usually occurs when all the receptors are oc-
cupied by the drug. Some drugs, however, are capable o  elic-
iting a maximal response when less than 100% o  the drug’s 
receptors are occupied; the remaining receptors can be called 
 spare receptors . This concept is discussed  urther in the text 
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 FIGURE 2-1. Ligand–receptor binding curves.  A.  Linear graphs o  drug–
receptor binding  or two drugs with di  erent values o   K  d .  B.  Semilogarithmic 
graphs o  the same drug–receptor binding.  K  d  is the equilibrium dissocia-
tion constant  or a given drug–receptor interaction—a lower  K  d  indicates 
a  tighter  drug–receptor interaction (higher a f nity). Because o  this rela-
tionship, Drug A, which has the lower  K  d , will bind a higher proportion o  
total receptors than Drug B at any given drug concentration. Notice that  K  d  
corresponds to the ligand concentration [ L ] at which 50% o  the receptors 
are bound (occupied) by ligand. [ L ] is the concentration o   ree (unbound) 
ligand (drug), [ LR  ] is the concentration o  ligand–receptor complexes, and 
[ R  o ] is the total concentration o  occupied and unoccupied receptors. Thus, 
[ LR ]/[ R  o ] is the  fractional occupancy  o  receptors, or the  raction o  total 
receptors that are occupied (bound) by ligand. 
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 FIGURE 2-2. Graded dose–response curves. Graded dose–response 
curves demonstrate the e  ect o  a drug as a  unction o  its concentration. 
 A.  Linear graphs o  graded dose–response curves  or two drugs.  B.  Semilog-
arithmic graphs o  the same dose–response curves. Note the close resem-
blance to Figure 2-1: the  raction o  occupied receptors [ LR ]/[ R  o ] has been 
replaced by the  ractional e  ect  E/E  max , where  E  is a quantif able response to 
a drug (e.g., an increase in blood pressure).  EC  50  is the potency o  the drug, or 
the concentration at which the drug elicits 50% o  its maximal e  ect. In the 
f gure, Drug A is more potent than Drug B because it elicits a hal -maximal 
e  ect at a lower concentration than Drug B. Drugs A and B exhibit the same 
e f cacy (the maximal response to the drug). Note that potency and e f cacy 
are not intrinsically related—a drug can be extremely potent but have little 
e f cacy, and vice versa. [ L ] is drug concentration,  E  is e  ect,  E  max  is e f cacy, 
and  EC  50  is potency. 
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20 FUNDAMENTAL PRINCIPLES OF PHARMACOLOGY

 Agonists 
  An agonist is a molecule that binds to a receptor and stabi-
lizes the receptor in a particular conformation (usually, the 
active conformation).  When bound by an agonist, a typical 
receptor is more likely to be in its active con ormation than 
its inactive con ormation. Depending on the receptor, ago-
nists may be drugs or endogenous ligands. A use ul model 
 or understanding the relationship between agonist binding 
and receptor activation is shown in Equation 2-6: 

 DR  DR*

D   R  D   R*Æ̈

Æ̈
Ø≠  Ø≠

  

Equation 2-6

  

 where  D  and  R  are unbound ( ree) drug and receptor concen-
trations, respectively,  DR  is the concentration o  the agonist–
receptor complex, and  R * indicates the active con ormation 
o  the receptor. For most receptors and agonists,  R * and  DR  
are unstable species that exist only brie  y and are quantita-
tively insignif cant compared to  R  and  DR *. There ore, in 
most cases, Equation 2-6 simplif es to 

 *DR*D   R Æ̈
  Equation 2-7  

 Note that Equation 2-7 is identical to Equation 2-1, which 
was used  or the analysis o  drug–receptor binding. This 
suggests that,  or most receptors, agonist binding is propor-
tional to receptor activation. Some receptors, however, do 
have limited stability in the  R * and/or  DR  con ormations; 
in these cases, Equation 2-6 must be revisited (see below). 

 Equation 2-6 can also be used to illustrate quantitatively 
the concepts o  potency and e f cacy. Recall that potency is 
the agonist concentration required to elicit a hal -maximal 
e  ect, and e f cacy is the maximal e  ect o  the agonist. 
Assuming that a receptor is not active unless bound to a drug 
(i.e.,  R * is insignif cant compared to  DR *), Equation 2-8 
provides a quantitative description o  potency and e f cacy: 

 Potency

DR*DRD   R
k 

k kon

koff

Æ̈ Æ̈

Efficacy   

Equation 2-8

  

 Here,  k     is the rate constant  or receptor activation, and  k     
is the rate constant  or receptor deactivation. This equation 
demonstrates the relationship between potency ( K  d       k  o   / k  on ) 
and agonist binding ( D       R  ←→  DR ), as well as the relation-
ship between e f cacy ( k    / k    ) and the con ormational change 
required  or activation o  the receptor ( DR  ←→  DR *). These 
relationships are intuitive when we consider that more potent 
drugs are those that have a higher a f nity  or their receptors 
(lower  K  d ), and more e f cacious drugs are those that cause a 
higher  raction o  receptors to be activated. 

