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Reflections of a Medicinal Chemist

1.01.1 Introduction

It has been my good fortune to have been trained and influenced throughout my career by outstanding mentors
and collaborators, both biologists and chemists. Their collective impact is immeasurable. They differed from each other
in their fields of expertise, their research philosophy, and their ‘Weltanschauung.” Taken together, the thoughts
contained in this chapter reflect — to paraphrase Ralph Waldo Emerson'— the amassed thoughts and experiences of
innumerable minds.

1.01.2 The Training of a Medicinal Chemist
1.01.2.1 Graduate School

Organic chemistry is the foundation of medicinal chemistry. I was very fortunate that Professor William S. Johnson
of the University of Wisconsin, Madison, accepted me as a graduate student in 1946. My PhD thesis involved
natural product total synthesis, and the target was a steroid. My knowledge of natural product total synthesis made
me an attractive candidate for the pharmaceutical industry, for reasons that have remained a tradition widely accepted
by big Pharma, but not by biotech companies. The attraction of a natural product as a synthetic target lies in part in
the fact that the target was set by Nature, which gives it an aura of legitimacy. The most challenging part in the
synthesis of a complex natural product often concerns the retrosynthetic analysis of its synthesis, which is generally
determined by the major professor, not by the student or postdoctoral fellow. Successive heads of medicinal chemistry
departments in big Pharma were trained in natural product total synthesis and they, in turn, tended to prefer
candidates with a similar background when making job offers. This preference tends to become a self-fulfilling
proposition.

Nature has evolved expertise in the use of reactions such as aldol condensations and others, and they are used
repeatedly. Partly as a result thereof, chemists can rely on volumes of literature dealing with these reactions. To be sure
there will be one or several steps in any natural product synthesis that will require creativity, which will ultimately
make the difference between success and failure.

The situation is very different in the synthesis of unnatural products, which are today generally designed to display
predetermined physical, chemical, or biological properties. There may be little or no prior art to guide the synthesis.
Let me give one example: my colleague at the University of Pennsylvania, Professor Amos B. Smith, III, an
acknowledged leader in natural product total synthesis, and I initiated a program in 1988 to design and synthesize
inhibitors of proteolytic enzymes using pyrrolinone-based mimics of amino acids. Interestingly, chiral pyrrolinone-based
amino acid mimetics had not been described. The endeavor proved to be rewarding, in that it led to an inhibitor of
HIV-1 protease, which has better pharmacokinetic properties than its peptidal precursor, both because the pyrroline
bonds are stable to proteases and because transport across membranes involves a lower desolvation penalty.? The x-ray
crystal structure of the enzyme-inhibitor complex has also been reported.? In a recent publication, Smith ez 4/ reported
the ‘total synthesis’ of an unnatural tetrapyrrolinone mimicking the B-turn of the peptide hormone somatostatin. By
current standards, and especially by Smith’s own standards, it is not an imposing structure. However, the synthesis,
including the preparation of the required unnatural building blocks, entailed some 53 steps, and required 46 person
months. The synthesis of each of the four amino acid mimicking building blocks required about 11 steps, even though
only one of the pyrrolinones contained a functional side chain. Thus, the total synthesis of unnatural products can be
challenging. Moreover, the total synthesis of an unnatural product may not be publishable unless it possesses the
predetermined physical and/or biological properties. Finally, in natural product total synthesis, very small amounts of
material suffice to establish the identity with the natural product. In the case of nonnatural products, considerable
amounts of material may be required to determine whether the substance possesses the desired properties. For these
reasons [ believe that natural product total synthesis should no longer be regarded as the only appropriate training for a
potential employee by big Pharma.

My initial synthetic target as a graduate student in Madison was estrone. Because Professors William S. Johnson and
Alfred L. Wilds were recognized leaders in steroid synthesis, they were quickly informed of the dramatic results
obtained by Dr Philip Hench at the Mayo Clinic in the first clinical trial of cortisone in April 1949. Professor Johnson,
therefore, shifted me from the total synthesis of estrone to that of cortisone. I was told only that cortisone “did
something” in the clinic. Looking back, I am surprised that I did not ask any further questions of my mentor. Professor
Johnson remains for me the perfect major professor, because of his ethical and scientific standards, his dedication to
research and to his students, and for his creativity. As a graduate of Oberlin College I had taken relatively few courses in
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chemistry. As a first year graduate student in Madison I was, therefore, concerned whether I could compete with fellow
students from larger universities, who had taken many more hours of chemistry. This concern did not, however, prove to
be a problem, suggesting perhaps that there is only so much chemistry that one can absorb as an undergraduate.
Moreover, Dr Johnson was tolerant toward anyone willing to be in the laboratory in the evenings and over weekends.
I was also very fortunate that my laboratory accommodated students of both Professor Johnson and Professor Alfred L.
Wilds. Professor Wilds kindly took an interest in my training, and contributed significantly to my education. It will
be difficult for today’s reader of this textbook to comprehend that in 1950, the year I received the doctorate degree
from the University of Wisconsin, nuclear magnetic resonance (NMR) spectroscopy was unknown and infrared
spectral capability was not available in Madison. It has always amazed me that in the early twentieth century the
structures of steroids, both the scaffold and the substituents, were elucidated through very hard and brilliant
work, using such unremarkable reagents as potassium permanganate and acetic anhydride. Reading the history of
early steroid research thus has always had a very humbling effect on me. I believe that it is sad that modern textbooks,
and often classroom lectures in organic chemistry, have generally become dehumanized. It is argued that there is so
much to be taught that there is neither time nor space to name the chemists on whose shoulders we stand. Perhaps so,
but in my opinion, we pay a high price for this exclusive concern with ‘the facts,” at the expense of our invaluable
scientific heritage.

In the 1940s ultraviolet spectroscopy was well established as a tool in spectroscopy, but its value to organic chemists
was questioned. A notable exception was Professor Wilds. Because he was very generous with his time, UV spectroscopy
contributed significantly to my PhD thesis. For example, [ was able to use this training to discover that a rearrangement
of a double bond had taken place during a saponification step in Professor Johnson’s total synthesis of equilenin, which
caused a double bond to migrate from conjugation with an ester/acid into conjugation with a ketone. I was so excited by
this discovery, that I expected the world to stand still once the news was out. This did not turn out to be the case!
Moreover a physical chemist on my oral exam committee was amused that a synthetic organic chemist would take
UV spectra seriously. I was to realize only much later, after I had joined the faculty at the University of Pennsylvania,
that few, even well-trained organic chemists, make optimal use of UV spectroscopy. To give just one example: few
medicinal chemists use UV spectroscopy to determine the precise concentration of a test compound in an aqueous
solution prior to a biological assay. I am also amused when graduate students sign up for NMR time, when the
UV spectrum would have provided the desired information right away.

In addition to Professors Johnson and Wilds, I also benefited greatly from a course taught by Professor Samuel
McElvain on the role of electronic concepts in organic chemistry as developed by Lowery, Kossel, Remick, Ingold, and
others. In combination with the research by H.C. Brown on steric effects, the two pillars of twentieth century
medicinal chemistry were in place. Finally, it was a privilege to take Professor Homer Adkins’ course in advanced
organic chemistry. He was the only professor I have encountered who taught a philosophy of science, stressing
skepticism as epitomized by his observation that “logic is the organized way of going wrong with confidence.”

1.01.2.2 My 37 Years At Merck & Co., Inc.

1.01.2.2.1 The cortisol era

1.01.2.2.1.1 My years in process research

In the fall of 1949, Dr Max Tishler, then Director of Process Research at Merck & Co., Inc., and Dr Karl Folkers,
Director of Fundamental Research, came to Madison on a recruiting trip. Before his arrival 1 realized that Professor
Johnson had a healthy respect for Dr Tishler, because my mentor told me not to be too specific about our strategy for
the total synthesis of cortisone “lest Dr Tishler figure out exactly what we are trying to do.” The interviews were a
success, and for the first time, I saw Dr Tishler’s eyes flash with excitement. To an extraordinary degree he was both a
passionate scientist and a hard-nosed boss. I was offered a position by both Dr Folkers and Dr Tishler. I should not have
been surprised, because at that time Merck was interested in chemists with prior experience in steroid chemistry.
I accepted Dr Tishler’s offer, but I learned that I would be working on a total synthesis of folic acid, a somewhat
unexpected assignment.

Several years later Dr Tishler was elected a member of the National Academy of Sciences (NAS) upon nomination
by Professor Robert Woodward. It was extraordinary for a Process Research Chemist to be elected to the NAS, and it
greatly strengthened his position with corporate management. Dr Tishler also hired a Bryn Mawr graduate trained by
Professor Marshall Gates, Ms Lucy Aliminosa, who became my wife in 1951. The Tishlers were good friends of Lucy,
and Dr Tishler therefore took an interest in me, I believe.
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Thus, in the spring of 1950 I started to work as a Process Research Chemist reporting to Dr Norman Wendler, a kind
person and an outstanding organic chemist. My assignment had changed, however. Instead of working on a synthesis of
folic acid, I was to develop a new method to convert cholic acid into desoxycholic acid, the first step in the partial
synthesis of cortisone. Dr Wendler was to be the first of the 13 sequential superiors to whom I reported at Merck. I
learned an important lesson from having so many different mentors. To succeed in the art of directing research, there is
not much point in acquiring a supervisor’s style. It is best to be one’s natural self — for better or worse — because one’s
subordinates are too astute to be fooled by acting.

I also learned that communication is a challenging art. When one is really excited about an idea, one must be
prepared to devote time and energy to convey one’s enthusiasm to colleagues. Surprisingly, at the end of a detailed
discussion, the two participants often leave a conversation with different impressions of the conclusion that was
reached.

It is worth mentioning that the environment at Merck in the 1950s was different from that which prevails
throughout the industry today. Dr Tishler was a no nonsense, demanding research director, and I always made sure that
I acted promptly on all of his instructions and suggestions. This is not surprising. What is noteworthy is that I was
nevertheless free to pursue my own ideas. Some of that work was done in the evenings and over weekends, but some
of it was carried out on ‘company time.” Importantly, when an unauthorized project produced a useful result, my
supervisors were pleased. I have the impression that the environment has changed, because today bench chemists and
their supervisors are expected to devote all of their energy to the officially assigned tasks. Clearly the assigned tasks
must be the first priority, but when leadership becomes excessively autocratic, and when creative initiative is stifled,
something invaluable is lost. I believe that the insightful manager knows which of his associates should be closely
supervised, and who should be left some measure of freedom. ‘Management by objectives’ is a sound concept, but
when carried too far, i.e., when it is assumed that all good ideas come from the top or from a committee, productivity is
likely to suffer.

Although I was not aware of it, I started my industrial career during one of the most remarkable periods in the history
of the pharmaceutical industry. In the 1940s drug discovery at Merck, as at other major pharmaceutical companies, was
‘largely based on blind, empirical screening of myriad chemical entities or on extracting compounds from microbial broths
derived from soil samples.” The age of ‘rational drug design’ was yet to come. Arguably the cortisone era served as a
bridge between the two. Merck’s decision to go forward was based on the faith, intuition, and insightfulness that cortisol,
the major constituents of the adrenal gland, must play a major role in physiology, and that cortisol and cortisone might
have great potential also in therapy. In addition, there was the false rumor that the Luftwaffe could fly at higher altitudes
than our airforce because they were supplied with cortisone. Actually ‘rational’ analysis of the biological properties of the
then known close analogs of cortisone was definitely not encouraging. Cortisone has two hydroxyl groups, at C17a and at
C21, and three ketones at C3, C11, and C20. Kendall’s compound A, lacking only the 17a hydroxyl of cortisone, and
Reichstein’s substance S, lacking only the 11-ketone, were devoid of any interesting biological properties even though
between them they possessed all of the oxygen functions of cortisone. A rational drug designer should be forgiven had he
or she decided that the synthesis of cortisone from cholic acid was not worth the effort of a synthesis of some 36 steps. Yet
Professor Homer Adkins’ quote (see above) would have been relevant. Fortunately Dr Tishler and Dr Lewis H. Sarett
undertook the enormous challenge of making cortisone available by synthesis to make a clinical trial possible. Even
though Kendall’s compound A and Reichstein’s substance S lacked any useful biological properties, the synthesis of
cortisone was initiated at Merck in March of 1946.* Arguably, Merck and Co., Inc., played the role of a venture capitalist at
that time. Nowadays, venture capitalists who have sought my opinion about investing in a given new technology want to
be all but assured that success is certain. Merck had no such assurance in 1946.

As reported by Fieser and Fieser,* three Merck scientists and a technician processed 577 kg of desoxycholic acid
and Dr Edward C. Kendall sent some partially purified desoxycholic acid to Rahway, NJ, for further purifi-
cation. Cortisone prepared from desoxycholic acid became available just 2 years later, in April of 1948, and was sent
to Hench and Kendall at the Mayo Clinic for initiation of the clinical trial the following month. Many persons are
under the impression that natural cortisone was used in the successful clinical trial that resulted in the massive
effort at Merck. This was not the case. The huge effort had to precede the clinical trial, which fully validated
Dr Hench’s intuition that cortisone might prove to be an anti-inflammatory chemical entity, based on his
astute observation that the condition of women suffering from arthritis improved when they became pregnant. The
enthusiasm following the first clinical trial involving a bedridden 29-year-old woman declined somewhat when
several side effects associated with steroid therapy became apparent. These include adrenal atrophy, negative
nitrogen balance, osteoporosis, ‘moon face,” and others. Ultimately these side effects were to lead to the search
for and discovery of nonsteroidal anti-inflammatory medications known as nonsteroidal anti-inflammatory drugs
(NSAIDS).
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Prior to the synthesis by Dr T. Shen ez @/, of indomethacin,” the first important NSAID in 1963, attempts were made
to discover analogs of cortisol with fewer side effects than those of cortisone or its 11-dihydro analog, the endogenous
hormone cortisol. These two steroids are interconverted in vivo. The partial synthesis of cortisol, possessing the critical
11-B-hydroxyl group, was accomplished by Dr Wendler and Dr Robert Graber in Rahway. The decade that followed
became my introduction to medicinal chemistry. The goal was to discover an analog of cortisone/cortisol devoid of the
side effects of the endogenous compounds. Along with all other medicinal chemists, it took me nearly a decade to
appreciate that the strategy to find a safer drug by generating more potent compounds, permitting a reduction in
dosage, was doomed to failure because the desired biological effects and the side effects of cortisol were mediated via a
common receptor. This is probably the most important lesson in medicinal chemistry that I learned during my first
10 years in industry. More recent research has, however, opened a new window,’ via novel structures that are devoid of
the classic steroid scaffold.”® With hindsight then, it is no surprise that the only side effect of cortisol that was
successfully abolished via analog synthesis is salt retention, because it is mediated via a separate receptor, for which
aldosterone is the endogenous ligand. That cortisol, an endogenous steroid hormone, can produce significant side
effects, reflects the difference between physiologic and pharmacologic doses.

1.01.2.2.1.1.1 Toward more potent and safer analogs of cortisol The search for alternative synthetic routes to
cortisol and other research led to an understanding of the structural factors affecting relative glucocorticoid and
mineralocorticoid activities, i.e. the desired anti-inflammatory activity and the unwanted salt retention.

Dr Hans Hirschmann, my brother, and his coauthors at Case Western Reserve University found unexpectedly that
16a-hydroxysteroids do not display mineralocorticoid activity.” Therefore, Dr Bernard Ellis e @/ at the British Drug
House!® and Dr Allen Bernstein at Lederle!! synthesized 160-hydroxycortisol. These chemists discovered between
1955 and 1956 that the compound displayed considerable glucocorticoid activity, but did not cause sodium retention.
Thus, the 160-hydroxy-steroids represented an advance in steroid therapy.

The search for a route to cortisol via an 11a-hydroxylated steroid led in 1954 to the interesting discovery by Dr Josef
Fried and Ms Emily E Sabo at Squibb, that the 9a-fluoro analog of cortisol showed a ten-fold increase in potency over
the endogenous cortisol.'* The discovery was made possible by the intelligent pursuit of fortuitous observations and
their insightful interpretation by Fried and Sabo. The issue was not trivial. On the one hand, there was the desire to
remain focused, and on the other, the danger of neglecting unexpected results that might prove to be more significant
than the original objective. 9a-Fluorocortisol was of no clinical interest because of its unacceptably high salt retention
properties, even in the 1-dehydro series.* This problem was later overcome at Schering and at Merck by the additional
introduction of 160- or 16B-methyl substituents, which like the 16a-hydroxyl, blocked the interaction of the resulting
steroids with the aldosterone receptor but enhanced affinity at the desired glucocorticoid receptor. This led ultimately
to the synthesis of the medically important C-16 diastereomeric 16-methyl-9a-fluoroprednisolone analogs.

The conversion of the relevant 9f,11B-epoxides into the 9a-fluoro-11B-hydroxy-steroids on treatment with
anhydrous hydrogen fluoride (HF) in alcohol-free chloroform afforded only a 50% vyield. At about that time I was
transferred from Dr Wendler’s group to that of Dr Robert E. Jones to become more involved in typical Process
Research. The yield for the HF reaction was an issue of sufficient importance to the company that Corporate
Management was kept informed on a daily basis. I found within a day that the reaction actually afforded much better
yields in straight alcohol and in other organic bases, as long as the concentration of anhydrous HF was high enough to
permit acid-catalyzed opening of the epoxide.'* We concluded that the yields were low in alcohol-free chloroform
because the concentration of anhydrous HE and therefore of ‘fluoride ion,” was too low to favor fluorohydrin formation
over dehydration. Dr Karl Pfister, the inventor of methyldopa, and Head of Process Research at that time, graciously
told me that I had taken a big load off his shoulders and that he had wanted me to report directly to him, but since this
was not possible for organizational reasons, he transferred me to Dr John Chemerda, the leader of the largest group in
Process Research.

At about the same time (1955) the group of Dr John Hogg and coauthors at the Upjohn Company were the first to
prepare alkylated analogs of the glucocorticoid hormone. The first,"”® 20-methylcortisone, was inactive, presumably
because the 2a-methyl substituent blocks the in vivo reduction of the 11-ketone to the 11B-hydroxyl. On the other
hand, 2a-methylcortisol was a more potent glucocorticoid than cortisol, but it also showed enhanced unwanted
mineralocorticoid activity and was therefore not developed. Fortunately, the Upjohn scientists persevered, and the
6a-methylcortisol was found to be more potent than cortisol as a glucocorticoid, and pleasingly it displayed negligible
salt retention. Later, the 6o-methyl derivative of prednisolone'® was marketed by The Upjohn Company.

Given that the glucocorticoidal and mineralocorticoidal receptors represent different proteins, it was not surprising that
the first significant clinical advance over cortisol was the discovery of the 1,2-dehydro analogs by Dr Emanuel B. Hershberg
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and coauthors at Schering in 1955."° These congeners, like the 9a-fluoro cortisol, were more potent than the hormone,
but unlike the latter, they displayed reduced salt retention. The new compounds, named prednisone and prednisolone,
were obtained by microbial dehydrogenation of the hormones. The use of microorganisms including both bacteria and
fungi to achieve chemical transformation was not new and was employed also at Squibb, Upjohn, Merck, and by Wettstein
and coauthors. Today it seems amusing that some synthetic organic chemists initially took a dim view of the use of
microorganisms in a synthetic endeavor, which they regarded as ‘cheating.” The introduction of the 1,2 double bond via
the use of microorganisms became routine thereafter.

