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This textbook is dedicated to our students and to our academic colleagues who mentor
these students in the principles and applications of medicinal chemistry. The challenge for the student
is to master the chemical, pharmacological, pharmaceutical and therapeutic aspects of the drug and utilize
the knowledge of medicinal chemistry to effectively communicate with prescribing clinicians, nurses and other
members of the health care team, as well as in discussing drug therapy with patients.

Thomas L. Lemke
David A. Williams
Victoria F. Roche
S. William Zito
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As defined by IUPAC, medicinal chemistry is a chemistry-based
discipline, involving aspects of the biological, medical and phar-
maceutical sciences. It is concerned with the invention, discov-
ery, design, identification and preparation of biologically active
compounds, the study of their metabolism, the interpretation of
their mode of action at the molecular level and the construction
of structure-activity relationships (SAR), which is the relation-
ship between chemical structure and pharmacological activity for
a series of compounds.

As we look back 38 years to the first edition of Foye’s
Principles of Medicinal Chemistryand nearly 63 years to the first
edition of Wilson and Gisvold’s textbook, Organic Chemistry
in Pharmacy (later renamed 7Textbook of Organic Medicinal
and Pharmaceutical Chemistry), we can examine how the
teaching of medicinal chemistry has evolved over the last
half of the 20th century. Sixty years ago the approach to
teaching drug classification was based on chemical func-
tional groups; in the 1970s it was the relationship between
chemical structure and pharmacological activity for a series
of compounds, and today medicinal chemistry involves the
integration of these principles with pharmacology, phar-
maceutics, and therapeutics into a single multi-semester
course called pharmacodynamics, pharmacotherapeutics,
or another similar name. Drug discovery and development
will always maintain its role in traditional drug therapy, but
its application to pharmacogenomics may well become the
treatment modality of the future. In drug discovery, toxi-
cogenomics is used to improve the safety of drugs man-
dated by U.S. Food and Drug administration by studying
the adverse/toxic effects of drugs in order to draw conclu-
sions on the toxic and safety risk to patients. The scope of
knowledge in organic chemistry, biochemistry, pharmacol-
ogy, and therapeutics allows students to make generaliza-
tions connecting the physicochemical properties of small
organic molecules and peptides to the receptor and bio-
chemical properties of living systems.

Creating new drugs to combat disease is a complex
process. The shape of a drug must be right to allow it to
bind to a specific disease-related protein (i.e., receptor)
and to work effectively. This shape is determined by the
core framework of the molecule and the relative orien-
tation of functional groups in three dimensional space.
As a consequence, these generalizations, validated by
repetitive examples, emerge in time as principles of drug
discovery and drug mechanisms, principles that describe
the structural relationships between diverse organic mol-
ecules and the biomolecular functions that predict their
mechanisms toward controlling diseases.

Preface

Medicinal chemistry is central to modern drug discov-
ery and development. For most of the 20th century, the
majority of drugs were discovered either by identifying
the active ingredient in traditional natural remedies, by
rational drug design, or by serendipity. As we have moved
into the 21st century, drug discovery has focused on drug
targets and high-throughput screening of drug hits and
computer-assessed drug design to fill its drug pipeline.
Medicinal chemistry has advanced during the past sev-
eral decades from not only synthesizing new compounds
but to understanding the molecular basis of a disease and
its control, identifying biomolecular targets implicated as
disease-causing, and ultimately inventing specific com-
pounds (called “hits”) that block the biomolecules from
progressing to an illness or stop the disease in its tracks.
Medicinal chemists use structure-activity relationships to
improve the “hits” into “lead candidates” by optimizing
their selectivity against the specific target, reducing drug
activity against non-targets, and ensuring appropriate
pharmacokinetic properties involving drug distribution
and clearance.

These are tough times for the drug industry, as com-
panies are looking at diminishing pipelines of potential
new drugs, growing competition from generic versions
of their drugs and increasing pressure from regula-
tory agencies to ensure that products are both safe and
more effective than existing drugs. With the comple-
tion of sequencing of the human genome there are now
greater challenges facing the drug industry for applica-
tions of new technologies in discovery and development.
The number of drug targets once considered to be less
than 500, has doubled and is expected to increase ten-
fold. Diseases that were once thought to be caused by
a single pathology are now known to have differing eti-
ologies requiring highly specific medications. In order
to maintain its pipeline of new drugs, the drug industry
is integrating biopharmaceuticals, such as therapeutic
antibodies (e.g., in the treatment of arthritis), along with
small-molecule drugs. As the drug industry undergoes
reform, drug companies are developing collaborations
with academia for new sources of drug molecules.

The editors of this textbook are all medicinal chem-
ists, and our approaches to editing this seventh edition
of Foye’s Principles of Medicinal Chemistry are influenced by
our respective academic backgrounds. We believe that
our collaboration on this textbook represents a meld-
ing of our perspectives that will provide new dimensions
of appreciation and understanding for (all students. In
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addition we recognize the benefits of medicinal chemis-
try can only be valuable if the science can be translated
into improving the quality of life of our patients. As a
result it is essential that the student apply the chemistry
of the drugs to their patients and we have attempted to
bridge the gap between the science of drugs and the real
life situations through the use of scenarios and case stud-
ies. Finally in editing this multi-authored book we have
tried to promote a consistent style in the organization of
the respective chapters.

ORGANIZATIONAL PHILOSOPHY

The organizational approach taken in this textbook builds
from the principles of drug discovery, physicochemical
properties of drug molecules, and ADMET (absorption-
distribution-metabolism-excretion-toxicity) to their inte-
gration into therapeutic substances with application to
patient care. Our challenge has been to provide a com-
prehensive description of drug discovery and pharmaco-
dynamic agents in an introductory textbook. To address
the increasing emphasis in U.S. pharmacy schools on
integrating medicinal chemistry with pharmacology
and clinical pharmacy and the creation of one-semester
principle courses, we organized the book into four parts:
Part I: Principles of Drug Discovery; Part II: Drug
Receptors Affecting Neurotransmission and Enzymes as
Catalytic Receptors; Part III: Pharmacodynamic Agents
(with further subdivision into drugs affecting differ-
ent physiologic systems); and Part IV: Disease State
Management. Parts I and II are designed for a course
focused on principles of drug discovery and Parts II
through IV are relevant to integrated courses in medicinal
chemistry/pharmacodynamics/pharmacotherapeutics.

WHAT IS NEW IN THIS EDITION

The pharmacist sits at the interface between the health-
care system and the patient. The pharmacist has the
responsibility for improving the quality of life of the
patient by assuring the appropriate use of pharmaceuti-
cals. To do this appropriately, the pharmacist must bring
together the basic sciences of chemistry, biology, biophar-
maceutics and pharmacology with the clinical sciences.
In an attempt to relate the importance of medicinal
chemistry to the clinical sciences, each of the chapters
in Part II, Pharmacodynamic Agents, through Part IV,
Disease State Management, includes the following:

m A clinical significance section: At the beginning of
most chapters, a practicing clinician has provided a
statement of the clinical significance of medicinal
chemistry to the particular therapeutic class of drugs.

m A clinical scenario section: At the beginning of the
chapters in Part III and IV the clinician has pro-
vided a brief clinical scenario (mini-case) or real-
life therapeutic problem related to the disease state
under/consideration. A solution to the case or prob-
lem/appears at the end of the chapter along with
the 'medicinal chemist’s analysis of the solution.

The intent of this section is to pose a problem at the
beginning of the chapter to stimulate the student’s
thinking as he/she reads through the chapter and
then bring the learning “full circle” with the clini-
cian’s and chemist’s solution to the case/problem
revealed once the entire chapter has been read.

m A case study: Each of the above chapters ends with
a case study (see the “Introduction to Medicinal
Chemistry Case Studies” section of this preface).
As with previous editions of Foye’s Principles of
Medicinal Chemistry these cases are meant help
the student evaluate their comprehension of the
therapeutically relevant chemistry presented in the
chapter and apply their understanding in a stan-
dardized format to solving the posed problem. All
cases presented in this text underwent review by a
practicing pharmacist to ensure clinical accuracy
and relevance to contemporary practice.

In addition, the reader will find at the beginning of most
chapters a list of drugs (presented by generic or chemi-
cal names) discussed in that chapter. Additionally, at the
beginning of each chapter, one will find a list of the com-
monly used abbreviations in the chapter.

Severalnew chaptersappearin the seventh edition, includ-
ing Chapter 5, Membrane Drug Transporters; Chapter
16, Anesthetics: General and Local Anesthetics; Chapter
19, CNS Stimulants and Drugs of Abuse; and Chapter 42,
Obesity and Nutrition. Lastly, a second color has been added
to this edition to help emphasize particular points in the
chapters. In most figures where drug metabolism occurs the
point of metabolism is highlighted in red with coloration of
the functionality which has been changed.

STUDENT AND INSTRUCTOR RESOURCES

Student Resources

A Student Resource Center at http://thePoint.lww.com/
Lemke7e includes the following materials:

Full Text Online

Additional Case Studies

Answers to Additional Case Studies
Practice Quiz Questions

Drug Updates

U.S. Drug Regulation: An Overview

Instructor Resources

We understand the demand on an instructor’s time.
To facilitate and support your educational efforts, you
will have access to Instructor Resources upon adoption
of Foye’s Principles of Medicinal Chemistry, 7th edition. An
Instructor’s Resource Center at http://thePoint.Iww.
com/Lemke7e includes the following:

Full Text Online

Image Bank

Answers to In-Text Case Studies
Angel/Blackboard/WebCT Course Cartridges
U.S. Drug Regulation: An Overview
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INTRODUCTION TO MEDICINAL CHEMISTRY
CASE STUDIES

We are pleased to share our newest medicinal chemis-
try case studies with student and faculty users of Foye’s
Principles of Medicinal Chemistry. One case study is pro-
vided at the end of most chapters. This preface is written
to explain their scope and purpose, and to help those
who are unfamiliar with our technique of illustrating the
therapeutic relevance of chemistry get the most out of
the exercise.

Like the more familiar therapeutic case studies,
medicinal chemistry case studies are clinical scenarios
that present a patient in need of a pharmacist’s expert
intervention. The learner, most commonly in the role of
the pharmacist, evaluates the patient’s clinical and per-
sonal situation and makes a drug product selection from
a limited number of therapeutic choices. However, in a
medicinal chemistry case study, only the structures of the
potential therapeutic candidates are given. To make their

PREFACE ix

professional recommendation, students must conduct
a thorough analysis of key structure activity relationships
(SAR) in order to predict such things as relative potency,
receptor selectivity, duration of action and potential for
adverse reactions, and then apply the knowledge gained
to meet the patient’s therapeutic needs.

The therapeutic choices we offer in each case have
been purposefully selected to allow students to review the
therapeutically relevant chemistry of different classes of
drugs used to treat a particular disease. We recognize that
this approach might occasionally omit some compounds
viewed by practitioners as drugs of choice within a class
or the formulary entry at their practice sites. Faculty
employing the cases as in-class or take-home assignments
might alter the structural choices provided to meet their
teaching and learning goals, and this is certainly accept-
able. Regardless of how they are used, students working
thoughtfully and scientifically through the cases will not
only master chemical concepts and principles and rein-
force basic SAR, but also learn how to actively use their
unique knowledge of drug chemistry when thinking
critically about patient care. This skill will be invaluable
when, as practitioners, they are faced with a full gamut of
therapeutic options to analyze in order to ensure the best
therapeutic outcomes for their patients.

In short, here’s what we hope students will gain by
working our cases.

m Mastery of the important concepts needed to be
successful in the medicinal chemistry component
of the pharmacy curriculum;

m An ability to identify the relevance of drug chem-
istry to pharmacological action and therapeutic
utility, and to discriminate between therapeutic
options based on that understanding;

® An enhanced ability to think critically and scientifi-
cally about drug use;

® A commitment to caring about the impact of pro-
fessional decisions on patients’ quality of life;

m The ability to demonstrate the unique role of the
pharmacist as the chemist of the health care team.

We hope you find these case studies both challenging
and enjoyable, and we encourage you to use them as a
springboard to more in-depth discussions with your fac-
ulty and/or colleagues about the role of chemistry in
rational therapeutic decision-making.

Victoria F. Roche, PhD
S. William Zito, PhD
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The unprecedented increase in human life expectancy, which has
almost doubled in a hundred years, is mainly due to drugs and to
those who discovered them (1).

The history of all fields of science is comprised of the
ideas, knowledge, and available tools that have advanced
contemporary knowledge. The spectacular advances in
medicinal chemistry over the years are no exception.
Alfred Burger (1) stated that “...the great advances of
medicinal chemistry have been achieved by two types of
investigators: those with the genius of prophetic logic,
who have opened a new field by interpreting correctly
a few well-placed experiments, whether they pertained
to the design or the mechanism of action of drugs; and
those who have varied patiently the chemical structures
of physiologically active compounds until a useful drug
could be evolved as a tool in medicine.” To place the
development of medicinal chemical research into its
proper perspective, one needs to examine the evolution
of the ideas and concepts that have led to our present
knowledge.

Drugs of Antiquity

The oldest records of the use of therapeutic plants and
minerals are derived from the ancient civilizations of the
Chinese, the Hindus, the Mayans of Central America, and
the Mediterranean peoples of antiquity. The Emperor
Shen Nung (2735 Bc) compiled what may be called a
pharmacopeia including ch’ang shang, an antimalarial
alkaloid, and ma huang, from which ephedrine was iso-
oogra fruit was known to the indigenous

History and Evolution
of Medicinal Chemistry

Joun L. NEUMEYER

American Indians, and the ipecacuanha root containing
emetine was used in Brazil for the treatment of dysen-
tery and is still used for the treatment of amebiasis. The
early explorers found that the South American Indians
also chewed coca leaves (containing cocaine) and used
mushrooms (containing methylated tryptamine) as hal-
lucinogens. In ancient Greek apothecary shops, herbs
such as opium, squill, and Hyoscyamus, viper toxin, and
metallic drugs such as copper and zinc ores, iron sulfate,
and cadmium oxide could be found.

The Middle Ages

The basic studies of chemistry and physics shifted from
the Greco-Roman to the Arabian alchemists between the
13th and 16th centuries. Paracelsus (1493-1541) glori-
fied antimony and its salts in elixirs as cure-alls in the
belief that chemicals could cure disease.

The 19th Century: Age of Innovation and Chemistry

The 19th century saw a great expansion in the knowledge
of chemistry, which greatly extended the herbal pharma-
copeia that had previously been established. Building
on the work of Antoine Lavoisier, chemists throughout
Europe refined and extended the techniques of chemical
analysis. The synthesis of acetic acid by Adolph Kolbe in
1845 and of methane by Pierre Berthelot in 1856 set the
stage for organic chemistry. Pharmacognosy, the science
that deals with medicinal products of plant, animal, or
mineral origin in their crude state, was replaced by physi-
ologic chemistry. The emphasis was shifted from finding

1
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new medicaments from the vast world of plants to finding
the active ingredients that accounted for their pharmaco-
logic properties. The isolation of morphine by Friedrich
Serturner in 1803, the isolation of emetine from ipeca-
cuanha by Pierre-Joseph Pelletier in 1816, and his puri-
fication of caffeine, quinine, and colchicine in 1820 all
contributed to the increased use of “pure” substances as
therapeutic agents. In the 19th century, digitalis was used
by the English physician and botanist, William Withering,
for the treatment of edema. Albert Niemann isolated
cocaine in 1860, and in 1864, he isolated the active ingre-
dient, physostigmine, from the Calabar bean. As a result
of these discoveries and the progress made in organic
chemistry, the pharmaceutical industry came into being
at the end of the 19th century (2).

The 20th Century and the Pharmaceutical Industry

Diseases of protozoal and spirochetal origin responded
to synthetic chemotherapeutic agents. Interest in syn-
thetic chemicals that could inhibit the rapid repro-
duction of pathogenic bacteria and enable the host
organism to cope with invasive bacteria was dramatically
increased when the red dyestuff 2,4-diaminoazobenzene-
4’-sulfonamide (Prontosil) reported by Gerhard Domagk
dramatically cured dangerous systemic gram-positive bac-
terial infections in man and animals. The observation by
Woods and Fildes in 1940 that the bacteriostatic action of
sulfonamide-like drugs is antagonized by p-aminobenzoic
acid is one of the early examples in which a balance of
stimulatory and inhibitory properties depends on the
structural analogies of chemicals.

That, together with the discovery of penicillin by
Alexander Fleming in 1929 and its subsequent exami-
nation by Howard Florey and Ernst Chain in 1941, led
to a water-soluble powder of much higher antibacterial
potency and lower toxicity than that of previously known
synthetic chemotherapeutic agents. With the discovery
of a variety of highly potent anti-infective agents, a sig-
nificant change was introduced into medical practice.

DEVELOPMENTS LEADING TO VARIOUS
MEDICINAL CLASSES OF DRUGS

Psychopharmacologic Agents and the Era of Brain
Research

Psychiatrists have been using agents active in the central
nervous system for hundreds of years. Stimulants and
depressants were used to modify the mood and mental
states of psychiatric patients. Amphetamine, sedatives,
and hypnotics were used to stimulate or depress the
mental states of patients. Was it the synthesis of chlor-
promazine by Paul Charpentier that caused a revolution
in the treatment of schizophrenia? Who really discovered
chlorpromazine? Was it Charpentier, who first synthe-
sized the molecule in 1950 at Rhone-Poulenc’s research
laboratory; Simone Courvoisier, who reported distinc-
tive_effects’on animal behavior; Henri Laborit, a French

military surgeon who first noticed distinctive psychotro-
pic effects in man; or Pierre Deniker and Jean Delay,
French psychiatrists who clearly outlined what has now
become its accepted use in psychiatry and without whose
endorsement and prestige Rhone-Poulenc might never
have developed it further as an antipsychotic? Because of
the bitter disputes over the discovery of chlorpromazine,
no Nobel Prize was ever awarded for what has been the
single most important breakthrough in psychiatric treat-
ment (Fig. 1).

The discovery of the antidepressant effects of the anti-
tubercular drug iproniazid (isopropyl congener of isoni-
azid), which has monoamine oxidase (MAO)-inhibiting
activity, led to a series of MAO inhibitor antidepressants
including phenelzine (Nardil) and tranylcypromine
(Parnate), which are still used clinically. Soon after,
the first dibenzazepine (tricyclic) antidepressant imipra-
mine was introduced by Ciba-Geigy Corporation in 1957 a
series of tricyclic compounds synthsized initially as struc-
tural analogs of phenothiazines, were developed. The tri-
cyclic antidepressants are not antipsychotic, but instead
elevate mood by blocking the transport inactivation of
monoamine neurotransmitters including norepineph-
rine and serotonin. In the late 1980s, a series of selec-
tive serotonin reuptake or transport inhibitors (SSRIs)
were developed, starting with R,Szimelidine from Astra
Pharmaceutica (which proved to be toxic) and then R,§
fluoxetine (Prozac) from Eli Lilly and Company, the first
commercially successful SSRI and the first psychotropic
agent to attain an annual market above $1 billion.

The antianxiety agents, including a large series of
benzodiazepines (including chlordiazepoxide [Librium]
and diazepam [Valium] and the carbamate meprobamate
[Miltown]), are examples of the serendipitous discovery
of new drugs based on random screening of newly syn-
thesized chemicals (Fig. 1). The discovery of these drugs
was based on observations of effects on the behavior of
animals used in screening bioassays. In 1946, Frank M.
Berger observed unusual and characteristic paralysis and
relaxation of voluntary muscles in laboratory animals for
different series of compounds. At this point, the treat-
ment of ambulatory anxious patients with meprobamate
and psychotic patients with one of the aminoalkylpheno-
thiazine drugs was possible.

There was a need for drugs of greater selectivity in
the treatment of anxiety because of the side effects often
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FIGURE 1 Psychopharmacologic agents.
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encountered with phenothiazines. Leo Sternback, a
chemistworkingin the research laboratory of Hoffman-La
Roche in New Jersey, decided to reinvestigate a relatively
unexplored class of compounds that he had studied
in the 1930s when he was a postdoctoral fellow at the
University of Cracow in Poland. He synthesized about
40 compounds in this series, all of which were disappoint-
ing in pharmacologic tests, so the project was abandoned.
In 1957, during a cleanup of the laboratory, one com-
pound synthesized 2 years earlier had crystallized and
was submitted for testing to L.O. Randall, a pharmacolo-
gist. Shortly thereafter, Randall reported that this com-
pound was hypnotic and sedative and had antistrychnine
effects similar to those of meprobamate. The compound
was named chlordiazepoxide and marketed as Librium
in 1960, just 3 years after the first pharmacologic obser-
vations by Randall. Structural modifications of benzodi-
azepine derivatives were undertaken, and a compound
5 to 10 times more potent than chlordiazepoxide was
synthesized in 1959 and marketed as diazepam (Valium)
in 1963. The synthesis of many other experimental ana-
logs soon followed, and by 1983, about 35 benzodiaze-
pine drugs were available for therapy (see Chapter 15).
Benzodiazepines are used in the pharmacotherapy of
anxiety and related emotional disorders and in the treat-
ment of sleep disorders, status epilepticus, and other
convulsive states. They are used as centrally acting muscle
relaxants, for premedication, and as inducing agents in
anesthesiology.

Endocrine Therapy and Steroids

The first pure hormone to be isolated from the endo-
crine gland was epinephrine, which led to further
molecular modifications in the area of sympathomi-
metic amines. Subsequently, norepinephrine was also
identified from sympathetic nerves. The development
of chromatographic techniques allowed the isolation
and characterization of a multitude of hormones from
a single gland. In 1914, biochemist Edward Kendall
isolated thyroxine from the thyroid gland. He subse-
quently won the Nobel Prize in Physiology or Medicine
in 1950 for his discovery of the activity of cortisone. Two
of the hormones of the thyroid gland, thyroxine (T,)
and liothyronine (T,), have similar effects in the body
regulating metabolism, whereas the two hormones from
the posterior pituitary gland—vasopressin, which exerts
pressor and antidiuretic activity, and oxytocin, which
stimulates lactation and uterine motility—differ consid-
erably both in their chemical structure and physiologic
activity. (Fig. 2)

Less than 50 years after the discovery of oxytocin by
Henry Dale in 1904, who found that an extract from the
human pituitary gland contracted the uterus of a preg-
nant cat, the biochemist Vincent du Vigneud synthesized
the cyclic peptide hormone. His work resulted in the
Nobel Prize in Chemistry in 1955.

A major achievement in drug discovery and develop-
mentsWas the discovery of insulin in 1921 from animal
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FIGURE 2 Hormones from the endocrine glands.

sources. Frederick G. Banting and Charles H. Best, work-
ing in the laboratory of John J.R. McLeod at the University
of Toronto, isolated the peptide hormone and began
testing it in dogs. By 1922, researchers, with the help of
James B. Collip and the pharmaceutical industry, puri-
fied and produced animal-based insulin in large quanti-
ties. Insulin soon became a major product for Eli Lilly
& Co. and Novo Nordisk, a Danish pharmaceutical com-
pany. In 1923, McLeod and Bunting were awarded the
Nobel Prize in Medicine or Physiology, and after much
controversy, they shared the prize with Collip and Best.
For the next 60 years, cattle and pigs were the major
sources of insulin. With the development of genetic
engineering in the 1970s, new opportunities arose for
making synthetic insulin that is chemically identical to
human insulin. In 1978, the biotech company Genentech
and the City of Hope National Medical Center produced
human insulin in the laboratory using recombinant
DNA technology. By 1982, Lilly’s Humulin became the
first genetically engineered drug approved by the U.S.
Food and Drug Administration (FDA). At about the same
time, Novo Nordisk began selling the first semisynthetic
human insulin made by enzymatically converting por-
cine insulin. Novo Nordisk was also using recombinant
technology to produce insulin. Recombinant insulin was
a significant milestone in the development of genetically
engineered drugs and combined the technologies of the
biotech companies with the know-how and resources
of the major pharmaceutical industries. Inhaled insu-
lin was approved by the FDA in 2006. Many drugs are
now available (see Chapter 27) to treat the more com-
mon type 2 diabetes in which insulin production needs
to be increased. Insulin had been the only treatment
for type 1 diabetes until 2005 when the FDA approved
Amylin Pharmaceuticals’ Symlin to control blood sugar
levels in combination with the peptide hormone. The
isolation and purification of several peptide hormones
of the anterior pituitary and hypothalamic-releasing hor-
mones now make it possible to produce-synthetic peptide
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agonists and antagonists that have important diagnostic
and therapeutic applications.

Extensive and remarkable advances in the endocrine
field have been made in the group of steroid hormones.
The isolation and characterization of minute amounts of
the active principles of the sex glands and from the adre-
nal cortex eventually led to their total synthesis. Male
and female sex hormones are used in the treatment of
a variety of disorders associated with sexual development
and the sexual cycles of males and females, as well as in
the selective therapy of malignant tumors of the breast
and prostate gland. Synthetic modifications of the struc-
ture of the male and female hormones have furnished
improved hormonal compounds such as the anabolic
agents (see Chapter 40). Since early days, women have
ingested every manner of substance as birth control
agents. In the early 1930s, Russell Marker found that, for
hundreds of years, Mexican women had been eating wild
yams of the Dioscorea genus for contraception, with appar-
ent success. Marker determined that diosgenin is abun-
dant in yams and has a structure similar to progesterone.
Marker was able to convert diosgenin into progesterone,
a substance known to stop ovulation in rabbits. However,
progesterone is destroyed by the digestive system when
ingested. In 1950, Carl Djerassi, a chemist working at the
Syntex Laboratories in Mexico City, synthesized noreth-
indrone, the first orally active contraceptive steroid, by
a subtle modification of the structure of progesterone.
Gregory Pincus, a biologist working at the Worcester
Foundation for Experimental Biology in Massachusetts
studied Djerassi’s new steroid together with its double
bond isomer norethynodrel (Fig. 3).

By 1956, clinical studies led by John Rock, a gynecol-
ogist, showed that progesterone, in combination with
norethindrone, was an effective oral contraceptive. G.D.
Searle was the first on the market with Enovid, a combi-
nation of mestranol and norethynodrel. In 2005, it was
estimated that 11 million American women and about
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100 million women worldwide were using oral contracep-
tive pills. In 1993, the British weekly The Economist con-
sidered the pill to be one of the seven wonders of the
modern world, bringing about major changes in the eco-
nomic and social structure of women globally.

In the early 1930s, chemists recognized the similarity
of alarge number of natural products including the adre-
nocortical steroids such as hydrocortisone. The medici-
nal value of Kendall’s Compound F and Reichstein’s
Compound M was quickly recognized. The 1950 Nobel
Prize in Physiology or Medicine was awarded to Phillip S.
Hench, Edward C. Kendall, and Tadeus Reichstein “...for
their discovery relating to the hormones of the adrenal
cortex, their structure and biological effects.”

An interesting development in the study of gluco-
corticoids led in 1980 to the synthesis of the “abortion
pill,” Ru-486, synthesized by Etienne-Emile Beaulieu,
a consultant to the French pharmaceutical company,
Rousel-Uclaf. Researchers at that time were investigating
glucocorticoid antagonists for the treatment of breast
cancer, glaucoma, and Cushing syndrome. In screening
RU-486, researchers at Rousel-Uclaf found that it had
both antiglucocorticoid activity as well as high affinity
for progesterone receptors where it could be used for
fertility control. RU-486, also known as mifepristone
(Mifeprex), entered the French market in 1988, but
sales were suspended by Rousel-Uclaf when antiabortion
groups threatened to boycott the company. In 1994, the
company donated the United States rights to the New
York City—based Population Council, a nonprofit repro-
ductive and population control research institution.
Mifepristone is now administered in doctors’ offices as
a tablet in combination with misoprostol, a prostaglan-
din that causes uterine contractions to help expel the
embryo. The combination of mifepristone and miso-
prostol is more than 90% effective. Plan B, also known
as the “morning after pill,” has been referred to as an
emergency contraceptive. It contains levonorgestrel, the
same progestin that is in “the pill,” and should be taken
within 3 days of unprotected sex and can reduce the risk
of pregnancy by 89%.

Anesthetics and Analgesics

The first use of synthetic organic chemicals for the mod-
ulation of life processes occurred when nitrous oxide,
ether, and chloroform were introduced in anesthesia
during the 1840s. Horace Wells, a dentist in Hartford,
Connecticut, administered nitrous oxide during a tooth
extraction while Crawford Long, a Georgia physician,
used ether as an anesthetic for excising a growth on a
patient’s neck. It was William Morton, a 27-year-old den-
tist, however, who gave the first successful public demon-
stration of surgical anesthesia on October 16, 1846, at the
surgical amphitheater that is now called the Ether Dome
at Massachusetts General Hospital. Morton attempted to
patent his discovery but was unsuccessful, and he died
penniless in 1868. Chloroform had also been used as an
anesthetic at St. Bartholomew’s Hospital-in London. In
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Paris, France, Pierre Fluorens tested both chloroform
and ethyl chloride as anesthetics in animals.

The potent and euphoric properties of the extract
of the opium poppy have been known for thousands of
years. In the 16th century, the Swiss physician and alche-
mist, Paracelsus (1493-1541) popularized the use of
opium in Europe. At that time, an alcoholic solution of
opium, known as laudanum, was the method of admin-
istration. Morphine was first isolated in pure crystalline
form from opium by the German apothecary, Fredrick
W. Sertiirner, in 1805 who named the compound “mor-
phium” after Morpheus, the Greek god of dreams. It
took another 120 years before the structure of morphine
was elucidated by Sir Robert Robinson at the University
of Oxford. The chemistry of morphine and the other
opium alkaloids obtained from Papaver somniferum has
fascinated and occupied chemists for over 200 years,
resulting in many synthetic analgesics available today
(see Chapter 20). (-)-Morphine was first synthesized by
Marshall Gates at the University of Rochester in 1952.
Although a number of highly effective stereoselective
synthetic pathways have been developed, it is unlikely
that a commercial process can compete with its isola-
tion from the poppy. Diacetylmorphine, known as her-
oin, is highly addictive and induces tolerance. The illicit
worldwide production of opium now exceeds the phar-
maceutical production by almost 10-fold. In the United
States, some 800,000 people are chemically addicted to
heroin, and a growing number are becoming addicted to
OxyContin, a synthetic opiate also known as oxycodone.
Another synthetic opiate, methadone, relaxes the craving
for heroin or morphine. A series of studies in the 1960s
at Rockefeller University by Vincent Dole and his wife,
Marie Nyswander, found that methadone could also be a
viable maintenance treatment to keep addicts from her-
oin. It is estimated that there are about 250,000 addicts
taking methadone in the United States. It has not been
widely recognized in the United States that opiate addic-
tion is a medical condition for which there is no known
cure. More than 80% of United States heroin addicts still
lack access to methadone treatment facilities, primarily
due to the stigma against drug users and the medical dis-
tribution of methadone.

It has been only within the last 40 years that scientists
have begun to understand the effects of opioid analgesics
at the molecular level. Beckett and Casey at the University
of London proposed in 1954 that opiate effects were recep-
tor mediated, but it was not until the early 1970s that the
stereospecific binding of opiates to specific receptors was
demonstrated. The characterization and classification of
three different types of opioid receptors, mu, kappa, and
delta, by William Martin formed the basis of our current
understanding of opioid pharmacology. The demonstra-
tion of stereospecific binding of radiolabeled ligands to
opioid receptors led to the development of radiorecep-
tor binding assays for each of the opioid receptor types,
a technigue /fhat has been of major importance in the
identification of selective opioids as well as many other
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receptors. In 1973, Avram Goldstein, Solomon Snyder,
Ernst Simon, and Lars Terenius independently described
saturable, stereospecific binding sites for opiate drugs in
the mammalian nervous system. Shortly thereafter, John
Hughes and Hans Kosterlitz, working at the University of
Aberdeen in Scotland, described the isolation from pig
brains of two pentapeptides that exhibited morphine-like
actions on the guinea pig ileum. At about the same time,
Goldstein reported the presence of peptide-like sub-
stances in the pituitary gland showing opiate-like activ-
ity. Subsequent research revealed that there are three
distinct families of opiate peptides: the enkephalins, the
endorphins, and the dynorphins.

Hypnotics and Anticonvulsants

Since antiquity, alcoholic beverages and potions con-
taining laudanum, an alcoholic extract of opium, and
various other plant products have been used to induce
sleep. Bromides were used in the middle of the 19th
century as sedative-hypnotics, as were chloral hydrate,
paraldehyde, urethane, and sulfenal. Joseph von
Merring, on the assumption that a structure having
a carbon atom carrying two ethyl groups would have
hypnotic properties, investigated diethyl acetyl urea,
which proved to be a potent hypnotic. Further investiga-
tions led to 5,5-diethylbarbituric acid, a compound syn-
thesized 20 years earlier in 1864 by Adolph von Beyer.
Phenobarbital (5-ethyl-5-phenylbarbituric acid) (Fig. 4)
was synthesized by the Bayer Pharmaceutical Company
and introduced to the market under the name Luminol.
The compound was effective as a hypnotic, but also
exhibited properties as an anticonvulsant. The success of
phenobarbital led to the testing of more than 2,500 bar-
biturates, of which about 50 were used clinically, many
of which are still in clinical use. Modification of the bar-
bituric acid molecule also led to the development of the
hydantoins. Phenytoin (also known as diphenylhydantoin
or Dilantin) (Fig. 4) was first synthesized in 1908, but its
anticonvulsant properties were not discovered until 1938.
Because phenytoin was not a sedative at ordinary doses, it
established that antiseizure drugs need notinduce drows-
iness and encouraged the search for drugs with selective
antiseizure action.

Local Anesthetics

The local anesthetics can be traced back to the naturally
occurring alkaloid cocaine isolated from Erythroxylon
coca. A Viennese ophthalmologist, Carl Koller, had
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experimented with several hypnotics and analgesics for
use as a local anesthetic in the eye. His friend, Sigmund
Freud, suggested that they attempt to establish how
the South American Indians allayed fatigue by chew-
ing leaves of the coca bush. Cocaine had been isolated
from the plant by the Swedish chemist Albert Niemann
at Gothenburg University in 1860. Koller found that
cocaine numbed the tongue, and thus, he discovered a
local anesthetic. He quickly realized that cocaine was an
effective, nonirritating anesthetic for the eye, leading to
the widespread use of cocaine in both Europe and the
United States. (Carl Koller’s nickname among Viennese
medical students was “Coca Koller”). Richard Willstatter
in Munich determined the structure of both cocaine and
atropine in 1898 and succeeded in synthesizing cocaine
3 years later. Although today cocaine is of greater his-
toric than medicinal importance and is widely abused,
few developments in the chemistry of local anesthetics
can disclaim a structural relationship to cocaine (Fig. 5).
Benzocaine, procaine, tetracaine, and lidocaine all can
be considered structural analogs of cocaine, a classic
example of how structural modification of a natural
product can lead to useful therapeutic agents.

Drugs Affecting Renal and Cardiovascular Function

Included in this category are drugs used in the treatment
of myocardial ischemia, congestive heart failure, vari-
ous arrhythmias, and hypercholesterolemia. Only two
examples of drug development will be highlighted. Use
of the cardiac drug digoxin dates back to the folk remedy
foxglove attributed to William Withering who, in 1775,
discovered that the foxglove plant, Digitalis purpurea,
was beneficial to those suffering from abnormal fluid
buildup. The active principles of digitalis were isolated
in 1841 by E. Humolle and T. Quevenne in Paris. They
consisted mainly of digitoxin. The other glycosides of
digitalis were subsequently isolated in 1869 by Claude A.
Nativelle and in 1875 by Oswald Schmiedberg. The cor-
rect structure of digitoxin was established more than 50
years later by Adolf Windaus at Gothenburg University.
In 1929, Sydney Smith at Burroughs Wellcome isolated
and separated a new glycoside from D. purpurea, known
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FIGURE 5Synthetic local anesthetics development based on the
structure of/Cocaine.

as digoxin. This is now the most widely used cardiac
glycoside. Today, dried foxglove leaves are processed to
yield digoxin much like the procedure used by Withering.
It takes about 1,000 kg of dried foxglove leaves to make
1 kg of pure digitalis.

It is the group of drugs used in the therapy of hyper-
cholesterolemia that has received the greatest success
and financial reward for the pharmaceutical industry
during the last two decades. Cholesterol-lowering drugs,
known as statins, are one of the cornerstones in the pre-
vention of both primary and secondary heart diseases.
Drugs such as Merck’s lovastatin (Mevacor) and Pfizer’s
atorvastatin (Lipitor) are a huge success (Fig. 6). In
2004, Lipitor was the world’s top selling drug, with sales
of more than $10 billion. As a class, cholesterol- and
triglyceride-lowering drugs were the world’s top selling
category, with sales exceeding $30 billion. The discovery
of the statins can be credited to Akira Endo, a research
scientist at Sankyo Pharmaceuticals in Japan (3). Endo’s
1973 discovery of the first anticholesterol drug has
almost been relegated to obscurity. The story of his
research and the discovery of lovastatin are not typical
but often escape attention. When Endo joined Sankyo
after his university studies to investigate food ingredients,
he searched for a fungus that produced an enzyme to
make fruit juice less pulpy. The search was a success, and
Endo’s next assignment was to find a drug which would
block the enzyme hydroxymethylglutaryl-coenzyme A
(HMG-CoA) a key enzyme essential to the production
of cholesterol. With Endo’s interest and background, he
searched for fungi that would block this enzyme. In 1973,
after testing 6,000 fungal broths Endo found a substance
made by the mold Penicillium citrinum that was a potent
inhibitor on the enzyme needed to make cholesterol; it
was named compactin (mevastatin) (Fig. 6). However,
the substance did not work in rats but did work in hens
and dogs. Endo’s bosses were unenthusiastic about
his discovery and discouraged further research with this
compound. With the collaboration of Akira Yamamoto,
a physician treating patients with extremely high cho-
lesterol due to a genetic defect, Endo prepared samples
of his drug, and it was administered to an 18-year-old

HO CO,H
.\OH
H
F
¢
H \ /
: N l
o
-y : Pravastatin Atorvastatin
R =H; Compactin (Pravachol) (Lipitor)

(Mevastatin)
R = CHg; Lovastatin
(Mevacor)

FIGURE 6 The first statins.


http://www.Kaduse.com/
http://www.Kaduse.com/

woman by Yamamoto. Further testing in nine patients
led to an average of 27% lowering of cholesterol. In
1978, using a different fungus, Merck discovered a sub-
stance that was nearly identical to Endo’s; this one was
named lovastatin (Mevacor). Merck held the patent
rights in the United States and, in 1987, started market-
ing it as Mevacor, the first FDA-approved statin. Sankyo
eventually gave up compactin and pursued another statin
that they licensed to Bristol-Myers Squibb Co., which was
sold as Pravachol. In 1985, Michael S. Brown and Joseph
Goldstein won the Nobel Prize in Physiology or Medicine
for their work in cholesterol metabolism. It was only
in January of 2006 that Endo received the Japan Prize,
considered by many to be equivalent to the Nobel Prize.
There is no doubt that millions of people whose lives have
been and will be extended through statin therapy owe it
to Akira Endo.