 Antagonists 
  An antagonist is a molecule that inhibits the action of an ago-
nist but has no effect in the absence of the agonist.  Figure 2-4 
shows one approach to classi ying the various types o  an-
tagonists. Antagonists can be divided into receptor and non-
receptor antagonists. A  receptor antagonist  binds to either 
the active site (agonist binding site) or an allosteric site on a 
receptor. Binding o  an antagonist to the active site prevents 
the binding o  the agonist to the receptor, whereas binding 

12 months/not alive at 12 months” are examples o  quantal 
responses; in contrast, graded dose–response relationships 
are generated using scalar responses such as change in blood 
pressure or heart rate. The goal is to generalize a result to a 
population rather than to examine the graded e  ect o  di -
 erent drug doses on a single individual. Types o  responses 
that can be examined using the quantal dose–response re-
lationship include e  ectiveness (therapeutic e  ect), toxicity 
(adverse e  ect), and lethality (lethal e  ect). The doses that 
produce these responses in 50% o  a population are known 
as the  median effective dose ( ED  50 ) ,  median toxic dose ( TD  50 ) , 
and  median lethal dose ( LD  50 ) , respectively. 

 DRUG–RECEPTOR INTERACTIONS 
 Many receptors  or drugs can be modeled as having two con-
 ormational states that are in reversible equilibrium with one 
another. These two states are called the  active state  and the 
 inactive state . Many drugs  unction as ligands  or such recep-
tors and a  ect the probability that the receptor exists pre er-
entially in one con ormation or the other. The pharmacologic 
properties o  drugs are o ten based on their e  ects on the 
state o  their cognate receptors. A drug that, upon binding to 
its receptor,  avors the active receptor con ormation is called 
an  agonist ; a drug that prevents agonist-induced activation 
o  the receptor is re erred to as an  antagonist . Some drugs 
do not f t neatly into this simple def nition o  agonist and an-
tagonist; these include  partial agonists  and  inverse agonists . 
The  ollowing sections describe these pharmacologic clas-
sif cations in more detail. 
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 FIGURE 2-3. Quantal dose–response curves. Quantal dose–response 
curves demonstrate the average e  ect o  a drug, as a  unction o  its con-
centration, in a population o  individuals. Individuals are typically observed 
 or the presence or absence o  a response (e.g., sleep or no sleep), and this 
result is then used to plot the percentage o  individuals who respond to each 
dose o  drug. Quantal dose–response relationships are use ul  or predicting 
the e  ects o  a drug when it is administered to a population o  individuals 
and  or determining population-based toxic doses and lethal doses. These 
doses are called the  ED  50  (dose at which 50% o  subjects exhibit a therapeu-
tic response to a drug),  TD  50  (dose at which 50% o  subjects experience a 
toxic response), and  LD  50  (dose at which 50% o  subjects die). Note that  ED  50  
is the dose at which 50% o  subjects respond to a drug, whereas  EC  50  (as 
described in the previous f gure) is the dose at which a drug elicits a hal -
maximal e  ect in an individual subject. 

Golan_Ch02.indd   20  12/29/15   1:43 PM



C h a p t e r  2  Pharmacodynamics 21

 physiologic antagonists  cause a physiologic e  ect opposite 
to that induced by the agonist. 

 Competitive Receptor Antagonists 
  A   competitive antagonist   binds reversibly to the active site 
of a receptor.  Unlike an agonist, which also binds to the ac-
tive site o  the receptor, a competitive antagonist does not 
stabilize the con ormation required  or receptor activation. 
There ore, the antagonist blocks an agonist  rom binding to 
its receptor, while maintaining the receptor in the inactive 
con ormation. Equation 2-9 is a modif cation o  Equation 2-7 
that incorporates the e  ect o  a competitive antagonist ( A ). 