1.01.2.2.1.1.2 Opthalmic application The ophthalmic application of anti-inflammatory steroids as eye drops had
been accomplished via the administration of a suspension of steroidal 21-acetates. Upjohn then developed the ‘more
clegant’ water-soluble 21-succinate ester. | was therefore given the assignment of preparing the ‘more physiologic’
21-phosphate. In those days organic chemists dreaded the assignment of a phosphate as a synthetic target because we
were used to discarding the aqueous layers in the isolation of our reaction products and we were uncomfortable when
the aqueous layer contained the desired product as was the case with phosphates. Dr George 1. Poos, a member of my

group, developed a practical synthesis of the 21-phosphate of cortisol.'®

The marketed product was attractive also for
intravenous administration, but lost its glamour for the ophthalmic market when the patent of the equally effective,
albeit less elegant, acetate expired. Not all seemingly ‘important’ research objectives are truly worth pursuing,

especially if their principal appeal relates to marketing objectives rather than medical need.

1.01.2.2.1.1.3 Alternative starting materials Under Dr Tishler’s superb leadership the overall yield for the
conversion of bile acids into cortisone had become so high that they were hard to believe, even for insiders. Merck,
however, kept this achievement a secret and talked only about the complexity of the process. In retrospect this may
have been a mistake, because it encouraged the competition, especially at Syntex, to explore starting materials other
than bile acids. Indeed, such research was also underway at Merck,'” typified by the synthesis of allopregnan-3p
ol-11,20-dione acetate from ergosterol, stigmasterol, and diosgenin. This research led to—what turned out to be—an
interesting in-house competition. Starting with the 12-keto steroid hecogenin (please see below) Mr. C. Stewart
Snoddy, Dr Wendler, and I synthesized the corresponding A”'" olefin which was converted into 22-isoallospirostane-
3B,9a,11a-triol with osmium tetroxide.'® At the same time Dr John Chemerda and his collaborators'® studied the

A2 steroids into 11-oxygenated congeners. In the critical step Ms Lucy Aliminosa brought the

conversion of
A7-99,110 epoxide into contact with acid-washed alumina during chromatographic purification; in the process the oxide
ring is opened by acid catalyzed hydrolysis to afford the corresponding A®-unsaturated 7o,110-diol. Two Merck
laboratories had thus achieved the desired 11-hydroxylation. Dr Tishler expressed little joy about my process. He
informed me that he hated osmium tetroxide. By that time [ knew him to be a good friend, albeit a demanding boss. On
the other hand, Lucy Aliminosa was the heroine of the day. As Dr Tishler informed me, “we will do it Lucy’s way.” | was

not unhappy about the outcome.

1.01.2.2.1.1.3.1 The first example of a reaction recognized to be under ‘stereoelectronic control’ My own
18 years in Process Research were scientifically stimulating and personally satistying in every way. I enjoyed working in
the laboratory with a group of three or four chemists. I was privileged to work with remarkably devoted and gifted
collaborators under a research-oriented corporate management. I can recall only one disappointment. Early in my career
in 1952 I made what was to become a significant contribution to synthetic organic chemistry. I reduced the 12-ketone of
the sapogenin hecogenin and separated the resulting diols. Stereochemical assignments were readily made by then well-
established methods and the separated epimers were converted into the corresponding mesylates. Contrary to
expectations, solvolysis of the equatorial 12B- mesylate afforded an olefin in high yield whereas the axial 12a-mesylate
was recovered largely unchanged. The olefin possessed unexpectedly strong bands as revealed by infrared spectral
absorbances at 6.04 and 11.24 pm. Hydroxylation of the presumed 3-hydroxy-11,12-dehydro sapogenin with osmium
tetroxide afforded a triol that was quantitatively converted into a diacetate, revealing an OH band in the infrared at
2.8 um. Saponification of this diacetate quantitatively regenerated the triol, and the latter on cleavage with periodic acid
produced formaldehyde in 60-65% vyield as determined by chromatropic acid titration and isolation of its dimedone
derivatives together with a quantitative yield of a nor-ketone having a single carbonyl bond in the infrared at 5.84 um and
only end absorption in the UV spectrum. We were able to explain the unexpected results and the infrared spectral
properties of the olefin by showing that the elimination reaction in the 128 mesylate series resulted in a rearrangement
of the steroidal C/D rings affording a C-nor-D-homo steroid. My colleagues Mr. Stewart C. Snoddy, Jr., Dr N. L. Wendler,
and I reported in 1952%° that the formation of the olefin from the equatorial 12B mesylate “represents a rearrangement
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path wherein the stereoelectronic requirements are fulfilled only in the case of the natural Cy,-B-configuration” of the
equatorial hydroxyl. We pointed out that “the significance of this geometrical factor is reflected in the extraordinary ease
with which this rearrangement occurs.” We also noted that ‘stereoclectronic control™ considerations provide an
attractive mechanism to explain the biosynthesis of the alkaloids jervine and veratramine, the structures of which had
just been elucidated by Wintersteiner and Fried at Squibb. The concept of stereolectronic analysis built on the prior
work of Derek Barton, who had introduced the concept of axial and equatorial substituents for the A, B, and C rings of
the steroid. Barton had thereby rationalized the chemical reactivity of epimeric steroidal alcohols and esters almost
overnight. To my knowledge but contrary to the commonly held belief, ours was the first reported use of the term
‘stereoelectronic’ to describe the mechanistic underpinning of a molecular rearrangement.

1.01.2.2.1.2 Transfer to fundamental research
It had become apparent to Dr Sarett, who had responsibility for new drug discovery, that Ralph Hirschmann, a member
of the Process Research team, was ‘inappropriately’ interested in the synthesis of new compounds for biological testing,
the domain of Fundamental Research. In 1958 I was, therefore, transferred from Dr Tishler’s Process Research
Department to Fundamental Research as one of Dr Sarett’s five group leaders for steroid research. The transfer proved
to be a high-pressure assignment. Dr Sarett met with the steroid group leaders early every Monday morning. We were
expected not only to report on the progress of our laboratories, but also to present new research proposals. This
assignment did not make for relaxing weekends. Nevertheless, I have always regarded my internship with Dr Sarett as
exceptionally valuable. Dr Sarett’s approach was distinct from those of other successful medicinal chemists whom I had
observed because it was very systematic. He had realized early on that in medicinal chemistry, all effects are either
steric or electronic. Sarett also introduced me to the concept of ‘minimum systematic variation’ in lead development.
If, for example, the biological effects of the introduction of either a chloro or a methyl substituent alpha to a ketone are
the same, the effects are steric; if the effects are opposite, they are electronic, etc. Further, if introduction of a methyl
substituent decreases potency, there is little point in giving an ethyl group a ‘try’.

Dr Sarett stressed that when selecting the next synthetic target, it is important first to write down all possible
candidates, and then make a careful selection to ensure that the maximum of information is obtained from the smallest
synthetic effort. He taught us never to decide on one’s next synthetic target on the spur of the moment.

1.01.2.2.1.2.1 An early example of prodrug design based on a biochemical rationale (MK-700) Of all the
steroids that my group synthesized in the general search for a less toxic cortisol, the most original was the 2-acetamido-
2-deoxy-B-D-glucopyranoside of prednisolone (MK-700).?' To my knowledge, it was the first glucocorticoid that was
‘designed’ to have a better therapeutic index than prednisolone. The design was based on the assumption that the
21-glucoside, like the 21-methyl ethers, would be biologically inactive and that its conversion to the free steroid
(prednisolone) would occur primarily in the synovial fluid of inflamed joints that we and others had shown to have
strikingly higher concentrations of N-acetylglucosaminidase than normal joints or plasma. This prodrug did indeed
display an improved therapeutic index in the rat granuloma assay but lacked oral bioavailability. At least in hospitalized
patients, parenteral administration of medicines in solution would not have been a problem. However, the potential of
the compound as a parenteral drug was not explored. Its therapeutic potential, therefore, remains unknown. On the
other hand, the application of the underlying concept was to become routine. Arguably, making oral bioavailability a
conditio sine qua non, without considering each case on its merits, is unwise.

On 27 and 28 August 1991, an International Symposium on the History of Steroid Chemistry was held in New York
City. Participants included®? Pedro Lehmann, Arthur Birch, Gilbert Stork, Jeffrey Sturchio, George Rosenkranz, E. R.
H. Jones, Carl Djerassi, Leon Gortler, Josef Fried, Ralph Hirschmann, Alejandro Zaffaroni, Seymour Bernstein, Konrad
Bloch, Frank Colton, John Hogg, and Koji Nakanishi.??

I provided a synopsis of contributions of the Merck laboratories, not mentioned herein, at that meeting.*

I have not mentioned the important work of Rosenkranz and others at Syntex, because as a whole it did not
significantly relate to my research at Merck. Marker’s important work during the early 1940s clarified the structures of
sapogenins. His work led to the formation of the Mexican Steroid Industry. I do recall a conversation with Russel E.
Marker in my office about the chemistry of the sapogenin hecogenin that he had isolated, and which became an
important starting material in my research.?’

1.01.2.2.1.2.2 The discovery of the steroidal preg-4-eno [3,2-] pyrazoles The synthesis of steroidal preg-4-eno
[3,2-] pyrazoles** emerged from my tenure in Dr Sarett’s department. I had started the project on my own. Treatment
of a 3-keto-A* -steroid with ethyl formate followed by hydrazine or phenylhydrazine, respectively, led to the desired
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heterocycles in high yield. It became an official endeavor only later, and then because of Dr Tishler’s support. The
pyrazoles, especially the p-fluorophenyl pyrazoles, proved to be the most potent activity-enhancing modifications
discovered for steroidal anti-inflammatory agents. One of these pyrazoles was marketed in Europe. The pyrazoles also
disproved the heretofore held belief that an o,f-unsaturated ketone in the A-ring is required for cortisol-like biological
activity.

1.01.2.2.2 Transfer to exploratory research

1.01.2.2.2.1  The total synthesis of an enzyme in solution

When Dr Robert G. Denkewalter, the Vice President for Process Development informed me in 1963 that he was about to
assume the newly created position of Vice President for Exploratory Research to undertake basic research in nucleic acid
and peptide chemistry, he invited me to head a group of three chemists to establish peptide chemistry at Merck. We
started from ground zero. When Smyth, Stein, and Moore published the complete primary structure of ribonuclease A%
that same year, it became clear just a few months later that my assignment was nothing less than the total synthesis
of ribonuclease.

Although in recent years steroid chemistry has regained considerable momentum, in 1963, steroid research was on
the decline. This had become obvious to me and, therefore, I gave an immediate and positive response to
Dr Denkewalter who had urged me not to make a hasty decision. I was excited about the opportunity to learn about a
field of natural product chemistry that was completely new to me. I suspect that abandoning one’s 20-year experience
in one field of organic chemistry to enter another field may entail a significant risk in academia, but this was not the
case in industry.

1.01.2.2.2.1.1 The use of N-carboxyanhydrides Denkewalter’s reading of the peptide literature led him to a
1950 paper by J.L. Bailey,?® which reported the controlled synthesis of small peptide esters in anhydrous medium at low
temperatures, using amino acid N-carboxyanhydrides. These anhydrides were prepared by allowing amino acids to
react with phosgene. N-carboxyanhydrides had also been successfully employed in polymerization reactions. Bailey’s
procedure was impractical primarily because of solubility problems in organic solvents at low temperatures. Although
we were unaware of the fact at the time, Professor Paul Bartlett?” at Harvard had explored the use of
N-carboxyanhydrides in aqueous medium in controlled peptide synthesis without isolation of intermediates, but had
abandoned the project because of side reactions that he was not able to control. The appeal of the use
of N-carboxyanhydrides in peptide synthesis in aqueous solution lies in the fact that the desired coupling reaction
proceeds very rapidly. Treatment of the potassium salt of an amino acid with a slight excess of an N-carboxyanhydride
generates the dipeptide, the new amino group of which is protected as the carbamate potassium salt. Acidification
results in the formation of the carbamic acid, which loses CO, spontaneously. It takes only about 5 min to generate
the desired dipeptide. The cycle can then be repeated with retention of enantiomeric integrity. While we were
able to synthesize a crude octapeptide quickly and without isolation of intermediates, purifying only the final product,
the method generally failed to afford multiple step products of the desired purity*® without chromatographic
purification.

1.01.2.2.2.2 The state of the art in 1963

In 1906, in a much-quoted lecture, Emil Fischer expressed the view that the daunting challenges of an enzyme
synthesis notwithstanding, chemists should at least give it a try. In 1907 he had synthesized peptides containing
20 amino acids, using his own acid chloride method and the azide procedure of Curtius. Nevertheless, little real
progress was made in peptide synthesis until Bergman and Zervas® introduced the benzyloxycarbonyl protecting group
in 1932, which, unlike an acyl protecting group, permitted the introduction of an activated amino acid without loss of
enantiomeric purity and which could be removed by catalytic hydrogenation. In combination with other protecting
groups and new coupling reactions, du Vigneaud achieved the synthesis of the first compound of biological interest,
oxytocin, in 1953.%° This was a remarkable achievement because this nonapeptide amide contains five functional amino
acid side chains including a cystine bridge. It would be a mistake to conclude that with the synthesis of a hormone in
hand, the synthesis of any peptide in solution had become routine. Each polypeptide, like any other organic molecule,
has its own personality and synthesis of ‘model compounds’ has gone out of style for just that reason. In 1968, the
synthesis of such biologically active peptides as angiotensin, adrenocorticotropic hormone (ACTH), gastrin, insulin,
secretin, glucagon, and calcitonin had been accomplished.
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The unique role of enzymes was described well by E H. C. Crick in 1958,%" who stated that the:

“nearest rivals [of enzymes] are the nucleic acids.... The most significant thing about proteins is that they can do
almost anything...[and] the main function of proteins is to act as enzymes.... Once the central and unique role
of proteins is admitted, there seems to be little point in genes doing anything else [but protein synthesis].”

1.01.2.2.2.3 The Merck synthesis of an enzyme

The Merck group undertook the synthesis of the 104 membered chain called ribonuclease S- protein, so named
because Richards had shown that ribonuclease A can be split by the protease subtilisin into two fragments: (1)
S-protein the C-terminal fragment, which contains 104 amino acids including the 4 cystine bridges, i.e., 8 cysteine
residues; and (2) the N-terminal 20-membered fragment, named S-peptide. Neither fragment displayed any enzymatic
activity, but when the two fragments were mixed in equimolar proportion in aqueous solution, the resulting mixture,
named ribonuclease S', was active, with an enzymatic activity equal to that of ribonuclease A. Hofmann and associates
had synthesized S-peptide in 1966; therefore, the synthesis of S-protein would complete the total synthesis of an
enzyme. Importantly, Haber and Anfinsen had shown that fully reduced S-protein can be oxidized in the presence of
S-peptide to afford enzymatically active material in 35% yield. Had this not been established, we would not have
undertaken the synthesis of S-protein.

It is important to note that at the time we initiated the synthesis of an enzyme, there were only three other
laboratories who thought it reasonable to contemplate that objective. These teams were the laboratories of Professor
Bruce Merrifield at Rockefeller University, Professor Klaus Hofmann in Pittsburgh, and Dr Christian B. Anfinsen at the
NIH. Most of our colleagues, however, thought it likely that our objective could not possibly be achieved for the
following reason: ribonuclease contains eight cysteine residues. The final step of any synthesis includes the oxidation of
these eight residues to generate four disulfide bridges. In theory, there are 105 different ways in which eight cysteine
residues can be combined to form four cystine bridges, only one of which corresponds to ribonuclease. It was generally
believed at that time that a template was required to ensure proper folding, i.e., to provide the information required to
favor the one isomer out of 105 that is the natural product. This argument is not without merit as evidenced by the
subsequent discovery of chaperones that serve that purpose.’? On the other hand, in 1958 E H. Crick wrote the
following:®'

“It is conventional at the moment to consider separately the synthesis of the polypeptide chains and their
folding. It is of course possible that there is a special mechanism for folding up the chain, but the more likely
hypothesis is that the folding is simply a function of the order of the amino acids.... I think myself that this latter
idea may well be correct....”

Indeed, White and Anfinsen® provided support for Crick’s insightful suggestion. They showed that the enzyme’s
activity, which is lost when the four cystine bridges are reduced under denaturing conditions, is completely restored
following dialysis and subsequent reoxidation. The significance of this experiment has been questioned, because the
denaturation may have been incomplete. The Anfinsen hypothesis was validated by the total syntheses of ribonuclease.

Clearly the careful design of the strategy for the synthesis was all important. In addition to the question related to
the proper foldings of the protein, discussed above, the choice of the protecting groups was of paramount importance.
The presence of several sulfur-containing amino acid residues in the proteins argued against the use of a strategy that
entailed catalytic-hydrogenation for the removal of any of the protecting groups. Furthermore, protection of the
cysteine residue with the widely employed S-benzyl group was unattractive because its removal requires sodium-liquid
ammonia, a system not attractive for proline-containing peptides. We had therefore invented the acetamidomethyl
group for the protection of the eight cysteine residues.®* It met our requirements of being stable to trifluoroacetic acid
at 25 degrees, to anhydrous HF at zero degrees, and to hydrazine. It can, however, be selectively removed with Hg(II)
under mild conditions. The use of the N-carboxyanhydrides of unprotected arginine, and unprotected aspartic and
glutamic acids as well as the related 2,5 thiazolidinediones (N'TAs)** for the introduction of unprotected histidine
permitted the development of a strategy in which the third functionality needed to be protected only for lysine and
cysteine. Thus, rearrangements involving the esterified B-carboxyl of aspartic acid and the y-carboxyl of glutamic acid
were avoided. The formation of the four disulfide bridges subsequent to the liberation of the g-amino groups of the
eight lysine residues was considered to be a desirable feature. For the g-amino group of lysine we employed the
benzyloxycarbonyl protecting group, which can be removed with anhydrous HE Importantly, S-protein is stable in this
solvent at zero degree. This strategy allowed us to use the butyloxycarbonyl group as the acid-labile temporary blocking
group for the introduction of amino acids via Anderson’s hydroxysuccinimide esters (please see below). Finally, this
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combination of protecting groups enabled us to remove all the N-blocking groups of the tetrahectapeptide with liquid
HE while leaving the cysteines protected.

"To synthesize S-protein we relied on the fragment condensation method. A total of 19 fragments was prepared using
NCA’s, NTA’s, and the Boc-hydroxysuccinimide esters of G. W. Anderson.*® To permit the use of unprotected o-carboxy
groups of aspartic and glutamic acids, we utilized the azide method for fragment condensation as mentioned above.
The plan devised to accomplish the synthesis of ribonuclease S-protein is described in the first®’ of five consecutive
Communications to the Editor of the Journal of the American Chemical Society. As we pointed out,” it is one of the
characteristics of peptide chemistry that the success or failure of a given synthetic approach depends to an unusual
degree both on the precise experimental conditions, and on the judicious selection of protecting groups and coupling
reactions employed. For example, it had been claimed that the hydrazinolysis of peptide esters is not an attractive
procedure with larger peptides and that the azide coupling procedure is attended to a large degree by the Curtius
rearrangement. Our hydrazinolysis reactions, which allowed us to convert C- terminal ester fragments to azides via
hydrazides, were successful because: (1) the B-carboxy group of aspartic acid and the y-carboxy group of glutamic acid
were unprotected; and (2) we developed protocols that avoided side-reactions such as the conversion of arginine to
ornithine or of asparagine and glutamine to the corresponding hydrazides. By leaving the B-carboxy group of aspartic
acid unprotected, we avoided such side reactions as succinimide formation, which can either survive subsequent
reactions unchanged or rearrange to a mixture of a- and B-carboxy linked aspartyl residues.