Anticancer Agents

Sulfur mustard gas was used as an offensive weapon by the
Germans during World War I, and the related nitrogen
mustards were manufactured by both sides in World War
II. Later, investigations showed that the toxic gases had
destroyed the blood’s white cells, which subsequently led
to the discovery of drugs used in leukemia therapy. These
compounds, although effective antitumor agents, were
very toxic. 6-Mercaptopurine (Fig. 7) was really the first
effective leukemia drug developed by George Hitchings
and his technician, Gertrude Elion, who, working together
at Burroughs Wellcome Research Laboratories, shared
the Nobel Prize in 1988. By a process now termed “ratio-
nal drug design,” Hitchings hypothesized that it might be
possible to use antagonists to stop bacterial or tumor cell
growth by interfering with nucleic acid biosynthesis in a
similar way that sulfonamides blocked cell growth.
Unlike many cancer drugs available today, cisplatin is
an inorganic molecule with a simple structure (Fig. 7).
Cisplatin interferes with the growth of cancer cells by bind-
ing to DNA and interfering with the cells’ repair mecha-
nism and eventually causes cell death. It is used to treat
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many types of cancer, primarily testicular, ovarian, blad-
der, lung, and stomach cancers. Cisplatin is now the gold
standard against which new medicines are compared. It
was first synthesized in 1845, and its structure was eluci-
dated by Alfred Werner in 1893. It was not until the early
1960s when Barnett Rosenberg, a professor of biophysics
and chemistry at Michigan State University, observed the
compound’s effect in cell division, which prompted him
to test cisplatin against tumors in mice. The compound
was found to be effective and entered clinical trials in
1971. There is an important lesson to be learned from
Rosenberg’s development of cisplatin. As a biophysicist
and chemist, Rosenberg realized that when he was con-
fronted with interesting results for which he could not
find explanations, he enlisted the help and expertise of
researchers in microbiology, inorganic chemistry, molec-
ular biology, biochemistry, biophysics, physiology, and
pharmacology. Such a multidisciplinary approach is the
key to the discovery of modern medicines today. Although
cisplatin is still an effective drug, researchers have found
second-generation compounds such as carboplatin that
have less toxicity and fewer side effects.

A third compound in the class of anticancer agents is
paclitaxel (Taxol), discovered in 1963 by Monroe E. Wall
and Masukh C."Wani at Research Triangle Park in North
Carolina (Fig. 7). Taxol was isolated from extracts of the
bark of the Pacific yew tree, Taxus brevifolia. The extracts
showed potent anticancer activity, and by 1967, Wall and his
coworkers had isolated the active ingredients; in 1971, they
established the structure of the compound. Susan Horwitz,
working at the Albert Einstein College of Medicine in
New York, studied the mechanism of how Taxol kills can-
cer cells. She discovered that Taxol works by stimulating
growth of microtubules and stabilizing the cell structures
so that the killer cells are unable to divide and multiply. It
was not until 1993 that Taxol was brought to the market by
Bristol-Myers Squibb and soon became an effective drug
for treating ovarian, breast, and certain forms of lung can-
cers. The product became a huge commercial success, with
annual sales of approximately $1.6 billion in 2000.

Old Drugs as Targets for New Drugs

Cannabis is used throughout the world for diverse purposes and has a
long history characterized by usefulness, euphoria or evil, depending
on one’s point of view. To the agriculturist cannabis is a fiber crop; to
the physician of a century ago it was a valuable medicine; to the phy-
sician of today it is an enigma; to the user;, a euphoriant; to the
police, a menace; to the trafficker; a sowrce of profitable danger; to the
convigl or parolee and his family, a source of sorrow (4).

The plant,-Cannabis sativa, the source of marijuana, has
a long history in folk medicine, where it has been used
for ills such as menstrual pain and the muscle spasms
that affect multiple sclerosis sufferers. As in so many
other areas of drug research, progress was achieved in
the understanding of the pharmacology and biogenesis
of a naturally occurring drug only when the chemistry
had been well established and the résearcher had at-his
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disposal pure compounds of known composition and ste-
reochemistry. Cannabis is no exception in this respect,
with the last 60 years producing the necessary know-how
in the chemistry of the cannabis constituents so that chem-
ists could devise practical and novel synthetic schemes to
provide the pharmacologists with pure substances. The
isolation and determination of the structure of tetrahy-
drocannabinol (A-THC), the principal active ingredient,
were performed in 1964 by Rafael Mechoulam at Hebrew
University in Israel. Although cannabis and some of its
structural analogs have been and are still used in medi-
cine, in the last few years, research has focused on the
endocannabinoids and their receptors as targets for drug
development. It was shown that THC exerts its effects by
binding to receptors that are targets of naturally occur-
ring molecules termed endocannabinoids that have
been involved in controlling learning, memory, appe-
tite, metabolism, blood pressure, emotions such as fear
and anxiety, inflammation, bone growth, and cancer. It
is no surprise, then, that drug researchers are focusing
on developing compounds that either act as agonists
or antagonists of the endocannabinoids. In 1990, Lisa
Matsuda and Tom Bonner at the National Institutes of
Health cloned a THC receptor now called CB, from a
rat brain. Shortly thereafter, Mechoulam and his cowork-
ers identified the first of these endogenous cannabinoids
called anandamide and, a few years later, identified
2-arachidonylgyclerol (2-AG). In 1993, the second can-
nabinoid receptor, CB,, was cloned by Muna Abu-Shaar
at the Medical Research Council in Cambridge, United
Kingdom. The drug rimonabant was an endocannabi-
noid antagonist developed by the French pharmaceutical
company Sanofi-Aventis, and although it was approved
initially for promoting weight loss, it has subsequently
been removed from the market. The drug binds to CB,
but not CB, receptors, resulting in the weight loss effect.
Efforts to develop other endocannabinoids as thera-
peutic agents are in full swing in many laboratories and
include preclinical testing for epilepsy, pain, anxiety, and
diarrhea. Thus, a new series of drugs is being developed
that are not centered on marijuana itself, but inspired by
its active ingredient A>-THC, mimicking the endogenous
substances acting in the brain or the periphery.

Molecular Imaging

The clinician now has at his or her disposal a variety of diag-
nostic tools to help obtain information about the patho-
physiologic status of internal organs. The mostwidely used
methods for noninvasive imaging are scintigraphy, radi-
ography (x-ray and computed tomography [CT]), ultra-
sonography, positron emission tomography (PET), single
photon emission computed tomography (SPECT), and
magnetic resonance imaging (MRI). Chemists continue
to make important contributions to the preparation of
radiopharmaceuticals and contrast agents. These optical,
nuclear, and magnetic methods are increasingly being
empowered by new types of imaging agents. The effective-
ness.of new and old drugs to treat disease and to monitor

the response to therapies is now being routinely used in
the drug discovery process.

The expanded use of the cyclotron in the late 1930s
and the nuclear reactor in the early 1940s made available
a variety of radionuclides for potential applications in
medicine. The field of nuclear medicine was founded with
reactor-produced radioiodine for the diagnosis of thyroid
dysfunction. Soon other radioactive tracers, such as 'F,
125, I, 90T, and ''C, became available. This, together
with more sensitive radiation detection instruments and
cameras, made it possible to study many organs of the body
such as the liver, kidney, lung, and brain. The diagnostic
value of these noninvasive techniques served to establish
nuclear medicine and radiopharmaceutical chemistry as
distinct specialties. A radiopharmaceutical is defined as
any pharmaceutical that contains a radionuclide (5).

Historically, radioiodine has a special place in nuclear
medicine. In 1938, Hertz, Roberts, and Evans first dem-
onstrated the uptake of '**I by the thyroid gland. "*'I, with
a longer half-life (t, ,; 8 days), became available later and
is now widely used. Although iodine has 24 known iso-
topes, '#I, BT, and '#I are the only iodine isotopes cur-
rently used in medicine. At present, the most widely used
PET radiopharmaceutical is the glucose analog "*F-FDG
(2-fluoro-2-deoxy-D-glucose; "*F t, ,» = 1.8 hrs), which is
routinely used for functional studies of brain, heart, and
tumor growth. The process is derived from the earlier
animal studies quantifying regional glucose metabolism
with ['"*C]-2-deoxyglucose, which passes through the
blood-brain barrier by the same carrier-facilitated trans-
port system used for glucose. With the advancement in
the development of highly selective PET and SPECT
ligands, the potential of the noninvasive imaging proce-
dures will achieve wider application both in pharmaco-
logic research and diagnosis of CNS disorders.

The Next Wave in Drug Discovery: Genomics

Imatinib (Gleevec) was discovered through the com-
bined use of high-throughput screening and medicinal
chemistry that resulted in the successful treatment of
chronic myeloid leukemia. Through rational molecu-
lar modifications based on an understanding of the
structure of logical alternative tyrosine kinase targets,
improved activity against the platelet-derived growth
factor receptor (PDGFR), epidermal growth factor
receptor (EGFR) and vascular endothelial growth fac-
tor receptor (VEGFR) have been obtained. As a result
of the success of imatinib, scientists are modifying their
drug discovery and development strategies to one that
considers the patient’s genes, without abandoning the
more traditional drugs. It has been known for many years
that genetics plays an important role in an individual’s
well-being. Attention is now being paid to manipulating
the proteins that are produced in response to malfunc-
tioning genes by inhibiting the out-of-control tyrosine
kinase enzymes in the body that play such an important
role in cell signaling events in growth and cell division.
Using the human genome, scientists with knowledge-of
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the sequencing of DNA and genes of various species have
shown that some cancers are caused by genetic errors that
direct the biosynthesis of dysfunctional proteins. Because
proteins carry out the instructions from the genes located
on the DNA, dysfunctional proteins such as the kinases
deliver the wrong message to the cells, making them can-
cerous. The emphasis is now to inhibit the proteins in
order to slow the progression of the cancerous growth.

An emphasis in the pharmaceutical industry and in
academia is to develop drug formulations that guaran-
tee that therapies will reach specific targets in the body.
Vaccines based on a proprietary plasmid DNA that will
activate skeletal muscles to manufacture desired proteins
and antigens are being developed. Plasmid DNA vac-
cine technology represents a fundamentally new means
of treatment that is of great importance for the future
of drug targeting. There is currently an increase in the
number of products coming out of biotechnology com-
panies. Biotechnology drug discovery and drug develop-
ment tools are used to create the more traditional small
molecules. The promise of pharmacogenetics lies in the
potential to identify sources of interindividual variability
in drug responses that affect drug delivery and safety.
Recent success stories in oncology demonstrate that the
field of pharmacogenetics has progressed substantially.
The knowledge created through pharmacogenetic tri-
als can contribute to the development of patient-specific
medicines as well as to improved decision making along
the research and development value chain (6).

Combinatorial Chemistry and High-Throughput
Screening

No discussion of the history and evolution of medici-
nal chemistry would be complete without briefly men-
tioning combinatorial chemistry and high-throughput
screening. Combinatorial chemistry is one of the new
technologies developed by academics and researchers
in the pharmaceutical and biotechnology industries to
reduce the time and cost associated with producing effec-
tive, marketable, and competitive new drugs. Chemists
use combinatorial chemistry to create large populations
of molecules that can be screened efficiently, generally
using high-throughput screening. Thus, instead of syn-
thesizing a single compound, combinatorial chemistry
exploits automation and miniaturization to synthesize
large libraries of compounds. Combinatorial organic syn-
thesis is not random, but systematic and repetitive, using
sets of chemical “building blocks” to form a diverse set of
molecular entities.

Random screening has been a source of new drugs
for several decades. Many of the drugs currently on the
market were developed from leads identified through
screening of natural products or compounds synthe-
sized in the laboratory. However, in the late 1970s and
1980s, screening fell out of favor in the industry. Using
traditional methods, the number of novel selective leads
generated”did not make this approach cost effective.
The last 25/years have seen an enormous advance in the
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understanding of critical cellular processes, leading to
a more rationally designed approach in drug discovery.
The availability of cloned genes for use in high-throughput
screening to identify new molecules has led to a reexami-
nation of the screening process. Targets are now often
recombinant proteins (i.e., receptors) produced from
cloned genes that are heterologously expressed in a num-
ber of ways. Combinatorial libraries complement the enor-
mous numbers of synthetic libraries available from new
and old synthetic programs. The development and use of
robotics and automation have made it possible to screen
large numbers of compounds in a short period of time. It
should also be emphasized that computerized data systems
and the analysis of the data have facilitated the handling
of the information being generated, leading to the identi-
fication of new leads.

SUMMARY

It is fair to say that more than 50% of the drugs in use
today had their origin in a plant, animal, or mineral that
had been used as a cure for alleviating disease occurring
in man. Examples of a number of discoveries of important
drugs in use today are recounted as “case studies” in the
drug discovery process and are described in more detail in
the following chapters. The discoveries briefly described
are in large measure due to the increased sophistication
brought to bear in the isolation, identification, structure
determination, and synthesis of the active ingredients of
the drugs used empirically hundreds of years ago.

The emergence of the pharmaceutical industry took
place in conjunction with the advances in organic/medic-
inal/pharmaceutical chemistry, pharmacology, bacte-
riology, biochemistry, and medicine as distinct fields of
science in the late 19th century. Current research efforts
are now focused not only on discovering new biologically
active compounds using ever increasingly sophisticated
technology, but also on gaining a better understanding
of how and where drugs exert their effects at the molecu-
lar level. One should not underestimate, however, that
the discoveries in the 20th and 21st centuries and earlier
represent an amazing amount of insight, determination,
and luck by researchers in chemistry, pharmacology,
biology, and medicine. We owe gratitude and admiration
to those earlier scientists who had the imagination and
inspiration to develop drugs to cure so many illnesses.
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CAM, complementary and alternative
medicine

CNS, central nervous system

COPD, chronic obstructive pulmonary
disease

DSHEA, Dietary Supplement Health and
Education Act

GLP-1, glucagon-like
peptide-1

coenzyme A

INTRODUCTION

“Pharmacognosy” is one of the oldest established phar-
maceutical sciences, and the term has been used for
nearly two centuries. Initially, this term referred to the
investigation of medicinal substances of plant, animal, or
mineral origin in their crude or unprepared state, used
in the form of teas, tinctures, poultices, and other types
of formulation (1-4). However, by the middle of the
20th century, the chemical components of such crude
drugs began to be studied in more detail. Today, the sub-
ject of pharmacognosy is highly interdisciplinary, and
incorporates aspects of analytical chemistry, biochemis-
try, biosynthesis, biotechnology, ecology, ethnobotany,
microbiology, molecular biology, organic chemistry, and
taxonomy, among others (5). The term “pharmacog-
nosy” is d d on the Web site of the American Society
acognosy (www.phcog.org) as “the study of the

HMG-CoA, 5-hydroxy-3-methylglutaryl-

HPLC, high-performance liquid
chromatography

HTS, high-throughput screening

LC, liquid chromatography

M6G, morphine-6-glucuronide

MOA, memorandum of agreement

MS, mass spectrometry

NCE, new chemical entity

NMR, nuclear magnetic resonance

PVP, polyvinylpyrrolidone

SCE, single chemical entity

SPE, solid-phase extraction

THC, tetrahydrocannabinol

UNCLOS, United Nations Convention
on the Law of the Sea

physical, chemical, biochemical, and biological proper-
ties of drugs, drug substances, or potential drugs or drug
substances of natural origin, as well as the search for new
drugs from natural sources.”

There seems little doubt that humans have used natu-
ral drugs since before the advent of written history. In
addition to their use as drugs, the constituents of plants
have afforded poisons for darts and arrows used in hunt-
ing and euphoriants with psychoactive properties used in
rituals. The actual documentation of drugs derived from
natural products in the Western world appears to date as
far back to the Sumerians and Akkadians in the third cen-
tury BCE, as well as the Egyptian Ebers Papyrus (about 1600
BCE). Other important contributions on the uses of drugs
of natural origin were documented by Dioscorides (De
Materia Medica) and Pliny the Elder in the first century
cE and by Galen in the second century. Written records
also exist from about the same time-period on plants
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used in both Chinese traditional medicine and Ayurvedic
medicine. Then, beginning about 500 years ago, infor-
mation on medicinal plants began to be documented in
herbals. In turn, the laboratory study of natural product
drugs commenced approximately 200 years ago, with the
purification of morphine from opium. This corresponds
with the beginnings of organic chemistry as a scientific
discipline. Additional drugs isolated from plant sources
included atropine, caffeine, cocaine, nicotine, quinine,
and strychnine in the 19th century, and then digoxin,
reserpine, paclitaxel, vincristine, and chemical precur-
sors of the steroid hormones in the 20th century. Even as
we enter the second decade of the 21st century, approxi-
mately three quarters of the world’s population are reli-
ant on primary health care from systems of traditional
medicine, including the use of herbs. A more profound
understanding of the chemical and biologic aspects of
plants used in the traditional medicine of countries such
as the People’s Republic of China, India, Indonesia, and
Japan has occurred in recent years, in addition to the
medicinal plants used in Latin America and Africa. Many
important scientific observations germane to natural
product drug discovery have been made as a result (1-4).

By the mid-20th century, therapeutically useful alka-
loids had been purified and derivatized from the ergot
fungus, as uterotonic and sympatholytic agents. Then,
the penicillins were isolated along with further major
structural classes of effective and potent antibacterials
from terrestrial microbes, and these and later antibiot-
ics revolutionized the treatment of infectious diseases.
Of the types of organisms producing natural products,
terrestrial microorganisms have been found to afford the
largest number of compounds currently used as drugs
for a wide range of human diseases, and these include
antifungal agents, the “statin” cholesterol-lowering
agents, immunosuppressive agents, and several antican-
cer agents (6,7).

At present, there remains much interest also in the dis-
covery and development of drugs from marine animals
and plants. However, to date, marine organisms have had
a relatively brief history in serving as sources of drugs,
with only a few examples approved for therapeutic use
thus far. Although the oceans occupy 70% of the surface
of the earth, an intense effort to investigate the chemical
structures and biologic activities of the marine fauna and
flora has only been ongoing for about 40 years (8).

The term “natural product” is generally taken to
mean a compound that has no known primary biochem-
ical role in the producing organism. Such low molecu-
lar weight organic molecules may also be referred to as
“secondary metabolites” and tend to be biosynthesized
by the producing organism in a biologically active chiral
form to increase the chances of survival, such as by repel-
ling predators or serving as insect pollination attractants,
in the case of plants (9). There have been a number of
studies to investigate the physicochemical parameters of
natural products in recent years, and it has been con-
cluded that “libraries” or collections of these substances

tend to afford a higher degree of “drug-likeness,” when
compared with compounds in either synthetic or com-
binatorial “libraries” (10,11). This characteristic might
well be expected, since natural products are produced
by living systems, where they are subject to transport
and diffusion at the cellular level. Small-molecule natu-
ral products are capable of modulating protein—protein
interactions and can thus affect cellular processes that
may be modified in disease states. When compared to syn-
thetic compounds, natural products tend to have more
protonated amine and free hydroxy functionalities and
more single bonds, with a greater number of fused rings
containing more chiral centers. Natural products also
differ from synthetic products in the average number of
halogen, nitrogen, oxygen, and sulfur atoms, in addition
to their steric complexity (12,13). It is considered that
natural products and synthetic compounds occupy dif-
ferent regions of “chemical space,” and hence, they each
tend to contribute to overall chemical diversity required
in a drug discovery program (13). Fewer than 20% of the
ring systems produced among natural products are rep-
resented in currently used drugs (10). Naturally occur-
ring substances may serve either as drugs in their native
or unmodified form or as “lead” compounds (prototype
bioactive molecules) for subsequent semisynthetic or
totally synthetic modification, for example, to improve
biologic efficacy or to enhance solubility (1-4,6,8,10,11).

In the present era of efficient drug design by chemi-
cal synthesis aided by computational and combinato-
rial techniques, and with other new drugs obtained
increasingly by biotechnologic processes, it might be
expected that traditional natural products no longer
have a significant role to play in this regard. Indeed, in
the past two decades, there has been a decreased empha-
sis on the screening of natural products for new drugs
by pharmaceutical companies, with greater reliance
placed on screening large libraries of synthetic com-
pounds (10,11,14,15). However, in a major review arti-
cle, Newman and Cragg from the U.S. National Cancer
Institute pointed out that for the period from 1981 to
2006, about 28% of the new chemical entities (NCEs) in
Western medicine were either natural products per se
or semisynthetic derivatives of natural products. Thus,
of a total of 1,184 NCEs for all disease conditions intro-
duced into therapy in North America, Western Europe,
and Japan over the 25.5-year period covered, 5% were
unmodified natural products and 23% were semisyn-
thetic agents based on natural product lead compounds.
An additional 14% of the synthetic compounds were
designed based on knowledge of a natural product
“pharmacophore” (the region of the molecule contain-
ing the essential organic functional groups that directly
interact with the receptor active site and, therefore, con-
fers the biologic activity of interest) (16). The launch
of new natural product drugs in Western countries and
Japan has continued in the first decade of 21st century,
and such compounds introduced to the market recently
have been documented (14,16-18).
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Thus, it is generally recognized that the secondary
metabolites of organisms afford a source of small organic
molecules of outstanding chemical diversity that are
highly relevant to the contemporary drug discovery pro-
cess. Potent and selective leads are obtained from more
exotic organisms than before, as collection efforts ven-
ture into increasingly inhospitable locales throughout
the world, such as deep caves in terrestrial areas and
thermal vents on the ocean floor. On occasion, a natu-
ral lead compound may help elucidate a new mechanism
of interaction with a biologic target for a disease state
under investigation. Natural products may serve to pro-
vide molecular inspiration in certain therapeutic areas
for which there are only a limited number of synthetic
lead compounds. A valuable approach is the large-scale
screening of libraries of partially purified extracts from
organisms (11). However, there is a widespread percep-
tion that the resupply of the source organism of a second-
ary metabolite of interest may prove problematic and will
consequently hinder the timely, more detailed, biologic
evaluation of a compound available perhaps only in mil-
ligram quantities initially. In addition, natural product
extracts have been regarded as incompatible with the
modern rapid screening techniques used in the phar-
maceutical industry, and some believe that the successful
market development of a natural product-derived drug
is too time consuming (10,11,14,15). A further consid-
eration of the factors involved in the discovery of drugs
from natural products will be presented in the next sec-
tion of this chapter. This will be followed by examples
of natural products currently used in various therapeutic
categories, as well as a few selected representatives with
present clinical use or future potential in this regard.

NATURAL PRODUCTS AND DRUG DISCOVERY

Collection of Source Organisms

There are at least five recognized approaches to the
choice of plants and other organisms for the laboratory
investigation of their biologic components, namely, ran-
dom screening; selection of specific taxonomic groups,
such as families or genera; a chemotaxonomic approach
where restricted classes of secondary metabolites such as
alkaloids are sought; an information-managed approach,
involving the target collection of species selected by
database surveillance; and selection by an ethnomedical
approach (e.g., by investigating remedies being used in
traditional medicine by “shamans” or medicine men or
women) (19). In fact, if plant-derived natural products
are taken specifically, it has been estimated that of 122
drugs of this type used worldwide from a total of 94 spe-
cies, 72% can be traced to the original ethnobotanical
uses that have been documented for their plant of origin
(19). The need for increased natural products discovery
research involving ethnobotany should be regarded as
urgent, du€ (o the accelerating loss in developing coun-
tries_of indigenous cultures and languages, inclusive of

knowledge of traditional medical practice (20). However,
it is common for a given medicinal plant to be used eth-
nomedically in more than one disease context, which
may sometimes obscure its therapeutic utility for a spe-
cific disease condition. Another manner in which drugs
have been developed from terrestrial plants and fungi is
through following up on observations of the causes of
livestock poisoning, leading to new drugs and molecu-
lar tools for biomedical investigation (21). When the
origin of plants with demonstrated inhibitory effects in
experimental tumor systems was considered at the U.S.
National Cancer Institute, medicinal or poisonous plants
with uses as either anthelmintics or arrow and homicidal
poisons were three to four times more likely to be active
in this regard than species screened at random (22).

Although some shallow water marine specimens may
be collected simply by wading or snorkeling down to
20 feet below the water surface, scuba diving permits
the collection of organisms to depths of 120 feet. Deep-
water collections of marine animals and plants have been
made by dredging and trawling and through the use of
manned and unmanned submersible vessels. Collection
strategies for specimens from the ocean must take into
account marine macroorganism-microorganism associa-
tions that may be involved in the biosynthesis of a par-
ticular secondary metabolite of interest (8). Thus, there
seems to be a complex interplay between many marine
host invertebrate animals and symbiotic microbes that
inhabit them, and it has been realized that several bioac-
tive compounds previously thought to be of animal ori-
gin may be produced by their associated microorganisms
instead (23).

The process of collecting or surveying a large set of
flora (or fauna) for the purpose of the biologic evalua-
tion and isolation of lead compounds is called “biodiver-
sity prospecting” (24). Many natural products collection
programs are focused on tropical rain forests, in order
to take advantage of the inherent biologic diversity (or
“biodiversity”) evident there, with the hope of harnessing
as broad a profile of chemical classes as possible among
the secondary metabolites produced by the species to be
obtained. To exemplify this, there may be more tree spe-
cies in a relatively small area of a tropical rainforest than
in the whole of the temperate regions of North America.
A generally accepted explanation for the high biodiver-
sity of secondary metabolites in humid forests in the trop-
ics is that these molecules are biosynthesized (a process
of chemical synthesis by the host organism) for ecologic
roles, in response to a continuous growing season under
elevated temperatures, high humidity, and great compe-
tition due to the high species density present. Maximal
biodiversity in the marine environment is found on the
fringes of the ocean or sea bordering land, where there is
intense competition among sessile (nonmoving) organ-
isms, such as algae, corals, sponges, and some other
invertebrate animals, for attachment space (25).

Great concern should be expressed about the con-
tinuing erosion of tropical rain [forest species;~which
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is accelerating as the 2Ist century develops (26).
Approximately 25 “hot spots” of especially high biodiver-
sity have been proposed that represent 44% of all vascu-
lar plant species and 35% of all species of vertebrates in
about 1.4% of the earth’s surface (27). At present, many
of the endemic (or native) species to these biodiversity
“hot spot” areas have been reported to be undergoing
massive habitat loss and are threatened with extinction,
especially in tropical regions (26,27).

After the United Nations Convention on Biological
Diversity, passed in Rio de Janeiro in 1992, biologic or
genetic materials are owned by the country of origin
(24,28). A major current-day component of being able
to gain access to the genetic resources of a given country
for the purposes of drug discovery and other scientific
study is the formulation of a memorandum of agreement
(MOA), which itemizes access, prior informed consent
(involving human subjects in cases where ethnomedical
knowledge is divulged), intellectual property related to
drug discovery, and the equitable sharing of financial
benefits that may accrue from the project, such as pat-
ent royalties and licensing fees (24,28). When access
to marine organisms is desired, the United Nations
Convention on the Law of the Sea (UNCLOS) must also
be considered (29).

Once a formal “benefit sharing” agreementis on hand,
the organism collection process can begin. It is usual to
initially collect 0.3 to 1 kg of each dried plant sample and
about 1 kg wet weight of a marine organism for prelimi-
nary screening studies (30). In the case of a large plant
(tree or shrub), it is typical to collect up to about four
different organs or plant parts, since it is known that the
secondary metabolite composition may vary consider-
ably between the leaves, where photosynthesis occurs,
and storage or translocation organs such as the roots and
bark (31). There is increasing evidence that considerable
variation in the profile of secondary metabolites occurs
in the same plant organ when collected from different
habitats, depending on local environmental conditions,
and thus it may be worth reinvestigating even well-studied
species in drug discovery projects. Taxa endemic (native)
to a particular country or region are generally of higher
priority than the collection of pandemic weeds. It is very
important never to remove all quantities of a desired
species at the site of collection, in order to conserve the
native germplasm encountered. Also, rare or endan-
gered species should not be collected; a listing of the lat-
ter is maintained by the Red List of Threatened Species of
the International Union for Conservation of Nature and
Natural Resources (www.redlist.org), covering terrestrial,
marine, and freshwater organisms.

A crucial aspect of the organism collection process is
to deposit voucher specimens representative of the spe-
cies collected in a central repository such as a herbar-
ium or a museum, so that this material can be accessed
by other scientists, in case of need. It is advisable to
deposit speeimens in more than one repository, includ-
ing regiopal and national institutions in the country in

which the organisms were collected. Collaboration with
general and specialist taxonomists is very important,
because without an accurate identification of a source
organism, the value of subsequent isolation, structure
elucidation, and biologic evaluation studies will be
greatly reduced (31).

Organisms for natural products drug discovery
work may be classified into the following kingdoms:
Eubacteria (bacteria, cyanobacteria [or “blue-green
algae”]), Archaea (halobacterians, methanogens),
Protoctista (e.g., protozoa, diatoms, “algae” [including
red algae, green algae]), Plantae (land plants [including
mosses and liverworts, ferns, and seed plants]), Fungi
(e.g., molds, yeasts, mushrooms), and Animalia (meso-
zoa [wormlike invertebrate marine parasites], sponges,
jellyfish, corals, flatworms, roundworms, sea urchins,
mollusks [snails, squid], segmented worms, arthropods
[crabs, spiders, insects], fish, amphibians, birds, mam-
mals) (24). Of these, the largest numbers of organisms
are found for arthropods, inclusive of insects (~950,000
species), with only a relatively small proportion (5%) of
the estimated 1.5 million fungi in the world having been
identified. At present, with 300,000 to 500,000 known
species, plants are the second largest group of classified
organisms, representing about 15% of our biodiversity.
Of the 28 major animal phyla, 26 are found in the sea,
with eight of these exclusively so. There have been more
than 200,000 species of invertebrate animals and algal
species found in the sea (24). A basic premise inherent in
natural products drug discovery work is that the greater
the degree of phylogenetic (taxonomic) diversity of the
organisms sampled, the greater the resultant chemical
diversity that is evident.

Interest in investigating plants as sources of new bio-
logically active molecules remains strong, in part because
of aneed to better understand the efficacy of herbal com-
ponents of traditional systems of medicine (32). In the
last decade, many new natural product molecules have
been isolated from fungal sources (6,7). An area of inves-
tigation of great potential expansion in the future will
be on other microbes, particularly of actinomycetes and
cyanobacteria of marine origin, especially if techniques
can continue to be developed for their isolation and
culturing in the laboratory (33). Because as many as
99% of known microorganisms are not able to be cultivated
under laboratory conditions, the technique of “genome
mining” isolates their DNA and enables new secondary
metabolite biochemical pathways to be exploited, leading
to the possibility of producing new natural products (34).
The endophytic fungi that reside in the tissue of living
plants have been found to produce an array of biologi-
cally interesting new compounds and are worthy of more
intensive investigation (35). It is of interest to note that
in a survey of the origin of 30,000 structurally assigned
lead compounds of natural origin, the compounds were
derived from animals (13%), bacteria (33%), fungi
(26%), and plants (27%) (12). For the year 2008, it was
reported that 24 animal-, 25 ba¢térial-7 fungal--and
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108 plant-derived natural products were undergoing at
least phase I clinical trials leading to drug development
(36). Therefore, while natural product researchers tend
to specialize in the major types of organism on which they
work, it is reasonable to expect that the future investigation
of all of their major groups mentioned earlier will provide
dividends in terms of affording new prototype biologi-
cally active compounds of use in drug discovery.

Preparation of Initial Extracts and Preliminary
Biologic Screening

Although different laboratories tend to adopt different
procedures for initial extraction of the source organisms
being investigated, it is typical to extract initially terres-
trial plants with a polar solvent like methanol or ethanol,
and then subject this to a defatting (lipid-removing) par-
tition with a nonpolar solvent like hexane or petroleum
ether, and then partition the residue between a semipolar
organic solvent, such as chloroform or dichloromethane,
and a polar aqueous solvent (31). Marine and aquatic
organisms are commonly extracted fresh into metha-
nol or a mixture of methanol-dichloromethane (30). A
peculiarity of working on plant extracts is the need to
remove a class of compounds known as “vegetable tan-
nins” or “plant polyphenols” before subsequent biologic
evaluation because these compounds act as interfering
substances in enzyme inhibition assays, as a result of
precipitating proteins in a nonspecific manner. Several
methods to remove plant polyphenols have been pro-
posed, such as passage over polyvinylpyrrolidone (PVP)
and polyamide, on which they are retained. Alternatively,
partial removal of these interfering substances may be
effected by washing the final semipolar organic layer with
an aqueous sodium chloride solution (31). However, it
should be pointed out that there remains an active inter-
est in pursuing purified and structurally characterized
vegetable tannins for their potential medicinal value
(87). Caution also needs to be expressed in regard to
common saturated and unsaturated fatty acids that might
be present in natural product extracts, because these may
interfere with various enzyme inhibition and receptor
binding assays. Fatty acids and other lipids may largely
be removed from more polar natural product extracts,
using the defatting solvent partition stage mentioned
earlier (38).

Drug discovery from organisms is a “biology-driven”
process, and as such, biologic activity evaluation is at the
heart of the drug discovery process from crude extracts
prepared from organisms. So-called high-throughput
screening (HTS) assays have become widely used for
affording new leads. In this process, large numbers of
crude extracts from organisms can be simultaneously
evaluated in a cell-based or non-cell-based format, usu-
ally using multiwell microtiter plates (39). Cell-based in
vitro bioassays allow for a considerable degree of bio-
logic relevance, and manipulation may take place so
that a selected cell line may involve a genetically altered
organism (40) or incorporate a reporter gene (41). In

noncellular (cellfree) assays, natural products extracts
and their purified constituents may be investigated for
their effects on enzyme activity (42) or on receptor
binding (43). Other homogenous and separation-based
assays suitable for the screening of natural products have
been reviewed (44). For maximum efficiency and speed,
HTS may be automated through the use of robotics and
may be rendered as a more effective process through
miniaturization.

Methods for Compound Purification and Structure
Elucidation and Identification

Bioassay-directed fractionation is the process of isolating
pure active constituents from some type of biomass (e.g.,
plants, microbes, marine invertebrates) using a deci-
sion tree that is dictated solely by bioactivity. A variety of
chromatographic separation techniques are available for
these purposes, including those based on adsorption on
sorbents, such as silica gel, alumina, Sephadex, and more
specialized solid phases, and methods involving partition
chromatography inclusive of counter-current chroma-
tography (45). Recent improvements have been made
in column technology, automation of high-performance
liquid chromatography (HPLC; a technique often used
for final compound purification), and compatibility with
HTS methodology (46). Routine structure elucidation is
performed using combinations of spectroscopic proce-
dures, with particular emphasis on 'H- and “C-nuclear
magnetic resonance (NMR) spectroscopy and mass spec-
trometry (MS). Considerable progress has been made in
the development of cryogenic and capillary NMR probe
technology, for the determination of structures of sub-
milligram amounts of natural products (47). In addition,
the automated processing of spectroscopic data for the
structure elucidation of natural products is a practical
proposition (48). Another significant advance is the use
of “hyphenated” analytical techniques for the rapid struc-
ture determination of natural products without the need
for a separate isolation step, such as liquid chromatog-
raphy (LC)-NMR and LC-NMR-MS (11,46). The inclu-
sion of an online solid-phase extraction (SPE) cartridge
is advantageous in the identification of natural product
molecules in crude extracts using LC-NMR, coupled with
MS and circular dichroism spectroscopy (49).
Dereplication is a process of determining whether an
observed biologic effect of an extract or specimen is due
to a known substance. This is applied in natural product
drug discovery programs in an attempt to avoid the re-
isolation of compounds of previously determined struc-
ture. A step like this is essential to prioritize the resources
available to a research program, so that the costly stage
of bioassay-directed fractionation on a promising lead
crude extract can be devoted to the discovery of biologi-
cally active agents representing new chemotypes (46,50).
This has been particularly necessary for many years in
studies on anti-infective agents from actinomycetes and
bacteria and is also routinely applied to extracts from
marine invertebrates and higher plants.. Methods-for
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dereplication must be sensitive, rapid, and reproducible,
and the analytical methods used generally contain a mass
spectrometric component (50). For example, the eluant
(effluent) from an HPLC separation of a crude natural
product extract may be split into two portions, so that
the major part is plated out into a microtiter plate, with
the wells then evaluated in an in vitro bioassay of inter-
est. The fractions from the minor portion of the column
eluant are introduced to a mass spectrometer, and the
molecular weights of compounds present in active frac-
tions can be determined. This information may then be
introduced into an appropriate natural products data-
base, and tentative identities of the active compounds
present in the active wells can be determined (50).