 AR  A   D   R DR*Æ̈ Æ̈
  Equation 2-9  

 In this equation, a  raction o  the  ree receptor molecules ( R ) 
are unable to  orm a drug (agonist)–receptor complex ( DR *), 
because receptor binding to the antagonist results in the 

o  an antagonist to an allosteric site either alters the  K  d   or 
agonist binding or prevents the con ormational change re-
quired  or receptor activation. Receptor antagonists can also 
be divided into  reversible  and  irreversible antagonists ; that 
is, antagonists that bind to their receptors reversibly and 
those that bind irreversibly. Figure 2-5 illustrates the general 
e  ects o  these antagonist types on agonist binding; more 
detail is provided in the  ollowing sections. 

 A  nonreceptor antagonist  does not bind to the same re-
ceptor as an agonist, but it nonetheless inhibits the ability o  
an agonist to initiate a response. At the molecular level, this 
inhibition can occur by inhibiting the agonist directly (e.g., 
using antibodies), by inhibiting a downstream molecule in 
the activation pathway, or by activating a pathway that op-
poses the action o  the agonist. Nonreceptor antagonists can 
be divided into chemical antagonists and physiologic antag-
onists.  Chemical antagonists  inactivate an agonist be ore it 
has the opportunity to act (e.g., by chemical neutralization); 
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 FIGURE 2-4. Antagonist classif cation. Antagonists can be categorized based on whether they bind to a site on the receptor  or agonist (receptor antago-
nists) or interrupt agonist–receptor signaling by other means (nonreceptor antagonists). Receptor antagonists can bind either to the agonist (active) site 
or to an allosteric site on the receptor; in either case, they do not a  ect basal receptor activity (i.e., the activity o  the receptor in the absence o  agonist). 
Agonist (active) site receptor antagonists prevent the agonist  rom binding to the receptor. I  the antagonist competes with the ligand  or agonist site binding, 
it is termed a competitive antagonist; high concentrations o  agonist are able to overcome competitive antagonism. Noncompetitive active site antagonists 
bind covalently or with very high a f nity to the agonist site, so that even high concentrations o  agonist are unable to activate the receptor. Allosteric recep-
tor antagonists bind to the receptor at a site other than the agonist site. They do not compete directly with agonist  or receptor binding, but rather alter the 
 K  d   or agonist binding or inhibit the receptor  rom responding to agonist binding. High concentrations o  agonist are generally unable to reverse the e  ect 
o  an allosteric antagonist. Nonreceptor antagonists  all into two categories. Chemical antagonists sequester agonist and thus prevent the agonist  rom 
interacting with the receptor. Physiologic antagonists induce a physiologic response opposite to that o  an agonist, but by a molecular mechanism that does 
not involve the receptor  or agonist. 
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 FIGURE 2-5. Types o  receptor antagonists. A schematic illustrating the di  erences between agonist (active) site and allosteric antagonists.  A.  The un-
bound inactive receptor.  B.  The receptor activated by agonist. Note the con ormational change induced in the receptor by agonist binding,  or example, the 
opening o  a transmembrane ion channel.  C.  Agonist site antagonists bind to the receptor’s agonist site but do not activate the receptor; these agents block 
agonist binding to the receptor.  D.  Allosteric antagonists bind to an allosteric site (di  erent  rom the agonist site) and thereby prevent receptor activation, 
even when the agonist is bound to the receptor. 
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with the agonist  or binding to the active site, but rather by 
preventing receptor activation. The reversibility o  antago-
nist binding is nonetheless important, because the e  ect o  
an irreversible antagonist does not diminish when the  ree 
(unbound) drug is eliminated  rom the body, whereas the 
e  ect o  a reversible antagonist can be “washed out” over 
time as it dissociates  rom the receptor (see Equation 2-9). 

 A receptor that is bound by a noncompetitive antago-
nist can no longer be activated by the binding o  an agonist. 
There ore, the maximal response (e f cacy) o  the agonist is 
reduced. A characteristic di  erence between competitive and 
noncompetitive antagonists is that  competitive antagonists 
reduce agonist potency ,  whereas noncompetitive antagonists 
reduce agonist e f cacy . This di  erence can be explained by 
considering that a competitive antagonist continuously com-
petes  or receptor binding, e  ectively reducing the recep-
tor’s a f nity  or an agonist without limiting the number o  
available receptors. In contrast, a noncompetitive antagonist 
removes  unctional receptors  rom the system, thereby lim-
iting the number o  available receptors. Figures 2-6A and 
2-6B compare the e  ects o  competitive and noncompetitive 
antagonists on the agonist dose–response relationship. 