To study the removal of the eight sulfhydryl acetamidomethyl blocking groups from our synthetic protein we
attempted to acetamidomethylate reduced natural S-protein. Using the aqueous conditions that afford the aceta-
midomethylated cysteine itself, did not yield an intermediate capable of regenerating enzymatically active protein.
S-Alkylation in anhydrous HE however, proved satisfactory. Cleavage of the sulfhydryl blocking groups with
Hg (II) in acetic acid afforded the reduced S-protein that could be converted to enzymatically active material. The
regeneration of enzyme activity by air oxidation as described by Haber and Anfinsen proceeded in low yield. We were
able to improve the protocol for the oxidation step to a nearly quantitative yield. The final coupling reaction was carried
out by Dr Ruth Nutt, who had only 1.6 mg of the precious hexacontapeptide at her disposal! The unprotected, oxidized
S-protein revealed optimal enzymatic activity only when the oxidation step was carried out in the presence of
S-peptide. All other control experiments also gave the expected results.

The successful completion of the endeavor was due above all to the experimental skill of the bench chemists, the
leadership of three group leaders, Dr Daniel Veber, the late Dr Fred Holly, and Dr Erwin Schoenewaldt, as well as the
spirit of collaboration within the entire team. [ am particularly indebted to Mrs Susan R. Jenkins and Dr Ruth Nutt for
carrying out the most challenging coupling reactions involving the large fragments. It is also a pleasure to acknowledge
the skill of Tom Beesley in using Sephadex gel filtration to purify our growing fragments and Carl Homnick who
provided amino acid analyses within a deviation of 3%. To my knowledge such accuracy is no longer available today.
These analyses were invaluable in demonstrating purity. An advantage of the fragment condensation strategy is the fact
that we were generally confronted with impurities that differed significantly in molecular weight from the desired
product. The remarkable spirit of collaboration, which is a great credit to the entire group of chemists, deserves further
comment. Because we had chosen fragment condensation as our underlying strategy, a chemist A might have
synthesized fragment 1 and a chemist B, fragment 2. To couple these two building blocks, one of the two chemists
would have to turn over all of his or her precious material to the other. The further the synthesis progressed, the more
precious the fragment that was handed over. To the best of my knowledge, these arbitrary assignments of the fragment
coupling reactions did not become a major issue.

I suspect that chemists outside the peptide field may not fully appreciate the role that purification techniques
available to us and to Professor Merrifield played in achieving success. In the chemical synthesis of peptides it can
become very challenging to detect impurities that may arise, such as diastereomers, or asparagines that rearranged to
succinimides, or to B-linked aspartates. More often than not, such impurities do not change the desired properties of
the synthetic proteins, but they are impurities nevertheless. Therefore, the more cavalier characterization of syn-
thetic proteins now widely employed leaves something to be desired. In our synthesis of RNase S' we went to great
lengths to characterize our intermediates as fully as was possible at the time when mass spectrometry was not available.
We made extensive use of generating and fully examining enzymatic digests, which permitted us to show that aspara-
gines and glutamines had not been hydrolyzed to the corresponding dibasic acids. Enzyme digests also demonstrated
chiral purity.

While reporting to Dr Denkewalter I had one and only one responsibility: to ensure the successful total synthesis of
our enzyme. | had no time-consuming administrative tasks. During that period I spent hours discussing the synthesis
with Dr Daniel Veber. I made an interesting observation during those months. Dr Veber and I would discuss a particular
chemical issue and reach what we thought to be a logical conclusion. Because we had no other tasks, we would consider
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the issue further only to realize half-an-hour later that there was a better conclusion than the one we had reached
earlier. It is not a reassuring thought, because I had come to realize that when I ‘make rounds,” the recommendations I
make are often not as good as those I could have made, had we continued the dialog longer.

The chemical syntheses of an enzyme were announced at a joint press conference held at Rockefeller University in
January 1969 by two groups, one by Professor Bruce Merrifield and Dr Gutte, and the other by our group at Merck. Brief
remarks were made by Drs Merrifield and Gutte, by Dr Denkewalter and by me. One sentence of mine was quoted in
the New York Times the following weekend: “We all build on the work of those who came before us and we never know
what the future will bring.”

1.01.2.2.2.4 The Merrifield ‘solid phase’ synthesis

The Merrifield solid phase synthesis announced in 1962 has revolutionized not only peptide chemistry but also
nonpeptide synthetic organic chemistry. Its distinguishing feature, known to every chemist today, is the fact that the
C-terminal amino acid is permanently attached to a resin throughout the elongation of the peptide chain. The peptide
is cleaved from the resin in the final step and is then purified. Remarkably, Merrifield was able to achieve sufficiently
high yields to complete the synthesis of biologically active material without purification of intermediates. Such
operations are now completely automated. Unfortunately, the pharmaceutical industry widely embraced combinational
chemistry for lead discovery in the late twentieth century before that concept had been validated. As pointed out
elsewhere,” only Pharmacopeia appreciated early on that libraries, to be of potential value, need to be sufficiently
complex to generate structures of potential interest; to ensure adequate chemical purity, the chemistry has to be
studied first.

Over 30 years have passed since the completion of the synthesis of ribonuclease A and ribonuclease S. I have been
told that the Merrifield/Merck enzyme syntheses were one of only three chemical achievements that were reported on
the front page of the New York Times.

The impact the Merrifield solid phase approach was to have on synthetic organic chemistry was not anticipated in
January of 1969. This is also true of the fact that these syntheses stimulated the pharmaceutical industry to take a fresh
look at the potential for synthetic peptides not only in support of basic research, but also for the discovery of
marketable products. Thus, the enzyme synthesis stimulated synthetic organic chemists in academia and in industry to
take a greater interest in peptides generally, resulting in the development of new technologies, the discovery of
invaluable peptidal medicines and ultimately of peptidomimetics.***!

From a purely personal perspective, it has always been a source of satisfaction to me that the relationships between
Professor Merrifield and the Merck group, which were competing for the first total synthesis of an enzyme, were always
cordial. I remember driving to the shore many years later, when I heard the announcement on the radio that Professor
Merrifield had been named recipient of the Nobel Prize. I stopped my car and dispatched a congratulatory telegram to
which Bruce responded most graciously.

As pointed out above, we undertook the synthesis of an enzyme because we thought that Dr Anfinsen had shown
that the reduced, denatured protein can be oxidized to regenerate enzymatic activity. The validity of this experiment
is now questioned because of the possibility that some of the desired tertiary structure is retained even after
denaturation. As a result, the most profound significance of the two total syntheses may lie in the fact that only a total
synthesis can prove unequivocally that the amino acid sequence does indeed encode the tertiary structure of RNase.

"To put the advances made in peptide research during the twentieth century into perspective, it is worth recalling
that prior to Dr Sumner’s 1926 isolation of urease, no one could have predicted that enzymes would prove to be
proteins.*?

Last but not least, it is remarkable that Merck & Co. supported this enterprise on the recommendation of Dr Max
Tishler and with the approval of Mr. Henry Gadsden, Chairman of the Merck Board of Directors. I am deeply grateful
to Dr Denkewalter, who initiated this endeavor, for giving me the opportunity to participate in this work. [ am equally
indebted to all of my collaborators whose expertise as organic chemists and whose experimental skills and, importantly,
whose remarkable teamwork assured the success of this very significant endeavor. My next assignment came in 1972,
and it came as another major surprise.

1.01.3 The Merger Between Merck & Co., Inc. and Sharp & Dohme

In 1953 Merck & Co., Inc. merged with Sharp & Dohme in Philadelphia resulting in the formation of Merck Sharp &
Dohme. The cultures of the two companies could scarcely have been more dissimilar. As pointed out by Drs Lou
Galambos and Jeffrey Sturchio,” Merck “valued innovative science and high quality products, had experience in
industrial sales, but very little experience or capability in marketing. The most important players at Merck were the
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medicinal and fermentation chemists, the firm’s acknowledged stars.” On the other hand, “Sharp and Dohme valued
aggressive salesmanship, conducted largely on a face-to-face basis. The business employed marketing techniques that
were frequently more effective than informative. “The two cultures were thus sustained by two contrasting status
systems.”

"To this day I am fond of saying facetiously “that the merger between the two companies is proceeding on schedule.”

I should like to stress, however, that the first post-merger product was the discovery by the Sharp and Dohme arm of
the diuretic chlorothiazide, a major breakthrough. The compound was synthesized by one of Dr James Sprague’s
chemists, Dr Novello. The biology was headed by Karl Beyer, MD, PhD, a renowned pharmacologist. Chlorothiazide
was truly a breakthrough diuretic. Its marketing potential was greatly underestimated for two reasons: chlorothiazide
was the first diuretic which, unlike the prior mercurials, was a drug, not a poison, and, secondly, it proved to be not only
a safe diuretic but, importantly, also a very effective antihypertensive.

The difference between Rahway and Philadelphia/West Point went beyond the differences identified above. West
Point Research was dominated more by pharmacology than chemistry whereas in Rahway at that time chemistry
dominated the scene and biology centered on biochemistry and microbiology rather than pharmacology. Research in
Rahway referred to West Point as a country club, and West Point Research referred to Rahway as ‘Emerald City,” where a
constant state of agitation is confused with productivity.

Be this as it may, in 1972 Dr Sprague was approaching retirement. He had built the West Point Medicinal Chemistry
Department into a first rate organization, he was the unquestioned boss, and the only department head his chemists
had ever known. In 1972 I had set foot on West Point soil only once, that being in 1969 as a result of Dr Denkewalter’s
hint to West Point management that his peptide chemists would be pleased to give lectures about the synthesis of
RNase. Drs Holly and Veber, as well as Dr Denkewalter and I drove to Pennsylvania where Drs Veber and Holly
reported on our work.

1.01.3.1 Transfer to West Point, PA

None of this was on my mind in 1972. I didn’t even know that Dr Sprague was approaching retirement. Fortunately,
Dr Tishler forewarned me and, therefore, when Dr Beyer came to Rahway to invite me to head medicinal chemistry
at West Point, I remained fairly calm. At that time, our daughter, Carla, was a senior in high school who obviously did
not want to move to Pennsylvania. Therefore, during the first year, I spent my weekends in Scotch Plains, NJ, and the
week at the Holiday Inn in Kulpsville, PA. It was actually a good arrangement. | had no knowledge of pharmacology in
general, and no information about any of the projects at West Point. Thus, I spent all my evenings trying to learn about
the ongoing West Point programs. I immediately recruited Professor Samuel Danishefsky as a consultant in organic
chemistry as well as two biochemists, Professors Jeremy Knowles and John Law. Professor Knowles was about to move
from Oxford to Harvard, and he alleged that his consultantship income from Merck significantly enhanced his standard
of living in the Cambridge, MA area. Professors Jeremy Knowles and John Law brought the all-important discipline of
biochemistry to the Medicinal Chemistry Department.

I believe that Dr Beyer offered me the job because he expected, correctly, that peptides would become increasingly
prominent in drug discovery. Fortunately, I was one of the individuals on Dr Sarett’s list of ‘acceptable candidates.” As
part of the reorganization, 12 of the 13 members of the peptide group agreed to move to West Point with me, at least in
part because housing was cheaper. I shall never forget my first day at West Point. I held a departmental meeting, where
I faced a very nervous audience. I wanted very much to reassure my new team and I like to think that the meeting went
reasonably well. I said in essence that I had tremendous respect for Dr Sprague and all he had accomplished, but I also
said that I was not Dr Sprague, and that I would do some things differently. My main purpose, however, was to assure
the group that it was not my intent to see how much chaos and fear I could create during my first week as Department
Head. I will always be most grateful to Drs Edward 'T. Cragoe and Edward Engelhardt, my chief lieutenants, for helping
me succeed in my new assignment.

I now reported to Dr Karl Beyer, Jr, who headed West Point Research. The most senior biologist at West Point under
Dr Beyer was Dr Clement A. Stone, and my principal biological contact was the pharmacologist Dr Alexander Scriabine,
with whom I met at least once a week. It was a marvelous learning opportunity for me.

In 1971, after the synthesis of RNase and subsequent to the retirements of Drs Pfister and Denkewalter, I reported
to Dr Sarett, as Senior Director of the newly formed ‘New Lead Discovery’ group in Rahway. We synthesized, inter alia,
the so-called ‘renin substrate’ as the first step toward the establishment of a renin inhibition program. Dr Veber and his
colleagues designed and synthesized cyclic penta- and decapeptides, which Dr Charles Sweet found to be renin
inhibitors in vitro and to behave like renin inhibitors in the spontaneously hypertensive (SH) rat. These compounds
also induced hemorrhaging. It is not known to what extent the latter effect contributed to the lowering of blood
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pressure. Clearly these compounds were not attractive leads, but they attest to the long-standing interest in renin
inhibitors by the pharmacologists at West Point and the peptide chemists in Rahway. In 1973 the peptide group had
been scheduled to join me in West Point. That had been part of Dr Beyer’s desire to bring peptide research to West
Point. I was therefore somewhat unprepared when Mr John Horan, who was to succeed Mr Henry Gadsden as
Chairman of the Board, and CEQ, called me to his office to inquire why the company should move me and my group of
12 chemists from Rahway to West Point. I do not recall what I said during that unexpected interrogation. I must have
said something about trying to bring the two sites closer together, because I do remember Mr Horan asking whether
the move, then, was to be a ‘social experiment.” That was the low point in the discussion, but in the end, Mr Horan
gave his approval. I believe, with hindsight, that this was his expectation from the beginning. Nevertheless, I was told
subsequently that Mr Gadsden had remarked that “it cost me $1 million to move one man from New Jersey to
Pennsylvania.” I hasten to add that both Mr. Gadsden and Mr. Horan remained very supportive of me thereafter, and
I felt much affection for them.

1.01.3.1.1 Compounds possessing two symbiotic biological activities

1.01.3.1.1.1  Uricosuric diuretics

Dr Sprague had initiated a program to discover potential drugs possessing two different biological properties that would
be useful for the treatment of a given medical problem, e.g., diuretics, which also induce the excretion of uric acid.
Dr Sprague had identified a lead compound at the time of his retirement that was a uricosuric diuretic. Subsequently,
we discovered a compound good enough to be nominated as a candidate for safety assessment. Unfortunately, it failed
to pass that critical step.

1.01.3.1.1.2  Vasodilators with B, adrenergic blocking activity

We tried a different approach to discover compounds with two symbiotic biological activities. Instead of screening for
leads possessing two desired symbiotic properties, we sought to discover them by design. Since the structural
requirements for beta adrenergic blockade are reasonably simple, we started with vasodilators and we tried to
incorporate B, adrenergic blockade by design. In fact, in a 1979 publication, the Medicinal Chemistry and
Pharmacology Department at West Point, PA reported the design and synthesis of an antihypertensive beta adrenergic
blocking agent that also acted as a vasodilator. We thought that the vasodilating property of this compound was an
intrinsic property of the pharmacologic profile and that the vasodilating component was not due to B, adrenergic
agonism.** This molecule was therefore thought to represent an example of the “symbiotic approach to drug design.”
Later on we concluded, however, that in fact the vasodilating properties of the compounds in question were due to 3,
adrenergic agonism after all. In a subsequent paper*’ we sought to incorporate P, adrenergic properties into a
dihydrolutidine-type vasodilator. We concluded again, that “the development of a useful bivalent agent cannot be
achieved reliably simply by combining pharmacophoric elements,” that is to say “the incorporation of an
aminohydroxypropoxy moiety into an aryl ring of a vasodilator does not guarantee the introduction of significant
beta adrenoreceptor antagonism.”

I subsequently abandoned the search for symbiotic medicines because I had concluded that the chances that one
could identify a chemical entity where the potencies for the two biological activities are in good balance, are not very
good. Further, the differences in metabolism between animals and humans might further complicate the matter. While
Merck’s physicians liked the concept, i.e., having to prescribe only one pill rather than two, we concluded that it
represents a very long shot.

1.01.3.1.2 Methyldopa progenitors

A second significant assignment related to one of Merck’s most important products at that time, methyldopa the
antihypertensive discovered by Drs Pfister and Stein. Methyldopa had one significant liability: its oral bioavailability
varied from patient to patient. Our task was, therefore, to discover an oral prodrug with high and predictable
bioavailability. Given the medical importance of this antihypertensive medicine, I made an unusual decision: I put
every organic chemist in the department on the problem and launched a crash program. As I had expected, the well-
disciplined West Point medicinal chemists responded beautifully. The project, which was termed “‘ester progenitors of
methyldopa” was the subject of a 1978 publication by Walfred S. Saari and his collaborators. The program led to the
discovery that the pivaloyloxyethyl and the succinimidoethyl esters of methyldopa were more potent antihypertensive
agents than methyldopa after oral administration in the SH rat. All esters that were found to be more potent
antihypertensives in the SH rat were also hydrolyzed to a-methyldopa at a relatively rapid rate, but Dr W. Saari ez @/.
were able to show that the chemical rate of hydrolysis cannot be the sole determinant of antihypertensive potency.
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The work demonstrated that in animals the two above-mentioned progenitors were indeed better absorbed and yielded
higher plasma and brain levels than the amino acid. In human subjects, however, the pivaloyloxyethyl ester appeared to
be more potent than the succinimidoethyl ester; importantly, the latter did not produce the increased potency
expected from animal studies. Neither compound became an approved drug.

1.01.3.1.3 The somatostatin program

In 1973 Brazeau, ¢s al. reported the isolation and chemical and biological characterization of somatotropin-
release inhibiting factor (SRIF-14, somatostatin). At one of the regular meetings of all the department heads, both
chemists and biologists, Dr Sarett asked whether there were any ideas that could serve as the basis for a novel
antidiabetic program. I was aware of the studies by Dr Luft and his team at the Karolinska Institute that growth
hormone (GH) may play a permissive role in the development of retinopathy in diabetes. In addition, Dr Unger*’
pointed out that while glucagon levels are within the normal range in diabetics, they are inappropriately high if one
considers the plasma levels of glucose in these patients. Because SRIF-14 suppresses both GH and glucagon release,
I had become interested in finding an analog of SRIF-14 with a half-life sufficiently long to test the concept that
lowering both GH and glucagon levels in diabetics would be beneficial. Since SRIF-14 also inhibits insulin release,
I thought of juvenile diabetics, who lack insulin, as the initial target patient population. Dr Daniel Veber and his
colleagues initiated a spectacularly successful program,*® building on Dr Rivier’s alanine and D-amino acid scans. The
research at West Point led first to the elucidation of the bioactive conformations of SRIF-14, and then to the design and
synthesis of a cyclic hexapeptide (MK-678), which, pleasingly, was more potent and which, as expected, was completely
stable to proteases. In addition it displayed some oral activity — a significant advance. Oral bioavailability was, however,
less than 5%, presumably because of a high desolvation penalty. Dr E. M. Scolnick, who had succeeded Dr Vagelos as
head of Research, like many others, had little or no hope for peptides as drugs, precisely because of their low oral
bioavailability. The compound was therefore tested in a cavalier clinical trial and then dropped. Interestingly, however,
Sandoz subsequently discovered and successfully developed sandostatin as a parenteral SRIF-14 mimetic, albeit for
clinical targets other than juvenile diabetics, showing again that parenteral administration is not inconsistent with
commercial success.

1.01.3.1.4 The protease inhibitor program

Two major developments toward a mechanism-based design of protease inhibitors were the identification of protease
inhibitors typified by pepstatin®® by Dr H. Umezawa at the Institute of Microbial Chemistry in Tokyo in 1970 and by a
publication of equally profound importance by Professor R. Wolfenden™
University of North Carolina, in Chapel Hill, in which he provides his interpretations of Pauling’s transition state analog
hypothesis. The work of Professor Wolfenden did not receive the recognition that it deserved, in my opinion.