Metabolomics is a recently developed approach in
which the entire or “global” profile of secondary metabo-
lites in a system (cell, tissue, or organism) is catalogued
under a given set of conditions. Secondary metabolites
may be investigated by a detection step such as MS after
a separation step such as gas chromatography, HPLC,
or capillary electrophoresis (51). This type of technol-
ogy has particular utility in systematic biology, genomics
research, and biotechnology and should have value in
future natural products drug discovery (51,52).

Compound Development

A major challenge in the overall natural products drug
discovery process is to obtain larger amounts of a biologi-
cally active compound of interest for additional labora-
tory investigation and potential preclinical development.
One strategy that can be adopted when a plant-derived
active compound is of interest is to obtain a recollection
of the species of origin. To maximize the likelihood that
the recollected sample will contain the bioactive com-
pound of previous interest, the plant recollection should
be carried out in the same location as the initial collec-
tion, on the same plant part, at the same time of the year
(31). Some success has been met with the production of
terrestrial plant metabolites via plant tissue culture (53).
For microbes of terrestrial origin, compound scale up
usually may be carried out through cultivation and large-
scale fermentation (6,7).

Although evaluation of crude extracts of organisms
is not routinely performed in animal models because
of limitations of either test material or other project
resources, it is of great value to test in vitro—active natu-
ral products in a pertinent in vivo method to obtain a
preliminary indication of the worthiness of a lead com-
pound for preclinical development. There are also a vari-
ety of “secondary discriminator” bioassays that provide
an assessment of whether or not a given in vitro-active
compound is likely to be active in vivo, and these require
quite small amounts of test material. For example, the in
vivo hollow fiber assay was developed at the U.S. National
Cancer Institute for the preliminary evaluation of poten-
tial anticancer agents and uses confluent cells of a tumor
model of*interest deposited in polyvinylidene fluoride
fibers'that/are implanted in nude mice (31,54). It is also

important for pure bioactive compounds to be evaluated
mechanistically for their effects on a particular biologic
target, such as on a given stage of the life cycle of a patho-
genic organism or cancer cell. Needless to say, a pure
natural product of novel structure with in vitro and in
vivo activity against a particular biologic target relevant
to human disease acting through a previously unknown
mechanism of action is of great value in the drug discov-
ery process.

Once a bioactive natural product lead is obtained
in gram quantities, it is treated in the same manner as
a synthetic drug lead and is thus subjected to pharma-
ceutical development, leading to preclinical and clini-
cal trials. This includes lead optimization via medicinal
chemistry, combinatorial chemistry, and computational
chemistry, as well as formulation, pharmacokinetics,
and drug metabolism studies, as described elsewhere in
this volume. Often, a lead natural product is obtained
from its organism of origin along with several naturally
occurring structural analogs, permitting a preliminary
structure—activity relationship study to be conducted.
This information may be supplemented with data
obtained by microbial biotransformation or the produc-
tion of semisynthetic analogs, to allow researchers to
glean some initial information about the pharmacoph-
oric site(s) of the naturally occurring molecule (10,11).
Combinatorial biosynthesis is a contemporary approach
with the ability to produce new natural product ana-
logs, or so-called “unnatural” natural products, and
these may be used to afford new drug candidates. This
methodology involves the engineering of biosynthetic
gene clusters in microorganisms and has been applied
to the generation of polyketides, peptides, terpenoids,
and other compounds. New advances in the biochemi-
cal and protein engineering aspects of this technique
have led to a greater applicability than previously
possible (55).

SELECTED EXAMPLES OF NATURAL
PRODUCT-DERIVED DRUGS

In the following sections, examples are provided of both
naturally occurring substances and synthetically modified
compounds based on natural products with drug use. It
is evident that many of the examples shown reflect con-
siderable structural complexity and that the compounds
introduced to the market have been obtained from
organisms of very wide diversity. More detailed treatises
with many more examples of natural product drugs are
available (e.g., see references 1-4). Several recent reviews
have summarized natural product drugs introduced to
the market in recent years and substances on which clini-
cal trials are being conducted (16-18,36).

Drugs for Cardiovascular and Metabolic
Diseases

There is a close relationship between natural prod-
uct drugs and the treatment of” cardiovaseular-and
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metabolic diseases. The powdered leaves of Digitalis
purpurea have been used in Western medicine for more
than 200 years, with the major active constituent being
the cardiac (steroidal) glycoside digitoxin, which is
still used now for the treatment of congestive heart
failure and atrial fibrillation. A more widely used drug
used today is digoxin, a constituent of Digitalis lanata,
which has a rapid action and is more rapidly eliminated
from the body than digitoxin. Deslanoside (deacetyl-
lanatoside C) is a hydrolysis product of the D. lanata
constituent lanatoside C and is used for rapid digitaliza-
tion (1-4). The “statin” drugs used for lowering blood
cholesterol levels are based on the lead compound
mevastatin (formerly known as compactin), produced
by cultures of Penicillium citrinum, and were discov-
ered using a b-hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) reductase assay. Because hypercholester-
olemia is regarded as one of the major risk factors for
coronary heart disease, several semisynthetic and syn-
thetic compounds modeled on the mevastatin structure
(inclusive of the dihydroxycarboxylic acid side chain)
now have extremely wide therapeutic use, including
atorvastatin, fluvastatin, pravastatin, and simvastatin.
Lovastatin is a natural product drug of this type, iso-
lated from Penicillium brevecompactin and other organ-
isms (3). There is also a past history of the successful
production of cardiovascular agents from a terrestrial
vertebrate, namely, the angiotensin-converting enzyme
inhibitors captopril and enalapril, which were derived
from tetrotide, a nonapeptide isolated from the pit
viper, Bothrops jararaca (56).

Two further new drugs derived from an invertebrate
and a vertebrate source, respectively, are bivalirudin
and exenatide. Bivalirudin is a specific and reversible
direct thrombin inhibitor that is administered by injec-
tion and is used to reduce the incidence of blood clot-
ting in patients undergoing coronary angioplasty. This
compound is a synthetic, 20-amino acid peptide and was
modeled on hirudin, a substance present in the saliva
of the leech, Haementeria officinalis (57,58). Exenatide is
a synthetic version of a 39-amino acid peptide (exena-
tide-4), produced by a lizard native to the southwest
United States and northern Mexico, called the Gila mon-
ster, Heloderma suspectum, and acts in the same manner
as glucagon-like peptide-1 (GLP-1), a naturally occurring
hormone. This drug is also administered by injection and
enables improved glycemic control in patients with type
2 diabetes (18,59).

Central and Peripheral Nervous System Drugs

A comprehensive review has appeared on natural prod-
ucts (mostly of experimental value) that affect the central
nervous system (CNS), inclusive of potential analgesics,
antipsychotics, anti-Alzheimer disease agents, antitus-
sives, anxiolytics, and muscle relaxants, among other
categories. The authors point out that apart from the
extensive past literature on plants and their constituents
as hallucinogenic agents, this area of research inquiry on
natural products is not well developed but is likely to be
productive in the future (60). Natural products also have
the potential to treat drug abuse (61).

The morphinan isoquinoline alkaloid, (—)-morphine,
is the most abundant and important constituent of the
dried latex (milky exudate) of Papaver somniferum (opium
poppy) and the prototype of the synthetic opioid analge-
sics, being selective for p-opioid receptors (Fig. 1.1). This
compound may be considered the paramount natural
product lead compound, with many thousands of ana-
logs synthesized in an attempt to obtain derivatives with
strong analgesic potency but without any addictive ten-
dencies (1-4). One derivative now in late clinical trials
as a pain treatment is morphine-6-glucuronide (M6G),
the major active metabolite of morphine, with fewer side
effects than the parent compound (18,62). The pyridine
alkaloid epibatidine, isolated from a dendrobatid frog
(Epipedobates tricolor) found in Ecuador, activates nicotinic
receptors and has a 200-fold more potent analgesic activity
than morphine. The drug potential of epibatidine is lim-
ited by its concomitant toxicity, but it is an important lead
compound for the development of future new analgesic
agents with less addictive liability than the opiate analge-
sics (63). A nonopioid analgesic for the amelioration of
chronic pain has been introduced to the market recently,
namely, ziconotide, which is a synthetic version of the pep-
tide, w-conotoxin MVIIA. The conotoxin class is produced
by the cone snail, Conus magus, and these compounds are
peptides with 24- to 27-amino acid residues. Ziconotide
selectively binds to N-type voltage-sensitive neuronal chan-
nels, causing a blockage of neurotransmission and a potent
analgesic effect (18,64). This is one of the first examples of
a new natural product drug from a marine source.

(—)-A*trans Tetrahydrocannabinol (tetrahydrocannabinol
[THC]) is the major psychoactive (euphoriant) constituent
of marijuana (Cannabis sativa). The synthetic form of
THC (dronabinol) was approved more than 25 years
ago to treat nausea and vomiting associated with cancer
chemotherapy and has been used for a lesser amount
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FIGURE 1.1

of time to treat appetite loss in HIV/AIDS patients (3).
More recently, an approximately 1:1 mixture of THC
and the structurally related marijuana constituent can-
nabidiol (CBD) has been approved in Canada and the
United Kingdom for the alleviation of neuropathic pain
and spasticity for multiple sclerosis patients and is admin-
istered in low doses as a buccal spray (18,65). There is
considerable interest in using cannabinoid derivatives
based on THC for medicinal purposes, but it is necessary
to minimize the CNS effects of these compounds.
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Tetrahydrocannabinol (THC) Cannabidiol (CBD)

Another important natural product lead compound
is the tropane alkaloid ester atropine [(+)-hyoscyamine],
from the plant Awtropa belladonna (deadly nightshade).
Atropine has served as a prototype molecule for several
anticholinergic and antispasmodic drugs. One recently
introduced example of an anticholinergic compound mod-
eled on atropine is tiotropium bromide, which is used for
the maintenance treatment of bronchospasm associated
with chronic obstructive pulmonary disease (COPD) (66).
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Analgesic compounds of natural origin or derived from naturally occurring analgesics.

In the category of anti-Alzheimer disease agents,
galantamine hydrobromide is a selective acetylcho-
linesterase inhibitor that slows down neurologic
degeneration by inhibiting this enzyme and by inter-
acting with the nicotinic receptor (67). Galantamine
(also known as “galanthamine”) is classified as an
Amaryllidaceae alkaloid and has been obtained from
several species in this family. Because commercial syn-
thesis is not economical, it is obtained from the bulbs
of Leucojum aestivum (snowflake) and Galanthus spe-
cies (snowdrop) (1-4). There is some evidence that
there is an ethnomedical basis for the current use of
galantamine (68).

Galantamine

Anti-infective Agents

Since the introduction of penicillin G (benzylpenicillin)
to chemotherapy as an antibacterial agent in the 1940s,
natural products have contributed greatly to the field
of anti-infective agents. In addition to the penicillins,
other classes of antibacterials that have been developed
from natural product sources are the aminoglycosides,
cephalosporins, glycopeptides, macrolides, rifamycins,
and tetracyclines. Antifungals, such as griseofulvin and
the polyenes, and avermectins, such as the antiparasitic
drug ivermectin, are also of microbial origin (1-4). Of
the approximately 90 drugs in this category that were
introduced in Western countries, including Japan, in the
period from 1981 to 2002, almost 80% can be related to
a microbial origin (16). Despite this, relatively-few major


http://www.Kaduse.com/
http://www.Kaduse.com/

CHAPTER 1 / DRUG DISCOVERY FROM NATURAL PRODUCTS 21

pharmaceutical companies are currently working on
the discovery of new anti-infective agents from natural
sources, due to possible bacterial resistance against new
agents and concerns regarding regulation (17). Higher
plants have also afforded important anti-infective agents,
perhaps most significantly the quinoline alkaloid qui-
nine, obtained from the bark of several Cinchona species
found in South America, including Cinchona ledgeriana
and Cinchona succirubra. Quinine continues to be used
for the treatment of multidrug-resistant malaria and was
the template molecule for the synthetic antimalarials
chloroquine, primaquine, and mefloquine (1-4).

The following examples have been chosen to repre-
sent an array of different structural types of antibacte-
rial agents recently introduced into therapy (Fig. 1.2)
(6,14,17,18). Meropenem is a carbapenem (a group of
B-lactam antibiotics in which the sulfur atom in the thia-
zolidine ring is replaced by a carbon) and is based on
thienamycin (Fig. 1.2), isolated from Streptomyces cattleya.
It is a broad-spectrum antibacterial that was introduced
into therapy in the last decade as a stable analog of the ini-
tially discovered thienamycin (69). Tigecycline (Fig. 1.2)
is member of the glycylcycline class of tetracycline anti-
bacterials and is the 9-tertbutylglycylamido derivative
of minocycline, a semisynthetic derivative of chlor-
tetracycline from Streptomyces aureofaciens. This is a
broad-spectrum antibiotic with activity against methicillin-
resistant Staphylococcus aureus (70). Daptomycin (Fig. 1.2)
is the prototype member of the cyclic lipopeptide class
of antibiotics and, although isolated initially from

Streptomyces roseosporus, is produced by semisynthesis. This
compound binds to bacterial cell membranes, disrupt-
ing the membrane potential, and blocks the synthesis
of DNA, RNA, and proteins. Daptomycin is bactericidal
against gram-positive organisms including vancomycin-
resistant Enterococcus faecalis and Enterococcus  faecium
and is approved for the treatment of complicated skin
and dermal infections (71). Telithromycin (Fig. 1.2) is a
semisynthetic derivative of the 14-membered macrolide
erythromycin A from Saccharopolyspora erthraea and is a
macrolide of the ketolide class thatlacks a cladinose sugar
but has an extended alkyl-aryl unit attached to a cyclic
carbamate unit. It binds to domains II and V of the 23S
rRNA unit of the bacterial 50S ribosomal unit, leading
to inhibition of the ribosome assembly and protein syn-
thesis. This macrolide antibiotic is used to treat bacteria
that infect the lungs and sinuses, including community-
acquired pneumonia due to Streptococcus pneumoniae (72).

Natural products have been a fruitful source of antifun-
gal agents in the past, with the echinocandins being a new
group of lipopeptides introduced recently (73). Of these,
three compounds are now approved drugs, including the
acetate of caspofungin, which is a semisynthetic derivative
of pneumocandin B, a fermentation product of Glarea
lozoyensis. Caspofungln inhibits the synthesis of the fungal
cell wall B(1,3)-p-glucan, by noncompetitive inhibition of
the enzyme B(1,3)-p-glucan synthase, producing both a
fungistatic and a fungicidal effect (73). The compound is
administered by slow intravenous infusion and is useful in
treating infections by Candida species (74).
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Examples of Natural and Semisynthetic Anti-infective Agents.
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Caspofungin

Malaria remains a parasitic scourge that is still extend-
ing in incidence. In 1972, the active principle from
Artemisia annua, a plant used for centuries in Chinese
traditional medicine to treat fevers and malaria, was
established as a novel antimalarial chemotype. This
compound, artemisinin (ginghaosu in Chinese), is a ses-
quiterpene lactone with an endoperoxide group that is
essential for activity, and it reacts with the iron in haem
in the malarial parasite, Plasmodium falciparum (Fig. 1.3).
Because this compound is poorly soluble in water, a num-
ber of derivatives have been produced with improved for-
mulation, including arteether and artemether. Although
animal experiments have suggested that artemisinin
derivatives are neurotoxic, this may not be the case in
malaria patients (1-4). Artemisinin-based combination
treatments such as coartemether (artemether and lume-
fantrine) are now widely used for treating drug-resistant
P, falciparum malaria (75). Coartemether is also known as
artemisinin combination therapy and is registered in a
large number of countries. A second ether derivative of
artemisinin has also been developed, namely, arteether,
and is registered in the Netherlands (76).

There are now about 30 approved drugs or drug
combinations used to treat HIV/AIDS infections, with
most of these being targeted toward the viral enzymes
reverse transcriptase or protease. Bevirimat is a semisyn-
thetic 3’,3’-dimethylsuccinyl derivative of the oleanane-
type triterpenoid betulinic acid, which is found widely
in the plant kingdom, including several species used in
traditional Chinese medicine. This compound is now
undergoing clinical trials as a potential HIV maturation

inhibitor (77,78).

Arteether

Artemisinin Artemether

FIGURE 13" Artemisinin and two derivatives used for the treat-
ment.of malaria.

Bevirimat

Anticancer Agents

For several decades, natural products have served as a use-
ful group of structurally diverse cancer chemotherapeu-
tic agents, and many of our most important anticancer
agents are of microbial or plant origin. Thus, the antitu-
mor antibiotics include the anthracyclines (daunorubi-
cin, doxorubicin, epirubicin, idarubicin, and valrubicin),
bleomycin, dactinomycin (actinomycin D), mitomycin C,
and mitoxantrone. Four main classes of plant-derived
antitumor agents are used: vinca (Catharanthus) bisin-
dole alkaloids (vinblastine, vincristine, and vinorelbine);
the semisynthetic epipodophyllotoxin derivatives (etopo-
side, teniposide, and etoposide phosphate); the taxanes
(paclitaxel and docetaxel); and the camptothecin ana-
logs (irinotecan and topotecan) (Fig. 1.4) (1-4,79).

The parent compounds paclitaxel (originally called
“taxol”) and camptothecin were both discovered in the
laboratory of the late Monroe E. Wall and of Mansukh
Wani at Research Triangle Institute in North Carolina
(Fig. 1.4). Like some other natural product drugs, several
years elapsed from the initial discovery of these substances
until their ultimate clinical approval in either a chemi-
cally unmodified or modified form. One of the factors
that served to delay the introduction of paclitaxel to the
market was the need for the large-scale acquisition of this
compound from a source other than from the bark of its
original plant of origin, the Pacific yew (Taxus brevifolia),
because this would involve destroying this slow-growing
tree. Paclitaxel and its semisynthetic analog docetaxel
may be produced by partial synthesis. To enable this, the
diterpenoid “building block,” 10-deacetylbaccatin III, is
used as a starting material, which can be isolated from the
needles of the ornamental yew, Taxus baccata, a renewable
botanical resource that can be cultivated in greenhouses
(80). A major pharmaceutical company now manufactures
paclitaxel by plant tissue culture. The initial source plant
of camptothecin, Camptotheca acuminata, is a rare species
found in regions south of the Yangtze region of the People’s
Republic of China. Today, camptothecin is not only pro-
duced commercially from cultivated C. acuminata trees in
mainland China, but also from the roots of Nothapodytes
nimmoniana (formerly known as both Nothapodytes foetida
and Mappia foetida), which is found in the southern
regions of the Indian subcontinent (81). It is of interest to
note that these two antineoplastic agents are particularly
important not only because of the clinical effectiveness of
their derivatives as cancer chemotherapeutic agents, hav-
ing a significant proportion of the market share. (80);.but
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Paclitaxel

Camptothecin

Docetaxel

Irinotecan

Topotecan

FIGURE 1.4 Lead anticancer compounds paclitaxel, camptothecin, and their respective derivatives.

also because they are prominent lead compounds for syn-
thetic optimization. There are several taxanes and camp-
tothecin derivatives in clinical trial (17,18). Interestingly,
endophytic fungi have been reported to produce pacli-
taxel (82) and camptothecin (83), so it may be possible
in the future to produce these important compounds by
fermentation rather than by cultivation or other existing
methods. Paclitaxel and camptothecin were each found to
exhibit a unique mechanism of action for the inhibition of
cancer cell growth, with paclitaxel shown to promote the

O OH O

Epothilone B

Temsirolimus

Romidepsin

polymerization of tubulin and the stabilization of micro-
tubules and with camptothecin demonstrated as the first
inhibitor of the enzyme DNA topoisomerase I (84).
Several other natural product molecules or their
derivatives have been introduced to therapy recently
(Fig. 1.5) (17,18,85). Ixabepilone, a semisynthetic deriv-
ative of epothilone B, is now marketed in the United
States for the treatment of locally advanced and meta-
static breast cancer (86). The epothilones are derived
from the terrestrial myxobacterium Sorangium cellulosum

Trabectedin
(Ecteinascidin 743)

= OPO3Na,
O OCHs
HaCO OCH;
OCHs

Combretastatin A4
phosphate

FIGURE"15 /Potential cancer chemotherapeutic agents from marine, bacterial, plant, and fungal origin.
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and have a similar type of action on tubulin as pacli-
taxel (87). Trabectedin (ecteinascidin-743 or ET-743)
is an isoquinoline alkaloid obtained originally from the
marine tunicate, Ecteinascidia turbinata, but now pro-
duced by partial synthesis from a microbial metabolite,
cyanosafracin B, of Pseudomonas fluorescens. Trabectedin
is an alkylating agent that binds to the minor groove
of DNA and blocks cells in the G,-M phase; it is used
in Europe as second-line therapy for patients with soft
tissue sarcoma (88,89). Romidepsin is a depsipeptide
isolated from the soil bacterium, Chromobacterium vio-
laceum, in 1994 (90). This compound is an inhibitor of
histone deacetylase and was approved in the United
States for the treatment of T-cell lymphoma (91).
Temsirolimus is a semisynthetic ester derivative of siro-
limus (rapamycin), with the latter compound isolated
some time ago from Streptococcus hygroscopicus (92,93).
Recently, temsirolimus was approved in the United
States for treating advanced renal cell carcinoma,
and mechanistically, this compound is an inhibitor of
the mammalian target of rapamycin kinase (92,93).
A promising new anticancer agent still in advanced
clinical trials is combretastatin A4 phosphate, a water-
soluble prodrug of combretastatin A4 from the South
African plant, Combretum caffrum (94). Combretastatin
A4 phosphate binds to tubulin and also affects tumor
blood flow as a vascular disrupting agent (94,95).

Cancer chemoprevention is regarded as the use of
synthetic or natural agents to inhibit, delay, or reverse
the process of carcinogenesis through intervention
before the appearance of invasive disease. This rela-
tively new approach toward the management of can-
cer has involved gaining a better understanding of the
mechanism of action of cancer chemopreventive agents
(96). Among the natural products that have been stud-
ied for this purpose, there has been a renewed interest
in the effects of the phytochemical components of the
diet, and some of these compounds have been found
to block cancer initiation (blocking agents) or reverse
tumor promotion and/or progression (suppressing
agents) (97). Members of many different structural
types of plant secondary metabolites have been linked
with potential cancer chemopreventive activity (97,98).
Approximately 35 foods of plant origin have been found
recently to produce cancer chemopreventive agents,
such as curcumin from turmeric, epigallocatechin
3-O-gallate from green tea, transresveratrol from grapes
and certain red wines, and d-sulforaphane from broccoli
(Fig. 1.6) (97,98).

Immunomodulators

The fungal-derived cyclic peptide cyclosporin (cyclo-
sporine A) was found some years ago to be an immu-
nosuppressive agent in organ and tissue transplant
surgery. Another compound with this same type of use
and that also acts by the inhibition of T-cell activation
is the macrpelide tacrolimus (FK-506) from Streptomyces
tsukubaensis (3).

o O OH
CH30 X / OCH3
HO O O OH HO O 7 O
Curcumin Resveratrol oH
OH

HO o

g
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Epigallocatechin-3-O-gallate d-Sulforaphane

FIGURE 1.6 Naturally occurring cancer chemopreventive agents.

Two additional natural product-derived immuno-
suppressants are clinically available as mycophenolate
sodium and everolimus (Fig. 1.7) (17,18). The active
principle of both mycophenolate sodium and an earlier
introduced form mycophenolate mofetil (a morpho-
linoethyl derivative) is mycophenolic acid, obtained
from several Penicillium species. This compound is a
reversible inhibitor of inosine monophosphate dehy-
drogenase, which is involved in guanosine nucleotide
synthesis (17,99). Everolimus is an orally active semi-
synthetic 40-0-(2-hydroxyethyl) derivative of rapamycin
(also known as sirolimus) and was originally obtained
from Streptomyces hygroscopicus. Everolimus is a prolifera-
tion inhibitor that blocks growth factor-mediated trans-
duction signals and prevents organ rejection through
a different mechanism than mycophenolate mofetil
(17,100).

BOTANICAL DIETARY SUPPLEMENTS

The use of phytomedicines (herbal remedies) as prescrip-
tion products has been well established in Germany and
several other countries in Western Europe for approxi-
mately 30 years. About 80% of physicians in Germany
prescribe phytomedicines through the orthodox health

CH30

Everolimus

Sodium mycophenolate

FIGURE 1.7 Naturally occurring immunosuppressants:
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care system. Over the last 15 years, there has been a large
influx of botanical products into community pharmacy
practice and health food stores in the United States as a
result of the passage of the Dietary Supplement Health
and Education Act (DSHEA) in 1994. Such products are
regulated by the U.S. Food and Drug Administration
as foods rather than drugs and must adhere to require-
ments regarding product labeling and acceptable health
claims (101). Currently, among the most popular botani-
cal products used in the United States are those con-
taining black cohosh, cranberry, echinacea, evening
primrose, garlic, ginkgo, ginger, ginseng, green tea, milk
thistle, saw palmetto, soy, St. John’s wort, and valerian.
These are purchased as either the crude powdered form
in compressed tablets or capsules or as galenical prepa-
rations, such as extracts or tinctures, and are frequently
ingested in the form of a tea (101). In addition to the
United States, a parallel increased interest in herbal rem-
edies has occurred in all countries in Western Europe,
Canada, and Australia, in part because of a greater aware-
ness of complementary and alternative medicine (CAM).
Many clinical trials on these products have been con-
ducted in Europe, and some are occurring in the United
States under the sponsorship of the National Institutes
of Health.

The recent widespread introduction of a large number
of botanical dietary supplements has opened a new door
in terms of research inquiry for natural product scientists
in the United States. Not all of these products have a well-
documented efficacy, however. Three important needs
in the scientific investigation of herbal remedies are the
characterization of active principles (where these are not
known), the development of rigorous and validated ana-
lytical methods for quality control procedures, and the
determination of their potential toxicity and interactions
with prescription medications (102). Unlike compounds
approved as single chemical entity (SCE) drugs, it is
accepted that combinations of plant secondary metab-
olites may be responsible for the physiologic effects of
herbal medicines. For example, both the terpene lactone
(e.g., ginkgolide B; Fig. 1.8) and the flavonoid glycoside
constituents of ginkgo (Ginkgo biloba) leaves are regarded
as being necessary for allevation of the symptoms of
peripheral vascular disease for which this phytomedicine
is used in Europe (101). Moreover, an acetone-soluble
extract of G. biloba containing standardized amounts of
flavone glycosides (24%) and terpene lactones (6%) has
been used in many clinical trials on this herb (101). If
the “active principles” of an herbal remedy are known or
can be discovered, these substances can act as reference
standards, and their specified concentration levels can be
quantified in chemical quality control procedures, which
are predominantly performed by HPLC. A number of
official monographs for the standardization of botanical
dietary supplements have been developed over the last
decade in the United States (103). Other scientific chal-
lenges onsherbal remedies are to establish more com-
pletely‘theif dissolution, bioavailability, and shelf life. For

OH O OH
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Hypericin
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Avristolochic acid Il (R =H) Hyperforin

FIGURE 1.8 Chemicals found in various botanical dietary
supplements.

example, it has been found that co-effectors such as cer-
tain procyanidins present in St. John’s wort (Hypericum
perforatum) can increase the bioavailability of hypericin
(Fig. 1.8), one of the constituents of this plant known
to exert antidepressant activity (104). These herbal prod-
ucts should be free of adulteration (the deliberate addi-
tion of nonauthentic plant material or of biologically
active or inactive compounds), as well as free of other
additives such as herbicides, pesticides, heavy metals, sol-
vent residues, and microbial and biologic contaminants
(101,102).

Unfortunately, many herbal remedies may pose toxic-
ity risks or may be involved in harmful drug interactions.
A drastic example of toxicity was caused by the herbal
Chinese medicinal plant, Aristolochia fangchi, which
was substituted in error for another Chinese plant in a
weightreducing regimen taken by a number of women in
Belgium several decades ago. Years later, this was linked
to the generation of severe renal disease characterized as
interstitial fibrosis with atrophy of the tubules, as well as
the development of tumors. These toxic symptoms, also
known as “Chinese herb nephropathy,” were attributed
to the presence of the phenanthrene derivatives aris-
tolochic acids I and II (Fig. 1.8) produced by A. fangchi,
which have been found experimentally to intercalate with
DNA (105). The presence of high levels of the phloroglu-
cinol derivative hyperforin (Fig. 1.8) in St. John’s wort
(Hypericum perforatum) products has been found to induce
cytochrome P450 enzymes (in particular CYP34A), lead-
ing to decreased plasma concentrations of prescription
drugs that may be coadministered, such as alprazolam,
cyclosporin, digoxin, indinavir, irinotecan, simvastatin,
and warfarin, as well as oral contraceptives (106).

In 2006, the first example of a new class of natural
product prescription drugs was approved by the U.S.
Food and Drug Administration, ndmely; a mixture. of
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sinecatechins present in a standardized extract of the
leaves of green tea (Camellia sinensis). This product is
approved for the topical treatment of external genital
and perianal warts. Stringent criteria must be followed in
the manufacture and quality control of this product, and
it was subjected to rigorous clinical trials (107).

FUTURE PROSPECTS

The beginning of the second decade of the 21st century
seems to be an opportune time for renewed efforts to be
made regarding the discovery of new secondary metabo-
lite prototype, biologically active compounds from ani-
mals, fungi, microorganisms, and plants of terrestrial
and marine origin. Although many pharmaceutical com-
panies have reduced their investment in natural prod-
ucts research, in favor of screening libraries of synthetic
compounds and combinatorial chemistry, this has coin-
cided with disappointing numbers of SCE drugs being
introduced in recentyears (11,14-16). Fortunately, many
smaller “biotech” companies have actively taken up the
challenge of contemporary natural products drug dis-
covery from organisms. There continues to be a steady
stream of new natural product-derived drugs intro-
duced into therapy for the treatment of many common
human diseases (e.g., cancer, cardiovascular diseases,
neurologic conditions) (17,18). However, there is ample
potential for much greater utilization of natural prod-
uct—derived compounds in the treatment or prophylaxis
of such major worldwide scourges as HIV/AIDS, tuber-
culosis, hepatitis C, and tropical diseases (e.g., lymphatic
filariasis, leishmaniasis, schistosomiasis). The search for
such agents should be enhanced by the availability of
extensive libraries of taxonomically authenticated crude
extracts of terrestrial and marine origin, as well as of pure
secondary metabolites from microorganisms, plants, and
animals. In addition, this will be facilitated by recently
developed techniques such as biocatalysis, combinatorial
biosynthesis, combinatorial and computational chemis-
try, metabolic engineering, and tissue culture. The high
“drug-like” quality of natural product molecules stands
as a constant, and it only remains for natural product
chemists and biologists to investigate these substances
in the most technically ingenious and expedient ways
possible.

It should not be thought that after approximately 200
years of investigation, the prospects of finding new drugs
of natural origin are nearing exhaustion; there is still a
large scope for success in this type of endeavor. For exam-
ple, if plants are taken specifically, less than 20% have
been evaluated chemically or biologically. The urgency
to perform this type of work cannot be understated in
view of the increasing erosion of natural resources that
will accelerate as the 21st century progresses.
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HCI, hydrochloric acid

1V, intravenous

MW, molecular weight
NaOH, sodium hydroxide

relationship

Medicinal chemistry is an interdisciplinary science at
the intersection of organic chemistry, biochemistry (bio-
organic chemistry), computational chemistry, pharma-
cology, pharmacognosy, molecular biology, and physical
chemistry. This branch of chemistry is involved with the
identification, design, synthesis, and development of new
drugs that are safe and suitable for therapeutic use in
humans and pets. It also includes the study of marketed
drugs, their biologic properties, and their quantitative
structure—activity relationships (QSARs).

Medicinal chemistry studies how chemical structure
influences biologic activity. As such, it is necessary to
understand not only the mechanism by which a drug
exerts its effect, but also how the molecular and physico-
chemical properties of the molecule influence the drug’s
pharmacokinetics (absorption, distribution, metabolism,
toxicity, and elimination) and pharmacodynamics (what
the drug does to the body). The term “physicochemical
properties” refers to how the functional groups present
within a molecule influence its acid—base properties,
water solubility, partition coefficient, crystal structure, ste-
reochemistry, and ability to interact with biologic systems,
such as enizyme active sites (Chapter 8) and receptor sites

)

PABA, p-aminobenzoic acid
QSAR, quantitative structure—activity

SAR, structure—activity relationship
USP, U.S. Pharmacopeia

(Chapter 3). To design better medicinal agents, the rela-
tive contribution that each functional group (i.e., pharma-
cophore) makes to the overall physicochemical properties
of the molecule must be evaluated. Studies of this type
involve modification of the molecule in a systematic fash-
ion followed by a determination of how these changes
affect biologic activity. Such studies are referred to as
structure—activity relationships (SARs)—that is, the rela-
tionship of how structural features of the molecule con-
tribute to, or take away from, the desired biologic activity.

Because of the foundational nature of the content of
this chapter, there are numerous case studies presented
throughout the chapter (as boxes), as well as at the end.
In addition, a list of study questions at the conclusion
of—and unique to—this chapter provides further self-
study material related to the subject of medicinal chem-
istry/drug design.

INTRODUCTION

Chemical compounds, usually derived from plants and
other natural sources, have been used by humans for
thousands of years to alleviate pain, diarrhea, infection,

\
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and various other maladies. Until the 19th century,
these “remedies” were primarily crude preparations of
plant material of unknown constitution. The revolution
in synthetic organic chemistry during the 19th century
produced a concerted effort toward identification of the
structures of the active constituents of these naturally
derived medicinals and synthesis of what were hoped to
be more efficacious agents. By determining the molecu-
lar structures of the active components of these complex
mixtures, it was thought that a better understanding of
how these components worked could be elucidated.

RELATIONSHIP BETWEEN MOLECULAR
STRUCTURE AND BIOLOGIC ACTIVITY

Early studies of the relationship between chemical struc-
ture and biologic activity were conducted by Crum-Brown
and Fraser (1) in 1869. They demonstrated that many
compounds containing tertiary amine groups exhibited
activity as muscle relaxants when converted to quaternary
ammonium compounds. Molecules with widely differing
pharmacologic properties, such as strychnine (a convul-
sant), morphine (an analgesic), nicotine (a deterrent,
insecticide), and atropine (an anticholinergic), could
be converted to muscle relaxants with properties simi-
lar to those of tubocurarine when methylated (Fig. 2.1).
Crum-Brown and Fraser therefore concluded that mus-
cle relaxant activity required the presence of a quater-
nary ammonium group within the structure. This initial
hypothesis was later disproven by the discovery of the natu-
ral neurotransmitter and activator of muscle contraction,
acetylcholine (Fig. 2.2). Even though Crum-Brown and
Fraser’s initial hypothesis that related chemical structure
with action as a muscle relaxant was incorrect, it demon-
strated the concept that molecular structure influences
the biologic activity of chemical entities and that altera-
tions in structure produce changes in biologic action.

With the discovery by Crum-Brown and Fraser that
quaternary ammonium groups could produce molecules
with muscle relaxant properties, scientists began to look
for other functional groups that produce specific bio-
logic responses. At this time, it was thought that specific
chemical groups, or nuclei (rings), were responsible for
specific biologic effects. This led to the postulate, that
took some time to disprove, that “one chemical group
gives one biological action” (2). Even after the discovery
of acetylcholine by Loewi and Navrati (3), which effec-
tively dispensed with Crum-Brown and Fraser’s concept
of all quaternary ammonium compounds being muscle
relaxants, this was still considered to be dogma and took
a long time to refute.

SELECTIVITY OF DRUG ACTION AND DRUG
RECEPTORS

Although the structures of many drugs or xenobiotics, or
at least th€ir/functional group composition, were known
at the’stapt of the 20th century, how these compounds

2¢l
Tubocurarine
(muscle relaxant)
CHs
N—=CHz
®

\\‘

HO O™ on
Morphine N-Methylmorphine
(analgesic) (muscle relaxant)

o
N©  CHs

Nicotine
(insecticide)

% CH,OH

— O
HaC CH3

N-Methylnicotine
(muscle relaxant)

L%/ CH,OH

0 o
Atropine N-Methylatropine
(mydriatic) (muscle relaxant)
FIGURE 2.1 Effects of methylation on biologic activity.

exerted their effects was still a mystery. Using his obser-
vations with regard to the staining behavior of micro-
organisms, Ehrlich (4) developed the concept of drug
receptors. He postulated that certain “side chains” on the
surfaces of cells were “complementary” to the dyes (or
drug) and suggested that the two could therefore inter-
act with one another. In the case of antimicrobial com-
pounds, interaction of the chemical with the cell surface
“side chains” produced a toxic effect. This concept was
the first description of what later became known as the
receptor hypothesis for explaining the biologic action
of chemical entities. Ehrlich also discussed selectivity

o CHy
N A~ N ®
HsC” SO ' “CHs
CH3

FIGURE 2.2 Acetylcholine, a neurotransmitter,and muscle relaxant:
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of drug action via the concept of a “magic bullet.” He
suggested that this selectivity permitted eradication of
disease states without significant harm coming to the
organism being treated (i.e., the patient). This was later
modified by Albert (5) and today is referred to as “selec-
tive toxicity.” An example of poor selectivity was demon-
strated when Ehrlich developed organic arsenicals that
were toxic to trypanosomes as a result of their irrevers-
ible reaction with thiol groups (-SH) on vital proteins.
The formation of As—-S bonds resulted in death to the
target organism. Unfortunately these compounds were
toxic not only to the target organism, but also to the host
once certain blood levels of arsenic were achieved.