  Aspirin  is one example o  a noncompetitive antagonist. 
This agent irreversibly acetylates cyclooxygenase, the enzyme 

 ormation o  an antagonist–receptor complex ( AR ) instead. 
In e  ect, the  ormation o  the  AR  complex sets up a second 
equilibrium reaction that competes with the equilibrium  or 
agonist–receptor binding. Note that  AR  is incapable o  un-
dergoing a con ormational change to the active ( R *) state o  
the receptor. 

 Quantitative analysis yields the  ollowing equation  or 
agonist ( D ) binding to the receptor in the presence o  a com-
petitive antagonist ( A ): 

 

[Ro]
[DR]

 
[D]

[D]   Kd
Ê
Ë

ˆ
¯KA

[A]1  
  

Equation 2-10

  

 Equation 2-10 is similar to Equation 2-4, except that the e -
 ective  K  d  has been increased by a  actor o  (1     [ A ]/ K  A ), 
where  K  A  is the dissociation constant  or binding o  the an-
tagonist to the receptor (i.e.,  K  A      [ A ][ R ]/[ AR ]). Because 
an increase in  K  d  is equivalent to a decrease in potency,  the 
presence o  a competitive antagonist (A) reduces the potency 
o  an agonist (D) by a  actor o  (1      [ A ]/ K  A  ) . Although the 
potency o  an agonist decreases as the concentration o  com-
petitive antagonist increases, the e f cacy o  the agonist is un-
a  ected. This occurs because the agonist concentration [ D ] 
can be increased to counteract (“outcompete”) the antago-
nist, thereby “washing out” or reversing the e  ect o  the 
antagonist. Figure 2-6A shows the e  ect o  a competitive 
antagonist on the agonist dose–response relationship. Note 
that the competitive antagonist has the e  ect o  shi ting the 
agonist dose–response curve to the right, causing a decrease 
in agonist potency while maintaining agonist e f cacy. 

  Atorvastatin , the drug used in the case at the beginning o  
this chapter to lower Admiral X’s cholesterol, is an example 
o  a competitive antagonist. Atorvastatin is a member o  the 
HMG-CoA reductase inhibitor (statin) class o  lipid-lowering 
drugs. HMG-CoA reductase is an enzyme that catalyzes the 
reduction o  HMG-CoA, which is the rate-limiting step in 
cholesterol biosynthesis. The similarity between the chemi-
cal structures o  statins and HMG-CoA allows the statin 
molecule to bind to the active site o  HMG-CoA reductase 
and thereby to prevent HMG-CoA  rom binding. This inhi-
bition is reversible because no covalent bonds are  ormed 
between the statin and the enzyme. Inhibition o  HMG-CoA 
reductase decreases endogenous cholesterol synthesis and 
lowers the patient’s cholesterol levels. For a more detailed 
discussion o  the mechanism o  action o  atorvastatin and 
other HMG-CoA reductase inhibitors, see Chapter 20, Phar-
macology o  Cholesterol and Lipoprotein Metabolism. 

 Noncompetitive Receptor Antagonists 
  Noncompetitive antagonists  can bind to either the active site 
or an allosteric site o  a receptor (Fig. 2-4). A noncompetitive 
antagonist that binds to the active site o  a receptor can bind 
either covalently or with very high a f nity; in either case, the 
binding is e  ectively irreversible. Because an irreversibly 
bound active site antagonist cannot be “outcompeted,” even 
at high agonist concentrations, such an antagonist exhibits 
noncompetitive antagonism. 

 A noncompetitive allosteric antagonist acts by prevent-
ing the receptor  rom being activated, even when the agonist 
is bound to the active site. An allosteric antagonist exhibits 
noncompetitive antagonism regardless o  the reversibility o  
its binding, because such an antagonist acts not by competing 
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FIGURE 2-6. Antagonist effects on the agonist dose–response 
relationship. Competitive and noncompetitive antagonists have di  erent 
e  ects on potency (the concentration o  agonist that elicits a hal -maximal 
response) and e f cacy (the maximal response to an agonist).  A.  A competi-
tive antagonist reduces the potency o  an agonist, without a  ecting agonist 
e f cacy.  B.  A noncompetitive antagonist reduces the e f cacy o  an agonist. 
As shown here, most allosteric noncompetitive antagonists do not a  ect 
agonist potency.
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responsible  or generating thromboxane A 2  in platelets. In the 
absence o  thromboxane A 2  generation, platelet aggregation 
is inhibited. Because the inhibition is irreversible and plate-
lets are not capable o  synthesizing new cyclooxygenase 
molecules, the e  ects o  a single dose o  aspirin last  or 7 to 
10 days (the time required  or the bone marrow to generate 
new platelets), even though the  ree drug is cleared  rom the 
body much more rapidly. 