In 1972 Miller and Poper®" at Eli Lilly reported the exciting observation that pepstatin, a nonspecific inhibitor of
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renin and other aspartate proteases, lowered blood pressure in rats. Professor Dan Rich of the University of Wisconsin,
Madison, immediately recognized the implications of the work at Lilly in terms of the earlier reports by Umezawa and
Wolfenden, i.e., that pepstatin might in fact be a transition analog inhibitor. Dr Rich reasoned further that if his
speculation proved to be correct, it should be possible to alter the peptide backbone in the regions contiguous to the
critical secondary alcohol, thereby creating a new class of protease inhibitors that would be specific for the protease of
interest. Such compounds would have great potential for drug discovery. These concepts were, however, sufficiently
unconventional that Dr Rich’s NIH proposals did not fare well. In 1978, I became the second member of the Study
Section with a background in peptide research, and therefore one of the two assigned principal reviewers of the
proposal. I believe that my enthusiastic review played a role in the decision by the Study Section to recommend
approval and funding of the proposal. Dr Rich thus pioneered what has become a seminal, novel approach to protease
inhibitor design. It may be worth noting that the discovery of enzyme inhibitors incorporating transition state analogs
exemplifies that nature is one of a medicinal chemist’s best teachers.

I first met Dr Dan Rich in 1969 while he served as a postdoctoral fellow with Professor W. S. Johnson at Stanford
University. We went for a long walk that became the beginning of a lasting friendship. I invited Dr Rich to consider
joining Merck. My colleague Dr Patchett, who had an opening, offered Dr Rich a position at Merck Rahway, an offer
that Dr Rich declined, because he had decided to pursue an academic career.

Independently, Dr Veber, like Dr Rich, had considered that pepstatin might represent a transition state analog,
which led him also to consider incorporating its statine residue generally into protease inhibitors. In the meantime,
Dr Rich had written identical letters to twenty different industrial medicinal chemistry departments, asking for
financial support. Nineteen replies were very polite expressions of “no interest,” but I was very interested and offered
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to support a postdoctoral fellow to work on the design of transition state analog-based inhibitors of renin under
Dr Rich’s direction in Madison. Later, the project was expanded to involve aspartate protease inhibitors generally.
Equally important, these developments led to Dr Rich’s appointment as a consultant and to a highly productive
collaboration between “the two Dans,” Drs Rich and Veber. Although bioavailable renin inhibitors are now being tested
in the clinic, renin inhibitors discovered in the 1970s and 1980s were not sufficiently bioavailable after oral
administration because of their inappropriately high molecular weight and/or large number of rotatable bonds. Renin
inhibitors, unlike angiotensin I-converting enzyme inhibitors, will not block the metabolism of bradykinin and may thus
be free of one side effect: coughing induced by converting enzyme inhibitors.

Dr Rich, supported by both the Wisconsin Heart Association and Merck, also provided experimental support for the
transition state analog concept. The hydroxyl group in the central statine residue contributes four orders of magnitude
of binding affinity of the statine residue, and he and his group showed it to be a tight binding inhibitor; competitive
with substrate. The Merck-Wisconsin collaboration developed potent and highly selective inhibitors. Particularly
noteworthy is the elegant paper by Dr Joshua Boger (now CEO of the Vertex Corporation) and his Merck associates,
published jointly with Drs Rich and Bopari in 1983.* This paper reports that the net gain in binding energy through
the incorporation of the transition state analogs is greater than 4-5 kcal. This observation was followed 2 years later by a
second paper> by Drs Boger and Payne and their collaborators, which reported incorporation of a novel analog of statine
and afforded a subnanomolar renin inhibitor. In a 1990 paper Dr Veber and his coworkers reviewed the design of long-
acting renin inhibitors.>*

Dr Rich is in the process of writing a Perspectives Article for the Journal of Medicinal Chemistry which will also be the
subject of his Smissman Award Lecture this year. He will point out that in 1970 only five crystal structures of peptides
had been solved, none of them aspartic acid proteases, and that around 1980 the approaches to discover protease
inhibitors generally followed the antimetabolite strategy of Drs Hitching and Elion, but with little success. Further, as
I pointed out elsewhere® “in the 1980s the recognition that ‘rational design’ of enzyme inhibitors is a fruitful approach to
drug discovery, led to the belief that knowing the tertiary structure of active sites of such enzyme targets would greatly
facilitate the discovery process” [of enzyme inhibitors]. “Significant time and effort was invested in this approach by
several companies before it was recognized that the x-ray structure of uninhibited enzymes is likely” [to be of little
value].*® 1 believe that this effort illustrates that the broad acceptance by the scientific community of an unvalidated
concept can actually slow down the discovery process. The same mistake was made again 10 years later, when the industry
put its reliance for the discovery of new leads prematurely on an unsophisticated use of combinational chemistry.*’

1.01.4 P. Roy Vagelos, MD, Successor to Dr L. H. Sarett

In 1974, P. Roy Vagelos, MD accepted an offer to move from Washington University in St. Louis, MO, to assume the
position of Senior Vice President for Basic Research with the Merck Research Laboratories. Dr Vagelos had studied with
the renowned biochemist Dr Earl Stadtman at the NIH and thus became an expert in lipid metabolism. Dr Vagelos’
office was located in Rahway, but his initial responsibilities as Senior Vice President were at West Point with both
Dr Clement Stone and I reporting to him. It had also been agreed that after 1 year Dr Vagelos would succeed Dr Sarett
as the Head of Research. These developments were to have an important impact on my career. At that time some
reorganizations seemed called for in Rahway at the levels below those of Drs Sarett and Vagelos.

I received a phone call in my office at West Point from Dr Vagelos in which he discussed this latter problem quite
openly with me, and he concluded the conversation by asking me to return to Rahway as Vice President for Basic
Research. I attributed this promotion to two unrelated factors: one was the synthesis of RNase, which gave me broader
visibility than the synthesis of some more conventional natural product, i.e., the glory belonged to the enzyme, not to
me. The other was the fact that Dr Vagelos considered it to be an important responsibility of any department head to
have identified individuals in the department, who could serve as one’s replacement, should the need arise. [ was most
fortunate that under the two Senior Directors reporting to me at West Point, I had four outstanding back-ups as
potential heads of the Medicinal Chemistry Department. They were Drs Paul Anderson, John J. Baldwin, Robert L.
Smith, and Daniel E Veber. All were excellent and experienced medicinal chemists. Dr Anderson had exceptional
administrative skills. Indeed, he succeeded me as the Head of the Department and he was elected President of the
American Chemical Society a few years later. I have long considered Dr John Baldwin to be the most knowledgeable
medicinal chemist I have met. Dr Smith, whose recent untimely death was a great loss to his family, friends and to the
company, brought tremendous creativity and enthusiasm to all of his projects and Dr Daniel Veber was even then
recognized as one of the world’s most respected peptide chemists. Taken together, I suspect that the enzyme
synthesis, and the stature of my West Point lieutenants played a role in my being offered the position of Vice President
of Basic Research in 1976.
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1.01.4.1 A New Assignment: Vice President of Basic Research

As Vice President | was to retain responsibility for the West Point Medicinal Chemistry Department. Since my wife and [
had only recently moved into a new house in Blue Bell, PA, in December of 1972, and Lucy had started to build beautiful
gardens, moving back to New Jersey in 1976 was not attractive. Dr Vagelos gave me the option of remaining in Blue Bell
and commuting by limo to Rahway on a daily basis. He made it clear, however, that my responsibilities would be the
same, even if I commuted. I accepted this proposal, generally spending one night a week in New Jersey. I remember
using the 90 min ride on the Pennsylvania and New Jersey Turnpikes from home to Rahway to read the latest journals,
and promptly falling asleep on the way home after a typical day in Rahway! There was never a dull moment.

In my new position two Rahway basic research departments in chemistry were to report to me as well as
microbiology under Dr Jerome Birnbaum. My immediate assignments were to restore calm among the chemists and to
recruit heads of biochemistry and immunology. Dr Eugene H. Cordes, the chair of the chemistry department at Indiana
University, Bloomington, IN, and Dr Alan Rosenthal, then a research fellow at the National Institute of Allergy and
Infectious Diseases at the NIH, who had clarified the role of the macrophage in immune response, agreed to join Basic
Research in Rahway.

I also appointed Dr Burton G. Christensen, a long-time associate and a renowned expert in beta lactam chemistry, to
the position of head of the Department of Synthetic Organic Chemistry. Dr Arthur A. Patchett continued as Head of
New Lead Discovery. New responsibilities related to program reviews in Terlings Park, UK and Montreal, Canada,
which were also attended by Dr Stone.

In the pharmaceutical industry some companies promote scientists based on their administrative skills. However,
this was not the case at Merck, where scientific potential was considered more important. Thus, at my senior staff
meetings, the emphasis was definitely on scientific issues. There was one exception: I had realized that the heads of
chemistry were more demanding than their biology counterparts when they evaluated their subordinates. I made the
assumption that chemists and biologists as a group were equally competent at Merck, and I instituted a rating system
based on that premise, which Dr Vagelos eventually adopted for all of research.

1.01.4.2 A Breakthrough at the Squibb Institute of Medical Research

The first acute challenge to face Basic Research after the reorganization was the breakthrough discovery of captopril,
the first potent, orally bioavailable, competitive inhibitor of the angiotensin-converting enzyme by Drs Ondetti and
Cushman and their collaborators at the Squibb Institute of Medical Research in Princeton, NJ, in 1977.% The discovery
of an inhibitor for this carboxydipeptidase represented the first successful blockade of the renin-angiotensin system,
thus all but validating also renin as a target for enzyme inhibitor design. Captopril proved to be an important new
medicine for the treatment of hypertension.

When the Squibb discovery of captopril was announced, Dr Arthur A. Patchett had already started an angiotensin-
converting enzyme inhibitor program of his own, which, like that at Squibb, was based on Wolfenden’s work with
carboxypeptidase A.

I mentioned earlier that of my many mentors, Dr Sarett taught me the most about medicinal chemistry. I believe
that Dr Vagelos was the mentor from whom I learned the most in terms of basic strategic concepts. One of these
was to appreciate the importance of recognizing significant breakthroughs made by our competitors and to
respond promptly and with sufficient manpower to be effective. In the case at hand, the discovery of captopril led to
an increase in manpower in Dr Patchett’s Department working on the angiotensin-converting enzyme inhibitor
program from two chemists to about 20 almost overnight, reminiscent of the methyldopa crash program at West Point
referred to above.

The angiotensin-converting enzyme is a zinc-containing exopeptidase. In the design of captopril, Drs Ondetti,
Cushman, and their collaborators, built on the presumed similarities of this enzyme and carboxypeptidase A. As pointed
out by Dr Cushman ez @/.>® angiotensin-converting enzyme may play a role in blood pressure regulation both because it
‘converts’ the biologically inactive angiotensin I to angiotensin II, which raises blood pressure, and because it
metabolizes, i.e., inactivates, the antihypertensive bradykinin. As mentioned above, and as clearly acknowledged by the
Squibb team, the observation by Drs Byers and Wolfenden®”>® that D-2- benzylsuccinic acid is a potent competitive
inhibitor of carboxypeptidase A was the point of departure for the converting enzyme inhibitor program at Squibb. The
Squibb workers designed and synthesized the first angiotensin-converting enzyme inhibitors, including captopril,
wherein the sulthydryl group powerfully bound the enzyme’s zinc atom. The one fairly common side effect of captopril,
loss of taste, was attributed to the free sulfhydryl group. This side effect provided us with an opportunity to discover an
improved second generation chemical entity.



Reflections of a Medicinal Chemist

1.01.4.3 Improved Second-Generation Converting Enzyme Inhibitors

By having now some 20 chemists on the angiotensin-converting enzyme inhibitors program, Dr Patchett was able
to pursue simultaneously several independent approaches toward an improved second-generation product. Dr Patchett
has commented on these in detail. From my perspective, the reason why Dr Patchett succeeded where others failed
is that their unsuccessful approaches looked for a replacement of the sulthydryl by a functionality able to bind the
zinc atom of the enzyme as tightly as the sulfyldryl. No such replacement has been found. In designing enalapril
maleate, Dr Patchett accepted a carboxyl group as a much weaker ligand for the zinc atom, but compensated for the
resulting loss of binding affinity by introducing the phenethyl function, which increased the binding affinity of the
enzyme inhibitor.”® Dr Patchett also designed and synthesized lisinopril, which incorporates the same phenethyl
substituent.

After my retirement from Merck, when consulting for various biotechnology companies and also for big Pharma,
I would encounter situations where a breakthrough had been achieved either by those companies themselves, or by
their competitors. When I urged them to act on these events more expeditiously, I was sometimes told that switching
manpower would be bad for the morale of the scientists being transferred. I do not believe that this assessment is
generally valid, because the company’s interests may demand such action and also because medicinal chemists prefer to
be on a ‘hot project’ rather than a lukewarm one. Both of these considerations guided the decision at Merck to increase
manpower dramatically on the angiotensin-converting enzyme inhibitor program. Patchett’s success paid off
handsomely for many hypertensive patients and, in the process, also for Merck & Co., Inc.

"Taken together, enalapril and lisinopril strikingly remind us of the wisdom of one of the giants of the pharmaceutical
industry, Mr George W. Merck, who founded Merck & Co., Inc. during the depth of the depression and whose famous
passage from a speech given at the Medical College of Virginia (now part of Virginia Commonwealth University) in
Richmond, Virginia is quoted below. He gave that speech on 1 December, 1950, less than a year after I started working
for Merck. It made a deep impression on me at that time.

We try to remember that medicine is for the patient. We try never to forget that medicine is for the people. It is
not for the profits. The profits follow, and if we have remembered that, they have never failed to appear. The
better we have remembered it, the larger they have been.

Nor is medicine for the politicians, except in so far as they are statesmen. I could add that medicine also is not for
the professions, unless it is for the patient, first and last! How can we bring the best of medicine to each and
every person? It won’t be solved by wrangling with words, and it won’t be settled by slogans and by calling names.
We will fall into gross error with fatal consequences unless we find the answer — how to get the best of all
medicine to all the people. It is up to us in research work, in industries, and in colleges and other institutions, to
help keep the problem in focus. We cannot step aside and say that we have achieved our goal by inventing a new
drug or a new way by which to treat presently incurable diseases, a new way to help those who suffer from
malnutrition, or the creation of ideal balanced diets on a worldwide scale. We cannot rest till the way has been
found, with our help, to bring our finest achievement to everyone.

1.01.4.4 The Concept of ‘The Champion’ in Drug Discovery: Benign Prostatic
Hypertrophy and the Inhibition of 5a-Reductase

From time to time, a person in a non-managerial position will have a marked impact on the research organization by
single handedly becoming the champion for a specific research project. To those who were privileged to interact with
him, Dr Glen Arth served as a splendid example of a champion. Dr Arth, an outstanding experimentalist, had been one of
the important players in Dr Sarett’s total synthesis of cortisone, which was the only practical rather than ‘formal’
synthesis of this hormone. Later, Dr Arth championed the search for a treatment of a disease that burdens many elderly
men, known as benign prostatic hypertrophy (BPH). In the 1950s, Merck started to take an interest in investigating the
role of androgens in several disorders linked to male sex hormones such as prostate disease, acne, and ‘male pattern
baldness.” Critical to the eventual success of the program was the recognition in the late 1960s that the enzyme
Sa-reductase converts the male hormone testosterone into the more potent androgen dihydrotestosterone (DTH) in
which the steroid A/B rings are z7ans-fused. Dr Arth and his Merck collaborators (biochemists, chemists, and biologists, as
well as consultants) appreciated the potential advantages of Sa-reductase inhibitors over the more toxic anti-androgens.
It was, however, a report in 1974 by Dr Julianne Imperato-McGinley and Dr Ralph Perterson at Cornell Medical College
and another by Drs Patrick Walsh and Jean Wilson at the University of Texas Southwestern Medical School that put
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Dr Arth and his associates into high gear, because these studies demonstrated clinically that DHT and testosterone
played distinct roles in the sexual differentiation of a fetus and in the development of males during puberty. As a result,
the Merck Research Coordinating Committee (RCC) agreed to start screening for So-reductase inhibitors. Sadly, Dr
Arth died unexpectedly in 1976. His colleague, Dr Gary Rasmusson, referred to him rightly as the “sole personality
through the late 1960s and early 70s [who drove the BPH project.].” Dr Rassmusson and Glenn Reynolds eventually
synthesized MK-906, a steroid 5Sa-reductase inhibitor devoid of any intrinsic hormonal activity. Dr Eugene Cordes
(please see above), the head of the Biochemistry Department, shepherded MK-906 through the critical remaining
preclinical programs. Finally in 1992, MK-906 was approved by the FDA. It is marketed as finasteride. As is always the
case, FDA approval was the result of dedicated interdisciplinary research, but to my knowledge, no one has questioned
that the BPH project owes its beginning and early successes to the insightfulness and enthusiasm of Dr Glenn Arth.

1.01.4.5 Hypercholesterolemia: A Challenge for the Pharmaceutical Industry

"To be a contributor to the discovery of a new medicine that reduces morbidity and mortality and thereby enables a large
percentage of our population to lead productive lives is surely highly satisfying. Lovastatin, a cholesterol biosynthesis
inhibitor, is such a medicine. It was approved by the FDA on 31 August 1987. The events that culminated in that FDA
approval go back nearly 200 years. Louis E Fieser and Mary Fieser in their 1959 edition of ‘Steroids™®”
“discovery of cholesterol to Michel Eugéne Chevreul, who in 1812 first differentiated between saponifiable and
nonsaponifiable animal lipids.”

attribute the

Cholesterol has long been known to be the dominant sterol of all higher vertebrates. Mammalian sterol, except for
the gastrointestinal tract, is nearly pure cholesterol. The nervous tissue, especially brain, is rich in cholesterol. But it
has also been known for over 100 years that cholesterol plays an important role also in pathophysiology. My former
colleague, Dr Jonathan A. Tobert of the Medical Affairs Department at Merck pointed out®® that more than 100 years
ago, the German pathologist Dr Virchow observed that patients who had died of diseases such as heart attacks had
arteries that were often thickened by deposits of a yellowish fatty substance now known as cholesterol, a condition
termed atheroma. Although it was known that feeding cholesterol to rabbits rapidly produced the equivalent of
atheroma, the idea that there is a cause-and-effect relationship between dietary cholesterol and coronary heart disease
(CHD) was not readily accepted by the medical community. However, the well-known Framingham study in the 1950s
established a correlation between plasma cholesterol levels and CHD, especially in the US and in northern Europe.
This cause-and-effect relationship was attributed mainly to low-density lipoprotein (LLDL) cholesterol, which thus
became known as the bad cholesterol, in contrast to high-density cholesterol, which correlated inversely with CHD
mortality. This led directly to the proposition that reducing LDL cholesterol will reduce the incidence of myocardial
infarction. This hypothesis was, nevertheless, not immediately accepted by the medical community although “a good
case could be made that lowering cholesterol reduced the risk of coronary events.”®! In 1984, some 70 years after the
demonstration that feeding cholesterol to rabbits rapidly induced the equivalent of atheroma, an NIH Consensus
Conference concluded that lowering elevated LDL cholesterol levels with diet and drugs would reduce CHD.%

The Medical Community, notably the National Institutes of Health, had done its part. It remained for the
pharmaceutical industry to take the lead.

1.01.4.5.1 A breakthrough at Sankyo: the discovery of compactin

As Dr Jonathan Tobert pointed out, “carly attempts to reduce cholesterol biosynthesis were disastrous.”®! In the 1960s
triparenol, also known as MER-29, entered clinical trial as an inhibitor of cholesterol biosynthesis. The complex
biosynthetic pathway leading to cholesterol is well understood. It is a process involving more than 30 enzyme-catalyzed
steps. Unfortunately, triparenol inhibits that process at a late step and thus leads to the irreversible accumulation of
desmosterol which is more harmful than cholesterol. It thus became clear that any drug that would safely inhibit
cholesterol biosynthesis should block an early step in the pathway and one that does not result in the build-up of an
intermediate. The enzyme B-hydroxy-B-methylglutaryl-CoA (HMG-CoA) reductase catalyzes the rate-limiting step in
the conversion of HMG-CoA into mevalonate. Therefore, it appeared an attractive target for inhibition, since its
inhibitors would be expected to be devoid of any mechanism-based toxicity such as is exhibited by triparanol.