The “paradox” that resulted after the discovery of
acetylcholine—how one chemical group can produce
two different biologic effects (i.e., muscle relaxation and
muscle contraction)—was explained by Ing (6) using the
actions of acetylcholine and tubocurarine as his examples
(see also Chapter 9). Ing hypothesized that both acetyl-
choline and tubocurarine act at the same receptor, but
that one molecule fits to the receptor in a more comple-
mentary manner and “activates” it, causing muscle con-
traction. (Ing did not elaborate just how this activation
occurred.) The blocking effect of the larger molecule,
tubocurarine, could be explained by its occupation of
part of the receptor, thereby preventing acetylcholine,
the smaller molecule, from interacting with the receptor.
With both molecules, the quaternary ammonium func-
tional group is a common structural feature and inter-
acts with the same region of the receptor. If one closely
examines the structures of other molecules with opposing
effects on the same pharmacologic system, this appears to
be a common theme: Molecules that block the effects of
natural neurotransmitters, such as norepinephrine, his-
tamine, dopamine, or serotonin for example are called
antagonists and, are usually larger in size than the native
compound, which is not the case for antagonists of pep-
tide neurotransmitters and hormones such as cholecysto-
kinin, melanocortin, or substance P. Antagonists to these
peptide molecules are usually smaller in size. However,
regardless of the type of neurotransmitter (biogenic
amine or peptide), both agonists and antagonists share
common structural features with the neurotransmitter
that they influence. This provides support to the con-
cept that the structure of a molecule, its composition and
arrangement of functional groups, determines the type
of pharmacologic effect that it possesses (i.e., SAR). For
example, compounds that are muscle relaxants that act
via the cholinergic nervous system possess a quaternary
ammonium or protonated tertiary ammonium group and
are larger than acetylcholine (compare acetylcholine in
Fig. 2.2 with tubocurarine in Fig. 2.1).

SARs are the underlying principle of medicinal chem-
istry. Similar molecules exert similar biologic actions in a
qualitative sense. A corollary to this is that structural ele-
ments (functional groups) within a molecule most often
contributesin/an additive manner to the physicochemical
properties, 0f a molecule and, therefore, to its biologic

action. One need only peruse the structures of drug
molecules in a particular pharmacologic class to become
convinced (e.g., histamine H, antagonists, histamine H,
antagonists, B-adrenergic antagonists). In the quest for
better medicinal agents (drugs), it must be determined
which functional groups within a specific structure are
important for its pharmacologic activity and how these
groups can be modified to produce more potent, more
selective, and safer compounds.

An example of how different functional groups can
yield chemical entities with similar physicochemical
properties is demonstrated by the sulfanilamide antibi-
otics. In Figure 2.3, the structures of sulfanilamide and
p-aminobenzoic acid (PABA) are shown. In 1940, Woods
(7) demonstrated that PABA reverses the antibacterial
action of sulfanilamide (and other sulfonamide-based
antibacterials) and that both PABA and sulfanilamide
have similar steric and electronic properties. Both mol-
ecules contain acidic functional groups, with PABA con-
taining an aromatic carboxylic acid and sulfanilamide an
aromatic sulfonamide. When ionized at physiologic pH,
both compounds have a similar electronic configuration,
and the distance between the ionized acid and the weakly
basic amino group is also very similar. It should be no
surprise that sulfanilamide acts as an antagonist to PABA
metabolism in bacteria.

Biologic Targets for Drug Action

In order for drug molecules to exhibit their pharmaco-
logic activity, they must interact with a biologic target,
typically a receptor, enzyme, nucleic acid, or excitable
membrane or other biopolymer. These interactions
occur between the functional groups found in the drug
molecule and those found within each biologic target.
The relative fit of each drug molecule with its target is
a function of a number of physicochemical properties
including acid-base chemistry and related ionization,
functional group shape and size, and three-dimensional
spatial orientation. The quality of this “fit” has a direct
impact on the biologic response produced. In this
chapter, functional group characteristics are discussed
as a means to better understand overall drug molecule
absorption, distribution, metabolism, and excretion, as
well as potential interaction with a biologic target.

Ho-H H.-H
6.7 A © © 6.9 A
/C = =
o* ‘O@ o E o)
H ©

p-Aminobenzoic acid Sulfanilamide

FIGURE 2.3 lonized forms of p-aminobenzoic acid (PABA) and
sulfanilamide, with comparison of the distance between amine and
ionized acids of each compound. Note how closely sulfanilamide
resembles PABA.
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PHYSICOCHEMICAL PROPERTIES OF DRUGS

Acid-Base Properties

The human body is 70 to 75% water, which amounts to
approximately 51 to 55 L of water for a 160-Ib (73-kg)
individual. For an average drug molecule with a molecu-
lar weight of 200 g/mol and a dose of 20 mg, this leads
to a solution concentration of approximately 2 x 10°°
M (2 puM). When considering the solution behavior
of a drug within the body, we are dealing with a dilute
solution, for which the Bronsted-Lowry (8) acid-base
theory is most appropriate to explain and predict
acid—-base behavior. This is a very important concept
in medicinal chemistry, because the acid—base proper-
ties of drug molecules have a direct effect on absorp-
tion, excretion, and compatibility with other drugs in
solution. According to the Bronsted-Lowry Theory, an
“acid” is any substance capable of yielding a proton
(H"), and a “base” is any substance capable of accepting
a proton. When an acid gives up a proton to a base, it is
converted to its “conjugate base.” Similarly, when a base
accepts a proton, it is converted to its “conjugate acid”
(Egs. 2.1 and 2.2):

CH,COOH + H,0 = CH,CO0° + H,0°

Eq. 2.1 Acid Base Conjugate  Conjugate
q- & (acetic acid) (water) Base Acid
(acetate) (hydronium ion)
CH,NH, + H,0 = CH,NH,® + °OH
Eq. 2.2 Base Acid Conjugate  Conjugate
(methylamine) (water) Acid Base

(methylammionium ion) (hydroxide ion)

Note that when an acidic functional group loses its
proton (often referred to as having undergone “dissocia-
tion”), it is left with an extra electron and becomes nega-
tively charged. This is the “ionized” form of the acid. The
ability of the ionized functional group to participate in an
ion-dipole interaction with water (see the Water Solubility
of Drugs section) enhances its water solubility. Many
functional groups behave as acids (Table 2.1). The ability
to recognize these functional groups and their relative
acid strengths helps to predict absorption, distribution,
excretion, and potential incompatibilities between drugs.

When a basic functional group is converted to the
corresponding conjugate acid, it too becomes ionized.
In this instance, however, the functional group becomes
positively charged due to the extra proton. Most drugs
that contain basic functional groups contain primary,
secondary, and tertiary amines or imino amines, such
as guanidines and amidines. Other functional groups
that are basic are shown in Table 2.2. As with the acidic
groups, it is important to become familiar with these
functional groups and their relative strengths.

Functional groups that cannot give up or accept a pro-
ton are considered to be “neutral” (or “nonelectrolytes”)
with respect to their acid—-base properties. Common

halogen ketone, neutral

neutral

. CO,HJ carboxylic acid
aryl amine "
weak base

>

alkyl amine
basic

aryl amine, weak base

FIGURE 2.4 Chemical structure of ciprofloxacin showing the vari-
ous organic functional groups.

neutral functional groups are shown in Table 2.3.
Quaternary ammonium compounds are neither acidic
nor basic and are not electrically neutral. Additional
information about the acid-base properties of the func-
tional groups listed in Tables 2.1 through 2.3 can be
found in Gennaro (9) and Lemke (10). Review of func-
tional groups and their acid-base properties can also
be found at www.duq.edu/pharmacy/faculty/harrold/
basic-concepts-in-medicinal-chemistry.cfm.

A molecule can contain multiple functional groups
with acid-base properties and, therefore, can possess
both acidic and basic character. For example, ciproflox-
acin (Fig. 2.4), a fluoroquinolone antibacterial agent,
contains a secondary alkylamine, two tertiary arylamines
(aniline-like amines), and a carboxylic acid. The two aryl-
amines are weakly basic and, therefore, do not contribute
significantly to the acid-base properties of ciprofloxacin
under physiologic conditions. Depending on the pH of
the physiologic environment, this molecule will either
accept a proton (secondary alkylamine), donate a proton
(carboxylic acid), or both. Thus, it is described as ampho-
teric (both acidic and basic) in nature. Figure 2.5 shows
the acid-base behavior of ciprofloxacin in two different
environments. Note that at a given pH (e.g., pH 1.0 to
3.5), only one of the functional groups (the alkylamine)
is significantly ionized. To be able to make this predic-
tion, an appreciation for the relative acid-base strength
of both the acidic and basic functional groups is required.
Thus, one needs to know which acidic or basic functional
group within a molecule containing multiple functional
groups is the strongest and which acidic or basic func-
tional group is the weakest. The concept of pK not only
describes relative acid-base strength of functional groups,

[o) O

Fm/COZH ji)\)]/cooe
|

® (N N ® N N

H- H=
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H H
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Stomach (pH 1.0-3.5) Colon (pH 5.6-7)

FIGURE 2.5 Predominate forms of ciprofloxacin at two different
locations within the gastrointestinal tract.
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TABLE 2.1  Common Acidic Organic Functional Groups and Their lonized (Conjugate Base) Forms
Acids (pKa) Conjugate Base
Phenol (9-11) A N OH O@ Phenolate
—- AN
Z R= -
=z
Sulfonamide (9-10) (o] 0 © Sulfonamidate
R-S=NH, R-S-NH
(6] (¢]
Imide (9-10) o O o o o %906 Imidate
R)LNJLR' RJ\NJ\R"_J\ &
B ) RTONTR
Alkylthiol (10-11) R-SH R S@ Thiolate
Thiophenol (9-10) ~ - SH ©) Thiophenolate
& >g
1 g
= R~
=
N-Arylsulfonamide (6-7) o 00 N-Arylsulfonamidate
R—§—N | N R—%—N | N
(6] \* O \/
R' R’
Sulfonimide (5-6 (¢} ©] Sulfonimidate
(5-6) O, 0 J\ o, Q Jol\ A o F yol j)\
RN R RSNTR T ORONTR
(C]
Alkylcarboxylic acid (5-6) o 2 o Alkylcarboxylate
R-C-OH R-C-0O
Arylcarboxylic acid (4-5 COOH © Arylcarboxylate
(45) . —(j/ €00
% R—./
Sulfonic acid (o-1) o, 0 o 0 Sulfonate
R'S\OH R'S\Oe
Acid strength increases as one moves down the table.
but also allows one to calculate, for a given pH, the rela- Eq. 2.3 HCl + H,0 = CI° + H,0°
tive percentages of the ionized and un-ionized forms of
the drug. As stated earlier, this helps to predict relative
water solubility, absorption, and excretion for a given  Eq.2.4 NaOH + H,O =Na® + OH® + H,0

compound.

Relative Acid Strength (pK))

Strong acids and bases completely donate (dissociate)
or accept a proton in aqueous solution to produce their
respective conjugate bases and acids. For example, min-
eral acids, such as hydrochloric acid (HCI), or bases, such
as sodium hydroxide (NaOH); undergo 100% dissocia-
tion in water, with the equilibrium between the ionized
and un-ionizéd forms shifted completely to the right
(ionized), as shown in Equations 2.3 and 2.4:

Acids and bases of intermediate or weak strength,
however, incompletely donate (dissociate) or accept a
proton, and. the equilibrium between the ionized and
un-ionized-forms lies somewhere in the middle, such
thatall possible species can exist at any given time. Note
that in Equations 2.3 and 2.4, water acts as a base in
one instance and as an acid in the other. Water is there-
fore amphoteric—that is, it can act as an acid or a base,
depending on the prevailing pH of the solution. From
a physiologic perspective, drug molecules are always
present as a dilute aqueous solution. The strongest base
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Common Basic Organic Functional Groups and Their lonized (Conjugate Acid) Forms

TABLE 2.2
Base (pKa)
Arylamine N NH,
. i

(611) Rt >
Aromatic amine K%N

1
(56) RS
Imine R—S=NH
(3-4)
Alkylamines NH
(2°-10-11)
(1°- 9-10)

R-NH,
Amidine NH
(10-11) R)LNHZ
Guanidine NH
12-1
(12:13) R-N" "NH,

Conjugate Acid

Arylammonium

Aromatic ammonium

® Iminium
R-C=NH

H

® Alkylammonium
R—NH3®
NH2® Amidinium
R” “NH,

NH2® Guanidinium
R=N"NH,

that is present is OH", and the strongest acid is H,O".
This is known as the “leveling effect” of water. Thus,
some functional groups that have acidic or basic charac-
ter do not behave as such under physiologic conditions
in aqueous solution. For example, alkyl alcohols, such
as ethyl alcohol, are not sufficiently acidic to become
significantly ionized in an aqueous solution at a physi-
ologically pH. Water is not sufficiently basic to remove
the proton from ethyl alcohol to form the ethoxide ion

(Eq.2.5). Therefore, under physiologic conditions, alco-
hols are neutral with respect to acid—base properties:

Eq. 2.5 CH,CH,OH + H,€ CH,CH,0” + H,0°
Predicting the Degree of lonization of a Molecule

By knowing if there are acidic and/or basic func-
tional groups present in a molecule, one can predict

TABLE 2.3 Common Organic Functional Groups That are Considered Neutral Under Physiologic Conditions

R-CH,-OH e
Alkyl alcohol Ether
o H
L Ve
R” NH, | |
/ 5 7
R
Amide Diarylamine
R o
R-N=0 H
i R R'
R
g 4
Amine oXide Ketone & Aldehyde

(o] O4+.-0
SR
.R' R (o)
RJLO
Ester Sulfonic acid ester
R-C=N R®
R—I}I—R"
R
Nitrile Quaternary ammonium
R,SNR, (¢] o, 0
R'S"R' RTR
Thioether Sulfoxide Sulfone
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whether a molecule is going to be predominantly ion-
ized or un-ionized at a given pH. To be able to quanti-
tatively predict the degree of ionization of a molecule,
the pK values of each of the acidic and basic func-
tional groups present and the pH of the environ-
ment in which the molecule will be located must be
known. The magnitude of the pK value is a measure
of relative acid or base strength, and the Henderson-
Hasselbalch equation (Eq. 2.6) can be used to calculate
the percent ionization of a compound at a given pH
(this equation was used to calculate the major forms of
ciprofloxacin in Fig. 2.5):

[acid form]

Eq. 2.6 pK, = pH + log

[base form]

The key to understanding the use of the Henderson-
Hasselbalch equation for calculating percent ionization
is to realize that this equation relates a constant, pK,, to
the ratio of the acidic form of a functional group to its
conjugate base form (and conversely, the conjugate acid
form to its base). Because pK is a constant for any given
functional group, the ratio of acid to conjugate base (or
conjugate acid to base) will determine the pH of the solu-
tion. A sample calculation is shown in Figure 2.6 for the
sedative hypnotic amobarbital.

When dealing with a basic functional group, one
must recognize the conjugate acid represents the ion-
ized form of the functional group. Figure 2.7 shows
the calculated percent ionization for the decongestant
phenylpropanolamine. It is very important to under-
stand that for a base, the pK refers to the conjugate
acid or ionized form of the compound. To thoroughly
comprehend this relationship, calculate the percent
ionization of an acidic functional group and a basic
functional group at different pH values and carefully
observe the trend.

Water Solubility of Drugs

The solubility of a drug molecule in water greatly affects
the routes of administration that are available, as well as
its absorption, distribution, and elimination. Two key
concepts to keep in mind when considering the water (or
fat) solubility of a molecule are the potential for hydro-
gen bond formation and ionization of one or more func-
tional groups within the molecule.

Hydrogen Bonds

Each functional group capable of donating or accepting
a hydrogen bond contributes to the overall water solu-
bility of the compound and increases the hydrophilic
(water-loving) nature of the molecule. Conversely, func-
tional groups that cannot form hydrogen bonds do not
enhance hydrophilicity and will contribute to the hydro-
phobic (water-fearing) nature of the molecule. Hydrogen
bonds ared special case of what are usually referred to as
dipole=dipdle interactions. A permanent dipole occurs

(0] (0] (e] (0] (©) o
HN_ _NH HN__N O HN __N
hg hg Y
(@] [e) O@
Acid form Conjugate base
pK, 8.0
Question: At a pH of 7.4, what is the percent ionization of
amobarbital?
. _ [acid]
Answer: 8.0 =7.4 +log base]
_ [acid]
0.6 =log base]
10 0.6 — [aCid] _ 3.98

“[base] T 1

% aci _ 3.98 x 100 _ 79 g9
% acid form 708 79.9%
FIGURE 2.6 Calculation of percent ionization of amobarbital.
Calculation indicates that 80% of the molecules are in the acid
(or protonated) form, leaving 20% in the conjugate base (ionized)
form.

as a result of an unequal sharing of electrons between
the two atoms within a covalent bond. This unequal shar-
ing of electrons only occurs when these two atoms have
significantly different electronegativities. When a per-
manent dipole is present, a partial charge is associated

T o
CHy = CHs
Base form Conjugate acid form
pK, 9.4
Question: What is the % ionization of phenylpropanolamine at
pH 7.4?
[acid]
: A=T74+
Answer:  9.4=7.4+log (base]
_ [acid]
2.0=log [base]

o2 lacidl _ 100
T [base] T 1

% ionization = % =99%

FIGURE 2.7 Calculation of percent ionization of phenylpropanol-
amine. Calculation indicates that 99% of the molecules are in the
acid form, which is the same as the percent ionization:
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ABSORPTION/ACID-BASE CASE

ACID-BASE CHEMISTRY/COMPATIBILITY
CASES

A long-distance truck driver comes into the pharmacy com-
plaining of seasonal allergies. He asks you to recommend an
agent that will act as an antihistamine but that will not cause
drowsiness. He regularly takes TUMS for indigestion due to the
bad food that he eats while on the road.

2 / \ ~_ 9-_COOCH

CH-N
O

Cetirizine (Zyrtec)

O COOH

Clemastine (Tavist)

Tl

Olopatadine (Patanol)

1. ldentify the functional groups present in Zyrtec and Tavist,
and evaluate the effect of each functional group on the
ability of the drug to cross lipophilic membranes (e.g.,
blood-brain barrier). Based on your assessment of each
agent’s ability to cross the blood—-brain barrier (and, there-
fore, potentially cause drowsiness), provide a rationale for
whether the truck driver should be taking Zyrtec or Tavist.

2. Patanol is sold as an aqueous solution of the hydrochloride
salt. Modify the structure present in the box to show the
appropriate salt form of this agent. This agent is applied
to the eye to relieve itching associated with allergies.
Describe why this agent is soluble in water and what prop-
erties make it able to be absorbed into the membranes that
surround the eye.

3. Consider the structural features of Zyrtec and Tavist.
In which compartment (stomach [pH 1] or intestine
[pH 6 to 7]) will each of these two drugs be best absorbed?

4. TUMS neutralizes stomach acid to pH 3.5. Based on your
answer to question 3, determine whether the truck driver
will get the full antihistaminergic effect if he takes his
antihistamine at the same time that he takes his TUMS.
Provide a rationale for your answer.

with each of these atoms along a single bond (one atom
has a partial negative charge, and one atom has a partial
positive charge). The atom with a partial negative charge
has higher electron density than the other atom. When
two functional groups that contain one or more per-
manent dipoles approach one another, they align such
that the negative end of one dipole is electrostatically
attracted to the positive end of the other. When the posi-
tive end_of the dipole is a hydrogen atom, this interac-
tion s reférred to as a “hydrogen bond” (or H-bond).

The intravenous (1V) technician in the hospital pharmacy gets
an order for a patient that includes the two drugs drawn below.
Sheis unsure if she can mix the two drugs together in the same IV
bag and is not certain how water soluble the agents are.

ch\
-H3PO
g N®3 4

O™ e
CH30

Penicillin VV Potassium

Codine phosphate

1. Penicillin V potassium is drawn in its salt form, whereas
codeine phosphate is not. Modify the structure above to
show the salt form of codeine phosphate. Determine the
acid-base character of the functional groups in the two
molecules drawn above as well as the salt form of codeine
phosphate.

2. As originally drawn above, which of these two agents is
more water soluble? Provide a rationale for your selection
that includes appropriate structural properties. Is the salt
form of codeine phosphate more or less water soluble than
the free base form of the drug? Provide a rationale for your
answer based on the structural properties of the salt form
of codeine phosphate.

3. What is the chemical consequence of mixing aqueous solu-
tions of each drug in the same IV bag? Provide a rationale
that includes an acid—base assessment.

Thus, for a hydrogen bonding interaction to occur, at
least one functional group must contain a dipole with
an electropositive hydrogen. The hydrogen atom must
be covalently bound to an electronegative atom, such as
oxygen (O), nitrogen (N), sulfur (S), or selenium (Se).
Of these four elements, only oxygen and nitrogen atoms
contribute significantly to the dipole, and we will there-
fore concern ourselves only with the hydrogen-bonding
capability (specifically as hydrogen bond donors) of func-
tional groups that contain a bond between oxygen and
hydrogen atoms (e.g., alcohols) and functional groups
that contain a bond between nitrogen and hydrogen
atoms (e.g., primary and secondary amines and amides)
(e.g., NH and CONH groups).

Even though the energy associated with each hydro-
gen bond is small (1 to 10 kcal/mol/bond), itis the addi-
tive nature of multiple hydrogen bonds that contributes
to the overall water solubility of a given drug molecule.
This type of interaction is also important in the interac-
tion between a drug and its biologic target (e.g., recep-
tor). Figure 2.8 shows several types of hydrogen bonding
interactions that can occur with a couple of functional
groups and water. As a general rule; the-more-hydrogen
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H"O'H ':l
| O. H
Y S H K b
'T' S 0. H H’
i o
;! |
;o R R
A—O“H \)\/

FIGURE 2.8 Examples of hydrogen bonding between water and
hypothetical drug molecules.

bonds that are possible between a drug molecule and
water, the greater the water solubility of the molecule.
Table 2.4 lists several common functional groups and
the number of hydrogen bonds in which they can poten-
tially participate. Note that this table does not take into
account the possibility of intramolecular hydrogen
bond formation. Each intramolecular hydrogen bond
decreases water solubility (and increases lipid solubility)
because there is one less interaction possible with water.

lonization

In addition to the hydrogen-bonding capacity of a mole-
cule, another type of interaction plays an important role in
determining water solubility: the ion—dipole interaction.
This type of interaction can occur with organic salts. Ion—
dipole interactions occur between either a cation and the
partially negatively charged atom found in a permanent
dipole (e.g., the oxygen atom in water) or an anion and

ABSORPTION/BINDING INTERACTIONS

CASE

A 24-year-old man comes into the pharmacy and asks you to
recommend a treatment for the itching and burning he has
recently noticed on both feet. He indicates that he would prefer
a cream rather than a spray or a powder. Your recommenda-
tion to this patient is to use Lamisil (terbinafine), a very effec-
tive topical antifungal agent that is sold over the counter.

Terbinafine (Lamisil)

1. Identify the structural characteristics and the correspond-
ing properties that make terbinafine an agent that can be
used topically.

2. The biologic target of drug action for terbinafine is squa-
lene epoxidase. Consider each of the structural features of
this antifungal agent and describe the type of interactions
that the drug will have with the target for drug action.
Which amino acids are likely to be present in the active site
of thiS enzyme?

FIGURE 2.9 Examples of ion—dipole interactions.

the partially positively charged atom found in a perma-
nent dipole (e.g., the hydrogen atoms in water) (Fig. 2.9).

Organic salts are composed of a drug molecule in
its ionized form and an oppositely charged counterion.
For example, the salt of a carboxylic acid is composed
of the carboxylate anion (ionized form of the functional
group) and a positively charged ion (e.g., Na*) and the
salt of a secondary amine is composed of the ammonium
cation (ionized form of the functional group and a nega-
tively charged ion; e.g., CI"). Not all organic salts are very
water soluble. To associate with enough water molecules
to become soluble, the salt must be highly dissociable; in
other words, the cation and anion must be able to sepa-
rate and interact independently with water molecules.
Highly dissociable salts are those formed from strong
acids with strong bases (e.g., sodium chloride), weak acids
with strong bases (e.g., sodium phenobarbital), or strong
acids with weak bases (e.g., atropine sulfate). Examples
of strong acids (strong acids are 100% ionized in water
[i.e., no ionization constants or pK values of <1]) include
the hydrohalic (hydrochloric, hydrobromic, and hydro-
fluoric), sulfuric, nitric, and perchloric acids. All other
acids (e.g., phosphoric, tartaric, acetic, and other organic
acids, and phenols) are partially ionized with pK, values
from 1 to 14 and are, therefore, considered to be moder-
ate or weak acids. Hydroxides of sodium, potassium, and

TABLE 2.4 Common Organic Functional Groups and

Their Hydrogen-Bonding Potential

Functional Groups Number of Potential H-bonds

R-OH 3
(0] 2
N
R-NH 3
R-I}IH 2
R
R—N—R" 1
R
O 2
R
R O
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calcium are strong bases because they are 100% ionized,
whereas other bases, such as amines, are of moderate or
weak strength. The salt formed by a carboxylic acid with
an alkylamine is the salt of a weak acid and weak base,
respectively. This salt does not dissociate appreciably and
cannot significantly contribute to the overall water solu-
bility of a given drug molecule. In general, low molecular
weight salts are water soluble, and high molecular weight
salts are water insoluble. Examples of common organic
salts used in pharmaceutical preparations are provided
in Figure 2.10.

The extent to which ionized molecules are soluble
in water is also dependent on the presence of intramo-
lecular ionic interactions. Molecules with ionizable func-
tional groups of opposite charges have the potential to
interact with each other rather than with water mole-
cules. When this occurs, these molecules often become
water insoluble. A classic example is the amino acid
tyrosine (Fig. 2.11). Tyrosine contains three very polar
functional groups, two of which are ionizable (the alkyl-
amine and carboxylic acid) depending on the pH of the
environment.

The phenolic hydroxyl group is also ionizable (pK,
9 to 10); however, it does not contribute significantly
to the ionization of tyrosine under pharmaceutically or
physiologicallyrelevantconditions (<1%ionizedatpH?7).
Because of the presence of three very polar functional
groups (two of them being ionizable), one would expect
tyrosine to be very soluble in water, yet its solubility is

HO. HO.

1, 1,
\ \ (DOOC OH
Sl Y 9

COOH
Jo, a8
cl cl
Hydroxyzine hydrochloride Hydroxyzine pamoate
(1g/mL) (19/1000 mL)
ﬁ
_/k'i
S_ CH, ® m S_ CH,
m \% CH, \2<CH3
coo
coo@

Penicillin G sodlum

Penicillin G procaine
(19/40 mL)

(19/250 mL)

gj H,C.

o H;C H /@C )N—H

N7 ® OH Y 2
Jl\Q N CH CH3NHJ\O N CH3| SO

CH,NH ! s 00C
3 CH, 1) CH,
Physostigmine sulfate

Physostigmine salicylate
y g Y (19/4 mL)

(19/75 mL)

FIGURE 2.20 /Water solubilities of different salt forms of selective
drugss

Carboxylic acid

Phenol Primary alkyl amine

FIGURE 2.11
pK, values).

Organic functional groups in tyrosine (see text for

only 0.45 g/1,000 mL. The basic alkylamine (pK 9.1 for
the conjugate acid) and the carboxylic acid (pK, 2.2)
are both ionized at physiologic pH, and a zwitterionic
molecule results. These two charged groups are suffi-
ciently close that a strong ion-ion interaction occurs,
thereby keeping each group from participating in
ion—dipole interactions with surrounding water mol-
ecules. This lack of interaction between the ions and
the dipoles found in water results in a molecule that is
very water insoluble (Fig. 2.12). Not all zwitterions or
multiply charged molecules demonstrate this behavior;
only those that contain ionized functional groups close
enough for an ionic interaction to occur will be poorly
soluble. Generally, the greater the separation between
charges, the more highly water soluble one anticipates
the molecule will be. This is only true, however, up to a
certain number of carbon atoms. This will be discussed
in more detail later.

Predicting Water Solubility: The Empirical
Approach

Lemke (10) developed an empiric approach to predict-
ing the water solubility of molecules based on the carbon-
solubilizing potential of several functional groups. In his
approach, if the solubilizing potential of the functional
groups exceeds the total number of carbon atoms pres-
ent, then the molecule is considered to be water solu-
ble. Otherwise, it is considered to be water insoluble.
Participation in intramolecular hydrogen bonding or
ionic interactions decreases the solubilizing potential of
a given functional group. It is difficult to quantitate how
much such interactions will decrease a molecule’s overall
water solubility.

Table 2.5 shows the water-solubilizing potential for
several functional groups common to many drugs.
Because most drug molecules contain more than one
functional group (i.e., are polyfunctional), the second
column in the table will be of more utility. To demon-
strate Lemke’s method, consider the structure of anile-
ridine. Anileridine (Fig. 2.13) is an opioid analgesic that
contains three functional groups that contribute to water

/@/\(COO o
NH;
HO ® s

FIGURE 2.12  Zwitterionic form of tyrosine showing ion-ion bond.
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BINDING INTERACTIONS CASE

WATER/LIPID SOLUBILITY CASE

Each of these drug molecules interacts with a different biologic
target and elicits a unique pharmacologic response. For each
of the three molecules, list the types of interactions that are
possible with a biologic target. For each type of interaction,
provide one example of an amino acid that could participate in
that interaction.

Oﬁ”uj\

OH
O\/A
Betaxolol (Betoptic)

Q
‘\\\/\/\/C'OCH@;
H3C,, 4OH

Misoprostol (Cytotec)

H
LN NN
HO/D)\/ OW@

HO
Salmeterol (Serevent)

Example: Binding interaction: Van der Waals
Amino acid: Leucine

solubility: an aromatic amine (very weak base), a tertiary
alkylamine (weak base), and an ester (neutral). There
are a total of 21 carbon atoms in the molecule and a
solubilizing potential from the three functional groups
of nine carbon atoms. Since the solubilizing potential of
the functional groups is less than the total number of
carbons that are present, it is predicted that anileridine
is insoluble in water. This is, indeed, the case: The solu-
bility of anileridine is reported in the U.S. Pharmacopeia
(USP) as 1 g/10,000 mL, or 0.01%. Now consider the

Tertiary alkylamine, 3 carbons

CO,CH,CHs

Ester, 3 carbons

Aromatic or
arylamine,
3 carbons
Anileridine
FIGURE™2/3/ Identification of functional groups in anileridine.

When you look at any drug molecule, there are a number of
functional groups present that contribute to the properties of
that drug molecule. Identify the types of functional groups in
each molecule and to which physical properties (water/lipid
solubility) each contributes.

1. Structural feature

CHj
SN )
N N

)

Cl

Physical property

Meclizine (Antivert)

2. Structural feature Physical property

CF3

O,

7,
%
2,

%,

s NH
H CHy

Fluoxetine (Prozac)

3. Structural feature Physical property

CHgs
HsCy, ~_CHs

OH
CHs

CH,
\
HO® OH

1,25-Dihydroxy Vit D,

hydrochloride salt of anileridine. Not only do the three
functional groups contribute a solubilizing potential of
nine carbon atoms, the positive charge of the alkylammo-
nium contributes also to its water solubility. Lemke (10)
estimates that each ionized functional group (cationic
or anionic) found within a drug molecule contributes
a solubilizing potential of 20 to 30 carbon atoms. Thus,
the solubilizing potential for all of the functional groups
in anileridine hydrochloride is 29 to 39 carbon atoms,
which is more than the total number of carbon atoms
in the molecule. This salt should therefore be soluble
in water, and it is (to the extent of0.2-g/mL,-0or 20%),
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INTERACTIONS/SOLUBILITY CASE

J.K. presents a prescription for her 6-month-old daughter for
Donatussin Drops. She wants to know if this medication will
have an effect on her daughter’s alertness.

Components of Donatussin:

Phenylephrine (decongestant)

Chlorpheniramine (antihistamine)

Guaifenesin (expectorant)

HO g NHCH @) Hs
3 N
Phenylephrine
Cl
OH Chlorpheniramine
OCHjz \):
0
o
Guaifenesin

1. ldentify the structural features/functional groups of phenyl-
ephrine and guaifenesin that contribute to improved water
solubility (medication given as drops). List the type(s) of
interactions that these groups have with water, and draw
an example of these interactions (with appropriate labels).

2. Evaluate each of the three molecules, and determine if
each molecule contains any functional groups that will
allow the drug to cross the blood-brain barrier and have an
effect on this child’s alertness (create a list of relevant func-
tional groups for each molecule). Based on your evaluation,
which agent is likely to have the most significant effect?
Identify what property is necessary for these agents to
cross this biologic membrane.

3. Identify the binding interactions that chlorpheniramine
and guaifenesin could have with their respective targets
for drug action. Be sure to identify which functional groups
will participate in each of these binding interactions.

Problem 6, found at the end of the chapter, provides an
additional opportunity to use this approach to predict
water solubility. Solubility data for these drug molecules
can be found in the USP. In most instances, discrepan-
cies between approximate and actual water solubilities
can be rationalized by careful inspection of the chemical
structure.

Predicting Water Solubility: Analytical/Quantitative
Approach

Another method for predicting water solubility involves
calculation of an approximate logP, or log of the parti-
tion coefficient for a molecule. This approach is based
on an approximation method developed by Cates (11)
and discussed in Lemke (10). In this approach, one sums

TABLE 2.5 Water-solubilizing Potential of Organic

Functional Groups in a Mono- or Polyfunctional
Molecule

Functional Monofunction Polyfunctional
Group Molecule Molecule
Alcohol 5 to 6 carbons 3 to 4 carbons
Phenol 6 to 7 carbons 3 to 4 carbons
Ether 4 to 5 carbons 2 carbons
Aldehyde 4 to 5 carbons 2 carbons
Ketone 5 to 6 carbons 2 carbons
Amine 6 to 7 carbons 3 carbons
Carboxylic acid 5 to 6 carbons 3 carbons
Ester 6 carbons 3 carbons
Amide 6 carbons 2 to 3 carbons

Urea, carbonate, 2 carbons

carbamate

Water solubility is defined as greater than 1% solubility (9).

the hydrophobic or hydrophilic properties of each func-
tional group present in the molecule. Before we can cal-
culate logP values, a brief explanation of the concept of
partition coefficient is necessary.

Eq. 2.7 P-C,./C

In its simplest form, the partition coefficient, P, refers
to the ratio of drug concentration in octanol (C_ ) to that
in water (C_ ) (Eq. 2.7). Octanol is used to mimic the
amphiphilic nature of lipid, because it has a polar head
group (primary alcohol) and a long hydrocarbon chain,
or tail, similar to the fatty acid tail that makes up part of
a lipid membrane. Because P is logarithmically related to
free energy (12), P is generally expressed as logP and is,
therefore, the sum of the hydrophobic and hydrophilic
characteristics of the functional groups that make up the
structure of the molecule. Thus, logP is a measure of the
lipid/water solubility characteristics of the entire molecule.
Because each functional group contained within the mol-
ecule contributes to the overall hydrophilic/hydrophobic
character of the molecule, a hydrophilic/hydrophobic
value (the hydrophobic substituent constant, m) can be
assigned to each functional group. Equation 2.8 defines
this relationship:

Eq. 2.8 LogP = Xn (fragments)

When calculating logP from hydrophobic substituent
constants, the sum is usually referred to as logP_ or
ClogP [for software sources to calculate ClogP, see (16)]
to distinguish it from an experimentally determined

value (MlogP or logP ). Over the years,extensive tables

meas
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of m values have been compiled for organic functional
groups and molecular fragments (12-15). Table 2.6 is a
highly abbreviated summary of © values from Lemke (10),
based largely on the manuscript by Cates (11). Using the
values in this table, a fairly reasonable estimate for the
water solubility of many organic compounds (shown as
logP) can be determined.

Again we will consider the structure of the opioid
analgesic anileridine to demonstrate the calculation
of logP (Fig. 2.13). This compound has a total of 22
carbon atoms, some aliphatic and some aromatic. We
need to distinguish between the aliphatic and aromatic
carbon atoms because the delocalized n orbitals for
the sp? hybridized aromatic carbon atoms make them
more polar than aliphatic carbons. The compound also
contains one tertiary alkylamine, one aromatic or aryl
amine, and one ester. Evaluation of esters and amides
requires that the oxygen, nitrogen, and ester/amide car-
bon atoms are counted in this © value. The remaining
aliphatic carbons are then counted. Figure 2.14 summa-
rizes the logP calculation for anileridine. The calculation
gives a ClogP value for anileridine of +4.8. Water solubil-
ity as defined by the USP is solubility greater than 3.3%,
which equates to an approximate logP of +0.5. LogP val-
ues less than +0.5 are therefore considered to be water
soluble, and those greater than +0.5 are considered to
be water insoluble. According to our calculation, anile-
ridine would be predicted to be insoluble in water. This
calculation agrees with the more empiric procedure dis-
cussed earlier.

Other sample calculations are shown in Figure 2.15, and
several problems are provided at the end of this chapter.
In Figure 2.15, MlogP values (when available) and ClogP
values (16) are included for comparison purposes (see
Appendix A for additional ClogP values). Even though the
7t values from Table 2.6 are not as extensive as those in the
computer program, there is good general agreement with
most of these compounds with respect to their solubility (or
insolubility) in water. In addition, other programs besides
ClogP are available to predict logP values; some of these
programs are available on the Internet. One must keep in
mind that due to the assumptions made in these programs,
they cannot produce results that are in total agreement
with measured values or other prediction programs. ClogP
values calculated from ACDLogP (16) are generally more
accurate. Other programs for calculating logP values, such
as Molinspiration (17) and Interactive Analysis (18), use
different methods and assumptions and, therefore, do
not always agree with ClogP predictions or experimentally
determined values. This is not to say that the latter two pro-
grams do not give accurate results. Often, one or all of the
programs will have reasonable agreement with measured
values, but greater disagreement tends to occur as the
number of functional groups in the molecule that partici-
pate as hydrogen-bond acceptor and/or hydrogen-bond
donor groups increases. This increases the likelihood that
intramoleetilar interactions will occur—something that is
not always taken into account with these programs.