 Nonreceptor Antagonists 
 Nonreceptor antagonists can be divided into chemical an-
tagonists and physiologic antagonists. A  chemical antagonist  
inactivates the agonist o  interest by modi ying or sequester-
ing it, so that the agonist is no longer capable o  binding 
to and activating the receptor.  Protamine  is an example o  a 
chemical antagonist; this basic protein binds stoichiometri-
cally to the acidic  heparin  class o  anticoagulants and thereby 
inactivates these agents (see Chapter 23, Pharmacology o  
Hemostasis and Thrombosis). Because o  this chemical an-
tagonism, protamine can be used to terminate the e  ects o  
heparin rapidly. 

 A  physiologic antagonist  either blocks a receptor that me-
diates the physiologic response o  the receptor  or agonist or 
activates a receptor that mediates a response physiologically 
opposite to that o  the receptor  or agonist. For example, in 
the treatment o  hyperthyroidism,     -adrenergic antagonists  
are used as physiologic antagonists to counteract the tachy-
cardic e  ect o  excess thyroid hormone. Excess thyroid hor-
mone produces tachycardia, at least in part, via up-regulation 
o  cardiac    -adrenoceptors, and blocking    -adrenergic stim-
ulation relieves the tachycardia (see Chapter 11, Adrenergic 
Pharmacology, and Chapter 28, Pharmacology o  the Thy-
roid Gland). 

 Partial Agonists 
  A   partial agonist   is a molecule that binds to a receptor at its 
active site but produces only a partial response, even when 
all of the receptors are occupied (bound) by the agonist.  
Figure 2-7A shows a  amily o  dose–response curves  or 
several  ull and partial agonists. Each agonist acts by bind-
ing to the same site on the muscarinic acetylcholine (ACh) 
receptor. Note that butyl trimethylammonium (TMA) is not 
only more potent than longer chain derivatives at stimulating 
muscle contraction but also more e f cacious than some o  
the derivatives (e.g., the heptyl and octyl  orms) at produc-
ing a greater maximal response. For this reason, butyl TMA 
is a  full agonist  at the muscarinic ACh receptor, whereas the 
octyl derivative is a  partial agonist  at this receptor. 

 Because partial agonists and  ull agonists bind to the 
same site on a receptor, a partial agonist can reduce the re-
sponse produced by a  ull agonist. In this way, the partial 
agonist can act as a competitive antagonist. For this reason, 
partial agonists are sometimes called partial antagonists or 
even mixed agonist-antagonists. 

 It is interesting to consider how an agonist could pro-
duce a less-than-maximal response i  a receptor can exist 
in only the active or the inactive state. This is an area o  
current investigation,  or which several hypotheses have 
been proposed. Recall that Equation 2-6 was simplif ed to 
Equation 2-7 based on the assumption that  R  and  DR * are 
much more stable than  R * and  DR . But what would happen 
i  a drug (call it a partial agonist) could stabilize  DR  as well 
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 FIGURE 2-7. Full and partial agonist dose–response curves. There are 
many instances in which drugs that all act at the agonist site on the same 
receptor produce di  erent maximal e  ects.  A.  Various alkyl derivatives o  
trimethylammonium all stimulate muscarinic acetylcholine (ACh) recep-
tors to cause muscle contraction in the gut, but they produce di  erent 
maximal responses, even when all receptors are occupied. In this example, 
the butyl and hexyl trimethylammonium derivatives are  ull agonists—
although they have di  erent potencies, they are both capable o  eliciting 
a maximal response. Agonists that produce only a partial response, such 
as the heptyl and octyl derivatives, are called  partial agonists . Note that 
the dose–response curves o  these partial agonists plateau at values less 
than those o   ull agonists. ACh acts as a  ull agonist in this system ( not 
shown ).  B.  Partial agonists may be more or less potent than  ull agonists. In 
this case, buprenorphine ( ED  50      0.3 mg/kg) is more potent than morphine 
( ED  50      1.0 mg/kg), although it cannot achieve the same maximal response 
as the  ull agonist. Buprenorphine is used clinically in the treatment o  opioid 
addiction, where it is desirable to use a partial agonist that is less e f cacious 
than an addicting opioid such as heroin or morphine. Low concentrations 
o  the partial agonist buprenorphine bind tightly to the opioid receptor and 
competitively inhibit the binding o  the more e f cacious opioids. Very high 
doses o  buprenorphine show a paradoxically diminished analgesic e  ect 
that may be due to lower a f nity interactions o  the drug with non–mu-opioid 
receptors ( not shown ). 

Golan_Ch02.indd   23  12/29/15   1:43 PM