In 1976, the Japanese microbiologist Akina Endo and Masao Kuroda of the Fermentation Research Laboratories at
Sankyo Co Ltd., Japan reported that citrinin, which had originally been isolated as an antibiotic from Penicillium citrinum
in 1914 by Raistrack and Smith,®® inhibits cholesterol synthesis from '*C-acetate in rat liver.* The Japanese workers
emphasized that unlike clofibrate, citrinin did not cause an increase in liver weight. Later that same year Endo er @/.
reported in the same journal®® that subsequent work in search of cholesterol biosynthesis inhibitors produced by
microorganisms led to the isolation and chemical characterization of three chemically closely related metabolites
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named ML-236 A, ML-236 B, and ML-236 C, respectively. ML.-236 B, also known as CS 500 or compactin, was the
major metabolite and also the best inhibitor. They reported that its effect at a dose of 20mgkg ™' in the rat was to
lower cholesterol levels by 30% and that the effect lasted for 18 h.

Earlier Drs Z. H. Beg and P. ]J. Lupien, at the University Loval in Quebec had reported that 3-hydroxy-
3-methylglutaric acid (HMG) inhibits a specific step in cholesterol biosynthesis that is mediated by HMG-CoA
 As mentioned in an excellent review article by Mr Albert W, Alberts,®” the discovery of ML-236 B
represented a breakthrough in the search for a selective, competitive inhibitor of HMG CoA reductase, precisely
because it leads to the accumulation of HMG CoA, a water soluble intermediate “capable of being readily metabolized
to simpler molecules.”®®

reductase.

1.01.4.5.2 The discovery of the first approved p-hydroxy-p-methylglutaryl-CoA reductase inhibitor,
lovastatin

Fortunately, Merck was in an excellent position to respond quickly and effectively to the reports from Sankyo that
compactin is effective in lowering LDL-cholesterol levels in humans. This was due in part to the fact that, as
mentioned above, the head of Research at the time, Dr P. Roy Vagelos, an authority in lipid metabolism and Mr Alfred
W. Alberts, a long-time associate of Dr Vagelos, had both moved from Washington University in St. Louis to Rahway,
providing critically important expertise. Equally important proved to be the fact that Dr Arthur A. Patchett had
initiated a fermentation product for screening project (FERPS) at Merck in 1974 to supply microbial extracts for both
in vitro and in vivo screens.®® Indeed, in 1978 that program achieved a major breakthrough very quickly, leading to
isolation of lovastatin (then called mevinolin). Initial concerns that Merck’s HMG-CoA reductase inhibitor might be
Endo’s compactin were laid to rest when it was shown to differ from Sankyo’s MLL236B (later called mevastatin) by the
presence of an additional methyl substituent. Interestingly, the isolation of lovastatin was guided by Dr Carl Hoffman,
who had isolated,®” characterized,”® and synthesized”' mevalonic acid in 1956 and 1957. The development of lovastatin
was halted when Sankyo announced that it had discontinued clinical studies with compactin. Fortunately, Nobel Prize
winners Dr Michael Brown and Dr Joseph Goldstein of the University of Texas Health Science Center in Dallas were
able to persuade Dr Vagelos to reinitiate the development of lovastatin, pointing out that it is in fact life saving in
patients with uncontrolled very high levels of plasma cholesterol. Even more importantly, based on safety studies in
animals and in humans, the formal clinical studies were resumed, leading ultimately to regulatory approval.

1.01.4.5.3 The discovery of simvastatin

As mentioned above, compactin and lovastatin differ from each other in the presence of an additional methyl
substituent in the latter in the naphthalenyl ring. The two enzyme inhibitors have in common a chiral 2-methylbutanote
ester side chain that is required for enzyme inhibition, but which is lost in vivo by ester hydrolysis. Interestingly, the
potency of the inhibitor is the same irrespective of the enantiomer of the butanoate that is incorporated. This
observation led the Medicinal Chemistry Department at West Point, under the leadership of Dr Paul S. Anderson and
the late Dr Robert L. Smith, to replace the 2-methylbutanoate side chain of lovastatin by the gem dimethyl analog’® to
afford simvastatin, which does not contain a chiral carbon in the side chain. Importantly, it is more resistant to
inactivating ester hydrolysis for steric reasons and is twice as potent.

1.01.4.5.4 Lipitor
Today, Parke-Davis’ ‘Lipitor,” also marketed by Pfizer, is the most widely prescribed HMG-CoA reductase inhibitor.

1.01.4.5.5 A new mechanism to lower plasma cholesterol levels in humans: the discovery of
ezetimibe at Schering

More recently ezetimibe was discovered at Schering. The drug lowers cholesterol levels in humans by a mechanism

that is complementary to that of the statin: it blocks intestinal absorption of cholesterol and related phytosterols. The

fixed combination of ezetimibe/simvastatin, which is marketed as Vytorin, represents a valuable new approach toward

optimizing lipid-lowering treatments.

It is of interest to note that combining antihypertensive medicines that lower blood pressure via diverse
mechanisms represents a widely accepted regimen. Indeed, a combination of two or more different modes of action are
required in some patients to achieve adequate control of blood pressure. The fixed combination ezetimibe/simvastatin
is another example that shows that combining drugs that approach a medical problem via two different biochemical/
pharmacologic mechanisms can be beneficial. The concept is not new and is used extensively also in the treatment of
cancer, asthma, and congestive heart failure.
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This fixed combination approach raises the question whether patients (and therefore the industry) would benefit if
a greater effort were made to find novel biochemical and/or pharmacologic pathways to treat diseases for which we
currently have only one modality of treatment.

1.01.5 The Discovery of Imipenem/Cilastatin, a Life-Saving Fixed Combination
Antibiotic

1.01.5.1 Introduction

The discovery of HMG-CoA reductase inhibitors as antihypercholesterolemics, as described in the preceding section,
may be said to have been reasonably straightforward from the initial discovery of the desired biological activity in Japan
to approval of lovastatin in the US.

In contrast, the road from the initial discovery of the exciting antibacterial profile of thienamycin to FDA approval of
imipenem/cilastatin proved to be an unexpected obstacle course. The fixed combination (Primaxin) has been described

73 as “one of the most difficult, most costly, most frustrating, and most rewarding in the

in an in-house publication
history of Merck research.”

The discovery of benzylpenicillin was a breakthrough in the history of antibacterial agents. For a long time, different
beta lactam antibiotics had a common scaffold characterized chemically by the fusion of a four- and a five-membered
ring. Cephalosporin C, which is produced with penicillin N by a Cephalosporium sp., cultivated from sea water on the coast
of Sardinia near a sewage outlet, has a broader spectrum, i.e., it is active against a larger number of bacteria. [t differs
chemically from penicillins in its scaffold. Both penicillins and cephalosporins interfere with the synthesis of the
bacterial cell wall, an attractive mechanism, since human cells lack that structural feature. One therefore expected
correctly, that beta lactams would not prove to be toxic to humans. Chemical changes in the structures of beta lactams
resulted in antibiotics differing in their antibacterial profile. The discovery of the cephamycins provided protection
against Gram-negative bacteria, but at the cost of a trade-off, since they lacked efficacy against Gram-positive pathogens.

Further chemical modifications of the cephamycins afforded cefoxitin, the first beta lactam antibiotic that was
effective against anaerobic pathogens.

1.01.5.2 The Discovery of Thienamycin, an Unstable Antibiotic with a Remarkably
Broad Profile as an Inhibitor of Bacterial Cell Wall Synthesis

In the late 1970s, a soil sample that had been collected in New Jersey, was evaluated by Dr Sebastian Hernandez and
his associates in the Merck Laboratories in Spain. The culture that contained the antibiotic thienamycin attracted the
attention of Dr Hernandez’s staff because it had an unusual lavender blue pigmentation. Further screening in Spain
revealed the presence of inhibitors of bacterial cell wall synthesis. The organism was sent to Dr Edward Stapley,
Executive Director of Basic Microbiology in Rahway, NJ. Dr Sheldon Zimmerman, Associate Director of Analytical
Microbiology, concluded that the culture contained not only two known antibiotics, but also one new chemical entity.
In another Rahway laboratory, Frederick and Jean Kahan were searching for cell wall synthesis inhibitors in Gram-
positive bacteria, such as Streprococcus and Staphylococcus. 'The Kahans encountered what became the first major
challenge of the thienamycin problem: its chemical instability. At the same time that the antibacterial profile of the
new antibiotic aroused great interest in its chemical structure, the stability problem made it clear that the chemical
challenges would be formidable. Dr Helmut Kropp, a Senior Research fellow, made the exciting discovery that partially
purified thienamycin protected mice that had been infected by Pseudomonas. At about the same time (1974) Dr Jerome
Birnbaum was appointed Vice President for Microbiology and Agricultural Research and thus assumed overall
responsibility for the biology of the program. The Kahans skills as biochemists matched their tremendous dedication to
the thienemycin project; working around the clock, they were able to generate a small amount of purified material,
which they made available to Dr Georg Albers-Schonberg and Dr Byron Arison for structural studies. The latter
concluded that thienamycin is the first member of a family of antibiotics possessing a des-thiacarbapenem nucleus that
has a thioethylamino side chain attached to the unsaturated 5-membered ring. Dr Arison’s colleagues were reluctant to
accept his structure for the antibiotic. Nevertheless, Dr Karst Hoogsteen and Mr. Jordan Hirschfield confirmed the
Arison structure by x-ray crystallography.

The optimal stability of the new antibiotic was found to be in the pH range of 6~7. Above that pH the unprotected
primary amino group attacks the beta lactam functionality of another molecule of the antibiotic, resulting in the loss of
the antibacterial activity.
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1.01.5.8 The Discovery of N-Formimidoyl Thienamycin (Imipenem), a Stable Molecule
with a Superior Profile as an Inhibitor of Bacterial Cell Wall Synthesis

Given the exciting antibacterial profile of thienamycin on the one hand, and its unacceptably poor stability on the
other, it became the task of the medicinal chemists under the direction of Dr Burton Christensen, Vice President of
Basic Chemistry, to design and synthesize a more stable analog of thienamycin, which would retain the antibacterial
properties of that beta lactam. The task proved to be a formidable one. It should be kept in mind that thienamycin, the
starting material, was in very short supply and that it was also very unstable. Nevertheless, over 300 derivatives were
synthesized over a 3-year period. These derivatization experiments were carried out on a 1 mg scale. Mr Ken Wildonger
was the first to achieve the desired goal with the synthesis of N-formimidoyl thienamycin (imipenem), which was
crystallized by Mr Thomas Miller. The antibacterial properties of imipenem were actually superior to those of
thienamycin. With a possible product candidate in hand, the next challenge facing Dr Christensen and his associates
was to generate adequate amounts to supply Safety Assessment and Clinical Research, both located at West Point.
Supplies of imipenem were initially transported from Rahway by chartered plane!

At this juncture another totally unexpected problem arose. It was discovered that imipenem and thienamycin are
metabolized rapidly in vivo in several mammalian species. The metabolic degradation was found to occur in the kidney.
Scientists working with beta lactam antibiotics expect to find metabolism by bacterial enzymes. The Merck team was
now confronted by the ironic fact that an antibiotic stable to bacterial beta lactamases is rapidly inactivated by a
mammalian enzyme bound to kidney membranes, known as dehydropeptidase 1. Going forward with imipenem would
mean that the new Merck antibiotic would not be useful in the treatment of urinary infections.

Thus, two major problems remained: (1) how to deal with the susceptibility of imipenem to degradation by the
dehydropeptidase I in the kidney; and (2) the supply problem of the starting material, thienamycin. As it turned out,
both of these problems were solved by the organic chemists in the Basic Chemistry Department.

It was expected that the yields of the fermentation process that provides thienamycin would increase steadily until
an adequate supply was assured. Atypically this turned out not to be the case. It was finally recognized that
thienamycin would have to be supplied by total synthesis, and the process would have to be economically practical.
The Merck team, including the Process Research chemists led by Dr Seemon Pines (in particular, Drs Len Weinstock
and Victor Grenda and their colleagues) were up to the task. The total synthesis of thienamycin was first achieved by
Dr Christensen, Dr Salzmann, and their associates’* who developed a stereocontrolled, enantiomerically specific total
synthesis. The synthesis from L-aspartic acid entailed novel chemistry. This was required because of the unique
structure of thienamycin, which differs from the lactam structure of the penicillins and the cephalosporins by its highly
strained ring system, which lacks a sulfur atom. In addition, the ring substituents are also unlike those of the
conventional beta lactams.

The second problem, susceptibility of the imipenem to degradation in the kidney required that the antibiotic be
combined with an enzyme inhibitor to prevent the renal metabolism in animals and in humans by dehydropeptidase-1.
This led to the design and synthesis of cilastatin, a highly substituted heptenoic acid derivative inhibitor. Importantly,
the pharmacokinetic properties of cilastatin match those of the imipenem. Pleasingly, cilastatin provided a fringe
benefit: it excludes the entry of imipenem into the proximal tubular epithalium of the kidney where it might cause
tubular necrosis. The fixed combination of imipenem — cilastatin completes the tour de force, made possible by the
splendid interdisciplinary research of the industrial chemists and biologists. An excellent paper” gives a detailed
account of the development of imipenem — cilastatin, which overcame all of the many shortcomings of thienamycin, an
antibiotic with an unusually broad spectrum including a high order of bactericidal activity against Pseudomonas aeruginosa,
Serratia, Bacteroides fragilis, Enterococci, and other species resistant to other antibiotics. Because imipenem is resistant to
hydrolysis by bacterial beta lactamases and because of is extraordinary spectrum, the new fixed combination represents
to this day a remarkable contribution to therapy.

1.01.6 lvermectin: from the Discovery of an Animal Health Anthelmintic to
A Wonder Drug for the Developing World

1.01.6.1 Introduction

The discovery of an animal health medication faces an obstacle not generally encountered in the search for a new
medicine for humans: the issue of the cost of producing the drug. Generally speaking, if a new drug for humans is
superior to heretofore available therapy, it will be produced by industry and prescribed by physicians even if it is more
expensive than the older treatment. This is not necessarily the case for animal health products. A farmer will carefully
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assess the cost/benefit ratio before switching to a superior but costlier medication. This is an important distinction and
probably the principal reason why few pharmaceutical companies enter the animal health arena.

As has been pointed out by Dr William C. Campbell of the Merck Institute for Therapeutic Research in Rahway,
NJ,7(”77 the anthelmintic program at the Merck Sharp Dohme Research Laboratories (MSDRL) began in 1953. From
it emerged thiabendazole, the first of the benzimidazole anthelmintics, as well as cambendazole, rafoxanide, and

7677 Building on the experience gained from human health directed antibiotics, Merck Research sub-

clorsulon.
sequently decided to explore fermentation broths as a source of new anthelmintics. Wisely, the animal health team

chose to use an in vitro screen in mice as the primary assay for fermentation products.

1.01.6.2 The Collaboration with the Kitasato Institute

Another major innovation was the decision to enter into a research agreement with the Kitasato Institute in Japan. It
was reached in 1974, and involved the shipment of bacterial cultures from Japan to the MSDRL, where they were
inoculated in microbiological medium to permit fermentation. The resultant broths were then tested in a so-called
tandem coccidiosis-helminthiasis assay. Mice fed on a diet incorporating one of the broths was found to be free of
worms. It was established fairly quickly that an anthelmintic had indeed been present in the broth. As Dr Campbell was
careful to emphasize, “had a particular mouse not been examined properly [by a technician]” a major new drug might
have been missed. This serves as a reminder that drug discovery requires, of course, an idea generated by a
sophisticated scientist, but it will lead to a drug only if those ‘down the line’ perform perfectly. In this case that task
was the careful examination of a mouse for worms.

1.01.6.3 The Broth from Culture OS3153

Subsequent testing of broths obtained from culture OS3153 confirmed the presence of an anthelmintic. The next tasks
were to isolate and to characterize chemically the active components in the culture now named C-076. Mass
spectrometry revealed that there were four biologically active components, each of which consisted of a major and a
minor component. Using mass spectrometric separations and then NMR spectroscopic techniques, the active
principles of C-076 were found to be glycosidic derivatives of pentacyclic 16-membered lactones, similar in structure to
the milbemycins. C-076 differed from the latter primarily in that the former lacked two glycosidic attachments. The
new anthelmintic was named avermectin.

1.01.6.4 Avermectin

Avermectin fulfilled its promise as a cost-effective animal health anthelmintic. Like every other biologically active
compound, it causes side effects. Had avermectin been a drug for humans, one could have launched a major effort
to improve on the drug’s therapeutic index, regardless of the cost. I remember discussing that issue with the late
Dr Michael H. Fisher, an outstanding, softly spoken scientist who was responsible for the chemistry of animal health
research at Merck. Given that avermectin has five double bonds, I was not very optimistic that we would be able to
increase safety in a cost-effective way. Dr Fisher’s more optimistic outlook was fully vindicated by subsequent
developments. The medicinal chemists succeeded in selectively reducing the C 22-23 double bond in good yield. The
resulting dihydroavermectin (ivermectin) was actually slightly less potent than avermectin By, but, to our delight, it
displayed a therapeutic index superior to that of its natural product precursor.

1.01.6.5 lvermectin

The extraordinary potency of the new anthelmintics against N. dubius led Drs Campbell and Fisher to explore the
potential of the avermectins against a new host of parasitic nematodes. The results proved to be exciting. C-076 was
effective against parasitic nematodes occupying all the major segments of the gastrointestinal tract, including nematode
strains resistant to benzimidazole anthelminitics.

The Merck chemists under the leadership of Drs Mike Fisher and Helmut Mrozik synthesized more than 1000
analogs, all of which were tested by the parasitologists. None were significantly more potent than the natural product.

It was also exciting to discover that avermectin and ivermectin are not only broad-spectrum anthelmintics, but also
insecticides and acaricides. As Dr Campbell pointed out’® the activity “against arthropods changed the scientific and
commercial prospects dramatically. When ivermectin was eventually launched as a product for cattle, it was offered not
as an anthelmintic, but as an antiparasitic agent for the control of endoparasites and ectoparasites.”
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As mentioned above, the thienamycin project presented one challenge after another.”® The avermectin program
began with some interesting results and thereafter kept getting better and better. Some of this was good luck. For
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example, as Dr Campbell pointed out,”” avermectin and ivermectin were fortunately active against the microfilariae of

dog heartworm, but, again fortunately, they were inactive against the adult stage. ““The result was not only a successful
commercial product for heartworm prevention, but also a ...dramatic example of stage specificity in chemotherapy.””*
To be sure it was the excellence of the scientists involved that ensured that all developing opportunities were
recognized and then implemented.

What the antibiotic and the anthelmintic programs had in common was the excellence of the research, from the top on
down, which ensured ultimate success. Top management cannot ensure success, it can only help set the course and
provide the optimal environment; conversely, it can also create an atmosphere that is not conducive to creative research.