TABLE 2.6 Hydrophilic-lipophilic Values (nV) for

Organic Fragments (10)

Functional Group 7 value 7 value
(aliphatic) (aromatic)

H 0.00

Alkane 0.50 0.56 (CHS);

1.02 (CH,CH,)

Alkene 0.82

C,H, (phenyl) 2.15 1.96

Br,Cl, F, I 0.60; 0.39; 0.86; 0.71;
-0.17; 1.00 0.14; 1.12

NO, -0.85 -0.28

NH_ (primary amine) -1.19 -1.23

NHR (secondary amine) -0.67 0.47

NR, (tertiary amine) -0.30 0.18

-NHC=0OR (amide) -0.97

SC6H5 2.32

OH -1.12 -0.67

OCH, -0.02

-OC=0R (ester) -0.27 -0.64

CHO (aldehyde) -0.65

C=OCH, (ketone) -0.55

COH -0.32

SO, NH, (sulfonamide) -1.82

The ability to predict the percent ionization or water
solubility of a molecule should not be viewed as an exer-
cise in arithmetic, but rather as a way to understand the
solution behavior of molecules, especially as it relates to
admixtures and the pharmacokinetic differences among
molecules. The ionization state of a molecule not only
influences its water solubility, but also its ability to traverse

o
HyN

Fragments P

CO,CH,CHs

1 primary alkylamine  -1.23
1 teriary alkylamine -0.30
9 aliphatic carbons +4.5

2 phenyl rings +4.30
1 ester -0.27
logP +7.0

FIGURE 2.14 Calculation of logP for anileridine:
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Fragments n
CHs
6 carbons +3.0 o
COOH 1 phenyl +2.15 COOH
w 1 carboxyl -0.32 HS/\ciLNKj
Ibuprofen logP +4.83
MlogP +3.5; ClogP +3.68 Captopril
Fragments n
A 11 carbons +5.5 NHz
(CHg)sCN 1 phenyl +2.15 N_ s
g\ o 2 IMHB +1.3 o J I
H 1 secondary amine-0.67 g cl
°© 1 ether -0.02 COOH
3 alcohols -3.36
HO logP +4.90 Cefaclor
OH MlogP +0.71; ClogP +0.23
Nadolol
FIGURE 2.15 ClogP calculations for selected compounds.

membranes and, therefore, its ability to be absorbed. The
distribution of the drug and its ability to bind to proteins
other than its target are also greatly influenced by the
ionization state and the hydrophilic/hydrophobic nature
of the molecule.

STEREOCHEMISTRY AND DRUG ACTION

Stereoisomers are molecules that contain the same
number and kinds of atoms, the same arrangement of
bonds, but different three-dimensional structures; in
other words, they only differ in the three-dimensional
arrangement of atoms in space. There are two types
of stereoisomers: enantiomers and diastereoisomers.
Enantiomers are pairs of molecules for which the
three-dimensional arrangement of atoms represents
nonsuperimposable mirror images. Diastereoisomers
represent all of the other stereoisomeric compounds
that are not enantiomers. Thus, the term “diastereoiso-
mer” includes compounds that contain double bonds
(geometric isomers) and ring systems. Unlike enantio-
mers, diastereoisomers exhibit different physicochemi-
cal properties, including, but not limited to, melting
point, boiling point, solubility, and chromatographic
behavior. These differences in physicochemical proper-
ties allow the separation of individual diastereoisomers
from mixtures with the use of standard chemical sepa-
ration techniques, such as column chromatography or
crystallization. Enantiomers cannot be separated using
such techniques unless a chiral environment is provided
or if they are first converted to diastereoisomers (e.g.,
salt formation with another enantiomer). Examples
of enantiomers and diastereoisomers are provided in
Figure 2.16.

The physicochemical properties of adrug molecule are
dependent not only on what functional groups are pres-
entin“the/molecule but also on the spatial arrangement

Fragments n Fragments n
7 carbons +35 HO © 22 carbons  +11.0
1 sulfur 0.0 o o 1 alcohol -1.12
1 carboxyl 885 s o JH/\CH 2 carboxyls -0.64
i -U. 2)2 3
1 amide HsC CHs logP + 9.24
logP +2.21
CH MlogP +4.26; ClogP +4.08
ClogP +1.16 o ©9 9
Lovastatin

Fragments n
6 carbons +3.0
1 phenyl +2.15
1 chloride +0.39
1 primary amine -1.19
1 sulfur 0.0
2 amides -1.94
1 carboxyl -0.32

logP +2.09

MlogP -1.69; ClogP -1.79

of these groups. This becomes an especially important
factor when the environment that a molecule is in is
asymmetric, such as the human body. Proteins and other
biologic targets are asymmetric in nature. How a particu-
lar drug molecule interacts with these macromolecules is
determined by the three-dimensional orientation of the
functional groups present. If critical functional groups
in the drug molecule do not occupy the proper spatial
region, then productive interactions with the biologic
target will not be possible. As a result, it is possible that
the desired pharmacologic activity will not be achieved.
If, however, the functional groups within a drug mol-
ecule are located in the proper three-dimensional ori-
entation, then the drug can participate in multiple key
interactions with its biologic target. It is important to
understand not only which functional groups contrib-
ute to the pharmacologic activity of a drug, but also the
importance of the three-dimensional nature of these
functional groups in predicting drug potency and poten-
tial side effects.

Approximately one in every four drugs currently on
the market is some type of isomeric mixture. For many
of these drugs, the biologic activity can only reside in
one isomer (or at least predominate in one isomer).
The majority of these isomeric mixtures are termed
“racemic mixtures” (or “racemates”). A racemic mixture
is comprised of equal amounts of both of the possible
drug enantiomers. As mentioned earlier in this chapter,
when enantiomers are introduced into an asymmetric,
or chiral, environment, such as the human body, they
display different physicochemical properties. This can
lead to significant differences in their pharmacokinetic
and pharmacodynamic behavior, resulting in adverse
side effects or toxicity. For example, the individual iso-
mers in a racemic mixture can exhibit significant differ-
ences in absorption (especially active transport), serum
protein binding, and metabolism. As it relates to drug
metabolism, it is certainly possible‘that enly ene of.the
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ENANTIOMERS

Ho ~CHs HaCa M
. @ 3 B @
coo N coo NeD
CH40 CH3O

S-(+)-naproxen sodium

H3C‘Ni
OH

Levorphanol (anagesic)

R-(-)-naproxen sodium

i'\‘, ~CH,
HO

Dextrorphan (antitussive)

DIASTEREOISOMERS

HO, H Ho, H
_NHCH; _NHCH;
',,H o /CH3
CHs

1R, 2S-(-)-Ephedrine 1R, 2R-(-)-Pseudoephedrine

HsC HsC

Z-triprolidine (inactive) E-triprolidine (active)

FIGURE 2.16 Examples of stereoisomers.

isomers can be converted into a toxic substance or can
influence the metabolism of another drug (Chapter 4).
Since stereochemistry can have a profound effect on
both the pharmacokinetic and pharmacodynamic prop-
erties of a drug, it is important to review the founda-
tional concepts

Stereochemical Definitions
Designation of Absolute Configuration

At first, enantiomers were distinguished by their abil-
ity to rotate the plane of polarized light. Isomers that
rotate the plane of polarized light to the right, or in a
clockwise direction, were designated as dextrorotatory,
indicated by a (+)- sign before the chemical name [e.g.,
(+)-amphetamine or dextroamphetamine]. The oppo-
site designation, levorotatory or (-)-, was assigned to mol-
ecules that rotate the plane of polarized light to the left,
or in a counterclockwise direction. The letters ¢ and F
were formerly used to indicate (+)- and (-)-, respectively.
A racemate (racemic mixture)—that is, a 1:1 mixture of
enantiomets/is indicated by placement of a (+)- before
the compotind name. This nomenclature is based on a

QUESTIONS WE CAN NOW ANSWER

ABOUT ANY DRUG MOLECULE

Based on your knowledge of acid—base chemistry, from where
will this drug primarily be absorbed?

What is the solubility of the drug in the stomach, plasma, or
an aqueous |V?

What are the possible interactions that the drug could have
with its respective target for drug action?

What is the compatibility of the drug if mixed with other drugs?
How should this drug be delivered? Is it stable in stomach acid?

physical property of the molecule and does not describe
the absolute configuration or three-dimensional arrange-
ment of atoms around the chiral center.

In the late 19th century, Fisher and Rosanoff devel-
oped a system of nomenclature based on the struc-
ture of glyceraldehyde (Fig. 2.17). Since there were no
methods at that time to determine the absolute three-
dimensional arrangement of atoms in space, the two
isomers of glyceraldehyde were arbitrarily assigned
the designation of D-(+)- and L-(-). It was not until the
1950s that the absolute configurations of these mole-
cules were determined (Fisher had fortuitously guessed
correctly). The configurations of other molecules were
then assigned based on their relationship to b- or L-glyc-
eraldehyde via synthetic methods or chemical degrada-
tion. Thus, via chemical degradation, it was possible
to determine that (+)-glucose, (-)-2-deoxyribose, and
(=)-fructose had the same terminal configuration as
D-(+)-glyceraldehyde and, therefore, were assigned the
p-absolute configuration. Amino acid configurations
were assigned based on their relationship to D-(+)-
and r-(-)-serine (Fig. 2.17). Unfortunately, this system
becomes very cumbersome with molecules that contain
more than one chiral center.

LEARNING THE LINGO: DRUG

MOLECULE EVALUATION

Analysis of Individual Functional Groups:
Name of functional group

Shape of functional group

Hydrophobic vs. hydrophilic character
Polar vs. nonpolar character

Acidic vs. basic (pK ) character

Binding interactions
Chemical/enzymatic stability

Analysis of the Whole Drug Molecule:

Looking for functional group balance: water solubility and
absorption

lonization issues: effect on solubility and absorption

Drug combinations: acid—base interactions

Drug interactions with biologic target: good fit or not?
Stability and bioavailability: route of administration
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CHO CHO
H=—aOH HO»=~aH
CH,0H CH,0H

D-(+)-Glyceraldehyde L-(-)-Glyceraldehyde

COOH COOH
HaNH, HoN =t
CH,OH CH,0H
D-(+)-Serine L-(-)-Serine

FIGURE 2.17 Relationship of optical isomers of serine to b- and
L-glyceraldehyde.

In 1956, a new system of stereochemical nomenclature
was introduced by Cahn et al. (19) and is known as the
Sequence Rule or CIP system. With this system, atoms
attached to a chiral center are ranked based on their
atomic number. Highest priority is given to the atom
with the highest atomic number, and subsequent atoms
are ranked accordingly, from highest to lowest. When a
decision cannot be made in the assignment of priority—
for example, two atoms with the same atomic number
attached to the chiral center—this evaluation extends to
the next atom until a priority can be established. When
the molecule is then viewed from the side opposite to the
lowest-priority atom, the priority sequence from highest
to lowest can then be determined. If the priority sequence
proceeds to the right, or in a clockwise direction, the chi-
ral center is designated with an R-absolute configuration.
The designation is Swhen the priority sequence proceeds
to the left, or in a counterclockwise direction. An example
of this is seen in the neurotransmitter norepinephrine.

M, £ O
b Hig |
3¢ e TS ¢ s ok
e A
HO HI -
3
Morepinaphring A

Degradation studies demonstrate that (—)-norepi-
nephrine is related to p-(-)-mandelic acid; therefore,
it was given the D-designation using the Fisher system.
With the CIP system, norepinephrine is assigned the
R-absolute configuration.

It should be noted that the CIP nomenclature system
uses a set of arbitrary rules and, therefore, should be viewed
as a system that tracks absolute configuration only. In many
instances, two molecules can have different absolute con-
figurations as designated by the CIP system, but the same
relative orientation of the functional groups relevant for
biologic activity. An example of this is demonstrated when
the absolute configuration of the nonselective B-adrenergic
antagonist propranolol is compared to norepinephrine.
Because of the presence of the ether oxygen atom, the pri-
orityssequence of the functional groups about the chiral

center results in the assignment of the S-absolute configura-
tion for the more active enantiomer of propranolol. Close
inspection of both Rmnorepinephrine and Spropranolol,
however, shows that the hydroxy group, basic amine, and
aromatic rings of both compounds occupy the same regions
in three-dimensional space.

=
o i H,
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Stereochemistry and Biologic Activity
Easson-Stedman Hypothesis

In 1886, Piutti (20) reported different physiologic actions
for the enantiomers of asparagine, with (+)-asparagine
having a sweet taste and (—)-asparagine a bland one. This
was one of the earliest observations that enantiomers can
exhibit differences in biologic action. In 1933, Easson and
Stedman (21) reasoned that differences in biologic activ-
ity between enantiomers resulted from selective reactivity
of one enantiomer with its receptor. They postulated that
such interactions require a minimum of a three-point fit
to the receptor. This is demonstrated in Figure 2.18 for
two hypothetical enantiomers. In Figure 2.18, the letters
A, B, and C represent hypothetical functional groups that
can interact with complementary sites on the hypotheti-
cal receptor surface, represented by A’, B, and C". Only

|
=D

[ [ ]
A - C
Y
Compound 6

- -
A pa— C
B/
Compound 7

FIGURE 2.18 Optical isomers. Only in compound 6 do the func-
tional groups A, B, and C align with the corresponding sites of
binding on the asymmetric surface.
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one enantiomer is capable of attaining the correct special
orientation to enable all three functional groups to inter-
act with their respective sites on the receptor surface. The
inability of the other enantiomer to achieve the same num-
ber of interactions with the hypothetical receptor surface
explains its reduced biologic activity. The Easson-Stedman
Hypothesis states that the more potent enantiomer must
be involved in a minimum of three intermolecular interac-
tions with the surface of the biologic target and that the less
potent enantiomer only interacts with two sites. This can be
illustrated by looking at the differences in vasopressor activ-
ity of R-(-)-epinephrine, $-(+)-epinephrine, and the achiral
N-methyldopamine (Fig. 2.19). With R-(-)-epinephrine,
the three points of interaction with the receptor site are
the substituted aromatic ring, p-hydroxyl group, and the
protonated secondary ammonium group. All three func-
tional groups interact with their complementary sites on
the receptor surface, resulting in receptor stimulation (in
this case). With §$(+)-epinephrine, only two interactions
are possible (the protonated secondary ammonium and
the substituted aromatic ring). The P-hydroxyl group is
located in the wrong place in space and, therefore, cannot
interact properly with the receptor. Nmethyldopamine can
achieve the same interactions with the receptor as S$(+)-
epinephrine; therefore, it is not surprising that its vasopres-
sor response is the same as that of $-(+)-epinephrine and
less than that of R-(-)-epinephrine.

Not all stereoselectivity seen with enantiomers can be
attributed to differences in the ability of the drug mol-
ecule to interact with its biologic target. Differences in
biologic activity can also result from differences in the
ability of each enantiomer to reach the biologic target.
Because the biologic system encountered by the drug is
asymmetric, each enantiomer can experience selective
penetration into membranes, metabolism, absorption
at sites of loss (e.g., adipose tissue), and/or excretion.
Figure 2.20 shows various phases that enantiomers can
encounter before reaching the biologic target. An enan-
tiomer cannot encounter stereoselective environments at
each of these points; however, enantioselectivity at any

S

'I-
o

S-(+)-Epinephrine

R-(-)-Epinephrine N-Methyldopamine

FICURE 2.19" Drug receptor interaction of R-(—)-epinephrine,
S-(+)-epinephfine, and N-methyldopamine.

Drug Membrane > Selective
dose I > selectivity I metabolism

!

Desired Drug Nonspecific
response receptor | <~ receptors.
Site of loss

FIGURE 2.20 Selective phases to which optical isomers can be
subjected before biologic response.

point can provide enough of an influence to cause one
enantiomer to produce a significantly better pharmaco-
logic effect than the other. Conversely, such processes
can also contribute to untoward effects of a particular
enantiomer. Differences in pharmacologic action among
stereoisomers provides an excellent example of how not
all pharmacologic effects of a drug are necessarily ben-
eficial to the patient. Although there is no regulatory
prohibition on the development of racemic agents, it is
reasonable that single enantiomer drugs will become the
overwhelming therapeutic choice in the future.

Diastereomers

As mentioned earlier, diastereoisomers are molecules
that are nonsuperimposable, non-mirror images. This
type of isomer can result from the presence of more than
one chiral center in the molecule, double bonds, or ring
systems. These isomers have different physicochemical
properties, and as a result, it is possible that they can have
differences in biologic activity.

Molecules that contain more than one chiral center
probably are the most common type of drug-based dia-
stereoisomers. Classic examples are the diastereoisomers
ephedrine and pseudoephedrine (Fig. 2.21). When a

molecule contains two chiral centers, there can be as

OH

H
HO, H _ K
@/NHCHg Enantiomers @)7“‘”‘*%
° B S l,/
K CHs
CH; H H

(-)-Ephedrine (+)-Ephedrine

Diastereomers Diastereomers

H, OH
HO, H S
“, B ’/H
) CH
H  CHs Enantiomers 3

(-)-Pseudoephedrine (+)-Pseudoephedrine

FIGURE 2.21  Relationship between the diastereomers of ephed-
rine and pseudoephedrine.
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H H
CHs N OH
(CHg)N HaC” =7 0H /@)\(CHZOH
o
HO O o NHCOCHCI,
H3C OH

Isomethadol
o OoH
N
HzNJj©/K/
Ho CHs
Labetalol

FIGURE 2.22

many as four possible stereoisomers consisting of two
sets of enantiomeric pairs. When considering an enan-
tiomeric pair of molecules, there is inversion of both chi-
ral centers. In diastereomers, there is inversion of only
one chiral center. (Problem 9 at the end of this chapter
helps to illustrate this point.) Figure 2.22 shows several
examples that contain two or more chiral centers and,
therefore, are diastereoisomeric (see Problem 10 at the
end of this chapter).

Restricted bond rotation caused by carbon-carbon
double bonds (alkenes or olefins) and similar systems,
such as imines (C=N), can produce stereoisomers. These
are also referred to as geometric isomers, although they
more properly are classified as diastereoisomers. In this
situation, substituents can be oriented on the same side
or on opposite sides of the double bond. The alkene
2-butene is a simple example.

H [T

Hal: H
=

HiG  CHy H GHy

org OF RO rans oF & Hoimas

With 2-butene, it is readily apparent that the methyl
groups can be on the same or on opposite sides of the
double bond. When they are on the same side, the
molecule is defined as the cis- or Zisomer (from the
German zusammen, meaning “together”); when they are
on opposite sides, the designation is trans- or E- (from
the German entgegen, meaning “opposite”). With simple
compounds, such as 2-butene, it is easy to determine
which groups in the molecule are cis or trans to one
another. This becomes more difficult to determine,
however, with more complex structures, where it is less
obvious which substituents should be referred to when
naming the compound. In 1968, Blackwood et al. (22)
proposed a system for the assignment of “absolute” con-
figuration with respect to double bonds. Using the CIP
sequencesTules, each of the two substituents attached
to the carbon atoms comprising the double bond are

Morphine

Chloramphenicol

C,Hs0._O
2 CHs
N
N
H o cooH
Enalapril

Examples of chiral drugs with two or more asymmetric centers.

assigned a priority of 1 or 2, depending on the atomic
number of the atom attached to the double bond. When
two substituents of higher priority are on the same side
of the double bond, this isomer is given the designation
of cis or Z. When the substituents are on opposite sides,
the designation is ¢rans or E. The histamine H -receptor
antagonist triprolidine (Fig. 2.23) is a good example for
demonstrating how this nomenclature system works.
The Eisomer of triprolidine is more active both in vitro
and in vivo, indicating that the distance between the
pyridine and pyrrolidine rings is critical for binding to
the receptor.

Diastereoisomers (as well as enantiomers) can also
be found in cyclic molecules. For example, the cyclic
alkane 1,2-dimethylcyclohexane can exist as cis/trans
diastereoisomers, and the ¢rans isomer can also exist as
an enantiomeric pair. In Figure 2.24, each of the trans-
enantiomorphs is depicted in the two possible chair con-
formations for the cyclohexane ring. Since cyclohexane
rings can exhibit significant conformational freedom,
this allows for the possibility of conformational isomers.
Isomers of this type will be discussed in the next sec-
tion. When two or more rings share a common bond
(e.g., decalin), rotation around the bonds is even more
restricted. This prevents ring “flipping” from occurring,
and as a result, diastereoisomers and enantiomers are
generated.

N1 1
N\ / Nij
5 )=
H 2
HsC H3C
Z E

FIGURE 2.23 Geometric isomers of triprolidine:
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H3C CHs
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FIGURE 2.24 Diastereomers of 1,2-dimethylcyclohexane.
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In the case of decalin, a two-ring system, the rings are
fused together via a common bond in either the trans or
cis configuration as shown. Steroids, a class of medicinally
important compounds that consist of four fused rings
(three cyclohexanes and one cyclopentane), exhibit signifi-
cantly different biologic activity when the first two cyclohex-
ane rings are fused into different configurations, referred
to as the 5a- or HB-isomers (Fig. 2.25). The o-designation
indicates that the hydrogen atom in the 5-position is below
the “plane” of the ring system; the B-designation refers to

5a-Cholestane

H3C

HaC

I

H

5B-Cholestane

the hydrogen atom being above this plane. What appears
to be a very minor change in orientation for the substit-
uent results in a very drastic change in the three-dimen-
sional shape of the molecule and in its biologic activity.
Figure 2.25 shows the diastereoisomers 5o-cholestane and
5B-cholestane as examples. The chemistry and pharmacol-
ogy of steroids will be discussed in more detail in Chapters
28 (Adrenocorticoids), 40 (Men’s Health: Androgens),
and 41 (Women’s Health: Estrogens and Progestins).

Conformational Isomerism

Conformational isomerism takes place via rotation about
one or more single bonds. Such bond rotation results in
nonidentical spatial arrangement of atoms in a molecule.
This type of isomerism does not require much energy
because no bonds are broken. In the conversion of one
enantiomer into another (or diastereoisomer), bonds
are broken, which requires significantly more energy.
The neurotransmitter acetylcholine can be used to dem-
onstrate the concept of conformational isomers.

Acetyichplng

Each single bond within the acetylcholine molecule is
capable of undergoing rotation, and at room tempera-
ture, such rotations readily occur. Rotation around single
bonds Co—Cp bond of acetylcholine was shown by Kemp
and Pitzer (23) in 1936 not to be free but, rather, to have an
energy barrier, which is sufficiently low that at room tem-
perature acetylcholine exists in many interconvertible con-
formations (see Chapter 9). Rotation around the central
Co—CP bond produces the greatest spatial rearrangement
of atoms compared to rotation around any other bond.
Since the atoms at the end of some of the bonds within
acetylcholine are identical, rotation about several of these
bonds produces redundant structures when viewed along
the Co-Cp bond, and acetylcholine can be depicted in

CHs

A

FIGURE225/ The 50 and 58 conformations of the steroid nucleus cholestane.
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FIGURE 2.26 Anti and gauche conformations of acetylcholine.

the sawhorse or Newman projections, as shown in Figure
2.26. When the ester and trimethylammonium groups are
180° apart, the molecule is said to be in the anti, or stag-
gered, conformation (or conformer or rotamer). This
conformation allows maximum separation of the func-
tional groups and is the most stable conformation ener-
getically. It is possible that other conformations are more
stable if factors other than steric interactions are consid-
ered (e.g., intramolecular hydrogen bonds). Rotation of
one end of the Ca—Cf bond by 120° or 240° results in the
two gauche, or skew, conformations shown in Figure 2.26.
These are less stable than the anti conformer, although
some studies suggest that an electrostatic attraction
between the electron-poor trimethylammonium and elec-
tron-rich ester oxygen atom stabilizes this conformation.
Rotation by 60°, 180°, and 240° produces the least stable
conformations in which all of the atoms overlap, what are
referred to as eclipsed conformations.

DRUG DESIGN: DISCOVERY AND STRUCTURAL
MODIFICATION OF LEAD COMPOUNDS

Process of Drug Discovery

The process of drug discovery begins with the identifica-
tion of new, previously undiscovered, biologically active
compounds, often called “hits,” which are typically found
by screening many compounds for the desired biologic
properties. We will next explore the various approaches
used to identify “hits” and to convert these “hits” into “lead”
compounds and, subsequently, into drug candidates suit-
able for clinical trials. Sources of “hits” can originate from
natural sources, such as plants, animals, or fungi; from
synthetic chemical libraries, such as those created through
combinatorial chemistry or historic chemical compound
collections; from chemical and biologic intuition from
years of chemical-biologic training; from targeted/ratio-
nal drug design; or from computational modeling of a tar-
get site such as an enzyme. Chemical or functional group
modifications of the “hits” are performed in order to
improve the pharmacologic, toxicologic, physiochemical,
and pharmacokinetic properties of a “hit” compound into
a “lead” compound. The lead compound to be optimized
should be of a known chemical structure and possess a
known mechanism of action, including knowledge of its
functional groups (pharmacophoric groups) that are rec-
ognized by the receptor/active site and are responsible
for that molécule’s affinity at the targeted receptor site.
“Lead’optimization” is the process whereby modifications

of the functional groups of the lead compound are car-
ried out in order to improve its recognition, affinity, and
binding geometries of the pharmacophoric groups for the
targeted site (a receptor or enzyme); its pharmacokinet-
ics; or its reactivity and stability toward metabolic degrada-
tion. The final step of the drug discovery process involves
rendering the lead compound into a drug candidate that
is safe and suitable for use in human clinical trials, includ-
ing the preparation of a suitable drug formulation.

Natural Product Screening

Perhaps the most difficult aspect of drug discovery is
that of lead discovery. Until the late 19th century, the
development of new chemical entities for medicinal pur-
poses was achieved primarily through the use of natu-
ral products, generally derived from plant sources (see
Chapter 1). As the colonial powers of Europe discovered
new lands in the Western Hemisphere and colonized
Asia, the Europeans learned from the indigenous peo-
ples of the newly discovered lands of remedies for many
ailments derived from herbs. Salicylic acid was isolated
from the bark of willow trees after learning that Native
Americans brewed the bark to treat inflammatory ail-
ments. Structural optimization of this lead compound
(salicylic acid) by the Bayer Corporation of Germany
resulted in acetylsalicylic acid, or aspirin, the first nonste-
roidal anti-inflammatory agent. South American natives
used a tea obtained by brewing Cinchona bark to treat
chills and fever. Further study in Europe led to the isola-
tion of quinine and quinidine, which subsequently were
used to treat malaria and cardiac arrhythmias, respec-
tively. Following “leads” from folklore medicine, chem-
ists of the late 19th and early 20th centuries began to seek
new medicinals from plant sources and to assay them for
many types of pharmacologic actions. This approach to
drug discovery is often referred to as “natural product
screening.” Before the mid-1970s, this was one of the
major approaches to obtaining new chemical entities
as “leads” for new drugs. Unfortunately, this approach
fell out of favor and was replaced with the rational
approaches to drug design developed during that period
(see next section). Heightened awareness of the fragil-
ity of ecosystems, especially the rainforests, has fueled
a resurgence of screening products from plants before
they become extinct. A new field of pharmacology, called
“ethnopharmacology,” which is the discipline of identi-
fying potential natural product sources with medicinal
properties based on native lore, has emerged as a result.

Compounds isolated from natural sources are usually
tested in one or more bioassays for the ailment(s) that the
plant material has been purported to treat. Interestingly,
the treatment of different ailments can require different
methods of preparation (e.g., brewing, chewing, or direct
application to wounds) or different parts of the same plant
(e.g., roots, stem, leaves, flowers, or sap). As it turns out,
each method of administration or part of the plant used
can produce one or more different chemical compounds
that are necessary to generate the désired-outcome.
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Drug Discovery via Random Screening of Synthetic
Organic Compounds

The random screening of synthetic organic compounds
approach to the discovery of new chemical entities for
a particular biologic action began in the 1930s, after
the discovery of the sulfonamide class of antibacteri-
als. All compounds available to the investigator (natural
products, synthetic molecules), regardless of structure,
were tested in the pharmacologic assays available at the
time. This random screening approach was also applied
in the 1960s and 1970s in an effort to find agents that
were effective against cancer. Some groups did not
limit their assays to identify a particular type of biologic
activity but, rather, tested compounds in a wide variety
of assays. This large-scale screening approach of drug
“leads” is referred to as high-throughput screening,
which involves the simultaneous bioassay of thousands
of compounds in hundreds to thousands of bioassays.
These types of bioassays became possible with the advent
of computer-controlled robotic systems for the assays
and combinatorial chemistry techniques for the synthe-
sis of large numbers of compounds in small (milligram)
quantities. This type of random screening eventually
gave way to targeted dedicated screening and rational
design techniques.

Drug Discovery from Targeted Dedicated Screening
and Rational Drug Design

Rational drug design is a more focused approach that
uses greater knowledge (structural information) about
the drug receptor (targets) or one of its natural ligands as
a basis to design, identify, or create drug “leads.” Testing
is usually done with one or two models (e.g., specific
receptor systems or enzymes) based on the therapeu-
tic target. The drug design component often involves
molecular modeling and the use of quantitative struc-
ture—activity relationships (QSARs) to better define the
physicochemical properties and the pharmacophoric
groups that are essential for biologic activity. The develop-
ment of QSARs relies on the ability to examine multiple
relationships between physical properties and biologic
activities. In classic QSAR (e.g., Hansch-type analysis), an
equation defines biologic activity as a linear free-energy
relationship between physicochemical and/or structural
properties. It permits evaluation of the nature of inter-
action forces between a drug and its biological target, as
well as the ability to predict activity in molecules. These
approaches are better for the development of a lead com-
pound into a drug candidate than for the discovery of a
lead compound.

Drug Discovery via Drug Metabolism Studies

New drug entities have been “discovered” as drug leads
through investigation of the metabolism of drug mol-
ecules that already are clinical candidates or, in some
instances, Are already on the market. In this method,

metabolites of known drug entities are isolated and
assayed for biologic activity using either the same target
system or broader screen target systems. The broader
screening systems are more useful if the metabolite
under evaluation is a chemical structure that was radi-
cally altered from the parent molecule through some
unusual metabolic rearrangement reaction. In most
cases, the metabolite is not radically different from the
parent molecule and, therefore, would be expected to
exhibit similar pharmacologic effects. One advantage of
evaluating this type of drug candidate is that a metabolite
can possess better pharmacokinetic properties, such as a
longer duration of action, better oral absorption, or less
toxicity with fewer side effects (e.g., terfenadine and its
antihistaminic hydroxylated metabolite, fexofenadine).
As it turns out, the sulfonamide antibacterial agents were
discovered in this way. The azo dye Prontosil was found to
have only antibacterial action in vivo. It was soon discov-
ered that this compound required metabolic activation
via reduction of the diazo group to produce the active
metabolite 4-aminobenzene sulfonamide (Fig. 2.27). The
sulfonamide mimics the physicochemical properties of
PABA, a crucial component in microbial metabolism. It
is no surprise that the sulfonamide acts as a competitive
inhibitor of the enzyme for which PABA is a substrate.

Drug Discovery from the Observation of Side Effects

An astute clinician or pharmacologist can detect a side
effect in a patient or animal model that could lead, on
further development, to a new therapeutic use for a par-
ticular chemical entity. Discovery of new lead compounds
via exploitation of side-effect profiles of existing agents is
discussed below.

One of the more interesting drug development sce-
narios is that of the phenothiazine antipsychotics (see
Chapter 14). Molecules with this type of biologic activ-
ity can be traced back to the first histamine H -receptor
antagonists developed in the 1930s. In 1937, Bovet and
Staub (24) were the first to recognize that it should be pos-
sible to antagonize the effects of histamine and, thereby,
treat allergic reactions. They tested compounds that were
known to act on the autonomic nervous system and, eventu-
ally, discovered that benzodioxanes (Fig. 2.28) significantly
antagonized the effects of histamine. During an attempt

o
NH2 1l azo 9
N=N S-NH, ———>  H,N S—-NH,
Il reductase I
o} o}
H,N
4-aminobenzenesulfonamide

+

NH,

/@NHZ
HyN

FIGURE 2.27 Metabolic conversion of prontosil to 4-aminoben-
zenesulfonamide.
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FIGURE 2.28 Development of phenothiazine-type antipsychotic drugs.

to improve the antihistaminergic action of the benzodi-
oxanes, it was discovered that phenyl substituted ethanol-
amines also demonstrated significant antihistaminergic
activity. Further development of this class generated two
different classes of antihistamines, the diphenhydramine
class of antihistamines represented by diphenhydramine
(Fig. 2.28) and the ethylenediamine class, represented by
tripelennamine (Fig. 2.28) (see also Chapter 32).
Incorporation of the aromatic rings of the ethylenedi-
amines into the rigid and planar tricyclic phenothiazine
structure produced molecules (e.g., promethazine) with
good antihistaminergic action and relatively strong sedative
properties (see also Chapter 32). At first, these compounds
were found to be useful as antihistamines, but their very
strong sedative properties led to their use as potentiating
agents for anesthesia (25). Further development to increase
the sedative properties of the phenothiazines resulted in
the development of chlorpromazine in 1950 (26).
Chlorpromazine was found to produce a tendency for
sleep, but unlike the antihistamine phenothiazines, it also
produced a disinterest in patients with regard to their sur-
roundings (i.e., tranquilizing effects). In patients with psy-
chiatric disorders, an ameliorative effect on the psychosis
and a relief of anxiety and agitation were noted. These
observations suggested that chlorpromazine had potential
for the treatment of psychiatric disorders. Thus, what started
out as an attempt to improve antihistaminergic activity ulti-
mately resdltéd in an entirely new class of chemical entities
usefulin thie treatment of an unrelated disorder (27).

Ethylenediamines

Tripelennamine

Another example of how new chemical entities can
be derived from biologically unrelated molecules is illus-
trated by the development of the potassium channel
agonist diazoxide (Fig. 2.29). This molecule was devel-
oped as aresult of the observation that the thiazide diuret-
ics, such as chlorothiazide, not only exhibited diuretic
activity, due to inhibition of sodium absorption in the
distal convoluted tubule, but also demonstrated a direct
effect on the renal vasculature. Structural modification
to enhance this direct effect led to the development of
diazoxide and related potassium channel agonists for the
treatment of hypertension (see Chapter 28).

Refinement of the Lead Structure
Determination of the Pharmacophore

Once a “hit” compound has been discovered for a particu-
lar therapeutic use, the next step is to identify the pharma-
cophoric groups. The pharmacophore of a drug molecule

cl N\j N\\l/CH
I :[ NH | :[
HoNO,S s: cl -NH

3 s‘o S

Chlorothiazide
(blockade of Na* resorption)

Diazoxide
(K* channel agonist)

FIGURE 2.29  Structural similarity of chlorothiazide (a diuretic) and
diazoxide (an antihypertensive that acts via‘opening of K* channels).
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is that portion of the molecule that contains the essential
functional group(s) that directly bind with the active site
of the biologic target to produce the desired biologic activ-
ity. Because drug-target interactions can be very specific
(think of a lock [receptor] and key [drug] relationship),
the pharmacophore can constitute a small portion of the
molecule. In many cases, a very structurally complex mol-
ecule can be “stripped down” to a simpler structure with
retention of the pharmacophoric groups while maintaining
the desired biologic action. An example of this is the opioid
analgesic morphine, a tetracyclic compound with five chi-
ral centers. Not only would structure simplification possibly
provide molecules with fewer side effects, but a reduction in
the number of chiral centers would greatly simplify the syn-
thesis of morphine derivatives. Figure 2.30 shows how the
morphine structure has been simplified in the search for
molecules with fewer deleterious side effects, such as respi-
ratory depression and addiction potential. Within each class
are analogues that are less potent, equipotent, and many
times more potent than morphine. As shown in the figure,
the pharmacophore of morphine consists of a tertiary alkyl-
amine that is at least four atoms away from an aromatic ring.
A more detailed discussion of the chemistry and pharma-
cology of morphine can be found in Chapter 20.

Alterations in Alkyl Chains: Chain Length, Branching,

and Rings

An increase or decrease in the length of an alkyl chain
(homologation), branching, and alteration of ring
size can have a profound effect on the potency and

H H
N .N
HsC” — OH HsC
j—
O
OH OH

4,50-Epoxymorphinans Morphinans

N
HsC R .N
< H3C

H Benzomorphans

N
HaC m,/@ — HC
R

4-Phenylpiperidines

OH

Methadones

FICURE 2.36° /Morphine pharmacophore and its relationship to
analgesic depivatives.

pharmacologic activity of the molecule. A change in the
length of an alkyl chain by one CH, unit or branch alters
the lipophilic character of the molecule and, therefore,
its properties of absorption, distribution, and excretion.
If the alkyl chain is directly involved in an interaction
with the biologic target, then this type of alteration can
influence the quality of those interactions. Molecules that
are conformationally flexible can become less flexible if
branching is introduced at a key position of an alkyl chain
or the alkyl chain is incorporated into a ring equivalent.
Changes in conformation can alter the spatial relation-
ship between the pharmacophoric (functional) groups
in the molecule and thereby influence interactions with
the biologic target. Small structural changes are impor-
tant to consider in the design of structural analogues.