The next major development came in April 1978, when the parasitologists made an important observation and fully
recognized its potential.”” To quote from Dr Campbell’ s review paper:’®

Another observation that had far-reaching consequences was again a matter of the filarial group of worms. In April,

1978 ivermectin was about to be tested against the gastrointestinal nematodes in horses. At the last minute a

decision was made (prompted by a suggestion from L. S. Blair nee Slayton) to examine pieces of skin from the

treated and untreated horses in order to detect a possible effect on the microfilariae of Onchocerca cervicalis —
should those horses happen to be infected with that parasite. The horses did happen to be infected, and an effect
on the microfilariae was clearly evident (Egerton ez a/. 1981a [as cited in 7#]). The significance of the observation
lay not in the importance of the parasite in horses, for it is an obscure parasite that was then considered of no
importance whatever, but lay rather in the relationship of the parasite to an important pathogen of man. To those
of us who were actively interested in human parasitology, the potential utility of the finding was clear. In the
summer of 1978 I sent the drug (and relayed our results) to an investigator in Australia who was conducting
anti-filarial drug tests under the sponsorship of the World Health Organization. The investigator, Dr Bruce

Copeman, quickly showed that ivermectin was active also against the microfilariae of Onchocerca spp in cattle, The

information from horses and cattle, together with the toxicological data that had by then been gathered, served as

the basis for recommending the testing of ivermectin in man.

1.01.6.6 The Human Formulation of lvermectin (Mectizan)

The microfilariae of Onchocerca volvulus are the pathogens that are responsible for onchocerciasis in humans. These
microfilariae cause progressive skin lesions and frequently induce ocular lesions that lead to blindness. This disease

7778 and is known as river blindness.

affects people in 35 countries in Africa, America, and the Arabian Peninsula,
Suramin was effective in killing the adult worm, but proved to be very toxic.”® Diethylcarbamazine citrate similarly
proved to be a very unattractive therapy.’® Ivermectin turned out to be a miracle drug for the treatment of
onchocerciasis, not only because of its effectiveness and safety, but also because it only needs to be given to the patient
once a year, a matter of great importance in countries where the health delivery infrastructure is fragile. In their
assessment of the impact of ivermectin on illness and disability associated with onchocerciasis, Drs James M. Tielsch
and Arleyne Beeche”® concluded that “regular distribution to populations living in endemic areas has demonstrated
significant reduction in blinding ocular complications, transmission and disability caused by onchocercal skin disease,”
not to mention the impact on intestinal helminth infection, lymphatic filariasis, and human scabies infection.”’

During my tenure as Vice President for Basic Research my colleagues made many significant contributions to human
and animal health. None of these is more pleasing to me than the Mectizan Project.

The Merck Mectizan Donation Program has been a source of enormous satisfaction to all Merck employees and
retirees since its inception on 21 October 1987, under the leadership of its then Chairman and CEO, Dr P. Roy Vagelos.
It was reaffirmed by his successor, Mr Raymond V. Gilmartin. In essence, Merck & Co., Inc. announced its intention to
donate Mectizan for as long as it might be needed and whenever it is needed. ““This unprecedented decision came
twelve years after the discovery of avermectin by Merck scientists and nearly seven years after the first human clinical
trials in Dakar, Senegal.”®°

A priori patient compliance would be expected to be a major hurdle. As mentioned above, almost miraculously,
Mectizan is effective when administered once a year. The treatment programs are organized as community-directed
interventions — entire villages line up for the treatments annually. The program now reaches some 45 million people in
more than 88000 villages in 34 countries. All of the gods of classical antiquity are smiling on this project.

In the chapters and volumes of this book that follow, the state of the art is brought up to date. This textbook should
give a sense of pride and satisfaction to every person who has made medicinal chemistry his or her career. It goes
without saying that all of the collaborators of medicinal chemists should share in this sense of satisfaction.
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1.01.7 Epilogue

This chapter was written by two coauthors who have been associated with the pharmaceutical industry, although one of
us (RH) has spent the past eighteen and a half years in academe. It is fitting and proper to devote part of this epilogue
to the evolving interactions of academe and industry. Medicinal chemistry has always stood with one foot in the
academic world and the other in the industrial world, as many of the examples noted above illustrate. The roles of these
two sectors need to be profoundly different if their combined efforts are to benefit the patient. It is the responsibility
and function of academe and government to undertake fundamental research, and it is the task of industry to perform
the developmental research required if the knowledge generated by the former research is to lead to medicines and
vaccines that are available to all of us in our hospitals and drugstores.

Let us be very clear. We believe that our academic and governmental institutions have no monopoly on outstanding
research, and is it not unknown for mundane results to come from university or public institutions. This is equally true
of industry. What has worked well in the past and will succeed in the foreseeable future is to understand that the
perspectives and priorities of academic and industrial research are complementary. To maximize the opportunity
for successful innovation, it is critical to ensure that the best fundamental research in academia and government is
followed by the best applied research in the industry. Neither endeavor is nobler, or more challenging, than the other.
Everyone would agree that it is an enormous achievement for a scientist in academe or government to generate a truly
new idea. It may be more difficult for anyone outside the industry to appreciate the equally creative ideas required in
successful drug discovery and development. The above discussion illustrates this point. Consider Section 1.01.2.2.1 on
“T'he Cortisol Era’. The basic research was done by Drs Reichstein, Hench, and Kendall, all academics, but their
fundamental research would not have benefited a single patient without the industrial research that followed, which
posed equally challenging intellectual puzzles, and also sparked new lines of academic investigation in the process.

We suspect that the easier problems may have been solved first, which may explain in part why the drug company
pipelines — though still remarkably productive — seem dryer than they used to be. There may also be other reasons
why it is becoming more difficult to generate a new approved drug. One is that for diseases such as diabetes,
Alzheimer’s disease, and others, there are no good animal models. As a result we have to go from an in vitro experiment
directly to a clinical trial without the benefit of an in vivo experiment in animals. Also, the enormous cost of clinical
trials has made the development of later entries in a therapeutic class more uncertain. But second and third generation
drugs can also lead to significant advances, and it is also true that individuals vary in their response to different drugs
that supposedly work via a common mechanism. Since second, but not third generation drugs have generally
represented significant advances, the disappearance of ‘me-too’ medicines may not be that great a loss. It is
nevertheless also true that individuals vary in their response to different drugs that supposedly work via a common
mechanism.

Sadly, public opinion of the industry is presently at a low point. To a certain degree the industry itself has become a
political football, a matter of concern cited by Mr Merck already in 1950. We suspect, however, that even the industry’s
most severe critics would not wish their families to be deprived of the medications discovered by the industry during
the past 15 years. Recent advances for the treatments of rheumatoid arthritis, cancer, asthma, and diabetes, which are
the result of excellent research in academia, government, and industry, are a case in point. We have every confidence
that the combined efforts of governmental, academic, and industrial research will lead in the years ahead to advances in
medicinal chemistry that today we can only imagine.
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1.02.1 Introduction

Amidst the wide array of drug research activities now being undertaken by numerous life science-related disciplines, it
becomes useful to devise a working definition for the practice of medicinal chemistry that allows for its distinction and,
in so doing, also establishes the focus sought for this chapter. Thus, we will begin by stating that medicinal chemistry
uses physical organic principles to understand the interaction of small molecular displays with biological surfaces.'
Within this context, physical organic principles should be thought of as encompassing overall conformational
considerations and molecular electrostatic potentials, as well as selected chemical properties such as distinct
stereochemical, lipophilic/hydrophilic, electronic, and steric parameters. Understanding such interactions provides
fundamental knowledge that may be applied in either a general or specific manner toward designing a new drug
or enhancing the overall profile of a given compound. Small molecular displays should be thought of in terms of low
molecular weight structures that are typically of a xenobiotic origin, and thus not in terms of biotechnology-derived
polymers. While the latter are being enthusiastically pursued by other disciplines, it should be additionally appreciated
that whenever the consideration of chemical details associated with a specific molecular region of a given biomolecule
is undertaken, then by our definition these other disciplines have also entered into the purview of medicinal
chemistry’s stated interest. Finally, biological surfaces should be thought of very broadly, namely to encompass the
complete span of tissues and endogenous molecules associated with a drug’s absorption, distribution, metabolism,
excretion, and toxicity (the so-called ADMET processes), as well as with the more traditional span of biological surfaces
that might be exploited for some type of therapeutically efficacious interaction.

By intent, the numerous technologies that can be deployed as tools to study these types of interactions at medicinal
chemistry’s fundamental level of understanding, have been completely dissociated from this definition. In addition to
the long-standing analytical, synthetic and computational chemistry approaches that have been traditionally conducted
by medicinal chemists in a systematic manner on either one or the other of the interacting partners in order to explore
structure—activity relationships (SARs), such tools also now include biotechnology-related methods such as site-
directed mutagenesis, and combinatorial chemistry methods provided the latter are coupled with chemistry
knowledge-capturing bioassay and structural databases. While this definition emphasizes the basic science nature of
medicinal chemistry, medicinal chemistry’s deployment as an applied research activity is equally important. Figure 1
reflects the synergistic relationship between medicinal chemistry’s basic and applied research activities wherein one
dimension becomes multiplied by the other to create the actual working space. The importance of this relationship
should become clear as the present chapter, dedicated to medicinal chemistry’s historical, current and future roles
within the realm of drug discovery, unfolds.

] Medicinal

Chemistry chemistry
©
(%]
©
m

Medicine

Applied

Figure 1 Inherent relationship of medicinal chemistry to both basic and applied research. Adapted from a figure provided by
FA. Cotton? as part of his summary and commentary about a book entitied Pasteur’'s Quadrant.® Surveys suggest that
pharmaceutical companies spend about 5%, 37%, and 54% of their research dollars on basic, applied, and developmental
aspects of drug discovery-related research, respectively.*
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It should be noted that considerable portions of the historical section, as well as portions of the sections thereafter,
have been taken from a related publication.1 Thus, readers may want to look at this earlier document and its use of
selected case studies that were specifically dedicated to medicinal chemistry’s entry into the present millennium.
Interestingly, some of the latter’s forecasts already appear to be coming into play while others, as for most attempts
at prediction, already appear to be in need of revision. Further references to this prior work will not be repetitiously
cited herein.

1.02.2 Historical Perspective

By considering how medicinal chemistry has been practiced across jumps of about 25-year increments, this section
provides a short discourse about medicinal chemistry’s emergence as a formalized discipline and then considers several
key events that occurred during its early development. This section does not include a chronological list of medicinal
chemistry’s many contributions, nor does it attempt to highlight the many accomplishments of its notable investigators.
Both of the latter can be found elsewhere as part of more traditional, historical treatments.’ Focusing on drug research,
old and new drug discovery paradigms are compared, with the latter also being critiqued as part of a lead-in to the next
section which then continues by considering the current status of medicinal chemistry relative to the continually
evolving process of drug discovery.

1.02.2.1 Emergence of Medicinal Chemistry as an Academic Discipline and Its
Full-Scale Adoption by the Industry

Medicinal chemistry’s roots can be found in the fertile mix of ancient folk medicine and early natural-product
chemistry, hence its name. That this solid foundation drawing from both applied and basic research has not only
sustained itself, but continues to be multiplied in a synergistic manner today, is captured nicely within Figure 1.
Similarly, that medicinal chemistry’s connection with natural products immediately sets the stage for its later adoption
by the drug industry, is reflected by what some consider to be the likely origin of the word ‘drug’ as we use it today;
namely from the Old English ‘dryge,’ in turn hypothetically reconstructed from the Primitive Germanic series ‘dreug-,
draug-, and drug-’ which all historically meant ‘dry’ and therefore can be construed to be conveying how herbs were
commonly treated so as to produce dried powders for use as early medicinals.

Responding to a growing appreciation for the links between chemical structure and observed biological activity,
medicinal chemistry emerged from this mix about 150 years ago as a distinct discipline intending to explore these
relationships via chemical modification and structural mimicry of nature’s materials, particularly with an eye toward
enhancing the efficacy of substances thought to be of therapeutic value.® In the US, medicinal chemistry became
formally recognized as a graduate-level discipline about 75 years ago within the academic framework of pharmacy
education. From this setting, overviews of medicinal chemistry’s subject matter have been offered to both
undergraduate and graduate pharmacy students for many years.”®

Understanding structure[biological]-activity relationships (SARs) at the level of inherent physical organic
properties such as lipophilic, electronic, and steric parameters, coupled with consideration of molecular conformation,
soon became the hallmark of medicinal chemistry research, a development that further distinguished it from its
natural-products predecessor which had begun to focus more upon understanding plant phytochemistry. It follows that
because these fundamental SARs could be useful during the design of new drugs, applications toward drug discovery
became the principal domain for the still sprouting, basic science component of this discipline. Perhaps somewhat
prematurely, medicinal chemistry’s drug design role became especially important in the private sector where its
practice quickly spread and grew rampantly among the rich fields being staked out across the acres of patents and
intellectual property that were of particular interest to the pharmaceutical industry. This full-scale adoption into
the industry provided a second home for the continued growth of medicinal chemistry wherein critical influences
important to the private sector would also serve to further shape its maturation.

1.02.2.2  An Adolescent Heyday of Rational Drug Design

As a more comprehensive understanding about the links between observed activity and pharmacological mechanisms
began to develop about 50 years ago and then also proceeded to grow rapidly in biochemical sophistication, medicinal
chemistry, in turn, entered into what can now be considered to be an adolescent phase. Confidently instilled with new
knowledge about what was happening at the biomolecular level and wanting to respond favorably to the pressing needs
of its home within the private sector, the ensuing period was characterized by the high hope of being able to
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independently design new drugs in a rational, ab initio manner, rather than by relying solely upon Mother Nature’s
templates and guidance for such. Unfortunately, while this adolescent ‘heyday of rational drug design™ can be credited
with having spurred significant advances in the methods that are deployed for considering molecular conformation, the
rate of actually delivering useful therapeutic entities having novel chemical structures, referred to today as new
chemical entities (NCEs), was not significantly improved for most pharmacological targets unless the latter’s relevant
biomolecules also happened to lend themselves to rigorous analysis, such as obtainment of an x-ray diffraction pattern
for a crystallized enyzyme’s active site with or without a bound ligand. One of the main reasons why rational drug
design fell short of its promise was because without experimental data like that afforded by x-ray views of the drug’s
target site, medicinal chemistry’s hypothetical SAR-derived models often reflected rather speculative notions that were
far easier to conceive than were the actual syntheses required to produce the molecular probes needed to assess a
given model’s associated hypotheses. Thus, with only a small number of clinical success stories to relay, medicinal
chemistry’s ‘preconceived notions about what a new drug ought to look like’ began to take on negative, rather than
positive, connotations, particularly when being hand-waved within the results-oriented setting of a private-sector drug
discovery program.'°

Compounding this disappointment, from a practical point of view, the pharmaceutical industry, by and large, soon
concluded that it was more advantageous to employ synthetic organic chemists and have them learn some pharma-
cology, than to employ formally trained medicinal chemists and have them rectify any shortcomings in synthetic
chemistry experience that they might have due to their time spent on a much broader range of nonchemical subject
matter during graduate school. Indeed, given the propensity for like to hire like, the vast majority of today’s
investigators who practice medicinal chemistry within industry have academic backgrounds from organic chemistry
rather than from formalized programs of medicinal chemistry.

Two points from this historical segment are worth noting. The first has now become a familiar theme in the life
sciences arena whenever a new clinical treatment or technological approach arrives on the horizon, such as that of
the former discourse about rational drug design. Invariably, such developments are greeted by such a high level of
expectation and hype that, upon falling short, they become subject to a rebound reaction that then overly critiques
what might have otherwise been regarded as a positive development. Only after several reiterations does a realistic view
finally become equilibrated so that a given technology is matched with appropriate expectation and practical usage.
Thus, looking back from today’s vantage point, one should not be too concerned about the early disappointment with
medicinal chemistry’s initial foray into rational drug design. The second point worth noting provides useful insights for
a later discussion about the formalized training of future medicinal chemists, namely the importance of obtaining
a solid background in synthetic organic chemistry. Having emphasized the significance of the latter, further references
to medicinal chemistry throughout the remainder of this chapter should be taken to mean its actual practice as a
discipline, regardless of how a given investigator may have become trained to do so. Thus, importantly and key to this
historical juncture, no matter how its practitioners were being derived or selected for employment within the
pharmaceutical industry, and even though the design of drugs in a rational manner had fallen short of the hyped
delivery, medicinal chemistry continued to thrive quite nicely during this period and certainly progressed in its
maturation as both a recognized discipline and a central player within the academic and private sectors, respectively.

1.02.2.3 High-Throughput Screening, Combinatorial Chemistry, and a Marriage Made
on Earth, if Not in Heaven

Arriving at the next historical segment, however, one finds that medicinal chemistry’s previous inability to accelerate
the production of NCEs, became greatly exacerbated when the biotechnology rainfall began to hover over the field of
drug discovery just about 25 years ago."' With this development, not only did the number of interesting biological
targets begin to rise rapidly, but also the ability to assay targets in a high-throughput manner suddenly prompted
the screening of huge numbers of compounds in very quick timeframes. Ultimately, the need to satisfy the immense
appetite of high-throughput screening (HTS) for compounds was addressed not by any of natural-product, synthetic
medicinal, or organic chemistry, but instead by further developments within what had quickly become a flood level,
continuous downpour of biotechnology-related breakthroughs.'>™'* Starting as gene-cassette-directed, biosynthetic
peptide libraries and quickly moving into solid-phase, randomly generated peptide and nucleotide libraries,’>™*? this
novel technique soon spread across other disciplines to also spawn the new field of small-molecule, combinatorial
chemistry. Today, using equipment and platforms available from a variety of suppliers, huge libraries of small molecules
can be readily produced in either a random fashion, or in a directed manner based upon a structural template afforded
by a suspected lead compound.?®~%” Thus, the marriage of HT'S with combinatorial chemistry would soon propagate a
new approach toward the discovery of drugs.
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1.02.2.4 Birth of a New Drug Discovery Paradigm

As the marriage of compound library technologies to HT'S became consummated, this pairing produced what quickly
came to be regarded as a new paradigm for the discovery of NCEs across the entire big pharma segment of the pharma-
ceutical enterprise.’*° Figures 2 and 3 provide a side-by-side comparison of the old (classical) and new drug
discovery paradigms, respectively.

Interestingly, this marriage also led to a situation where identifying initial lead compounds was no longer considered
to be a bottleneck for the overall process of drug discovery. Indeed, many of the programs within pharmaceutical
companies soon began to suffer from ‘compound overload™*® with far too many initial leads to effectively follow up.
Shifting the rate-limiting step away from discovery into development, created a new situation wherein there then
became a need to move much more quickly toward characterizing a given lead compound’s pharmacokinetic (PK)
profile, namely its absorption, distribution, metabolism, and excretion (ADME) behaviors that would be anticipated
upon administration to humans. When the latter are also combined with concerns about potential toxicity, the entire
process of ADMET assessment thus became the new bottleneck for the overall process of drug discovery, along with the
traditionally sluggish clinical and associated regulatory steps as shown near the end of Figures 2 and 3.

Responding to this pressure, an emphasis was also placed upon moving ADMET-related assessments into more of
a HT'S format that could be undertaken at earlier decision points associated with defining a lead compound. Thus, even
though efficacy-related HTS and combinatorial chemistry reflect very significant incorporations of new methodologies,
from a strategic point of view the most striking feature of the new drug discovery and development paradigm shown in
Figure 3 compared to the classical approach depicted in Figure 2 actually becomes the movement of ADMET-related
assays closer to the beginning of the overall process by also deploying HTS methods. Certainly, with the plethora
of biologically based therapeutic concepts continuing to rise even further, and the identification of compounds capable
of interacting with those concepts that become selected as targets now being much quicker because of the marriage
of HTS to compound library and combinatorial chemistry technologies, a much more efficient handling of
ADMET-related concerns clearly represents one of the most significant challenges facing today’s drug discovery and
development enterprise.