An example that demonstrates how an increase in
hydrocarbon chain length has significant effects not only
on potency, butalso on drug action (agonistvs. antagonist)
is provided by a series of N-alkyl morphine analogues (Fig.
2.31). In this series, homologation of R=CH, (morphine)
to R=CH,CH,CH, (N-propylnormorphine) produces a
pronounced decrease in agonist activity and an increase in
antagonist activity. When further homologated by one met-
hylene unit R=CH,CH,CH,CH, (N-butylnormorphine),
the resulting analog is totally devoid of agonist or antago-
nist activity (i.e., the compound is inactive). Additional
increases in chain length (R=CH,CH,CH,CH,CH, and
R=CH,CH,CH,CH,CH,CH,) produce compounds with
increasing potency as agonists. When R is B-phenylethyl,
the compound is a full agonist, with a potency approxi-
mately 14-fold that of morphine (28,29).

Branching of alkyl chains can also produce drastic
changesin potency and pharmacologic activity. If the mech-
anism of action is closely related to the lipophilicity of the
molecule, then hydrocarbon chain branching will result in
a less lipophilic compound and a significant alteration in

H H
RN =—7 ~OH
0
OH
R Pharmacological activity
—CHgs Analgesic (morphine)
—CH,CHs Opioid agonist activity decreased
— CH,CH2CHg Opioid antagonist activity increased
— CH,CH,CH,CH3 Inactive as opioid agonist or antagonist
—CH,CH,CH,CH,CH3
Opioid antagonist activity increased
— CH,CH,CH,CH,CH,CH3
—CHZCHZQ 14X potency of morphine
FIGURE 2.31 Effect of alkyl chain length.on activity of-morphine.


http://www.Kaduse.com/
http://www.Kaduse.com/

52 PART I / PRINCIPLES OF DRUG DISCOVERY

biologic effect. This decrease in lipophilicity is a result of
the alkyl chain becoming more compact and causes less
disruption of the hydrogen-bonding network of water. If
the hydrocarbon chain is directly involved in interactions
with its biologic target, then branching can produce major
changes in pharmacologic activity. For example, consider
the phenothiazines promethazine and promazine:

2

5 [ D TELTTR TN H o TR

Promethating PromaTne

The primary pharmacologic activity of prometha-
zine is that of an antihistamine, whereas promazine is
an antipsychotic. The only difference between the two
molecules is the alkylamine side chain. In the case of
promethazine, there is an isopropylamine side chain,
whereas promazine contains an n-propylamine. In this
case, simple modification of one carbon atom from a
branched to a linear hydrocarbon radically alters the
pharmacologic activity.

Positional isomers of aromatic ring substituents can also
possess different pharmacologic properties. Substituents
on aromatic rings can alter the electron distribution
throughout the ring, which, in turn, can influence how
the ring interacts with the biologic target. Aromatic ring
substituents can also influence the conformation of the
flexible portion of a molecule, especially if the substitu-
ents are located ortho to the same carbon attached to the
flexible side chain. Ring substituents influence the confor-
mations of adjacent substituents via steric interactions and
can significantly alter interactions with the biologic target.

Functional Group Modification: Bioisosterism
Bioisosterism

When a lead compound is first discovered, it often lacks
the required potency and pharmacokinetic properties
suitable for making it a viable clinical candidate. These
can include undesirable side effects, physicochemical
properties, other factors that affect oral bioavailability
(see also Chapter 3), and adverse metabolic or excretion
properties. These undesirable properties are often the
result of the presence of specific pharmacophoric (func-
tional) groups in the molecule. Successful modification
of the compound to reduce or eliminate these undesir-
able features without losing the desired biologic activity
is the goal. Replacement or modification of specific phar-
macophoric (functional) groups with other groups hav-
ing similar properties is known as “isosteric replacement”
or “bioisosteric replacement.”

In 1919, Langmuir (30,31) first developed the concept
of chemieal jSosterism to describe the similarities in physi-
cal_propepties among atoms, functional groups, radicals,

TABLE 2.7 Comparison of Physical Properties of N,O

and CO,

Property N,O co,
Viscosity at 20°C 148 x 10°° 148 x 10°°
Density of liquid at 10°C 0.856 0.858
Refractive index of liquid, D line 16°C 1.193 1.190
Dielectric constant of liquid at 0°C 1.593 1.582
Solubility in alcohol at 15°C 3.250 3.130

and molecules. The similarities among atoms described by
Langmuir resulted primarily from the fact that these atoms
contained the same number of valence electrons and came
from the same columns within the periodic table. This con-
cept of isosterism was limited to elements in adjacent rows
and columns, inorganic molecules, ions, and small organic
molecules, such as diazomethane and ketene. Table 2.7
shows a comparison of the physical properties of N,O and
CO, to illustrate Langmuir’s concept.

To account for similarities between functional groups
with the same number of valence electrons but different
numbers of atoms, Grimm (32) developed his hydride
displacement law. This is not a “law” in the strict sense
but, rather, more an illustration of similar physical prop-
erties among closely related functional groups. Table 2.8
presents an example of Grimm’s hydride displacement.
Descending diagonally from left to right in the table,
hydrogen atoms are progressively added to maintain
the same number of valence electrons for each group
of atoms within a column (thus the term “hydride”).
Within each column, the groups are considered to be
“pseudoatoms” with respect to each another. Thus, NH,
is considered to be isosteric to OH, and so on. This early
view of isosterism did not consider the actual location,
motion, and resonance of electrons within the orbitals
of these functional group replacements. Careful obser-
vation of this table reveals that some groups do share
similar physicochemical properties, but others have very
different properties, despite having the same number
of valence electrons. For example, OH and NH, share
similar hydrogen-bonding properties and, therefore,
should be interchangeable if that is the only important
criterion. The NH, group is basic, whereas the OH is neu-
tral. Hence, at physiologic pH, the NH, group exists in

TABLE 2.8 Grimm’s Hydride Displacement “Law”

C N ) F Ne
CH NH OH FH

CH, NH, OH,

CH, NH,
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its protonated or conjugate acid form and the molecule
becomes positively charged. If OH is being replaced by
NH,, the additional positive charge could have a signifi-
cant effect on the overall physicochemical properties of
the molecule in which it is being introduced. The dif-
ference in physicochemical properties of the CH, group
relative to the OH and NH, groups is even greater. In
addition to acid-base character, this “law” fails to take
into account other important physicochemical parame-
ters, such as electronegativity, polarizability, bond angles,
size, shape of molecular orbitals, electron density, and
partition coefficients, all of which contribute significantly
to the overall physicochemical properties of a molecule.

Instead of considering only partial structures,
Hinsberg (33) applied the concept of isosterism to entire
molecules. He developed the concept of “ring equiva-
lents”—that is, functional groups that can be exchanged
for one another in aromatic ring systems without dras-
tic changes in physicochemical properties relative to the
parent structure. Benzene, thiophene, and pyridine illus-
trate this concept (Fig. 2.32). A -CH=CH- group in ben-
zene is replaced by the divalent sulfur, -S-, in thiophene,
and a —CH = is replaced by the trivalent -N = to give pyri-
dine. The physical properties of benzene and thiophene
are very similar. For example, the boiling point of ben-
zene is 81.1°C, and that of thiophene is 84.4°C (at 760
mm Hg). Pyridine, however, deviates, with a boiling point
of 115 to 116°C. Hinsberg therefore concluded that diva-
lent sulfur (-S- or thioether) must resemble —-C=C- in
shape, and these groups were considered to be isosteric.
Note that hydrogen atoms are ignored in this compari-
son. Today, this isosteric relationship is seen in many
drugs e.g., H -receptor antagonists (Fig. 2.32).

It is difficult to relate biologic properties to physi-
cochemical properties of individual atoms, functional
groups, or entire molecules, because many physicochemi-
cal parameters are involved simultaneously and, therefore,
are difficult to quantitate. Simple relationships as described
earlier often do not hold up across the many types of bio-
logic systems seen with medicinal agents. That is, what can
work as an isosteric replacement in one biologic system
can not work in another. Because of this, it was necessary
to introduce the term “bioisosterism” to describe func-
tional groups related in structure that have similar biologic
effects. Friedman (34) introduced the term bioisosterism
and defined it as follows: “Bioisosteres are (functional)
groups or molecules that have chemical and physical simi-
larities producing broadly similar biological properties.”

A N
QN/\/N(CHg)Z ©\N/\/N(CH3)2
of S

Tripelennamine Methaphenilene

FICURE 2.32" [sosteric substitution of thiophene for benzene and
benzene for pyridine.

Burger (35) expanded this definition to take into account
biochemical views of biological activity: “Bioisosteres are
compounds or groups that possess near equal molecular
shapes and volumes, approximately the same distribution
of electrons, and which exhibit similar physical properties
such as hydrophobicity. Bioisosteric compounds affect the
same biochemically associated systems as agonist or antag-
onists and thereby produce biological properties that are
related to each other.”

Classical and Nonclassical Bioisosteres

Bioisosteric groups can be subdivided into two catego-
ries: classical and nonclassical bioisosteres. Functional
groups that satisfy the original conditions of Langmuir
and Grimm are referred to as classical bioisosteres.
Nonclassical bioisosteres do not obey steric and elec-
tronic definitions of classical bioisosteres and do not
necessarily have the same number of atoms as the func-
tional group that they replace. A wider set of compounds
and functional groups are encompassed by nonclassical
bioisosteres that produce, at the molecular level, quali-
tatively similar agonist or antagonist action. In animals,
many hormones and neurotransmitters with very similar
structures and biologic actions can be classified as bioiso-
steres. An example is the insulins isolated from various
mammalian species. Even though these insulins can dif-
fer by several amino acid residues, they still produce the
same biologic effects. (If this did not occur, the use of
insulin to treat diabetes would have had to wait another
60 years for recombinant DNA technology to allow pro-
duction of human insulin.)

TABLE 2.9 Classical Bioisosteres (Groups Within the

Row Can Replace Each Other)

Monovalent bioisosteres
FH
OH, NH
F, OH, NH or CH3 for H
SH, OH
Cl, Br, CF,

Divalent bioisosteres:
—C=S, —C=0, —C=NH, —C=C—

Trivalent atoms or groups:

—C= —N=
H )
—P=, —As=

Tetrasubstituted atoms:

Ring equivalents:

o0 Q 8
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What can be a successful bioisosteric replacement
for a given molecule that interacts with a particular bio-
logic target quite has often no effect or abolishes bio-
logic activity in another. Thus, the use of bioisosteric
replacement (classical or nonclassical) in the design of
new chemical entities (drug discovery) is highly depen-
dent on the biologic system under investigation. No
hard-and-fast rules exist to determine which bioisosteric
replacement is going to work with a given molecule,
although as the following tables and examples demon-
strate, some generalizations are possible. Each category
of bioisostere can be further subdivided as shown below,
and examples are provided in Tables 2.9 and 2.10:

I. Classical bioisosteres
A. Monovalent atoms and groups
B. Divalent atoms and groups

TABLE 2.10 Nonclassical Bioisosteric Replacements

Compounds Bioisosteric Replacement References
O NH O—N 40
Cl N Cl N X
N H N
H,N” N7 NH, H,N” N7 “NH,
COOH NN 41
i N
N
H
COOH COOH 42
: N-O
NH 4
CI\©/CI H
o R 43
(Y o 5
: oy
CHs N
OH OH 44
C@j <
H H
NH, NH, 45
N7Z N NZ N
I > >
k\N k\N N
HO o HO
OH OH
s COOH COOH 46
-
)~ 4f Y
NH,, NH,

C. Trivalent atoms and groups
D. Tetrasubstituted atoms
E. Ring equivalents
II. Nonclassical bioisosteres
A. Exchangeable groups
B. Rings versus noncyclic structure

CiassicaL BioisosTeres  Substitution of hydrogen with
fluorine is a common monovalent isosteric replace-
ment. Sterically, hydrogen and fluorine are quite simi-
lar, wzth their van der Waals’ radii measuring 1.2 and
1.35 A, respectively. Because fluorine is the most elec-
tronegative element in the periodic table, any differ-
ences in biologic activity resulting from replacement
of hydrogen with fluorine can be attributed to this
property.

A classic example of hydrogen replacement by fluo-
rine is development of the antineoplastic agent 5-fluoro-
uracil from uracil. Another example is shown in Figure
2.33, in which the chlorine of chlorothiazide has been
replaced with bromine or a trifluoromethyl group.
For each of the substitutions, the electronic (o, where
c* is electron withdrawing and o~ is electron donat-
ing) and hydrophobic (m) properties of each group
are maintained relatively constant, but the size of each
group varies significantly, as indicated by the Taft steric
parameter (E ).

Figure 2.34 shows an example of classical isosteric sub-
stitution of an amino group for a hydroxyl group in folic
acid. The amino group is capable of mimicking the tauto-
meric forms of folic acid and providing the appropriate
hydrogen bonds to the enzyme active site.

A tetravalent bioisosteric replacement study was done
by Grisar et al. (36) with a series of o-tocopherol ana-
logues (Fig. 2.35). o-Tocopherol has been shown to
scavenge lipoperoxyl and superoxide radicals and to
accumulate in heart tissue. This is thought to be part of
its mechanism of action to reduce cardiac damage result-
ing from myocardial infarction. All of the bioisosteric
analogues were found to produce similar biologic activity.

NoncLassicAL BioisosTteres  As mentioned earlier, nonclas-
sical bioisosteres are replacements of functional groups

R=  Cl Br  CFs

o +0.23  +0.23 +0.54
n +0.71 +0.86 +0.88
Es -097 -116 -2.40

FIGURE 2.33 Isosteric replacement of chlorine in thiazide diuret-
ics. Comparison of physicochemical properties,of the substituents.
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COOH Folic acid X = OH
Aminopterin X = NH,
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FIGURE 2.34 Isosteric replacement of OH by NH_ in folic acid
and possible tautomers of folic acid and aminopterin.

not defined by classical definitions. Some of these groups,
however, mimic spatial arrangements, electronic prop-
erties, or some other physicochemical property of the
molecule or functional group critical for biologic activ-
ity. One example is the use of a double bond to position
essential functional groups into a particular spatial con-
figuration critical for activity. This is shown in Figure 2.36
with the naturally occurring hormone estradiol and the
synthetic analogue diethylstilbestrol. The trans isomer of
diethylstilbestrol has approximately the same potency as
estradiol, whereas the c¢isisomer is only one fourteenth as
active. In the trans configuration, the phenolic hydroxy
groups mimic the correct orientation of the phenol and
alcohol in estradiol (37,38). This is not possible with the
cis isomer, and more flexible analogues (Fig. 2.36) have
little or no activity (39,40).

Another example of a nonclassical replacement is
that of a sulfonamide group for a phenol in catechol-
amines (Fig. 2.37). With this example, steric factors
appear to have less influence on receptor binding than
acidity and hydrogen-bonding potential of the func-
tional group on the aromatic ring. Both the phenolic
hydroxyl of isoproterenol and the acidic proton of the
arylsulfonamide have nearly the same pK (~10) (41).
Both groups are weakly acidic and capable of losing a
proton and interacting with the biologic target as anions
(Fig. 2.37). Because the replacement is not susceptible
to metabolism by catechol O-methyltransferase, it has
also the added advantage of increasing the duration of
action and making the compound orally active. Other

X= N(CH3)3@

HO ®
X X= P(CH3)3

o ®
X= S(CH3)2

a-Tocopherol X = C14Hog

FIGURE™2 35/ Tetravalent bioisosteres of a-tocopherol.

’&‘O 2
HO
; OH
1,2-bis-(2-ethyl-4-hydroxyphenyl)
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OH
f Diethylstilbestrol (trans)

- (>
Estradiol HO O
OH

ﬂ Diethylstilbestrol (cis)
N )
HO

1,6-bis-(p-hydroxyphenyl)hexane

FIGURE 2.36 Noncyclic analogs of estradiol.

examples of successful bioisosteric replacements are
shown in Table 2.10, and a more detailed description of
the role of bioisosterism can be found in the review by
Patani and LaVoie (42).

PEPTIDE AND PROTEIN DRUGS

Not all drugs are small molecules as described thus far.
Some very important therapeutic agents are peptidic in
nature (e.g., insulin, calcitonin) and, due to their physi-
cal chemical properties, generally cannot be delivered
orally and must be administered parenterally. Peptides
and proteins are very similar in that they are made up
of units, or residues, of amino acids that are linked by
amide bonds, also referred to as peptide bonds. There
is no definitive number of amino acid residues that
delineates a peptide from a protein. However, the term
peptide refers generally to molecules that contain 15 to

Isoproterenol Soterenol
OH OH
H
Hj/ N\(
HO HO
o QN
~. » { 0=5" H
) - -7 CH3

Nonclassical bioisoteres

O--mmee-T
o-_.-__.

>=

%

FIGURE 2.37 Bioisosteric replacement of m-OH of isoproterenol
with a sulfonamido group and similar hydrogen-bonding capacity
to a possible drug receptor.
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50 amino acids. Molecules composed of more than 50  functional group “backbone” that includes a basic amine
residues are generally referred to as proteins. attached to the o-carbon of an acidic carboxylic acid.

There are 20 naturally occurring amino acids that  The o-carbon for each amino acid is substituted with a
serve as the building blocks for both peptide and protein ~ unique side chain. The amino acid side chains contrib-
drugs (Table 2.11). Each amino acid contains a common ute significantly to the physical chemical properties of

TABLE 2.11 The Twenty Natural Occurring Amino Acids

Name R General
H““)\ Structure
CO,H
H,N
3 Letter code Single Structure R = pKa of side
Letter code chain
Glycine Gly G -H none
Alanine Ala A CH, none
Valine Val \Y% -CH(CH,), none
Isoleucine lle | —CH(CH,)CH,CH, none
Leucine Leu L -CH,CH(CH,), none
Proline Pro P /D\ none
N CO ,H
H
(side chain highligted)
Phenylalanine Phe F —CH-C,H, none
Tryptophan Trp wW —CH, none
o0
N
H
Methionine Met M —CH,CH,SCH, none
Cysteine Cys @ —CH_SH (acidic) ~8
Serine Ser S —-CH,OH none
Threonine Thr T —CH(CH,)OH none
Tyrosine Tyr Y (acidic) ~10
—CH, OH
Arginine Arg R H (basic) ~12.5
— CHa CH. CH, SN NH
NH
Lysine Lys K —CH,CH CH NH, (basic) ~10.5
Histidine His H —(CH, (basic) ~6
—
Ni/NH
Asparagine Asn N —-CH,CONH, none
Glutamine Gln Q —CH,CH,CONH, none
Aspartic Acid Asp D —-CH, COOH (acidic) ~3.8

GIutamicA)'d/ Glu E —CH,CH, COOH (acidic) ~4



http://www.Kaduse.com/
http://www.Kaduse.com/

CHAPTER 2 / DRUG DESIGN AND RELATIONSHIP OF FUNCTIONAL GROUPS TO PHARMACOLOGIC ACTIVITY 57

1.Ch. I s Ha ot
A -~ * oo H” '-|,—/'+"-| N =
. | H o : H
= - :
O —
o o /L
HLE e gl

FIGURE 2.38 A tripeptide, Ala-Val-Gly, indicating the planarity of the
peptide bonds caused by the restricted rotation around the amide bond.

the peptide that is formed from a unique sequence of
amino acids.

As previously mentioned, the amino acid residues
are linked by amide bonds, as shown in Figure 2.38.
Each carboxylic acid forms an amide bond with the
amine group of the next amino acid in the sequence.
As with other amide bonds, conjugation between the
lone pair of electrons on the nitrogen atom and the
adjacent carbonyl group results in the amide bond hav-
ing partial double-bond character due to a resonance
structure as shown in Figure 2.38. This property has two
major consequences: 1) the amide bond is therefore
co-planar; and 2) there is restricted rotation around the
C-N bond (Fig. 2.38). Because of this restricted rota-
tion, there are two conformations possible, cis and trans
(Fig 2.39). The trans-conformation is lower in energy
due to fewer steric interactions (similar to that found
with a carbon-carbon double bond) and is favored.
When proline is one of the amino acid residues, the
cis-conformation can be favored as a result of the amine
group being part of a pyrrolidine ring. For this reason,
the presence of proline in peptides and proteins is asso-
ciated with a “kink” or bend in the overall conforma-
tion of the peptide chain.

Physical Chemical Properties of Peptides

Since the a-amine and a-carboxylic acid of each amino
acid are involved in the peptide backbone (except at
each terminus of the chain), the basic and acidic nature
of these functional groups does not contribute to the
overall physical chemical properties of the molecule.
The functional groups found within the amino acid
side chains are what are integral to the physicochemi-
cal properties of the peptide or protein and represent
important points of interaction with the correspond-
ing biologic target. Examination of Table 2.11 shows
that the functional groups found within the amino
acid side chains can be basic (e.g., amine, guanidine,
imidazole), acidic (e.g., carboxylic acid, phenol, thiol),
neutral (e.g., thioether, amide), or hydrocarbon (e.g.,
alkyl, aromatic rings) in nature. All of the functional
groups found in amino acid side chains were discussed
previously as components of small-molecule drugs.
The primary differences in physical chemical prop-
erties between peptides and small molecules are due
to their large size (molecular weight [MW]) and, as
a result,the’ sheer number of different side chains

o R
\)kf}l)ﬁ]/ Trans peptide bond
R H O

N
(e}

O ‘H

Cis peptide bond

FIGURE 2.39 Cis/trans peptide bond configuration.

(i.e., functional groups) present in a given structure.
As might be expected, the types and number of func-
tional groups present in the side chains dictate how
much more or less polar the peptide is compared to a
small-molecule drug. It is certainly plausible that pep-
tide-based drugs will not have optimal logP values for
passive absorption across membranes and, given their
large MW, will not readily cross membranes (see also
Chapter 3).

Metabolism/Degradation of Peptide and Protein
Drugs

Peptides and proteins are metabolized extensively by
enzymes in the gastrointestinal tract, blood, interstitial
fluid, vascular bed, and cell membranes, which results in
very poor oral absorption and a short half-ife for these
molecules. The primary route of metabolism of peptides
and proteins involves hydrolysis of the peptide bonds
that link the amino acids by enzymes called peptidases.
Some of these peptidases exhibit specificity for certain
amino acid sequences or have specificity for either the
amino or carboxyl terminus of the peptide (exopepti-
dase). For example, carboxypeptidases cleave off one
C-terminal residue, dipeptidyl carboxypeptidases cleave
dipeptides from the C terminus, aminopeptidases cleave
off one N-terminal residue, and amidases (endopep-
tidases) cleave internal peptide bonds. There are also
peptidase subclasses that exhibit specificity for certain
amino acid sequences within the peptide or at either
of the termini. Some peptidases (e.g., dipeptidyl pep-
tidase IV) have been found to catalyze the degradation
of naturally occurring peptides (e.g., GLP-1) (Fig. 2.40)
(see also Chapter 37).

Subject to proteolytic degradation
catalyzed by dipeptidyl peptidase

l

His-Ala-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Val-Ser-Ser-Tyr-Leu-Glu—

Gly-GlIn-Ala-Ala-Lys-Glu-Phe-lle-Ala-Trp-Leu-Val-Lys-Gly-Arg

GLP-1

FIGURE 2.40 GLP-1 degradation by dipeptidyl peptidase IV.
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SUMMARY

Medicinal chemistry involves the discovery of new chemi-
cal entities and the systematic study of the SARs of these
compounds for disease state management. Such studies
provide the basis for development of better and therapeuti-
cally safer medicinal agents from lead compounds found
from natural sources, random screening, systematic screen-
ing, and focused rational design. Drug design goals include
increasing the potency and duration of action of newly dis-
covered compounds and decreasing adverse side effects.

For the pharmacist, it is also important to understand
how the physicochemical properties influence the phar-
macokinetic properties of the medicinal agents being
dispensed. Such knowledge will help the pharmacist not
only to better understand the clinical properties of these
compounds but also to anticipate the properties of newly
marketed agents. An understanding of the chemical prop-
erties of the molecule will allow the pharmacist to antici-
pate formulation problems (especially IV admixtures), as
well as potential adverse interactions with other drugs as
the result of serum protein binding and metabolism.

PROBLEMS

The following problems are provided for additional
study:

1. Calculate the percent ionization of amobarbital at
pH 2.0, 5.5, and 8.0. What trend is seen?

2. Calculate the percent ionization of phenylpropa-
nolamine at pH 2.0, 5.5, and 8.0. Compare these
results with those obtained in Problem 1.

3. Calculate the percent ionization of sulfacetamide
in the stomach, duodenum, and ileum. Draw the
structure of the predominate form of the drug in
each tissue.

4. Referring to Figure 2.15, redraw each compound
in its ionized form.

5. FortheorganicfunctionalgroupslistedinTable 2.4,
name each functional group, and redraw them,
showing all potential hydrogen bonds with water.

6. Using the empiric method of Lemke, predict the
water solubility for each of the following mol-
ecules (Note: Water solubility is defined as >1%
solubility):

Aspirin Carphenazine maleate

Chlordiazepoxide Codeine

10.

11.

12.

13.

Codeine phosphate Cyproheptadine
hydrochloride

Haloperidol Phenytoin

Calculate the logP value for each of the following:

Aspirin Carphenazine

Codeine Cyproheptadine

Haloperidol Chlordiazepoxide

Phenytoin

Using the Merck Index or other source, find the
chemical structures for the following empirical
formulae. List as many physicochemical proper-
ties as possible for each compound, and compare
them within each group of isomers:

CH,0, CHO
CH,0, CHNO, CHO,
C12HI7N03
C20H3UO2

Using the Cahn-Ingold-Prelog rules, assign the
absolute configuration to each chiral center of
ephedrine and pseudoephedrine (Fig. 2.21).

For the compounds shown in Figure 2.22, indi-

cate, using an’, where the chiral centers are in

each molecule.

Draw each possible stereoisomer for chloram-

phenicol and enalapril. Assign the absolute ste-

reochemistry to each chiral center.

I. Draw the Newman projection along the
CH,-N bond of acetylcholine in the stag-
gered conformation. Rotate the bond 120°
and 240°. Are these rotameters conforma-
tional isomers? Explain why or why not.

II. Repeat the above exercise with the NI1-C2
bond of acetylcholine.

Draw the three most stable rotameters of norepi-

nephrine. Of these rotameters, is there the possi-

bility of an intramolecular interaction that would
stabilize what normally would be considered an
unstable rotameter? Explain.
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TABLE 2.12 Drug Structures not Included in Text for Problems at End of Chapter 2

Problem # Drug Name Drug structure
3 Sulfacetamide (e)
n H CH3
HoN §—N—|'r
0 o
6+7 Aspirin COo5H
O\n/CH3
(0]
6+7 Chlordiazepoxide NHCH3

6+7 Carphenazine maleate B s ]
CLI| con
\ C
COzH
(?Hz)s 2
N
- (J e
N
L_oH
6+7 Codeine H3C\

H3CO ‘
o)

OH

6+7 Cyproheptadine 0
C — N-CHg

6+7 Phenytoin
O

6+7 Haloperidol OH
F—< >—< —N
O

11 Chloramphenicol

Cl

O,N
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ADME, absorption, distribution,
metabolism, and excretion

AP, absorption potential

ATP, adenosine 5”-triphosphate

ANDA, Abbreviated New Drug
Application

AUC, area under the plasma
concentration—time curve

(AUC)z, total area under the plasma
concentration—time curve

AUMOC, area under the first-moment
curve

Cl, clearance

C,, concentration of drug in the organic
or oil phase

(Cp)max, plasma peak concentration

C,, solubility

dC, concentration gradient

ER, extraction ratio

[, bioavailability

F, absolute bioavailability

FDA, U.S. Food and Drug
Administration

F . fraction of un-ionized form

HCI, hydrochloric acid

IM, intramuscular

1V, intravenous

K, elimination rate constant

K, the concentration of drug at half
the V_

MAD, maximum absorbable dose

MAT, mean absorption time

MDCK, Madin-Darby canine kidney

MRT, mean residence time

NDA, New Drug Application

P or log P, partition coefficient

P, aqueous permeability

P-gp, P-glycoprotein

pK,, the negative logarithm of a
dissociation constant, K,

pK,, negative logarithm of dissociation
constant of water

PSA, polar surface area

PSAd, dynamic polar surface area

P, permeability of a drug in the gut
wall

Q, blood flow rate

SC, subcutaneous

SITT, small intestinal transit time

SIV, small intestinal volume

S, intrinsic solubility

t,. half-life

t . peak time

V, volume of distribution

V, volume of the luminal content

V_ . maximum theoretical transfer rate

Throughoutits history, the pharmacy profession has been
concerned primarily with the manner in which drugs pro-
duce their pharmacologic effects and the dosage forms
through which drugs are administered. Since the early
20th century, efforts have been directed to determining,
, and providing rational explanations of
cts'on biologic systems, but we have been limited

by our ability to correlate the observed physiologic events
with a reasonable hypothesis or concept. Pharmacists, at
one time, were closely involved in formulating a prescrip-
tion written by a physician for a patient. Today, most of the
formulating is done by the pharmaceutical manufacturer.

Early descriptions of drug action were confined to
their reference as tonic or toxic effects. This approach
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was followed by the concept of receptor theory, which
for decades remained primarily an operational concept
that was useful for discussing the new actions of drugs
on a molecular level (1). Research in receptor theories,
however, has provided evidence that the drug receptors
do exist as distinct entities, and limited success has been
attained in the characterization of receptors (2,3).

An extension of the receptor theory of drug action
is an increased emphasis on the importance of physico-
chemical properties of the drug and the relationship of
such properties to the pharmacologic responses. Because
these properties have an important role in determining
biologic action of pharmaceuticals, it is appropriate to
refer to these properties as biopharmaceutical properties
of drug substances. Examples of such properties include
solubility, partition coefficients, diffusivity, degree of
ionization, and polymorphism, which in turn are deter-
mined by the chemical structure and stereochemistry of
drug substances.

A consideration of these biopharmaceutical properties
is fundamental to discussing several important aspects of
the overall effects. For a given chemical entity (drug),
there often will be a difference in physiologic availability
and, presumably, in clinical responses, primarily because
drug molecules must cross various biologic membranes
and interact with intercellular and intracellular fluids
before reaching the elusive region termed the “site of
action.” Under these conditions, the biopharmaceutical
properties of the drug must contribute favorably to facili-
tate absorption and distribution processes to augment the
drug concentration at various active sites. Furthermore,
equally important is the fact that these biopharmaceuti-
cal properties of a drug must ensure a specific orienta-
tion on the receptor surface so that a sequence of events
is initiated that leads to the observed pharmacologic
effects. Drug molecules that are deficient in the required
biopharmaceutical properties can display generally mar-
ginal pharmacologic action or be totally ineffective.

Biopharmaceutics is the study of the influence of for-
mulation factors on the therapeutic activity of a drug
product or dosage forms. It involves the study of the rela-
tionship between some of the physicochemical proper-
ties of a drug and the biologic effects observed after the
administration of a drug via various dosage forms or drug
delivery systems. Almost any alteration in a drug deliv-
ery system is likely to alter the drug delivery rate and the
amount of the drug delivered to the desired place in the
body. This includes the chemical nature of the drug (e.g.,
ester, salts, complexes), the particle size and surface area
of the drug, the type of dosage forms (e.g., solution, sus-
pension, capsule, tablet), and the excipients and processes
used in the manufacturing of the drug delivery systems.

Drugs, via drug delivery systems, are most often admin-
istered to human subjects by the oral route. Compared
to other routes of drug administration, especially the
intravenous route, the oral route is unusually complex
with respect/to the physicochemical conditions existing
at the”abserption site. Therefore, before we discuss how

the biopharmaceutical properties of a drug in a dosage
form can affect the availability and action of that drug, it
is prudent to review gastrointestinal physiology.

GASTROINTESTINAL PHYSIOLOGY

Figure 3.1 schematically represents the gastrointestinal
tract and some of the problems encountered in consider-
ation of drug absorption from the site following admin-
istration of a drug via dosage forms (4). The stomach
is divided into two main parts: the body of the stomach
and the pylorus. Histologically, these parts correspond to
the pepsin- and hydrochloric acid (HCl)-secreting area
and the mucus-secreting area, respectively, of the gastric
mucosa. In the human, the stomach contents are usually
in the pH range of 1.0 to 3.5, with pH 1.0 to 2.5 being
the most common range. Furthermore, there is a diur-
nal cycle of gastric acidity in humans. During the night,
stomach contents are, as a rule, more acidic (pH, ~1.3),
and during the day, because of food consumption, the
pH is less acidic. The recovery of stomach acidity, how-
ever, occurs quite rapidly. The presence of protein, being
amphoteric in nature, acts as an excellent buffer, and
as digestion proceeds, the liberated amino acids enor-
mously increase the neutralizing capacity of the stomach.

The small intestine is divided anatomically into three
sections: the duodenum, the jejunum, and the ileum.
All three areas are involved in the digestion and absorp-
tion of food. The available absorbing area is increased
by surface folds in the intestinal lining. The surface of
these folds possesses villi and microvilli, which are tiny,
finger-like projections that protrude from the epithelial
lining of the intestinal wall as shown in Figure 3.2. The
pH of the duodenal contents in the human is usually in
the range of 5 to 7. There is a gradual decrease in acid-
ity along the length of the gastrointestinal tract, with the
ultimate pH being 7 to 8 in the lower ileum. It has been
estimated that approximately 8 L of fluid enter the upper
intestine per day, with approximately 7 L of this arising
from digestive juices and fluids and approximately 1 L
arising from oral intake. Over the entire length of the
large and small intestine and the stomach is the brush
border, which consists of a uniform coating (thickness,
3 mm) of mucopolysaccharide. This coating layer serves
as a mechanical barrier to bacteria or food particles.

When a dosage form containing a drug or drug mol-
ecules moves from the stomach through the pylorus into
the duodenum, the dosage form encounters a rapidly
changing environment with respect to pH. Furthermore,
digestive juices secreted into the small bowel contain
many enzymes not found in the gastric juices. Digestion
and absorption of foodstuff occur simultaneously in the
small intestine. Intestinal digestion is the terminal phase
of preparing foodstuff for absorption and consists of
two processes: completion of the hydrolysis of large mol-
ecules to smaller ones, which are absorbed, and convert-
ing the finished product of hydrolysis into an aqueous
solution or emulsion.
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Processes occurring along with drug absorption when drug molecules travel down the gastrointestinal tract and the factors

that affect drug absorption. (From Florence AT, Attwood D. Physiochemical Principles of Pharmacy, 2nd Ed. New York: Chapman and Hall,

1988, with permission.) (21).

Drug absorption, whether from the gastrointestinal
tract or from other sites, requires the passage of the drug
in a molecular form across the barrier membrane. Most
drugs are presented to the body as solid or semisolid dos-
age forms, and the drug particles must first be released
from these dosage forms. These drug particles must
dissolve, and if they possess the desirable biopharma-
ceutical properties, they will pass from a region of high
concentration to a region of low concentration across
the membrane into the blood or general circulation
(Fig. 3.3). Knowledge of biologic membrane structure

FIGURE 3.2  The epithelium of the small intestine at different
levels of magnification. From left to right: the intestinal villi and
microvilli that constitute the brush border.

and its general properties is pivotal in understanding
absorption processes and the role of the biopharmaceu-
tical properties of drug substances.

Biologic Membrane

The prevalent view of the gastrointestinal membrane is
that it consists of a bimolecular lipoid layer covered on
each side by protein, with the lipid molecule oriented per-
pendicular to the cell surface as shown in Figure 3.4. The
lipid layer is interrupted by small, water-filled pores with
a radius of approximately 4 A. A molecule with a radius
of 4 A or less can easily pass through these water-filled
pores. Thus, membranes have a specialized transport sys-
tem to assist the passage of water-soluble material and ions
through the lipid interior, a process sometimes termed
“convective absorption.” The rate of permeation of such

Drugin __ , Drugin Drug in
formulation T solution blood
Deaggregation, Absorption across
dissolution membrane

FIGURE 3.3 Sequence of events in drug absorption from formula-
tions of solid dosage forms.
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FIGURE 3.4 Basic structure of an animal cell membrane. (From Smith C, Marks A, Lieberman M, eds.
Basic Medical Biochemistry. Baltimore: Lippincott Williams & Wilkins, 2004:159-163, with permission.)

small molecules through the pore is affected not only by
the relative sizes of the holes and the molecules, but also
by the interaction between permeating molecules and the
membrane. When permeation through the membrane
occurs, the permeating substance is considered to have
transferred from solution in the luminal aqueous phase
to the lipid membrane phase, then to the aqueous phase
on the other side of the membrane. Biologic membranes
differ from a polymeric membrane in that they are com-
posed of small amphipathic molecules, phospholipids,
and cholesterol. The protein layer associated with mem-
branes is hydrophobic in nature. Therefore, biologic
membranes have a hydrophilic exterior and a hydropho-
bic interior. Cholesterol is a major component of most
mammalian biologic membranes, and its removal renders
the membrane highly permeable. Cholesterol complexes
with phospholipids, and its presence reduces the perme-
ability of the membrane to water, cations, glycerides, and
glucose. The shape of the cholesterol molecule allows it to
fit closely with the hydrocarbon chains of unsaturated fatty
acids in the bilayer. It is the general opinion that the cho-
lesterol makes the membrane more rigid. The flexibility
of the biologic membrane to reform and adapt to a chang-
ing environment is its important feature. The details of
membrane structure are still widely debated, and a more
recent membrane model is shown in Figure 3.4.

In addition to biopharmaceutical factors, several
physiologic factors can also affect the rate and extent
of gastrointestinal absorption. These factors are as fol-
lows: properties of epithelial cells, segmental activity of
the bowel, degree of vascularity, effective absorbing sur-
face areasper unit length of gut, surface and interfacial
tensions, electrolyte content and their concentration in

luminal fluid, enzymatic activity in the luminal contents,
and gastric emptying rate of the drug from stomach.