1.02.2.5 Site-Directed Mutagenesis

While the drug discovery process has been influenced by biotechnology in numerous ways (e.g., Table 1), one
development deserves to be especially noted as this account of medicinal chemistry’s history is brought to a close. This
development has made a major impact directly upon the process of uncovering SAR relevant to small-molecule drug
design.** The method utilizes site-directed mutagenesis (SDM). Within the context of medicinal chemistry, SDM
involves making systematic point mutations directed toward selected sites on genes that translate to specific amino acid
residues within proteins associated with enzyme active sites or ligand receptor systems, such that the targeted changes
can be used to study SAR details while holding one or more active site/receptor ligands constant during the assessment.
This approach is depicted in Figure 4. Numerous investigators are now utilizing this reverse SAR technique to explore
both enzyme-ligand and receptor-ligand interactions.

Once an enzyme’s peptide sequence is in hand, it is not uncommon that transformation of a bacterial host with
an appropriate gene copy plasmid can allow at least one point mutated and overexpressed protein to be examined
per month in an associated functional biochemical assay. This clearly demonstrates that SDM should no longer be
considered to be lengthy and tedious compared to classical SAR studies undertaken by rational synthetic modifications
of an enzyme’s substrates or inhibitors.

1.02.3 Current Status

1.02.3.1 Solving an Identity Crisis and Moving On to Play a Key Role as the Central
Interpreter of Drug Discovery Information

The deployment of these new approaches toward identifying lead compounds and for studying SAR represent exciting
developments that have clearly had an invigorating effect upon the practice of medicinal chemistry in many areas.
Alternatively, that the SAR hallmark and drug design intellectual domains of medicinal chemistry, along with chemically
servicing the experimental approaches toward identifying novel lead structures, have all been overrun by technologies
initially derived from other disciplines, also has had somewhat of an unnerving impact upon medicinal chemistry. This
is because it had previously been the nearly exclusive deliverance of these roles from a chemical orientation that had
served to distinguish medicinal chemistry as a distinct discipline for so many years. Thus, as a field, medicinal
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Figure 2 Classical drug discovery and development paradigm.?®®'=2® This model portrays interactions with US regulatory
agencies and uses terms related to those interactions for steps 11 to 17. All of the other terms typify generic phrases that have
been commonly used by the international pharmaceutical community. While some of the noted activities can be conducted in
parallel or in an overlapping manner, the stepwise, sequential nature of this paradigm’s overall process is striking. Furthermore,
whenever a progressing compound fails to meet criteria set at an advanced step, the process returns or draws again from step
3 for another reiteration. Numerous reiterations eventually identify a compound that is able to traverse the entire process. A
successful passage through the entire process to produce just one product compound has been estimated to require about
15 years at a total cost of about $500 million. While the largest share of these time and cost requirements occur during the latter
steps, the identification of a promising preclinical development compound, step 7, can be estimated to take about 4 years from
the time of initiating a therapeutic concept. Step 1 is typically associated with some type of physiological or pharmacological
notion that intends to amplify or attenuate a specific biological mechanism so as to return some pathophysiology to an overall
state of homeostasis. Step 2 typically involves one or two biochemical level assay(s) for the interaction of compounds intending
to amplify or attenuate the concept-related mechanism. As discussed in the text, steps 3 and 4 reflect key contributions from
medicinal chemistry and typically use all sources of available information to provide for compound efficacy hits, e.g., everything
from natural product surveys to rational approaches based upon x-ray diffractions of the biological target. Step 5 generally
involves larger in vitro models (e.g., tissue level rather than biochemical level) for efficacy and efficacy-related selectivity. Step 6
generally involves in vivo testing and utilizes a pharmacodynamic (observable pharmacologic effect) approach toward
compound availability and duration of action. Step 7 typically derives from a formal review conducted by an interdisciplinary
team upon examination of a formalized compilation of all data obtained to that point. Step 8 specifies parallel activities that are
typically initiated at this juncture by distinct disciplines within a given organization. Step 9 begins more refined pharmacokinetic
evaluations by utilizing analytical methods for the drug itself to address in vivo availability and duration of action. Step 10
represents short-term (e.g., 2-week) dose-ranging studies to initially identify toxic markers within one or more small animal
populations. Expanded toxicology studies typically progress while overlapping with steps 11 through 14. Steps 11 to 13
represent formalized reviews undertaken by both the sponsoring organization and the U.S. Food and Drug Administration (FDA).
Step 14 is typically a dose-ranging study conducted in healthy humans. Steps 15 and 16 reflect efficacy testing in sick patients,
possible drug-interactions, etc. Step 17 again reflects formalized reviews undertaken by both the sponsoring organization and
the FDA. The FDA's ‘fast-track’ review of this information is now being said to have been reduced to an average of about 18
months. It is estimated that it costs a company about $150 000 for each day that a compound spends in development. Finally,
step 18 represents the delivery of an NCE to the marketplace.

chemistry moved from its disappointing adolescence only to find itself in the middle of an identity crisis. This crisis was
occurring among both its private sector practitioners and its academicians. Indeed, the trend established during this
period and still in place today, that places a major emphasis upon genomics and proteomics within the public sector
funding arena, is still causing many academic medicinal chemistry and basic chemistry investigators to turn their
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Figure 3 New drug discovery and development paradigm.?®3'%¢ This model portrays interactions with US regulatory
agencies and uses terms related to those interactions for steps 11 to 17. All of the other terms typify generic phrases that are
commonly used by the international pharmaceutical community. The battery of profiling included in step 3 represents a striking
contrast to the classical drug discovery paradigm (Figure 2). Furthermore, all of these screens are/will be of a high-throughput
nature such that huge numbers of compounds can be simultaneously tested in extremely short time periods. As the predictive
value of the resulting profiles improve, selected compounds will have higher and higher propensities to successfully proceed
through steps 5, 6, 9, and 10 (Figure 2) to the point that these assays may become more of a confirmatory nature or may even
be able to be completely omitted (hence their dotted lines in this figure).37 The efficiency of successfully traversing the various
clinical testing steps 14 to 16 will also be improved but their complete removal from the overall process is highly unlikely. After
the initial investments to upgrade step 3 and enough time has passed to allow for the generation of knowledge from step 3’s raw
data results (see text for discussion), the overall timeframe and cost for a single NCE to traverse the new paradigm should be
considerably improved from the estimates provided in Figure 2. Step 1 is likely to be associated with some type of genomic
and/or proteomic derived notion that intends to amplify or attenuate a specific biological mechanism so as to return some
pathophysiology to an overall state of homeostasis. Step 2 will be a high-throughput assay derived from using molecular biology
and bioengineering techniques. Because step 3a exploits actual pictures of what type of structural arrangements are needed to
interact with the biological targets, this approach toward identifying new compound hits will continue to operate with high
efficiency. However, because of this same efficiency, the biological targets that lend themselves to such experimental depiction
(by affording crystals suitable for x-ray diffraction) could become depleted much fastser than the range of more difficult targets.
Step 3b represents various combinatorial chemistry-derived libraries, natural product collections, and elicited natural product
libraries (see text for discussion of this topic). Steps 4 to 18 are similar to the descriptions noted in Figure 2.

intellectual pursuits further and further toward biochemistry, if not to molecular biology.*! Likewise, the undergraduate
instruction of pharmacy students, which had for so long represented medicinal chemistry’s academic bread and butter,
has shifted its emphasis away from the basic sciences toward more of a clinically oriented curriculum. A final
development that contributed to medicinal chemistry’s identity crisis is the fact that the new drug discovery paradigm
supplants medicinal chemistry’s long-standing position wherein its practitioners have typically been regarded as the
primary inventors of the composition of matter specifications associated with NCE patent applications.

Although classical medicinal chemistry rationale, as alluded to earlier and as now practiced in tandem with SDM
studies, can always be counted on to effectively identify and fine-tune lead compounds for systems whose biomolecules
lend themselves to x-ray diffraction and/or nuclear magnetic resonance (NMR) analyses, i.e., structure-based drug
design,***
pharmacological targets could become quickly exploited, perhaps even exhausted. Such a scenario, in turn, suggests

medicinal chemists had to prepare to face the possibility that the complement of such amenable

that this last stronghold for the practice of rational medicinal chemistry could also be lost as a bastion against what
could then potentially become an even more serious identity crisis in the future.
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Table 1 The impact of biotechnology on small-molecule drug discovery and development?

Activity Impacr

Genomics and proteomics Plethora of new and better-defined mechanisms to pursue as therapeutic targets

High-throughput efficacy assays Screen huge numbers of therapeutic candidates in short timeframes using low compound
quantities

High-throughput ADMET assays An evolving development: once validated and coupled with efficacy assays, should

eventually allow for selection or drug design/synthesis of clinical candidate compounds
rather than lead compounds that still require considerable preclinical testing and
additional chemical tailoring
Peptide and oligonucleotide Provide huge numbers of compounds for screening (spawned the field of combinatorial
compound libraries chemistry as now applied to small organic compounds); can be used as SAR probes and,
pending further developments in formulation and delivery, may also become useful as
drug candidates

Site-directed mutagenesis Allows ‘reverse’ SAR explorations

Transgenic species Novel in vivo models of pathophysiology that allow ‘pharmacological proof of principle’ in
animal models that mimic the human situation; and animal models modified to have
human metabolism genes so as to provide more accurate PK data and risk assessment*

Peptide version of pharmacological Developed to the IND Phase as an intravenous agent can allow for ‘clinical proof of
prototype principle’ or concept
Pharmacogenetics An evolving development: should soon refine clinical studies, market indications/

contraindications, and allow for subgrouping of populations to optimize therapeutic
regimens; eventually should allow for classification of prophylactic treatment subgroups

2This listing is not intended to highlight the numerous activities associated with the development of specific ‘biotech’ or
large-molecule therapeutics. The arrangement of activities follows the order conveyed in Figures 2 and 3, rather than
being alphabetical.

Early trends contributing to medicinal chemistry’s present status thus initially suggested the following path for the
immediate future of small-molecule drug discovery (Figure 3):

1. Genomics and proteomics would continue to uncover numerous new pharmacological targets, i.c., to the extent that
choosing the most appropriate and validating such targets among the many therapeutic possibilities would also
continue to rise as a growing challenge in itself.

2. Biotechnology would, in turn, continue to quickly respond by generating ligand-identification assays for all new
targets chosen to be pursued, namely by deploying HTS protocols.**

3. Targets that lend themselves to x-ray diffraction and structure-based drug design would likely be exploited quickly.

4. Ligands for HTS would be supplied by existing and new combinatorial-derived compound libraries, as well as from
wild* and biotechnology-elicited natural sources.

5. Assessment of ADMET parameters, considered to be the new bottleneck for the overall drug discovery process
(Table 2), would continue to move toward HT'S modes that can be placed at earlier and earlier points within the
decision trees utilized to select lead compounds for further development as drugs.

It is important to emphasize at this juncture, that in order to place confidence in the predictive value of ADMET
HTS surveys, these particular screens must become validated relative to actual clinical-related outcomes. Today,
however, this situation is best likened to a deep, dark chasm that the still evolving ADMET HTS surveys need to
traverse if they are to ultimately become successful. Fortunately, while many items of (1) to (5) listed above appear to
have already come into play, it seems that the most negatively boding possibility has not, namely that of potentially
exhausting those targets that readily lend themselves to x-ray and structure-based drug design. Instead, x-ray methods
and the associated proteomic-related technologies needed to obtain adequate quality crystals, seem to be rising in very
admirable fashion to meet this challenge.’*™>®

Most importantly, however, applying our recited definition for medicinal chemistry across the present drug discovery
paradigm reveals that there is an even more critical activity that medicinal chemistry needs to become immediately
involved with. Indeed, as HTS results are amassed into mountains not just for efficacy data, but for each of the
ADMET parameters as well, it should ultimately become medicinal chemistry’s role, by definition, to attempt to
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Figure 4 Classical versus site-directed mutagenesis (SDM) exploration of structure—activity relationships (SARSs).

understand and codify these awesome, criss-crossing ranges of biological data if such data is to be effectively merged
and used to either select or design the most promising preclinical development compounds. For example, while
medicinal chemistry’s principles and logic may not be needed to identify hits or leads from a single HTS efficacy survey
across a library of potential ligands, or perhaps not even needed for two or three of such consecutive surveys involving a
few additional ADMET-related parameters, present experience with the new drug discovery paradigm is already
demonstrating that the same series of compounds identified from within an initial library as a hit subset or as further
generated within a directed library based upon the initial hit subset, are typically not able to sustain themselves as the
most preferred leads upon continued HTS parameter surveys. In other words, the identification of the optimal end
product structure, namely the best preclinical candidate compound, is unlikely to be derivable from an experimental
process that does not represent a ‘knowledge”™”® generating system that then allows for rational medicinal chemistry-
based assessments and adjustments, or even complete revamping, to be interspersed at several points along the way. In

61,6 .
6162 and ‘smarter,” presorted relational databases actually represents more

this sense, the move toward ‘focused libraries
than just the often-touted desire to ‘be more efficient.’®® Indeed, this may be the only way for the new drug discovery
paradigm, now well into its own adolescent phase, to eventually work as it continues to mature and take on more of the
ADMET-related considerations in a HTS format. Taken together, it can now be emphasized that the common
denominator required to correlate the HT'S data from one pharmacological setting to that of another ultimately resides
in the precise chemical structure language that medicinal chemistry has been evolving since its emergence as a distinct
field, i.e., SAR principles defined in terms of physical organic properties displayed in three-dimensional (3D) space.
This, in turn, suggests that it should now be medicinal chemistry that rises to become the central interpreter and
distinct facilitator that will eventually allow the entire new drug discovery paradigm to become successful. Indeed, this
central role for medicinal chemistry may become even more critical longer term. Speculating that the new drug
discovery paradigm will mature within the next 25 years into a synergistic merger of efficacy and thorough ADMET
H'TS systems that allows for an effective multiparameter survey to be conducted at the onset of the discovery process,
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Table 2 Assessment of drug discovery and development bottlenecks

46-51

Activity

Estimated timeframe

Percentage successfully traversing associated
criteria

Biological conception

Proof of therapeutic principle

Identification of lead compound
based upon efficacy screen

A plethora of new characterizations lies

waiting to be exploited; this situation
is expected to prevail well into the
future

Ultimately requires reaching phase 11

clinical testing; Biotech derived
humanized and/or transgenic disease
state models may be able to be
substituted at an earlier time point
depending upon the confidence
associated with their validation

Using HTS, thousands of compounds

can be tested in a matter of days or
less (10-100 times more with
UHTS); companies are beginning to
have more lead compounds than they
can move forward in any given
program

The challenge lies in prioritizing which of
the numerous mechanisms might be
best to pursue (see next entry)

Generally high although there are some
distinct therapeutic categories that
continue to have low success rates or
lack definitive validation such as the
attempted treatments of septic shock or
the pursuit of endothelin modulators

One compound out of 5000 from random
libraries/1 out of 10 from directed
libraries; despite the low efficiency, this
is not regarded as a bottleneck because
HT'S can be done so quickly; much
higher percentages can be obtained
during ligand- and structure-based drug

design but synthesis is then
correspondingly slower

About 1 out of 50 wherein all can be
examined during the indicated time
frame

Progression to preclinical
development compound”

Approximately 2 years

About 1 out of 10 wherein all can be
examined during the indicated
timeframe

About 1 out of 2

Progression to clinical development
compound”

Approximately 2 years

Phase I study’ Approximately 1 year”

Phase II study” Approximately 2 year” About 1 out of 2

About 1 out of 1.5 and often with modified
labeling details

Phase 11 study Approximately 3 year”

Product launch Approximately 2 years (NDA About one out of 1.57

submission/approval)

2Presently regarded as the bottleneck for the overall process. These are the points where ADMET properties have been
historically assessed. Approximately 40% are rejected because of poor pharmacokinetics and about another 20%
because they show toxicity in animals. In the new drug discovery paradigm (Figure 3), the ADMET assessments are being
moved to an earlier point in the overall process and are being conducted in a HTS mode. However, in most cases,
validation of the new methods relative to clinical success still needs to be accomplished.

bwhile these clinical studies may not be able to be accomplished any quicker, they may be able to be done more efficiently
(e.g., smaller numbers and focused phenotypes within selected patient populations) and with a greater success rate
based upon making the same improvements in the ADMET assessment area noted in footnote a.

°Timing includes generation and submission of formal reports.

9 About 1 out of 5 compounds entering into clinical trials becomes approved. The overall process to obtain one marketed
drug takes about 12-15 years at a cost of about $500 million.

the accompanying and by then validated, predictive data that will have been generated over this initial period should be
%71 through virtual compound
and virtual informational libraries not just for identifying potential efficacy leads to synthesize, as is already being

statistically adequate to actually realize today’s dream of ‘virtual’ or ‘in silico screening

attempted, but across the entire preclinical portion of the new paradigm wherein the best overall preclinical candidate
compound is selected with high precision for synthesis at the outset of a new therapeutic program. This futuristic drug
discovery paradigm is depicted in Figure S.

This evolution, however, depends upon the entire maturation process being able to proceed in a knowledge-
generating manner. Central to the latter remains medicinal chemistry as the common denominator. For example, with
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Figure 5 Future drug discovery and development paradigm. This model portrays interactions with US regulatory agencies and
uses terms related to those interactions for steps 11 to 17. ‘Future’ implies about another 50 to 75 years. The most striking
feature of this paradigm compared to Figures 2 and 3 is the considerable number of decisions that will be made from virtual
constructs rather than from experimental results. Confidence in the virtual decisions will be directly proportional to the level of
knowledge that is learned from the huge amounts of drug screening data being amassed during the next 50 years coupled with
the overall ability to predict clinical outcomes. Step 1 is likely to be associated with some type of genomic and/or proteomic
derived notion that intends to amplify or attenuate one or more specific biological mechanisms so as to either return some
pathophysiology to an overall state of homeostasis, or to modify some system in a manner that prevents or provides prophylaxis
toward an otherwise anticipated pathophysiological development. A growing emphasis of treatments will be directed toward
prevention. Step 2 may be based upon an actual x-ray diffraction version of the biological target or upon a computationally
constructed version derived from similar known systems that have been catalogued for such extrapolations. In either case,
docking studies will be conducted in a virtual mode. Steps 3, 4, and 5 will be conducted in a virtual mode. Steps 6 and 7
represent the first laboratory-based activities. After submission of patents, it is proposed that in vivo testing involving steps 9 and
10 will be able to take advantage of project specific and FDA approved generic toxicity model transgenic species. Steps 11 to
18 are similar to those in Figures 2 and 3 except that the likelihood for a compound to fall short of the desired criteria will be
significantly reduced. Subject inclusion/exclusion criteria will also be much more refined based upon advances in the field of
pharmacogenetics.

time it can be expected that just as various pharmacophores and toxicophores have already been identified for speci-
fic structures associated with efficacious or toxic endpoints, respectively, distinguishing molecular properties and
structural features will, likewise, become associated with each of the ADME behaviors. Indeed, work toward such
characterizations is already progressing in all of these areas. Understanding the pharmacophores, metabophores,’
toxicophores, etc. in terms of subtle differences in molecular electrostatic potentials (from which medicinal chemistry’s
physical organic properties of interest are derived) as well as in terms of simple chemical structural patterns, will
eventually allow for identifying optimal composites of all of these parameters across virtual compound libraries as long
as the latter databases have also been constructed in terms of both accurate 3D molecular electrostatic potentials and
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gross structural properties. Thus, in the very least, medicinal chemistry’s recent identity crises should now be
considered to have been more than solved by the very same factors that served to prompt such feelings in the first
place. Indeed, implementation of the new drug discovery paradigm continues to be accompanied by a desperate call
for medicinal chemistry’s hallmark SAR-related logic and rationale to now make it all come together so as to become
a success.