Mechanisms of Drug Absorption

Drug transfer is often viewed as the movement of a
drug molecule across a series of membranes and spaces
(Fig. 3.5), which, in aggregate, serve as a macroscopic
membrane. The cells and interstitial spaces lying between
the gastric lumen and the capillary blood or structure
between the sinusoidal space and the bile canaliculi are
examples. Each of the cellular membranes and spaces
can impede drug transport to varying degrees; there-
fore, any one of them is a rate-limiting step to the overall
process of drug transport. This complexity of structure
makes quantitative prediction of drug transport difficult.
A qualitative description of the processes of drug trans-
port across functional membranes follows.

Passive Diffusion

The transfer of most drugs across a biologic membrane
occurs by passive diffusion, a natural tendency for mol-
ecules to move from a higher concentration to a lower
concentration. This movement of drug molecules is
caused by the kinetic energy of the molecules. The rate
of diffusion depends on the magnitude of the concentra-
tion gradient (dC) across the membrane and is repre-
sented by the following equation:

3.1 O~ K-dC=K(C,, =G,

where —dC/dt is the rate of diffusion across a membrane;
Kis a complex proportionality constant, that includes.the
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FIGURE 3.5 (A) Simple diffusion. (B). Membrane channels. (From Smith
C, Marks A, Lieberman M, eds. Basic Medical Biochemistry. Baltimore:
Lippincott Williams & Wilkins, 2004:159-163, with permission.)

area of membrane, the thickness of the membrane, the
partition coefficient of the drug molecule between the
lipophilic membrane and the aqueous phase on each
side of the membrane, and the diffusion coefficient of
the drug; C, is the drug concentration at the absorption
site; and C is the drug concentration in the blood.

The gastrointestinal absorption of a drug from an
aqueous solution requires transfer from the lumen to
the gut wall followed by penetration of the epithelial
membrane by a drug molecule to the capillaries of the
systemic circulation. On entering the blood, the drug dis-
tributes itself rapidly in the blood. Because of the volume
differences at absorption and distribution sites, the drug
concentration in blood () will be much lower than the
concentration at the absorption site (C, ). This concen-
tration gradient is maintained throughout the absorption
process—thatis, (C, - C,). Asaresult, the concentration
gradient (dCin Eq. 3.1), is approximately equal to C
so Equation 3.1 is written as:

3.2 ac _

K-,
dt

Rate of Absorption

Concentration (Dose)

FIGURE 3.6 Effect of drug concentration on the rate of absorp-
tion when passive diffusion is operative.

Because absorption by passive diffusion is a first-order
process, the rate of absorption (dC/dt in Eq. 3.2) is
directly proportional to the concentration at the site of
absorption (C)). The greater the concentration of drug
at the absorption site, the faster is the rate of absorption
(Fig. 3.6). The percentage of dose absorbed at any time,
however, remains unchanged.

A major source of variation is membrane permeability,
which depends on the lipophilicity of the drug molecule.
This is often characterized by its partition between oil and
water. The lipid solubility of a drug, therefore, is a very
important physicochemical property governing the rate of
transfer through a variety of biologic membrane barriers.
Figure 3.7 illustrates the role of partition coefficients in the
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FIGURE 3.7 Comparison between colonic absorption of barbiturates
in the rat and lipid-to-water partition coefficient of the un-ionized form
of the barbiturates. (From Schanker LS. Absorption of drugs from the
colon. | Pharmacol Exp Ther 1959;126:283+204,-with permission.)-(6):
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FIGURE 3.8 Active transport. (From Smith C, Marks A, Lieberman M, eds. Basic Medical Biochemistry. Baltimore: Lippincott Williams &

Wilkins, 2004:159-163, with permission.)

drug absorption process from the colon and that a good
correlation exists between the percentage of drug absorp-
tion and the partition coefficient of an un-ionized drug.

Carrier-Mediated or Active Transport

Although most drugs are absorbed from the gastrointes-
tinal tract by passive diffusion, some drugs of therapeutic
interest and some chemicals of nutritional value, such as
amino acids, dipeptides and tripeptides, glucose, and folic
acid, are absorbed by the action of transporter proteins
(i.e., a carriermediated transport mechanism) (Fig. 3.8).
In this type of transport, membranes have a specialized
role. The usual requirement for active transport is struc-
tural similarities between the drug and the substrate nor-
mally transported across the membrane. Active transport
differs from passive diffusion in the following ways: 1) The
transport of the drug occurs against a concentration gradi-
ent; 2) the transport mechanism can become saturated at
high drug concentration; and 3) a specificity for a certain
molecular structure can promote competition in the pres-
ence of a similarly structured compound. This, in turn,
can decrease the absorption of a drug. Active or facilitated
absorption of a drug is usually explained by assuming that
transporter proteins (i.e., carriers in membranes) are
responsible for shuttling these solutes in mucosal or sero-
sal direction. The number of apparent carriers in mem-
branes, however, is limited. Therefore, the rate of transfer
or absorption is described by the following equation:

ac
3.3 Absorption rate = o v,

max

-C/K_ +C

where Cis the solute concentration at the absorption site,
and V. (the maximum theoretical transfer rate) and K
(the concentration of drug at half the V) are constants.
Low doses or concentrations, when K_>>> C, reduce
Equation 3.3 to:

A Vo g ¢

3.4 = =
a K,C "

Equation 3.4 indicates that apparent first-order kinetics
is observed. Under these conditions, there are sufficient
numbers of carriers available so that a constant propor-
tion of solute molecules presented to the membrane are
transported across the membranes. As the solute concen-
tration increases, the number of free carriers is reduced,
and the proportion of solute molecules transferred across
the membrane is reduced until a maximum saturation is
reached, when C >>> K :

3.5

max

dc
Absorption rate = % =V

Equation 3.5 indicates that a further increase in solute
concentration will not result in any further increase in
the rate of absorption (Fig. 3.9). The capacity-limited
characteristics of carrier-mediated processes suggest
that the bioavailability of drugs absorbed in this man-
ner should decrease nonlinearly with increasing doses.

Rate of Absorption

Concentration (Dose)

FIGURE 3.9 Relationship between drug concentration-and rate-of
absorption when an active transport process is‘operative.
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Therefore, the use of a large, single oral dose of these
drugs is irrational, and if larger daily doses are neces-
sary, one should use divided doses. Examples of sub-
stances that are actively transported include amino
acids, methyldopa, fluorouracil, penicillamine, and
levodopa.

Convective Absorption

The absorption of small molecules (molecular radii
less than ~4 A) through water-filled pores of biologic
membrane is referred to as convective absorption. The
rate of absorption because of this mechanism is equated
to the product of a sieving coefficient, the rate of fluid
or water absorption, and the concentration of solute
in the luminal content. The sieving coefficient is indi-
rectly related to the relative sizes of the pores and the
molecules.

lon-PaiR AssorpTion  In 1967, Higuchi suggested that
highly ionized compounds, such as quaternary ammo-
nium compounds, can possibly be absorbed by an ion-
pair mechanism (5). In vitro, a relatively large organic
anion can combine with a relatively large cation to form
an ion pair of neutral properties, which will then cross
a water—organic solvent interface and transfer to an
organic phase.

PHYSICOCHEMICAL FACTORS AFFECTING
DRUG ABSORPTION

The pH-Partition Hypothesis on Drug Absorption

Drug absorption is influenced by many physiologic fac-
tors. Additionally, it also depends on many physico-
chemical properties of the drug itself. Some investigators
(6-12) concluded from their research that most drugs
are absorbed from the gastrointestinal tract by a process
of passive diffusion of the un-ionized moiety across a
lipid membrane. Furthermore, the dissociation constant,
lipid solubility, and pH of the fluid at the absorption
site determine the extent of absorption from a solution.
The interrelationship among these parameters is known
as the pH-partition theory. This theory provides a basic
framework for the understanding of drug absorption
from the gastrointestinal tract and drug transport across
the biologic membrane. The principle points of this the-
ory are as follows:

1. The gastrointestinal and other biologic mem-
branes act like lipid barriers.

2. The un-ionized form of the acidic or basic drug is
preferentially absorbed.

3. Most drugs are absorbed by passive diffusion.

4. The rate of drug absorption and amount of drug
absorbed are related to the drug’s oil-water parti-
tion coefficient (i.e., the more lipophilic the drug,
thefaster is its absorption).

5.Weak acidic and neutral drugs are absorbed from
thé,stomach, but basic drugs are not.

When a drug is administered intravenously, it is imme-
diately available to body fluids for distribution to the site
of action. However, all extravascular routes, such as oral,
intramuscular, sublingual, buccal, subcutaneous, dermal,
rectal, and nasal routes, can influence the overall thera-
peutic activity of the drug, primarily because of its dis-
solution rate, a step that is necessary for a drug to be
available in a solution form. When a drug is administered
orally in a dosage form such as a tablet, capsule, or sus-
pension, the rate of absorption across the biologic mem-
brane frequently is controlled by the slowest step in the
following sequence:

Dosage Drug in Drug in general

dissolution absorption

form solution circulation
In many instances, the slowest step, or the rate-limiting
step, in the sequence is the dissolution of the drug. When
dissolution is the controlling step, any factors that affect
the rate of dissolution must also influence the rate of
absorption. This, in turn, affects the extent and duration
of action. Several factors can influence the dissolution
rate of drug from solid dosage forms and, therefore, the
therapeutic activity. These factors include solubility of a
drug, particle size and surface area of drug particles, crys-
talline and salt form of a drug, and rate of disintegration.
The absorption rate of drugs is also affected by inter-
action or formation of complexes in the gastrointestinal
tract. Generally, such complex formation reduces the
concentration of free drug at the absorption site. Because
the complexed drug is absorbed either slowly or not at
all, the net effect is the reduction of concentration of
drug at the absorption site and slower rate of absorption.

lonization and pH at Absorption Site

The fraction of the drug existing in its un-ionized form in
a solution is a function of both the dissociation constant
of a drug and the pH of the solution at the absorption
site. The dissociation constant, for both weak acids and
bases, is often expressed as the pK (the negative loga-
rithm of a dissociation constant, K). The Henderson-
Hasselbalch equation (Eq. 3.6) for the ionization of a
weak acid, HA, is presented below.

3.6 pH=pK, = log [Io.mz(.fd]
[Un-ionized]

Assuming that o is the fraction of ionized species and
that 1 - o is the fraction remaining as the un-ionized
form, Equation 3.6 is written as

o
3.7 H-pK, =1
pH—pK, =log—
or
3.8 % _antilog (pH - pK
=g nilog (pH - pK,)
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From Equation 3.8, the fraction or percentage of the
absorbable and nonabsorbable forms of a weak acid can
be calculated if the pH condition at the site of adminis-
tration is known. Analogously, the dissociation or basicity
constant for a weak base is derived as follows:

3.9 pK, +pk, =pK

where pK  is the negative logarithm of dissociation con-
stant of water. Although the dissociation constant of a
weak base is described by the term K, it is convention-
ally expressed in terms of K, because of the relationship
expressed in Equation 3.9.

[Ionized]
K, -pH=log————
3.10 PR 7P g[Un—ionized]
Again, assuming that o is the fraction of ionized spe-
cies and that 1 — o is the fraction of un-ionized species,
Equation 3.10 becomes

o
K, —pH=1lo
3.11 p&, P g I—o
Acids Bases
Strong pKa Weak
07
— *Caffeine
Cromoglycic - 1+ Dapsone
Acid —
5 Oxazepam
Penicillins \_ —]
Salicylic_ aci_d \E_ *Nitrazepam
Acetylsalicylic Diazepam
acid z— Quinidine, Quinine
Warfarin - Chlordiazepoxide
Tolbutamide :
Sulfadimethoxine — 6 1

| — Propoxyphene
I~ Reserpine

Acetazolamide
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~
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Phenobarbital - ~y—— Kanamycin
Thiopental —- 5 Lidocaine
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Glutethimide E< Ephedrine
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FIGURE 3.10 The pK_ values of certain acidic and basic drugs.
Drugs denoted with an asterisk are amphoteric (13). (From Rowland
M, Tozer T#Clinical Pharmacokinetics: Concepts and Application,
2nd Ed”Philadelphia: Lea and Febiger, 1989, with permission.)

or

o .
3.12 T—a_ antilog (pK, - pH)

From Equation 3.12, one can calculate the fraction or per-
centage of absorbable and nonabsorbable form of a weak
base if the pH condition at the site of drug absorption is
known. Figure 3.10 shows the pK values of several drugs
and the relative acid or base strength of these compounds.

The relationship between pH and pK and the extent
of ionization is given by Equations 3.8 and 3.12 for weak
acids and weak bases, respectively. Accordingly, most
weak acidic drugs are predominantly in the un-ionized
form at lower pH of the gastric fluid and, therefore, are
absorbed from the stomach as well as from the intestine.
Some very weak acidic drugs, such as phenytoin and many
barbiturates, the pK values of which are greater than 8.0,
are essentially un-ionized at all pH values. Therefore,
for these weak acidic drugs, transport is more rapid and
independent of pH, provided that the un-ionized form
is lipophilic or nonpolar. Furthermore, it is important
to note that the fraction un-ionized changes dramati-
cally only for weak acids with pK values between 3 and
7. Therefore, for the weak acids, a change in the rate of
transport with pH is expected, as shown in Figure 3.11
(13). Although the transport of weak acids with pK val-
ues less than 3.0 should theoretically depend on pH, the
fraction un-ionized is so low that transport across the gut
membrane is slow even under the most acidic conditions.

Most weak bases are poorly absorbed, if at all, in the
stomach, because they are present largely in the ionized
form at pH 1 to 2. Codeine, a weak base with a pK of
approximately 8, will have about 1 in every 1 million

1004
pKa 10
o 801
@
N
=
S 601
c
=)
2 4o0ipKa 2 pKa 5 pKa 8
S
@
o 201
0 .
1 2 3 4 5 6 7 8
pH
FIGURE 3.11  For very weak acids, pK, values greater than 8.0

are predominantly un-ionized at all pH values between 1.0 and
8.0. Profound changes in the un-ionized fraction occur with pH for
an acid with a pK_ value that lies within the range of 2.0 to 8.0.
Although the fraction un-ionized of even strong acids increases
with hydrogen ion concentration, the absolute value remains low
at most pH values shown. (From Rowland M, Tozer T. Clinical
Pharmacokinetics: Concepts and Application, 2nd Ed. Philadelphia:
Lea and Febiger, 1989, with permission.) (13):
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molecules in its un-ionized form at gastric pH 1.0. Weakly
basic drugswith a pK ofless than 4, such as dapsone, diaz-
epam, and chlordiazepoxide, are essentially un-ionized
through the intestine. Strong bases, which are those with
pK values between 5 and 11, show pH-dependent absorp-
tion. Stronger bases, such as guanethidine (pK > 11) are
ionized throughout the gastrointestinal tract and tend to
be poorly absorbed.

The evidence of the importance of dissociation in drug
absorption is found in the result of studies in which pH at
the absorption site is changed (Tables 3.1 and 3.2). Table
3.2 clearly shows the decreased absorption of a weak acid
at pH 8.0 compared to pH 1.0 (13). However, an increase
to pH 8.0 promotes the absorption of a weak base with
practically nothing absorbed at pH 1.0. The data in Table
3.2 also permit a comparison of intestinal absorption of
acidic and basic drugs from buffered solutions ranging
from pH 4.0 to 8.0 (14). These results are in agreement
with the pH-partition hypothesis.

The pH-partition theory provides a basic frame-
work for the understanding of drug absorption and,
sometimes, is an oversimplification of a more complex
process. For example, experimentally observed pH-
absorption curves are less steep (Fig. 3.12) than those
expected theoretically and are shifted to higher pH val-
ues for bases and lower pH values for acids. This devia-
tion, observed experimentally, has been attributed by
several investigators to factors such as limited absorption
of ionized species of drugs, the presence of an unstirred
diffusion layer adjacent to the cell membrane, and a
difference between luminal pH and cell membrane
surface pH.

Lipid Solubility

ParTiTion CoEerricieNt  Some drugs are poorly absorbed

after oral administration even though they are available

TABLE 3.1 Comparison of Gastric Absorption of Acids
and Bases at pH 1 and 8 in the Rat (13,44)

pK, % Absorbed % Absorbed

atpH1 at pH 8

Acids
5-Sulfosalicylic acid <2.0 o o
5-Nitrosalicylic acid 2.3 52 16
Salicylic acid 3.0 61 13
Thiopental 7.6 46 34
Bases
Aniline 4.6 6 56
p-Toluidine 5.3 o 47
Quinine ) 8.4 [o) 18
Dextro (%an 9.2 o 16

TABLE 3.2 Comparison of Intestinal Absorption of

Acids and Bases in the Rat at Several pH Values (13,44)

% Absorbed from Rat Intestine

pK, pH4 pH 5 pH7 pH 8

Acids

5-Nitrosalicylic acid 2.3 40 27 e} e}
Salicylic acid 3.0 64 35 30 10
Acetylsalicylic acid 3.5 41 27 — —
Benzoic acid 4.2 62 36 35 5
Bases

Aniline 4.6 40 48 58 61
Aminopyrine 5.0 21 35 48 52
p-Toluidine 5.3 30 42 65 64
Quinine 8.4 9 11 41 54

predominantly in the un-ionized form in the gastroin-
testinal tract. This is attributed to the low lipid solubility
of the un-ionized molecule. A guide to lipid solubility
or lipophilic nature of a drug is provided by a prop-
erty called the partition coefficient (P). Therefore,
this parameter influences the transport and absorp-
tion processes of drugs, and it is one of the most
widely used properties in quantitative structure—activity
relationships (15) (see also Chapter 2).

%

. Salicylic acid

o
ephedrine

Absorption Rate
n
Q

o e e Y
1 2 , 45 6 7 8 94011
PKa pKa
FIGURE 3.12 Relationship between absorption rates of salicylic

acid and ephedrine and bulk phase pH in the rat small intestine in
vivo. Dashed lines represent curves predicted by the pH-partition
theory in the absence of an unstirred layer. (From Winne D. The
influence of unstirred layers on intestinal absorption in intes-
tinal permeation. In: Kramer M, Lauterbach F, eds. Workshop
Conference Hoechest, Vol 4. Amsterdam: Excerpta Medica,
1977:58-64, with permission.) (16).
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The movement of molecules from one phase to
another is called partitioning. Drugs partition themselves
between the aqueous phase and lipophilic membrane.
Preservative emulsions partition between the water
and oil phases; antibiotics partition from body fluids to
microorganisms; and drug and other adjuvants can parti-
tion into the plastic and rubber stoppers of containers.
Therefore, it is important that this process is understood.

If two immiscible phases are placed adjacent to each
other, with one containing a solute soluble in both phases,
the solute will distribute itself between two immiscible
phases until equilibrium is attained; therefore, no further
transfer of solute occurs. If we consider an aqueous (w)
and an organic (o) phase, we write according to theory.

If the solute under consideration forms an ideal solu-
tion in either phases or in solvent, the activity coeffi-
cient can be replaced by the concentration term to yield
Equation 3.13:

3.13 p=

Equation 3.13 is used conventionally to calculate the par-
tition coefficient of a drug. In Equation 3.13, C, the con-
centration of drug in the organic or oil phase, is divided
by the concentration in the aqueous phase. The greater
the value of P, the higher is the lipid solubility of the sol-
ute. It has been demonstrated for several systems that the
partition coefficient can be approximated by the solu-
bility of the solute in the organic phase divided by the
solubility in the aqueous phase. Therefore, the partition
coefficient is a measure of the relative affinities of the sol-
ute for an aqueous or nonaqueous or oil phase. The effect
of lipid solubility and, hence, the partition coefficient on
the absorption of a series of barbituric acid derivatives
is shown in Table 3.3. The term partition coefficient is
more commonly expressed exponentially as log P.

TABLE 3.3 Comparison of Barbiturate Absorption in

Rat Colon and Partition Coefficient (Chloroform/Water)
of Undissociated Drug (5,45)

Barbiturate Partition Coefficient % Absorbed

Barbital 0.7 12
Apobarbital 4.9 17
Phenobarbital 4.8 20
Allylbarbital 10.5 23
Butethal 11.7 24
Cyclobarbital 13.9 24
Pentobarbital 28.0 30

Secobarpbital 50.7 40

>100 44

It must be clearly understood that even though drugs
with greater lipophilicity and, therefore, partition coef-
ficient are better absorbed, it is imperative that drugs
exhibit some degree of aqueous solubility. This is essen-
tial, because the availability of the drug molecule in a
solution form is a prerequisite for drug absorption and
the biologic fluids at the site of absorption are aqueous
in nature. Therefore, from a practical viewpoint, drugs
must exhibit a balance between hydrophilicity and lipo-
philicity. This factor is always taken into account while
a chemical modification is being considered as a way of
improving the efficacy of a therapeutic agent.

Examples of polar or hydrophilic molecules that are
poorly absorbed following oral administration and, there-
fore, must be administered parenterally include gentami-
cin, ceftriaxone, and streptokinase. Lipid-soluble drugs
with favorable partition coefficients generally are well
absorbed after oral administration. Often, the selection
of a compound with higher partition coefficient from a
series of research compounds provides improved phar-
macologic activity. Occasionally, the structure of an exist-
ing drug is modified to develop a similar pharmacologic
activity with improved absorption. Chlortetracycline,
which differs from tetracycline by the substitution of a
chlorine at C-7, substitution of an n-hexyl (hexethal) for
a phenyl ring in phenobarbital, or replacement of the
2-carbonyl of pentobarbital with a 2-thio group (thiopen-
tal) are examples of enhanced lipophilicity (Fig. 3.13).

It is important to note that even a minor molecu-
lar modification of a drug can also promote the risk of
altering the efficacy and safety profile of a drug. For this
reason, medicinal chemists prefer the development of a
lipid-soluble prodrug of a drug with poor oral absorption
characteristics.

Tetracycline

Chlorotetracycline

Ph_ CiHs CaHs  n-CeHis
) o OWO
HN_ _NH HN__NH
T ]
Phenobarbital Hexethal
CzHs C%H;¢/\
o o o o
HNTNH HN. _NH
5 T
Pentobarbital Thiopental

FIGURE 3.13
lipophilicity.

Drug pairs in which chemical modification enhances
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Estimation of Drug Absorption

When different chemical entities are being investigated
for their potential as drug candidates, dosage form per-
formance is one of the possible contributing factors to
poor bioavailability. Historically, the concept of bioavail-
ability is closely, if not solely, associated with dosage form
performance. Because poor bioavailability in particular is
increasingly an issue in the drug discovery and develop-
ment process, application of the bioavailability principles
and techniques has been extended to include animal
studies in the selection of potential drug candidates for
their full development (17,18).

As the drug travels down the gastrointestinal tract fol-
lowing its oral administration, part of the dose cannot be
available for absorption for a number of reasons. These
include its chemical degradation, physical inactivation
because of binding and complexation with substances in
the intestinal tract, incomplete dissolution of the dosage
form, microbial metabolism, insufficient contact time in
the gastrointestinal tract, poor solubility and poor per-
meability across the gastrointestinal mucosa, and metab-
olism within the gut wall. Of the absorbed dose, some of
the drug is metabolized in transit during its first passage
through the gut wall and the liver. Unchanged drug that
reaches the hepatic portal vein can be extracted by the
liver via metabolism or biliary excretion. Thus, the bio-
availability (f) of an orally administered dose of a drug
comprises the individual fractions that survive several
barriers encountered by the drug during its first passage
from gut lumen to the sampling site, and it is described
(19), in general, by the following relationship:

3.14 J=EEF,

where F, F, and F, are the fractions of intact drug
absorbed (FF) that escape irreversible elimination as the
drug passes sequentially from the gastrointestinal tract
across the gut wall (Fg) and traverses the liver () into
systemic circulation. Thus, bioavailability of a drug is
equal to or less than the fraction absorbed, depending
on the extent of metabolism and loss during the absorp-
tion process. Therefore, poor blood levels of a drug can
be a consequence of poor absorption or of good absorp-
tion accompanied by extensive metabolism.

There appear to be several common misconceptions
(20) regarding the nature of absorption. Among these
misconceptions are that intestinal absorption, permeabil-
ity, fraction of drug absorbed, and in some cases, even bio-
availability are equivalent properties and, consequently, are
used interchangeably. Another common misconception is
that absorption and permeability are discrete fundamen-
tal properties of a drug molecule and can be predicted
solely from its chemical structure. In reality, however, drug
absorption is quite a complex process dependent on drug
properties such as solubility and permeability, formulation
factors, and physiologic variables such as regional perme-
ability diffetences, pH, luminal and mucosal enzymology,
and infestinal motility, among others.

Publication of the so-called “Rule of Five” (21) has
generated widespread interest regarding applying calcu-
lated physicochemical properties in the drug discovery
process to separate out poor drug candidates before bet-
ter drug candidates go into clinical trials. According to
the Rule of Five, poor intestinal absorption is associated
with and attributed to the molecule possessing any two of
the following properties: molecular weight greater than
750 daltons, number of hydrogen bond donors greater
than 5, number of hydrogen bond acceptors greater than
10, and calculated log P greater than 5. These guidelines
have been proven to be very useful for approximate pre-
dictions of intestinal drug absorption. The critical role
of lipid solubility in drug absorption is a major guiding
principle in the drug discovery and development pro-
cess. Because the lipid solubility of a drug molecule is the
sum of the individual partition coefficients for each of its
functional groups (see Chapter 2), the prediction of lipid
solubility (calculated CLog P; see Appendix A for tables
of CLog Pvalues) can be estimated.

A recent examination (22) of the relationship of
molecular surface properties with biologic performance
of a molecule has been revealing. Most notably, it has
been demonstrated that polar surface area (PSA) of a
drug molecule has a strong correlation predicting drug
transport from human intestine and across the drug mem-
brane. The PSA is defined as the sum of the Van der Waals
surface areas for the polar atoms, oxygens, nitrogens,
and attached hydrogen atom (or the number of H-bond
donors and H-bond acceptors). (See www.molinspiration.
com for calculating the PSA.) The PSA is a major determi-
nant for oral absorption and brain penetration of drugs
that are transported by the transcellular route (movement
across cell membranes). This property should be consid-
ered in the early phase of drug screening. Another related
parameter, dynamic PSA (PSAd), has surfaced (23) as a
parameter of value in predicting membrane permeabil-
ity and oral absorption in humans. Interpolation of the
sigmoidal plot for 20 selected compounds suggests that
when the PSAd is greater than 140 A2, incomplete absorp-
tion (< 10%) results, and when the PSAd value is less than
60 A2, drug absorption will be in excess of 90%.

A drug’s absorption, as reflected in its bioavailability,
is a fairly complex process, and although it is related to
the drug structure, it is related in a complex manner.
Failure to appreciate and understand these complexities,
in an attempt to build models, can provide a prediction
of marginal and low confidence. Both fraction absorbed
and bioavailability are measures of the extent of absorp-
tion. Permeability, on the other hand, is related to the
rate of absorption (20):

3.15 J=P-SA-dC

where Jis the absorptive flux and is equal to the perme-
ability (P) of intestinal mucosa to the drug, the surface
area available (SA), and the drug concentration gradi-
ent (dC) across the mucosa. Factors that-can influence
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permeability include structural characteristics of a drug,
including size, shape, solubility, charge, and surface area.

It has been argued (24), on a theoretical basis, that
a fundamental relationship exists between the rate
measured as a permeability coefficient and the extent
of absorption. This has led to the greater interest and
increasing use of the in vitro permeability model to
serve as an experimental surrogate for predicting oral
absorption potential of drug candidates in drug discov-
ery programs. Additionally, although in some instances
(24,25) it has been possible to directly correlate absorp-
tion with permeability, more often poor correlation
exists (20,26), as illustrated in Figure 3.14. At times,
good absorption is observed for poorly permeable com-
pounds. These poorly permeable but well-absorbed
compounds exhibit high aqueous solubility, generally
exceeding 2.5 mg/mL (20,22). This suggests that aque-
ous solubility can help to compensate for the poor in
vitro permeability observed.

Estimating the extent of oral drug absorption and
variation in drug absorption, therefore, can be of great
value in the selection of a potential therapeutic agent
and in identifying ways to optimize the oral drug deliv-
ery in patients. This can be facilitated by developing
the predictive oral drug delivery models. In turn, these
models permit the estimation of drug absorption without
performing in vivo studies in humans and impart better
understanding of the ratelimiting processes affecting
drug absorption, which can assist in developing strate-
gies for the development of oral drug delivery. There are
three physical barriers to drug absorption: the dissolu-
tion resistance, the aqueous boundary layer resistance,
and the membrane resistance (27-29).
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FIGURE 3.14 Poor correlation between oral bioavailability

and permeability as measured using Caco-2 cells for three com-
pounds. (From Burton P, Goodwin ), Vidamas T, et al. Predicting
drug absorption: how nature made it a difficult problem. |
Pharm Exp Ther 2002;303:889-895; and from Hilgers AR, Smith
DP, Biermacher |, et al. Predicting oral absorption of drugs: a
case study.With novel class of antimicrobial agents. Pharm Res
2003;20:1149-1155, with permission.) (19).

Although physicochemical properties, such as solubil-
ity and permeability, and other properties, such as meta-
bolic stability and toxicity, are important individually, the
interrelationship of these properties is what eventually
determines the in vivo performance of a drug. In par-
ticular, the role of solubility is dependent on the potency,
which will determine the dose. In other words, low solu-
bility is problematic for a high-dose drug; however, it can
be more acceptable for a low-dose drug.

Measurement of Permeability

Although a variety of models (subcellular fraction, cell
monolayer model, isolated intestinal tissue, and intesti-
nal perfusion) are available to predict the permeability
of a drug, the cell monolayer model and rat intestinal
perfusion techniques are the most commonly used
techniques.

Cell Monolayer

These models consist of cells grown on permeable inserts.
Transport of compounds across the cell monolayer is
used to quantitate the permeability of a new chemical
entity in a rapid manner. One of the most popular cell
lines is Caco-2, derived from human colon adenocarci-
noma cells. The monolayer exhibits ion conductance and
possesses transepithelial electrical resistance indicative of
fully formed tight junctions that restrict the paracellular
transport of a chemical entity. Although Caco-2 cells are
the most commonly used cells, Madin-Darby canine kid-
ney (MDCK) cells are becoming more widespread in use,
in part because of the shorter culture time (4 to 7 days
vs. 21 to 30 days for Caco-2 cells) needed for their use in
permeability experiments.

Excellent correlation for permeability coefficient
between MDCK and Caco-2 cells was observed for 55
compounds with known human intestinal absorption.
Regardless of the type of cells used in determining per-
meability measurement, establishing the correlation
between the permeability coefficient and the fraction of
drug absorbed in vivo validates this approach.

Several clones of HT 29 cells have been used (30) to
study different aspect of intestinal drug absorption. An
enterocytic HT 29 clone, HT 29-18-C1, was proposed as a
model to study intestinal permeability. The limitation of
the cells is that these cells grow very slowly, and a large
number of cultures failed to develop acceptable barrier
characteristics.

Biopharmaceutical Drug Classification

It is clear from the discussion thus far that the physico-
chemical properties, such as drug solubility and drug
permeability, have a critical role in the drug absorption
process. The following biopharmaceutical drug classifi-
cation system (30-32) has been developed to optimize
the development of an oral dosage form taking into
consideration two rate-limiting factors, drug permeabil-
ity and drug dissolution, the latter of which is related to
drug solubility.
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Crass | Drucs (HiGH SoLuBiLITY AND HiGH PErmEABILITY)  Class
I drugs provide both rapid dissolution and high mem-
brane permeation. This class includes small-molecule
hydrophilic drugs that are not ionized in the gastro-
intestinal tract. Examples include acetaminophen,
valproic acid, ketoprofen, disopyramide, verapamil,
propranolol, fluconazole, and metoprolol. Class I
drugs are well absorbed and are affected by a limited
set of interactions that alter drug absorption. Because
gastric emptying frequently will control the rate of
absorption for this class of drugs, interactions that
delay gastric emptying will delay drug absorption. This
is important for class I analgesic drugs, for which a
rapid rate of absorption and quick rise in the plasma
level to within the therapeutic range is needed to alle-
viate pain quickly.

Ciass Il Drucs (Low SovrusiLity anp HicH PermeaBiLITY)  For
immediate-release formulations of many poorly water-
soluble drugs, the dissolution rate limits drug absorp-
tion. Along with this limitation, a greater impact on drug
absorption will be observed with high oral doses. For
example, the antifungal drug griseofulvin and the car-
diac glycoside drug digoxin are both poorly water solu-
ble and possess similar dissolution profiles, which limit
the rate of drug absorption. The extent of griseofulvin
absorption, however, is incomplete for a typical dose of
500 mg, whereas a normal, 0.25-mg oral dose of digoxin
usually provides a fairly complete absorption. Other
examples are diazepam and nifedipine.

Any interactions that increase drug solubility and dis-
solution rate in the gastrointestinal tract will exert a posi-
tive effect on the gastrointestinal absorption of this class
of drugs. The absorption of this class of drugs is often
enhanced in proportion to the fat content of the coadmin-
istered meal. This is attributed to the increased gastrointes-
tinal fluid volume from a coadministered meal, stimulated
gastrointestinal secretions, and biliary solubilization effects
that increase the dissolution rate. Furthermore, increased
gastric residence time as a function of the caloric density
permits greater time for drug dissolution.

Cuass 11l Drucs (HicH SoLusiLiTy AND Low PermeaBiLITY)  For
drugs possessing high water solubility, the intestinal
membrane permeation rate is often the rate-limiting
step in drug absorption from immediate-release dos-
age forms. Many drugs in this class (e.g., acyclovir and
chloramphenicol) also show region-dependent absorp-
tion with better absorption in the upper small intestine.
Therefore, any interactions that compromise upper
intestinal absorption can result in a significant decrease
in oral bioavailability. Consequently, these drugs show
a sharp decrease in absorption with a coadministered
meal that is independent of fat content. Meals tend to
decrease the absorption of some drugs in this category
as a result of simple physical barrier that compromises
the availabilify of drug molecules to the upper intestinal
membrahe’

Cuass IV Drucs (Low SoLusiLiTy AND Low PermEABILITY)  Poor
aqueous solubility cannot necessarily impart high lipo-
philicity and, therefore, high membrane permeation
for a drug. Class IV drugs possess both low solubility and
low permeability, both of which are undesirable for good
drug absorption. Examples include furosemide and
paclitaxel. Drugs in this class, however, still are admin-
istered orally if the plasma concentrations obtained are
sufficient to produce the desired therapeutic effect and
the drugs do not possess a narrow therapeutic index.

Role of Transporters in Drug Absorption

The oral route of drug administration remains the most
popular and convenient route of administration, despite
its many shortcomings and challenges. Although the
advantages associated with oral administration far out-
weigh the limitations, a major limitation for oral absorp-
tion relates to the interactions of drugs with intestinal
membrane transporters and metabolizing enzymes (33).
The rapidly growing awareness of transporters affecting
the rate and extent of intestinal drug absorption has
attracted attention in drug discovery and development
(Chapter 5). Intestinal membrane transporters affecting
the rate of oral absorption are the influx peptide trans-
porters (PepT1, PHTs, and HPT-1), bile salt transporter,
phosphate transporter, nucleoside transporters, organic
cation/anion transporters (OATP and OCTP), and fatty
acid transporters. Transporters affecting drug efflux
into the intestinal lumen include P-glycoprotein (P-gp),
MRP2, BCRP, and MRP3. The primary intestinal enzyme
affecting the absorption of drugs is CYP3A4, as well as
the phase II enzymes, glutathione transferase, glucuro-
nyltransferases, and sulfotransferases. Thus, inhibition
of these membrane transporters and/or metabolizing
enzymes and modulation of the expression of these mem-
brane transporters and/or metabolizing enzymes are
key factors affecting the rate and extent of drug absorp-
tion. Drug molecules recognized by OATP-B include bile
acids, bilirubin and bilirubin glucuronides, estrogen and
androgen sulfate conjugates, digoxin, pravastatin, fexof-
enadine, thyroid hormones, and other lipophilic organic
anions. The PepT1 will transport peptide-like drugs, such
as B-lactam antibiotics (penicillins and cephalosporins),
angiotensin-converting enzyme inhibitors, rennin inhibi-
tors, thrombin inhibitors, and di-/tripeptide prodrugs of
antivirals (valacyclovir).

Efflux Transporters

More recently (33-37), the role of efflux transporters
in influencing the permeability and the overall bioavail-
ability of drugs has emerged and gained considerable
attention. Among these transporters is P-gp, which is
expressed on the luminal surface of normal intestinal
mucosa. Unlike absorptive transporters that increase the
uptake of a substrate from intestinal lumen, P-gp impedes
uptake by returning the portion of drug entering the
mucosa back to the lumen in a concéntration.dependent
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manner. Two types of P-gp have been observed in
mammals: drug-transporting P-gp and phospholipid-
transporting P-gp.

The localization suggests that P-gp functionally can
protect the body against toxic xenobiotics by excret-
ing these compounds into bile, urine, and the intes-
tinal lumen and by preventing their accumulation in
brain and testes. Thus, P-gp can have a significant role
in drug absorption and disposition in human and ani-
mals. An increasing number of drugs have been shown
to be substrate for P-gp, including HIV protease inhibi-
tors and verapamil, which is also an inhibitor of P-gp
and, thus, can increase the intestinal permeability of
other drugs

P-gp is a cell membrane-associated protein that trans-
ports a variety of substances. It has been studied exten-
sively as a mediator of multidrug resistance in cancer, but
only recently has the role of P-gp expressed in normal
tissue as a determinant of drug pharmacokinetics and
pharmacodynamics been investigated.

P-gp is a 170 kDa protein product of the MDRI gene. It
is a dimer consisting of 1,280 amino acids, with 12 trans-
membrane segments and 2 adenosine 5’-triphosphate
(ATP)-binding domains. P-gp requires binding of ATP to
both ATP-binding domains for the transport function. A
proposed mechanism by which P-gp secretes substrates is
illustrated in Figure 3.15.

Unlike most other transport proteins that recognize
a few structurally similar substrates, P-gp recognizes
a broad range of pharmacologically and structurally
diverse compounds. In general, P-gp substrates are large,
lipophilic compounds that tend to be cationic at

P-gp
Substrate

Cell
Membrane Secretion of

Drug
Extracellular Space

FIGURE 3.15 Proposed mechanism by which P-glycoprotein
(P-gp) secretes substrates. (1) Passive drug uptake across cell mem-
brane. (2a) Formation of hydrophobic channel (pore) between the
intracellular and extracellular space. (2b) Flippase activity, whereby
the drug is flipped from the inner leaflet to the outer leaflet of the
cell membrane. (2c) “Vacuum cleaner model,” in which the drug
interacts with P-gp in the lipid bilayer and is subsequently secreted
back-into the extracellular space. (From Matheney C, Lamb M,
Brouwer K, et al. Pharmacokinetics and pharmacodynamic implica-
tions of P-glycoprotein modulation. Rev Ther 2001;21:778-796,
with_permission.)

physiologic pH. An evaluation of 100 structurally diverse
compounds revealed that P-gp substrates have a relatively
high number of electron-donating groups (i.e., O, N, S,
F, Cl, or groups with a m-electron orbital of an unsatu-
rated system).

In recent years, the role of drug transporters in the
intestinal epithelium as major determinants of drug
absorption has been recognized, and P-gp and other
transporters have been implicated in modulating the
absorption and/or intestinal elimination of drugs.
Reduction in the small intestinal transit time (SITT) of
a drug can decrease the peak plasma concentration and
area under the plasma concentration—time curve, the
rate and extent of absorption, and, therefore, the bio-
availability of a drug. Another potential consequence
of increased transit has been proposed for digoxin and,
possibly, other drugs that are substrate for P-gp in the
small intestine. Because intestinal permeability of such
compounds can depend on the relative activity of P-gp
in the intestine, factors affecting this activity can also
affect absorption. One determinant is drug concentra-
tion, which will influence the degree of saturation of the
transporters. Another consideration is the specific activ-
ity of the transporters with the intestine itself. Evidence
suggests that P-gp is not homogenously distributed
throughout the intestinal tract but, rather, increases in
abundance from the proximal to the distal small intes-
tine. Therefore, drugs that can be substrate for P-gp but
that are partly permeable can be well absorbed in the
duodenum and proximal jejunum, which have little P-gp.
Drugs that inhibit P-gp can alter the absorption, disposi-
tion, and elimination of coadministered drugs and can
enhance bioavailability or cause unwanted drug-—drug
interactions.

Prodrugs

Prodrugs are bioreversible derivatives of drug mol-
ecules that undergo an enzymatic and/or chemical
transformation in vivo to release the active parent
drug, which can then exert the desired pharmacologic
effect. In both drug discovery and development, pro-
drugs have become an established tool for improving
physiochemical, biopharmaceutical, or pharmacoki-
netic properties of pharmacologically active agents.
The rationale behind the use of a prodrug is gener-
ally to optimize absorption, distribution, metabolism,
and excretion (ADME) processes. Prodrugs are usually
designed to improve oral bioavailability due to poor
absorption from the gastrointestinal tract. Prodrugs are
now an established concept to overcome barriers to a
drug’s usefulness. About 5% to 7% of drugs approved
worldwide can be classified as prodrugs, and the imple-
mentation of a prodrug approach in the early stages of
drug discovery is a growing trend. A few examples of
noteworthy blockbuster prodrugs are omeprazole, sim-
vastatin, lovastatin, enalapril, clopidogrel, valacyclovir,
acyclovir, and oseltamivir (Fig. 3.16).
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FIGURE 3.16 Commercially available blockbuster prodrugs and
their structures.

The term “prodrug” or “proagent” was first introduced
by Albert (38) to signify pharmacologically inactive chemi-
cal derivatives that could be used to alter the physicochemi-
cal properties of drugs, in a temporary manner, to increase
their usefulness and/or to decrease associated toxicity.
Since Albert discussed the concept of prodrugs in the late
1950s, such compounds have also been called “latenti-
ated drugs,” “bioreversible derivatives,” and “congeners,”
but “prodrug” is now the most commonly accepted term
(39-41). Usually, “prodrug” implies a metabolizable cova-
lent link between a drug and a chemical moiety, although
some authors also use it to characterize some forms of salts
of the active drug molecule. Approximately 49% of all
marketed prodrugs are activated by hydrolysis, and 23%
are bioprecursors (i.e., lacking a promoiety) activated by a
biosynthetic reaction (42).

The prodrug approach gained attention as a tech-
nique for improving drug therapy in the early 1970s.
Numerous prodrugs have been designed and developed
since then to overcome pharmaceutical and pharmacoki-
netic barriers in clinical drug application such as low oral
drug absorption, lack of site specificity, chemical instabil-
ity, toxicity, and poor patient acceptance (e.g., bad taste,
odor, pain at injection site) (42).

Prodrugs provide a rationale and opportunities to
reach target physiochemical, pharmacokinetic, and
pharmacodynamic properties. They are designed to over-
come barriers such as insufficient chemical stability, poor
solubility,inacceptable taste or odor, irritation or pain,
insuffiéient’ oral absorption, inadequate blood—brain

barrier permeability, marked presystemic metabolism,
and toxicity (39).

Strategic Considerations

Beaumont et al. (43), in a recent review on the design
of ester prodrugs, conclude with the recommendations
that the prodrug strategy should only be considered as
a last resort to improve the oral bioavailability of impor-
tant therapeutic agents. It can be considered in parallel
with classical analoging as soon as a problem becomes
apparent.

One prodrug strategy that is often applied to improve
the solubility of drug candidates is to introduce a promoi-
ety containing phosphate, sulfate, or succinate groups,
which can ionize in relevant biologic media. Strategies to
improve the permeability by prodrug formulation can be
used to develop prodrugs that have increased passive diffu-
sional permeability properties across the enterocytic mem-
brane compared with the parent compound or to develop
prodrugs as substrates for absorptive intestinal membrane
transporters such as the peptide transporter PepT1.

Regardless of the strategy used, however, a prereg-
uisite is that the drug candidates contain functional
group(s) such as carboxylic acid, alcohol, thiol, or amine
functionalities that can be applied in the formation of
bioreversible linkages between the promoiety and the
drug candidate. The most frequently applied prodrug
linkage is the ester linkage; however, many other linkages
can also be used.

Thus, drug candidates that are alcohols, amines,
thiols, or carboxylic acids are formulated as the corre-
sponding ester, amide, thioester, and ester prodrugs,
respectively. Conventional ester linkages are, in general,
rapidly cleaved in the gastrointestinal fluids and thus
characterized by very short half-lives in vivo due to ester-
ase-catalyzed hydrolysis. In cases where the prodrug link-
age is hydrolyzed in gastrointestinal fluids, the prodrug
formulation does not necessarily increase the oral bio-
availability of the parent drug candidate.

Type of Prodrugs

Hard Prodrug: A hard prodrug is a biologically active
compound with a high lipid solubility or high water
solubility having a long biologic half-life. Examples
include cocaine and heroin.

Soft Prodrug: A soft drug is a biologically active com-
pound that is biotransformed in vivo in a rapid
and predictable manner into nontoxic moieties.
Examples include insulin and adrenaline.

Carrier-Linked Prodrug: A carrier-linked prodrug is
a compound that contains an active drug linked to
a carrier group that can be removed enzymatically.
These prodrugs are generally esters or amides, and
such a prodrug would have greatly modified lipophi-
licity due to the attached carrier. The active drug is
realized by hydrolytic cleavage either chemically or
enzymatically. The prodrug should-be biologically
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inactive. The chemical linkage between the parent
drug and its promoiety must be bioreversible; the
prodrug should be sufficiently stable to allow its
formulation into an appropriate dosage form. The
carrier-linked prodrug is subdivided into a bipartite
prodrug that is comprised of one carrier attached
to drug. A tripartite prodrug is.carrier connected
to a linker that is connected to a drug.

Bioprecursors: Bioprecursors. are inert molecules
obtained by chemical modification of the active
drug but do not contain a carrier. Such a moiety
has almost the same lipophilicity as the parent drug
and is bioactivated generally by enzymatic redox
metabolism.

Mutual Prodrug: Two, usually synergistic, drugs are
attached to each other. A bipartite or tripartite pro-
drug is one in which the carrier is a synergistic drug
with the drug to which it is linked.

Major Objectives of Prodrug Design

ImPrROVED BloavaiLasiLITY  Aqueous solubility, drug insta-
bility, passive intestinal absorption, targeted active
absorption, formulation problems, taste palatability, and
metabolic switching are well-established factors limiting
bioavailability that need to be circumvented.

ImproVED AqQuEous SoLusiLiTY Inadequate aqueous solubil-
ity is an important factor limiting parenteral, percuta-
neous, and oral bioavailability. In such cases, a prodrug
strategy can bring great pharmaceutical and pharma-
cokinetic benefit. Charged promoieties (e.g., esters
such as phosphates, hemisuccinates, aminoacyl conju-
gates, dimethylamino acetates) and neutral promoieties
(e.g., polyethylene glycols) can be used (e.g., celecoxib
and valdecoxib). One of the potential problems in this
approach is that solubilizing groups can sometimes gen-
erate toxic effects.

IMPROVED PAssIVE INTESTINAL ABSORPTION — Providing enhanced
lipophilicity for increased passive intestinal absorption is
the most frequent rationale when adopting a prodrug
strategy (approximately 49% of all marked prodrugs are
activated by hydrolysis).

Other pharmaceutical applications of prodrugs
include protection against fast metabolism (slow-release
prodrugs), improvement of taste, improvement of odor,
change of physical form for preparation of solid dosage
forms (4), reduction of gastrointestinal irritation, and
reduction of pain on injection

Because prodrugs are designed to improve the
permeability and oral absorption of the parent drug;
they are more lipid soluble than the parent drug and
should be rapidly converted to the parent/.compound
during absorption from the gut wall, liver, or site of
action. Examples of prodrugs: include pivampicillin,
the pivalate ester prodrug of ampicillin that is more
lipid soluble’ and, therefore, more efficiently absorbed
thansthe parent compound (35); valacyclovir, an L-valyl

ester prodrug of acyclovir; lisdexamfetamine, an L-lysi-
nylamide prodrug of amphetamine that is slowly hydro-
lyzed to amphetamine; and methyldopa, a prodrug of
methyldopamine that is decarboxylated in the brain to
methyldopamine. The recognition that di- and tripep-
tides are transported from the intestine by their PepT1
transporter has led to the development of prodrugs
designed as di- or tripeptide analogues (36). For exam-
ple, the dipeptidyl analogue of methyldopa increased
the intestinal absorption of methyldopa by more than
20-fold.

FACTORS AFFECTING THE ABSORPTION OF
DRUGS FROM SOLID DOSAGE FORMS AND
SUSPENSIONS

When a drug is administered orally via tablet, capsule,
or suspension, the rate of absorption is often controlled
by how fast the drug particles dissolve in the fluid at
the site of administration. Hence, the dissolution rate
is often the rate-limiting (slowest) step in the following
sequence:

Solid __Disoluion o Pryg jn __Abordon - Drug in systemic
drug Step solution Step ! circulation

If the dissolution of the drug is slow or controlling the
rate of absorption (Step I), then dissolution is the rate-
determining step. Factors controlling dissolution, such
as solubility, ionization, or surface area, will then control
the overall dissolution process. Figure 3.17 describes the
absorption of aspirin from solution and from two differ-
ent types of tablets.

It is clear from Figure 3.17 that aspirin absorption is
more rapid from solution than from tablet formulations.
This rapid absorption of aspirin is an indication that the
rate of absorption is dissolution rate limited. A general

801
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Percent Absorbed

l.O 2‘0 3;0 4‘0 5‘0 6.0
Time (min)
FIGURE 3.17 Absorption of aspirin after oral administration of a
650-mg dose in solution (o), in buffered tablets (0), or in regular

tablets (@). (From Kwan KC. Oral bioavailability and first-pass effects.
Drug Metab Drug Dispos 1997;25:1329-1336, with-permission.) (18):
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FIGURE 3.18 Dissolution from a solid surface.

relationship describing the dissolution of a drug was
first reported by Noyes and Whitney (44). The equation
derived by those authors is as follows:

dc
Z=KS(C.-C
3.16 p (G -C)

where dc¢/dtis the dissolution rate, Kis a constant, Sis the
surface area of the dissolution solid, C, is the equilibrium
solubility of drug in the solvent, and Cis the concentra-
tion of drug in the solvent at time ¢.

The constant K in Equation 3.16 has been shown to
be equal to D/h, where D is the coefficient of the dis-
solving material of the drug and 7 is the thickness of
the diffusion layer surrounding the dissolving solid par-
ticles. This diffusion layer is a thin, stationary film of a
solution adjacent to the surface of a solid particle (Fig.
3.17) and is saturated with drug (4); in other words,
the drug concentration in the diffusion layer is equal
to C, the equilibrium solubility. The term (C - C) in
Equation 3.16 represents the concentration gradient for
the drug between the diffusion layer and the bulk solu-
tion. If dissolution is the rate-limiting step in the absorp-
tion process, the term C in Equation 3.16 is negligible

compared to C. Under this condition, Equation 3.16 is
reduced to:

dc _ DSC,
dt h

3.17

Equation 3.17 describes a diffusion-controlled dissolu-
tion process (4), which can be visualized as shown in
Figure 3.18; when solid drug particles are introduced
to the fluids at the absorption sites, the drug promptly
saturates the diffusion layer. This is followed by the dif-
fusion of drug molecules from the diffusion layer into
the bulk solution, which is instantly replaced in the diffu-
sion layer by molecules from the solid crystal or particle.
This is a continuous process. Although it oversimplifies
the dynamics of the dissolution process, Equation 3.17 is
a qualitatively useful equation and clearly indicates the
effects of some important factors on the dissolution and,
therefore, the absorption rate of drugs. When dissolution
is the rate-limiting factor in the absorption, then bioavail-
ability is affected. These factors are listed in Table 3.4.
The Noyes-Whitney equations (Egs. 3.16 and 3.17)
demonstrate that the equilibrium solubility (C) is one
of the major factors determining the rate of dissolution.
Changes in the characteristics of solvents, such as pH,
affecting the solubility of the drug, affect its dissolution
rate. Similarly, the use of a different salt or other physico-
chemical form of a drug, which exhibits a solubility differ-
ent from the parent drug, usually affects the dissolution
rate. Increasing the surface area of a drug exposed to the
dissolution medium, by reducing the particle size, usually
increases the dissolution rate. In the discussion to follow,
some of the more important factors affecting dissolution
and, therefore, absorption are presented in greater detail.

Dissolution

pH and Solubility of Weak Acids and Bases

Solubility is another factor determining the rate of dis-
solution. As solubility increases, so does the dissolution
rate. One way of increasing solubility is to use salts. Salts
of weak acids and weak bases generally have much higher
aqueous solubility than the free acid or base; therefore, if
the drug is given as a salt, the solubility can be increased,

TABLE 3.4 The Effect of Changing Parameters from the Dissolution Equation on the Rate of Solution (4)

Equation Parameter Comments Effect on Rate
of Solution

D (diffusion coefficient of drug) May be decreased in the presence of substances that increase viscosity of the medium (=)

A (area exposed to solvent) Increased by micronization and in “amorphous drugs” (+)

d (thickness of diffusion layer) Decreased by increased agitation in gut or flask (+)

C. (solubility in diffusion layer) That of weak electrolytes altered by change in pH by use of appropriate drug salt (<) (+)

or buffer ingredient
C (CWM bulk) Decreased by intake of fluid in stomach, by removal of drug by partition or absorption (+)
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FIGURE 3.19 The pH-dependent dissolution of salicylic acid
(0), benzoic acid (O), and phenobarbital (@). (From Gibaldi

M. Biopharmaceutics and Clinical Pharmacokinetics, 4th Ed.
Philadelphia: Lea and Febiger, 1991, with permission.) (45).

and we should have improved dissolution (Fig. 3.19).
This factor can lead to quite different peak plasma con-
centrations after oral administration.

The solubility of weak acids and bases is a function of
the pH of the medium. Therefore, differences in the dis-
solution rate are expected to occur in different regions
of the gastrointestinal tract. The solubility of weak acid is
obtained by

3.18 C = [HA] + [A7]

where [HA] is the intrinsic solubility of the un-ionized
acid (i.e., C) and [A7] is the concentration of its anion,
which can be expressed in terms of its dissociation con-
stant, K, and C; that is,

KC
3.19 C=C +—>22
[H']

In a similar manner, the solubility of a weak base is
obtained by

3.20 C =C, +—=

By substituting Equations 3.18 and 3.19 into Equation
3.20 for the term C, the following dissolution rate equa-
tions are obtained:

For weak acids:

de _K'(C,+KG,)

3.21 =
dt [H']

or

- de K'C,(1+K,)

At [H]

and for a weak base:

de _ K'C,(1+[H'])
dt K

a

3.23

Equations 3.21 through 3.23 show that K’ is equal to
DS/ h. Equations 3.22 and 3.23 clearly suggest that the
dissolution rate of weak bases decreases with increasing
pH. Hence, the dissolution rate of weak bases is opti-
mum in gastric fluid, but for weak acids, it is at a mini-
mum. Furthermore, the dissolution rate of weak acids
increases as the solid drug particles move to the more
alkaline regions of the gastrointestinal tract. Figure 3.18
illustrates the dissolution rates of weak acids as a func-
tion of pH (45). The absorption of a salt of weak acid
or base can be explained by using the following figure:

Salt of Tonized
weak acid Dissolution form of weak acid
or base or base
K Un-ionized
1

—— |form of weak
acid or base

where K, and K, represent the rate constants associ-
ated with the formation of un-ionized and ionized spe-
cies of a compound, respectively. The ratio of these two
rate constants represents the dissociation constant of a
compound. The absorption of the un-ionized species
of a molecule disturbs the equilibrium of the process.
To regain the equilibrium, some of the ionized species,
therefore, are converted into un-ionized species, which
are then absorbed through the membrane. This process,
being a continuous one, permits the absorption of the
un-ionized species to take place. Therefore, a drug mol-
ecule will eventually be absorbed.

The relatively poor dissolution of weak acids at the
pH of gastric fluid further diminishes the importance of
the stomach as a drug absorption site. Although gastric
absorption of weak acids can occur from solution, it is
unlikely that much of the drug dissolves and is absorbed
during the short residence time as a solid dosage form
in the stomach. A study by Ogata et al. (46) proposed
that the critical value of solubility that separates acidic
drugs from the absorption sites (stomach or intestine) is
approximately 30 mg/mLin 0.1 N HCl when 1 g of drug is
administered orally. Those authors found that if the solu-
bility of a drug is less than 3 mg/mlL, practically no absorp-
tion occurs in the stomach. Changes in the gastric pH also
alter the solubility of certain drugs and can affect the dis-
solution and absorption rates. A patient with achlorhydria
has a higher gastric pH and absorbs aspirin more rapidly
than a normal subject. On the other hand, similar differ-
ences were not observed with respect to the absorption
rates of acetaminophen, a much weaker acid, the solubil-
ity of which would be unaffected by.changes in-pH, (47)-
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The relationships between dissolution rate and hydro-
gen ion concentration, described in Equations 3.22 and
3.23, are approximations and tend to overpredict the dis-
solution rate of both weak acids in the small intestine and
weak bases in the stomach. In reality, the hydrogen ion
concentration of the bulk is not equal to the hydrogen
ion concentration of the diffusion layer.

Salts

The objective of drug discovery is to identify substances
that are highly active in biologic systems. Screening for
potential drug candidates is performed in solution at
micromolar and nanomolar concentration levels.

Drug substances can be administered by various routes,
including oral, which is the most frequently chosen route;
parenteral by several modes of injection (intramuscular
[IM], intravenous [IV], subcutaneous [SC], and others);
intranasal inhalation; and topical to the various areas
of the body surface, to name just a few more important
routes. Various pharmaceutical dosage forms are formu-
lated to administer drug substances by these routes. Each
dosage form requires that a typical set of relevant param-
eters of the drug substance lie within a certain range,
beyond which the development of said dosage form
becomes increasingly difficult and eventually impossible.
Also, in a mutual interdependence, the selection of dos-
age form and the applicable technology depend on the
physical chemical properties profile of the chosen salt.

Approximately two thirds of the drug substances are
weakly acidic or basic entities, and therefore, salt forma-
tion provides a significant opportunity to alter the phys-
iochemical properties of drugs in the solid state without
altering chemical integrity. The decision whether to
pursue a salt form is usually made early in the develop-
ment process on the basis of known properties of the
uncharged molecules. Salt formation will often be consid-
ered when the drug has one or more unfavorable prop-
erties, including poor dissolution, low aqueous solubility
(<10 pg/mL), poor chemical stability, hygroscopicity, low
melting point (< 80°C), poor crystallization (forms oil or
amorphous solid on crystallization attempts), or displays
multiple polymorphs. A significant number of counter-
ions are suitable for pharmaceutical salt selection studies
of weakly acidic or basic drugs, and therefore, there is a
broad range of opportunity to obtain different salts with
improved and desired physical chemical properties.

The selection of suitable counterions for inclusion
in a salt selection search is dependent on safety con-
siderations. For example, chloride and sodium ions
are regarded as safe to administer and well tolerated.
Counterion selection often uses pK values of the acid
and base involved to estimate the likelihood of successful
salt formation.

Based on the pK values, a series of salt formers can
then be selected from those frequently used pharma-
ceutically (Table 3.5), whereas others must be rejected.
From experlence to form a stable salt, the pK values of
an acid-base pair should differ by at least two pK units

TABLE 3.5 Most Frequently Used Acids and Bases as

Salt Formers

Acids (Anions) Bases (Cations)

Hydrobromic Sodium
Hydrochloric Potassium
Hydroiodic Zinc
Sulfuric Choline
Nitric Calcium
Methanesulfonic Magnesium

Maleic Diethylamine
Phosphoric Tromethamine
Fumaric Silver

Citric Ammonium
Succinic

Acetic

Tartaric

(i.e., the pK of the acid should be at least two units lower
than that of the base). This corresponds to a situation in
which both compounds, brought together in water, are
ionized to a degree of at least 90%. Strong mineral acids
suchas HCI (pK =-6) or H,SO, (pK, =-3) can form solid
salts with the weak base atazanavir, having a pK_ as low as
4.25, whereas attempts to isolate a salt with either acetic
acid (pK, = 4.76) or benzoic acid (pK, = 4.19) would fail
with such a weak base.

The final decision on the selection of a salt of a drug
substance is based on data collected from analytical and
physical characterization of a certain number of pre-
pared salts. The data are evaluated primarily against the
requirements set by biopharmaceutical and therapeutic
considerations for the use of the drug, pharmaceutical
and chemical-technologic aspects in view of the devel-
opment and manufacturing of dosage forms, and the
synthesis and isolation of the drug substance. The most
frequently encountered issues while selecting a suitable
salt are discussed below.

For injectable solutions, high solubility of a drug under
the conditions close to physiologic pH of 7.4 is essential.
For a small-volume injectable such as IM and SC, the solu-
bility should be as high as possible to accommodate the
dose to be administered in 0.5 to 2 mL for SC or up to
5 mL for IM administration. The solubility requirement
for IV injections is less stringent because volumes up to
20 mL can be administered. With lower solubility drugs,
one has to resort to infusions of volumes of up to 1,000 mL.
Injectable solutions of drugs require particularly high
chemical stability. Ideally, a drug substance must with-
stand heat sterilization in solution and subséquent storage
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for up to b years. For those drug substances lacking such
optimum stability, it is possible to circumvent heat stress by
sterile filtration. Naturally, for injectables, solid-state drug
properties are of minor importance as long as they do not
hamper processing or the dissolution of a lyophilizate.

For solid dosage forms, the most critical step, after
swallowing a unit dose, is the release of the drug sub-
stance. Solubility and, therefore, dissolution can control
or limit, respectively, this important process. Therefore,
a solubility that is reasonably high in relation to the drug
dose is desirable.

In selecting a salt form for a product that is applied
topically, it is a prerequisite that it (salt of the drug) must
not cause local irritation, whether the target of treatment
is the skin surface, dermal tissue, or underlying organs
(e.g., joints, muscles, tendons) or even if systemic effects
are intended. Weakly acidic to neutral pH values (~5 to
7.5) are tolerated best, and deviations from this range
should be avoided. Choosing the right salt form of a drug
can offer the following advantages: Annoying polymor-
phism problems can be circumvented; high hygroscopic-
ity resulting in deliquescence can be avoided; amorphous
material can be turned to a crystalline salt; taste and smell
problems can be minimized; the melting point can be
raised to improve mechanical properties (e.g., for mill-
ing), to the extent that liquid bases or acids are turned
into solids; and local irritation can be avoided (e.g., for
inhalation)

With drug candidates exhibiting absorption diffi-
culties, investigations can even include in vivo studies
in animals (e.g., rat, dog) with experimental formula-
tions to identify the most suitable salt form or solid-state
form. Sometimes such a search can address the state of
distribution of the active substance in an experimental
formulation (e.g., micronized, nano-sized, amorphous,
suspension, emulsion, microemulsion), and so the bor-
derlines between chemical technical operations and
pharmaceutical formulation and processing techniques
can become quite diffuse.

Solubility and Dissolution Rate

Chemical stability includes potential interaction between
drug entity and counterions and stability in the presence
of pharmaceutical excipients (drug/excipient compati-
bility); stability of the morphic state in bulk form; stability
in solid and suspension dosage forms; hydrate formation
and stability during storage and processing; chemical
stability of hydrated versus anhydrous forms (influence
of released hydrate water during storage); and uptake of
water of hydration by anhydrates in solid dosage forms
with consequences for mechanical properties.

Regarding molecular weight, large counterions can
surmount the tolerable drug amount to be packed into
a solid dose unit; in contrast, for extremely low—dose
drugs, a larger molecular weight can improve handling
and content uniformity.

The dissplution rate of a particular salt is usually
differént from that of a parent compound. Sodium or

TABLE 3.6 Dissolution Rate of Weak Acids and Their

Sodium Salts (44)

Compound pK, Dissolution Rate (mg/100 min/cm?)
0.1 N HCI 0.1 M 0.1 M Borate
pH 15 Phosphate pH 9.0
pH 6.8
Benzoic acid 4.2 2.1 14 28
Sodium salt 980 1,770 1,600
Phenobarbital 7.4 0.24 1.2 22
Sodium salt ~200 820 1,430
Salicylic acid 3.0 1.7 27 53
Sodium salt 1,870 2,500 2,420
Sulfathiazole 7-3 <0.1 ~0.5 8.5
Sodium salt 550 810 1,300

potassium salts of weak acids dissolve more rapidly than
the free acid. The same is true with HCI or other salts of
weak bases. Table 3.6 illustrates the dissolution rate dif-
ferences between some weak acids and their sodium salts
(45). The differences in the dissolution rates of salt and
parent compound are explained by taking into consider-
ation the pH of the diffusion layer. At a given pH, regard-
less of salt or free acids/bases, a drug will have a fixed
solubility. The classical dissolution equation predicts a
slower dissolution of a salt of a drug, and the concept of
a diffusion layer becomes useful.

For sodium or potassium salts of weak acids, the pH
of the solution in a diffusion layer is greater than the pH
of the diffusion layer for the corresponding weak acid.
However, the pH of the solution in the diffusion layer
for hydrochloride salts of weak bases is always smaller
than the diffusion layer of the corresponding free base.
Therefore, effective solubility and dissolution rate of
soluble salts on drug absorption are available in the lit-
erature. The potassium salt of penicillin Vyields a higher
peak plasma concentration of antibiotic than the cor-
responding free acid (48). Sodium salts of barbiturates
are reported by Anderson (49) to provide a rapid onset
of sedation. Some salts have a lower solubility and dis-
solution rate than their parent compounds. Examples
include aluminum salts of weak acids and pamoate salts
of weak bases. In these particular examples, insoluble
films of either weak acids or pamoic acid appear to form
in the dissolving solids and further retard the dissolution
rate.

Surface Area and Particle Size

The surface area per gram (or per dose) of a solid drug is
changed by altering the particle size. For example, a cube
thatis 1 cm on each side has a surface area of 6 cm?. If this
cube is broken into cubes with sides of 0.1, cm; the total
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surface area is 60 cm? If the particles are broken up by
grinding, then irregular shapes with even larger surface
areas are created. Generally, as the surface area increases,
the drug will dissolve more rapidly. Therefore, many
poorly soluble and slowly dissolving drugs currently are
marketed in a micronized or microcrystalline form. The
problems of low water solubility and particle size were
not fully appreciated, but they have resulted in reducing
the therapeutic dose of some drugs without sacrificing
therapeutic efficacy. For example, since the original mar-
keting of spironolactone, its dose has been reduced from
500 to 25 mg as a result of a reformulation that includes
micronization. The bioavailability of digoxin increased
from 40% to approximately 80% to 97% by reducing the
particle size from 100 to approximately 10 nm. A similar
result has been obtained for griseofulvin.

Polymorphism
Many pharmaceutical solids can existin two or more crys-
talline forms called polymorphs (50,51). Polymorphism
is the ability of the same drug molecule to crystallize
into more than one different crystal structure that has
a different arrangement and/or conformation of mole-
cules in the crystal lattice. However, once they are in the
solution phase, polymorphs share a common form. The
different arrangements of atoms within the crystal unit
cell can have a profound effect on physical and chemi-
cal properties of the final crystallized compound and
on the final drug product. Amorphous solids consist of
disordered arrangements of molecules that do not pos-
sess a distinguishable crystal lattice. Solvates are crystal-
line solid adducts containing either stoichiometric or
nonstoichiometric amounts of a solvent incorporated
within the crystal structure (50,51). If the incorporated
solvent is water, the solvates are commonly known as
hydrates. Polymorphs and/or solvates of a pharmaceuti-
cal solid or pharmaceutical excipients (e.g., lactose) can
have different physical and chemical properties, such
as melting point, chemical reactivity, apparent solubil-
ity, and dissolution rate. These properties of a drug sub-
stance can affect the intended shelf life (stability), rate
of dissolution, and bioavailability/bioequivalence of the
drug product. A metastable (amorphous) pharmaceuti-
cal solid form can change crystalline structure or sol-
vate/desolvate in response to changes in environmental
conditions or shelf-life storage. When such differences
in physical properties are sufficiently large, bioavailabil-
ity is altered, and it is often difficult to formulate a bio-
equivalent drug product using a different polymorph.
The Biopharmaceutics Classification System criteria of
high solubility and rapid dissolution should be consid-
ered in product development decisions when polymor-
phism exists. Drug substances with different physical
form include warfarin sodium, famotidine, and raniti-
dine, and those with solvation or hydration state include
terazosin hydrochloride, ampicillin, and cefadroxil.
Some dfugs that exist as polymorphs can have differ-
ent selubility properties and, thus, different dissolution

characteristics. Chloramphenicol palmitate and ritona-
vir provide good examples of how polymorphism can
influence drug dissolution and, thus, drug bioavail-
ability. Chloramphenicol palmitate is a broad-spectrum
antibiotic known to crystallize in at least three polymor-
phic forms and one amorphous (metastable) form, B.
The most stable form, known as form A, is the poly-
morph that is marketed, whereas the metastable form B
is approximately eight times more soluble than form A,
thus providing an eightfold difference in bioavailability.
This large difference in bioavailability creates the dan-
ger of fatal dosages when the unwanted polymorph is
unwittingly administered because of alterations in pro-
cessand/or storage conditions. The HIV protease inhib-
itor ritonavir (Norvir) was withdrawn from the market
because an undesirable polymorph of ritonavir had
been produced during its shelf life. Ritonavir was found
to exist in only one monoclinic form during develop-
ment and early manufacturing. This form, called “form
I,” was not sufficiently bioavailable in the solid state by
the oral route, requiring the initial product (Norvir)
to be formulated as a capsule filled with a hydroalco-
holic solution containing the dissolved drug. Two years
after the product launch, several lots of Norvir capsules
started failing dissolution specifications. Evaluation of
the failed lots revealed that a second crystal form of
ritonavir, “form II,” had precipitated from the formula-
tion during its shelf life. “Form II” was 50% less soluble
compared to “form I,” resulting in failure of batches in
the dissolution test, affecting its bioavailability and caus-
ing the eventual withdrawal of the product from the
market. Substantial time and effort went into identify-
ing and correcting the problem. To ensure a continu-
ous supply of this life-saving drug, a liquid formulation
had to be introduced in the market until the issue of the
polymorphic form was resolved. Hence, an inadvertent
production of the “wrong” polymorph at the crystalliza-
tion stage or any transformations of one dosage form to
another during processing (e.g., drying, milling, gran-
ulation, compression, spray drying, or freeze-drying),
storage, and scale-up can result in pharmaceutical dos-
age forms that are either ineffective or toxic. This high-
lights that identification of different solid forms of a
drug substance and determination of their physical and
chemical properties, thermodynamic stabilities, and
conditions or kinetics of interconversion are essential
for ensuring reproducible behavior of drug products.

Estimate of Dose Absorbed

Johnson and Swindell (52) proposed a simple predictive
model that relates the aqueous solubility and absorption
rate constant (K) to determine the maximum absorb-
able dose (MAD):

3.24 MAD = K C Vi

where K is the first-order absorption rate constant; C Vis
a constant, and {is the time.
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Hilgers et al. (26) argued that Equation 3.24, pro-
posed by Johnson and Swindell (52), assumes that the
drug absorption occurs under highly unrealistic condi-
tions, such as the intestine is exposed to a saturated solu-
tion of a drug of interest for a time equal to the normal
SITT. For interrelating permeability and solubility of a
drug to estimate the absorption potential (30) as MAD by
using the predictive model, Hilgers et al. (26) proposed a
modified equation:

3.25 MAD = S§- K - SIV - SITT

where Sis solubility and SIV is the small intestinal volume.

Briefly, the MAD calculates the total mass of drug that
could theoretically be absorbed if a saturated solution of
a compound with solubility S in the SIV were absorbed
with a first-order absorption rate constant (K) for a time
equivalent to SITT.

The absorption rate constant (K) was determined
from Caco-2 permeability value with the assumption
that the value of K and rat ileum permeability values
are approximately equal and, consequently, that the esti-
mated rat permeability (P) was converted to an absorp-
tion rate constant (K) from the following relationship:

3.26 K =P (4/V)

where Vis the volume of the intestinal lumen and A is the
surface area. For the rats used in this study (26), A/ Vwas
equal to 10 cm™.

Using Equations 3.24 and 3.25 for estimating the oral
absorption of oxazolidinone antibiotics data obtained
in rat and comparing the predicted MAD to the actually
administered dose, Burton et al. (19) and Hilgers et al.
(26) reported the relationship illustrated in Figure 3.20.

It is clear from Figure 3.20 that better prediction of
MAD is achieved when solubility, permeability, and dose
are taken into consideration. Despite this, drug perme-
ability is an important determinant of drug absorption;
therefore, it is informative to explore mechanisms con-
tributing to permeability in the light of structure-based
models for absorption prediction.

The relationship between the estimate of MAD and
the fraction absorbed is hyperbolic (28), analogous to
the relationship between drug permeability and fraction
absorbed. Incorporating the solubility term in Equation
3.24 yields a more realistic value of estimate of MAD for
poorly to moderately soluble compounds. Therefore, the
concept of MAD serves to combine two major determi-
nants of oral drug absorption (i.e., intestinal permeabil-
ity and solubility). In turn, the value of MAD can provide
a practical guideline in the early drug discovery program.

If the dose of a potential drug candidate is projected to
be greater than the calculated estimated dose absorbed,
this serves a cautionary notice that the following should
be examined: the potential for solubilization in the gas-
trointestimal/ tract, and the formulation variables that
could-ultimately result in an increased solubility or drug
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FIGURE 3.20 A better correlation between observed bioavail-
ability and predicted bioavailability when both aqueous solubility
and permeability parameters of drugs are used to predict the frac-
tion absorbed for three compounds. (From Burton P, Goodwin |,
Vidamas T, et al. Predicting drug absorption: how nature made it a
difficult problem. | Pharm Exp Ther 2002;303:889-895; and adapt-
ed from Hilgers AR, Smith DP, Biermacher ]}, et al. Predicting oral
absorption of drugs: a case study with novel class of antimicrobial
agents. Pharm Res 2003;20:1149-1155, with permission.)

dissolution during the gastrointestinal transit to increase
the fraction absorbed.

To reach the systemic circulation, a drug must move
from the intestinal lumen through an unstirred water
layer and mucous coat adjacent to the epithelial cell
structure. Movement across the epithelial layers takes
place by two independent routes, transcellular flux
(i.e., movement across the cells) and paracellular flux
(i.e., movement between adjacent epithelial cells). The
solute molecules then encounter a basement membrane,
interstitial space, and mesenteric capillary wall to access
the mesenteric circulation. Any and all of these micro-
environments can be considered a resistance to solute
molecule movement, each with an associated permeabil-
ity coefficient. Therefore, the overall process consists of
a number of resistances (i.e., reciprocal of permeability)
in series. Furthermore, the influence of drug structure
with permeability in these different domains is differ-
ent. For example, permeability in an unstirred water
layer is inversely related to solute size, wh