As an initial follow-up to this call, the present status of assessing molecular conformation will be reviewed first since
this is such an integral part of practicing medicinal chemistry along any venue. In particular, we will look most closely at
the handling of chemical structures and chemical-related information within database settings, an additionally
challenging activity now considered to be a field of its own, namely that of chemoinformatics.”*”>

1.02.3.2 Chemoinformatics

Given the exponential proliferation of technical data and our increasing ability to rapidly disseminate it through
electronic networks, it is no wonder that new systems capable of ‘managing and integrating information’’® have been
regarded among ‘the most important of the emerging technologies for future growth and economic development across
the globe.””®”” That ‘information technology’ (I'T), in turn, is now receiving high priority in all sectors is quite clear,”*™*
particularly with regard to systems directed toward integrating bioinformatics-related information as promoted via the
world wide web.®® As mentioned, medicinal chemistry’s contributions toward this assessment of the future importance
of I'T" primarily reside in the area of handling chemical structures and chemical information. In this regard, the
increasing use of databases to link chemical structures with biological properties has already been alluded to in terms of
both real experimental data sets and virtual compilations. Although serious strides have been taken in this area,
however, there is still a significant need for improvement in the handling of chemical structures beyond what is
suggested by what now appears to be occurring within today’s database assemblies. For example, that “better
correlations are sometimes obtained by using 2D displays of a database’s chemical structures than by using 3D displays”
only testifies to the fact that we are still not doing a very good job at developing the latter.?” How medicinal chemistry
must step up and rise to the challenges already posed by this situation in order to fulfill the key roles delineated above
for its near and longer-term future are addressed within the next several paragraphs of this section.

Assessment of molecular conformation, particularly with regard to database-housed structures, represents a critical
aspect of chemoinformatics. While new proteins of interest can be addressed reasonably well by examining long-
standing databases such as the Protein Data Bank,*® and other Web-based resources® for either explicit or similar
structural motifs and then deploying x-ray (pending a suitable crystal), NMR, and molecular dynamic/simulation

. . 90-9
computational studies” "

as appropriate, the handling of small molecules and of highly flexible molecular systems
in general, remains controversial.”® For example, the only clear consensus is that treatments of small molecules for
use within database collections “have, to date, been extremely inadequate.”’ Certainly, a variety of automated, 3D
chemical structure drawing programs are available that can start from simple 2D representations by using Dreiding
molecular mechanics or other, user-friendly automated molecular mechanics-based algorithms, as well as when data is
expressed by a connection table or linear string.”® Some programs are able to derive 3D structure “from more than
20 different types of import formats.””® Furthermore, several of these programs can be directly integrated with the
latest versions of more sophisticated quantum mechanics packages such as Gaussian 98, MOPAC (with MNDO/d), and
extended Huckel.”® Thus, electronic handling of chemical structures, and to a certain extent comparing them, in 3D
formats has already become reasonably well worked out.”27>-98-101

Nevertheless, the fundamental problem still remains as to how the 3D structure is initially derived in terms of its
chemical correctness based upon what assumptions might have been made during the process. Further, there are still
challenges associated with how readily 3D structure information can be linked with other, nonchemical types of
informational fields. As has been pointed out by others, the reason that such mingling of data fields often does not
afford good fits is because “each was initially designed to optimize some aspect of its own process and the data
relationships and structures are not consistent.”’? At this point, inexpensive Web-based tools that can integrate
chemical structure data with other types of information from a variety of sources, including genomic data, have already
begun to emerge.'” While this trend is likely to continue to pick up, user-friendly solutions that cut across all
disciplines again beg for the central interpretation that can be afforded by medicinal chemistry’s hallmark rationale of
SAR-derived principles and unifying concepts.

Unfortunately, the quick assignment of chemically correct 3D structures may not be as readily solvable. Recalling
from Section 1.02.2, medicinal chemistry has been concerning itself with this task for quite some time. Medicinal
chemistry’s interest in small-molecule chemical structure is further complicated, however, by the additional need to
also understand how a given drug molecule’s conformational family behaves during its interactions with each of the
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biological environments of interest. For example, as a drug embarks on its ‘random walk’'%* through the biological realm
(Figure 6), the ensuing series of interactions have unique effects upon each other’s conformations'**1%° at each step
of the journey and not with just the step that finally consummates the drug’s encounter and meaningful relationship
that is struck with its desired efficacy-related receptor/active site.

In order to track such behavior in a comprehensive manner, it becomes necessary to consider a drug’s multiple
conformational behaviors by engaging as many different types of conformational assessment technologies as possible,
while initially taking an approach that is unbiased by any knowledge that may be available from a specific interacting
environment. For example, the three common approaches depicted in Figure 7 include: (1) x-ray (itself prone to bias
from solid-state interactions within the crystal lattice); (2) solution spectroscopic methods, namely NMR, which can

Oral mucosal Stomach (pH ~ 1-3) (Dl:fﬁegfg; ;nlcljeuumt Intestinal mucosal
cavity (pH ~ 6-8) and gut bacterial flora* pbacterial ﬂora9 membranes*
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and various blood components
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u circulation blood flow
Differential
Peripheral vascular distribution within Point of
endothelium or |—> |Interstitial fluid |[—>- Target coll — | . —> | efficacious
: ; membrane intracellular fluid and
blood—brain barrier cellular organelles contact

Figure 6 Random walk'®® taken by an oral drug on route to its point of efficacious interaction within a human target cell. This
continuum of interactions between a drug and various biological surfaces within the human biological realm is typically divided
into categories associated with ADMET and efficacy. Biological milieus marked with an asterisk represent compartments having
particularly high metabolic capabilities. Blood is notably high in esterase capability. In the future, medicinal chemists will utilize
knowledge about ADMET-related SARs to more effectively identify the best drug leads and to further enhance the therapeutic
profiles of selected compounds.

X-ray
NMR Computational
e Polar solvents o Ab initio/quantum mechanics
 Nonpolar solvents e Empirical/molecular mechanics

e Semiempirical
¢ Molecular dynamics/simulations

Figure 7 Techniques employed to assess conformational detail. X-ray diffraction requires a suitable crystal and its results are
subject to solid-state interactions. Computational paradigms are most accurate when done at the highest levels of calculation
but these types of calculations become prohibitively computer-time intensive. NMR requires that the molecule be soluble in the
chosen solvent and that adequate compound supplies be available. Mass spectrometry is also becoming an important tool for
larger molecules although it provides smaller amounts of descriptive conformational data. A composite of all approaches
provides for the best possible assessment of molecular conformation.
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often be done in both polar and nonpolar media (this technique, however, being more limited by the amount
of descriptive data that it can generate); and (3) computational approaches that can be done with various levels of
solvation and heightened energy content (limited, however, by the assumptions and approximations that need to be
taken in order to simplify the mathematical rigor so as to allow solutions to be derived in practical computational
timeframes). Analogous to the simple, drawing program starting points, programs are also available for converting x-ray
and NMR data into 3D structures.'®

While the importance of taking such a three-pronged approach is not new, it is emphasized herein because today’s
medicinal chemistry literature suggests that investigators sometimes still fall into the single technique trap from which
further extrapolations of data are then often made with great conviction. This may be because it is difficult to obtain an
acceptable crystal for x-ray analysis, have adequate solubility for highfield conformational analysis by NMR, or perhaps,
to become aligned with appropriate computational expertise and computing power. At any rate, advances in all three of
these areas can be expected to alleviate such implementation-related shortcomings so that medicinal chemists of just
the near-term will be more readily able to consider structures from at least a three-pronged starting point either
independently or through collaboration with other specialists and experts dedicated to each of these areas.

As mentioned above, after taking an unbiased structural starting point, medicinal chemistry needs to especially
consider structures (and the energies thereof) by ascertaining what their relevant conformations might be during
interactions within various biological milieus. It can be imagined that at least for the immediate future, a useful range of
such media to be considered will include: aqueous solutions at acidic and neutral pH, namely at about 2 (stomach) and 7.4
(physiological), respectively; one or more lipophilic settings, such as might be encountered during passive transport
through membranes; and finally, specific biological receptors and/or enzyme active site settings that are of particular
interest. Importantly, with time this list can then be expected to further grow so as to also include: several distinct
biological surface models deemed to be representative for interaction with various transportophore relationships; several
distinct biological surface models deemed to be relevant for interaction with specific metabophore relationships such as
within the active site of a specific cytochrome P450 metabolizing enzyme; and finally, several distinct biological surface
models deemed to be relevant for interaction with specific toxicophore relationships. It should also be appreciated that
the interaction of even just one ligand within just one of the various biological settings could still involve a wide range of
conformational relationships wherein the biological surface may also exist as an equilibrium mixture of various
conformational family members. If x-ray, NMR, etc. can be further deployed to assess any one or combination of these
types of interactions, then a composite approach that deploys as many as possible of these techniques will again represent
the most ideal way to approach future conformational considerations within the variously biased settings. Advances toward
experimentally studying the nature of complexes where compounds are docked into real and model biological

environments are proceeding rapidly in all of these areas, with mass spectrometery (MS) 9719 0.1

RllZ,l 13

and microcalorimetry
also now adding themselves alongside x-ray and NM as extremely useful experimental techniques for the study of
such SARs. Besides the experimental approaches, computational schemes will likely always be deployed because they can
provide the relative energies associated with all of the different species. Furthermore, computational methods can be used
to derive energy paths to get from the first set of unbiased structures to a second set of environmentally accommodated
conformations in both aqueous media and at mutually molded biological surfaces. Importantly, these paths and their
energy differences can then be compared along with the direct comparison of structures per se, while attempting to
uncover and define correlations between chemical structure and some other informational field within or between various
databases.

Finally, by using computational paradigms, these same types of comparisons (i.e., among and between distinct
families of conformationally related members) can also be done for additional sets of conformational family members
that become accessible at appropriately increased energy levels (i.e., at one or more 5 keal mol ~ ! increments of energy)
to thus address the beneficial losses of energy that might be obtained during favorable binding with receptors or active
sites.!!* These types of altered conformations can also become candidates for structural comparisons between
databases. The latter represents another important refinement that could become utilized as part of SAR queries that
will need to be undertaken across the new efficacy and ADMET-related parameters of the future. With time, each
structural family might be ultimately addressed by treating the 3D displays in terms of coordinate point schemes or
graph theory matrices.!"® This is because these types of methods lend themselves to the latest thoughts pertaining to
utilizing intentionally ‘fuzzy coordinates,'®!"” ¢.g., x+&’, y+, and z+2 (rather than just x, j, and z plots), for each
atomic point within a molecular matrix wherein the specified variations might be intelligently derived from the
composite of aforementioned, energy-biased and energy-raised computational and experimental approaches. Likewise,
the fuzzy coordinate strategy might become better deployed during the searching routines, or perhaps both
knowledgeably fuzzy data entry and knowledgeably fuzzy data searching engines handled, in turn, by fuzzy hardware,''®
will ultimately best identify the correlations which are being sought in any given search paradigm of the future.
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It should be noted, however, that for the fuzzy types of structural treatments, queries will be most effective
when the database has become large enough to statistically rid itself of the additional noise that such fuzziness will
inherently create.

It can be noted that it is probably already feasible to place most of the clinically used drugs into a structural database
that could at least begin to approach the low to mid-tier levels of sophistication discussed above because considerable
portions of such data and detail are typically already available within the literature for each drug even if it is presently
spread across a variety of technical journals. On the other hand, it should also be clear that an alternate strategy
will be needed to handle the mountains of research compounds associated with just a single HTS parameter survey.
Unfortunately, it appears that some of the large compound surveys being conducted today do not even have
systematically treated 2D structural representations. Indeed, while the present status of handling chemical structure
and data associated with HTS is wisely being directed toward controlling the size of the haystack,''” the dire status of
handling conformational detail is reflected by attempts that try to grossly distinguish between druglike and nondruglike
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in a 2D manner or, at best, to identify certain ‘privileged structures while using 3D constructs
derived from less than completely rigorous experimental and computational assessments. Furthermore, in certain
companies, notions about druglike patterns (or actually the lack thereof) are already being set up as the first in silico
filter to be deployed against a given compound library’s members while the latter are still en route to a HT'S efficacy
screen. Unfortunately, this scenario can detract from the definition of an initial efficacy pharmacophore along structural
motifs that might, alternatively, be able to readily take advantage of neutral areas by making straightforward chemical
modifications that then serve to avoid the nondruglike features. At present, and for probably much of the near term as
well, strategies that use nondruglike parameters to limit the number of compounds that can otherwise contribute
toward the definition of a given efficacy-related structural space would appear to be premature. In the very least, such
strategies are counter to the need to continue to accumulate greater knowledge in the overall ADMET arena, let alone
in the specific handling of 3D chemical structure at this particular time. Finally, when it is additionally appreciated that
in most cases the connection of HT'S ADMET data with actual clinical outcomes still remains to be much more
securely validated, the strategy to deploy notions about nondruglike structural hurdles as decision steps prior to efficacy
screening becomes reminiscent of medicinal chemistry’s own adolescent phase wherein medicinal chemistry’s efforts
to rationally design drugs without the benefit of the additional knowledge afforded by an x-ray of the actual target site,
ultimately did not enhance either the production of NCEs or the image of medicinal chemistry.

With regard to chemical structure, the present situation thus indicates that we have a long way to go toward
achieving the aforementioned tiers of conformational treatments when dealing with large databases and applying them
toward the process of drug discovery. Nevertheless, because of the importance of chemoinformatics toward
understanding, fully appreciating, and, ultimately, actually implementing bioinformatics along the practical avenues of
new drug discovery, it can be imagined that future structural fields within databases, including those associated with
HTS, may be handled according to the following scenario, as summarized from the ongoing discussion within this
section and as also conveyed within Figure 8.

For optimal use in the future, it is suggested that several levels of sophistication will be built into database
architectures so that a simple 2D format can be input immediately. Accompanying the simple 2D structure field would
be a field for experimentally obtained or calculated physicochemical properties (the latter data also to be upgraded
as structures are matured). While this simple starting point would lend itself to some types of rudimentary structure-
related searching paradigms, the same compound would then gradually progress by further conformational study
through a series of more sophisticated chemical structure displays. As mentioned earlier, x-ray, NMR, and com-
putational approaches toward considering molecular conformation will be deployed for real compounds given that it is
also likely that advances in all of these areas will allow them to be more readily applied in each case. Obviously, virtual
compound libraries and databases will have to rely solely upon computational approaches and upon knowledgeable
extrapolation from experimental data derivable by analogy to structures within overlapping similarity space. Eventually,
structures would be manipulated to a top tier of chemical conformational information. This top tier might portray the
population ratios within a conformational family for a given structure entry expressed as both distinct member and
averaged electrostatic surface potentials wherein the latter can be further expanded so as to display their atomic
orientations by fuzzy graph theory or fuzzy 3D coordinate systems. Thus, at this point, one might speculate that an
intelligently fuzzy coordinate system could eventually represent the highest level of development for the 3D
quantitative SAR (3D-QSAR)'%*'#* based searching paradigms seemingly rising to the forefront of today’s trends in the
form of comparative molecular field analysis (CoMFA)."'*'?® Furthermore, one can imagine that this tier might actually
be developed in triplicate for each compound, that is: one informational field for the environmentally unbiased
structural entries; another involving several subsets associated with known or suspected interactions with the biological
realm; and a third for tracking conformational families when raised by about 5 and 10 kcal mol ' in energy. Finally, as

43



44

Drug Discovery: Historical Perspective, Current Status, and Outlook

2D input of structure
and physicochemical

properties
Environmentally Environmentally
unbiased biased 3D structures
3D structures o X-ray
o X-ray e NMR
e Computational e Computational
(docked molecules)
. ) Various
Conformational Efficac
family members Members and Su ﬁace‘; ADMET-related
depicted individually averaged composite N surface models
and as averaged at incremental ~
graph theory or increases of energy
fuzzy 3D Specified conformations
coordinate depicted as graph
system composite theory or fuzzy 3D
coordinate systems
(critical interactions likely
to have low tolerance for
variability)
Track energies for T
movements between

various conformational
family members

Figure 8 Handling chemical structures within databases now and into the future. This figure depicts the quick entry and
gradual maturation of structures. Search engines, in turn, would also provide for a variety of flexible paradigms involving physical
properties with both full and partial (sub)structure searching capabilities using pattern overlap/recognition, similarity/dissimilarity,
comparative molecular field analysis (COMFA), etc. Structure entry would be initiated by a simple 2D depiction that is gradually
matured in conformational sophistication via experimental and computational studies. Note that structures would be evolved in
both an unbiased and in several environmentally biased formats. The highest structural tier would represent tracking/searching
the energies required for various conformational movements that members would take when going from one family to another.

chemoinformatics continues to churn its computational technologies forward, conformational and energetic con-
siderations pertaining to a compound’s movement between its various displays can also be expected to be further
refined so as to ultimately allow future characterization and searching of the dynamic chemical events that occur at the
drug-biological interface, e.g., modes and energies of docking trajectories and their associated molecular motions
relative to both ligand and receptor/active site. That this top tier is extremely valuable for understanding the
interactions of interest to medicinal chemistry is apparent from the large amount of effort already going on today in this
area,'?’"1%% particularly when such studies are able to take advantage of an x-ray-derived starting point.

By the same token, chemical structure search engines of the future will probably be set up so that they can also be
undertaken at several tiers of sophistication, the more sophisticated requiring more expert-based enquiries and longer
search times for the attempted correlations to be assessed. A reasonable hierarchy for search capability relative to the
structural portion of any query might become: (1) simple 2D structure with and without physicochemical properties;
(2) 3D structure at incremented levels of refinement; (3) 2D and 3D substructures; (4) molecular similarity/
dissimilarity indices; (5) fuzzy coordinate matrices; (6) docked systems from either the drug’s or the receptor/active
site’s view at various levels of specifiable precision; and finally, in the more distant future, (7) energy paths for a drug’s
movement across various biological milieus including the trajectories and molecular motions associated with drug
receptor/active site docking scenarios. Emphasizing informatics flexibility, this type of approach where data entry can
occur rapidly for starting structure displays and then be gradually matured to more sophisticated displays as
conformational details are accurately accrued, coupled with the ability to query at different levels of chemical
complexity and visual displays'*® at any point during database maturation, should allow for chemically creative database
mining strategies to be effected in the near term, as well as into the more distant future.
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What this section points to is that, ultimately, structural databases of the future will probably have several ‘tiers’'**

of organized chemical and conformational information available which can be distinctly mined according to the
specified needs of a directed (biased) searching scheme while still being able to be completely mixed within an overall
relational architecture such that undirected (unbiased), ‘knowledge-generating mining paradigms’ can also be
undertaken.'*7'%° Certainly, simple physicochemical data will need to be included among the parameters for chemical
structure storage. Likewise, searching engines will need to allow for discrete substructure queries as well as for
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assessing overall patterns of similarity and dissimilarity across entire electronic surfaces.

1.02.3.3 Impact of Genomics and Proteomics (Target Identification and Validation)

As mentioned in Section 1.02.2, advances in biochemistry and molecular biology have had a huge impact on medicinal
chemistry and the process of drug discovery over the course of the last 25 years (e.g., Table 1). Whereas drug structures
were previously optimized through animal or tissue-based testing, most drug discovery campaigns now deploy assays for
selected molecular targets in discrete biochemical systems or in well-defined cell lines. The ability to produce large
quantities of active proteins and to generate cell lines overexpressing particular targets has enabled HTS to become a
keystone of the modern drug discovery process (Figure 3). Access to large amounts of pure protein or protein
subdomains, often engineered to ease handling and purification, has also facilitated structure determination by x-ray
crystallography and NMR methods to the extent that structure-based drug design (Table 3) is now a routine a part of
the lead optimization process for many target classes.

In addition to such influences on medicinal chemistry-related lead identification and structural optimization,
advances in biochemistry and molecular biology have proliferated the fields of genomics, proteomics, and pharmaco-
genomics — areas that impact directly upon the initial selection and validation of disease targets. In the past, the
combination of animal and tissue testing along with the exploitation of clinically validated competitor compounds led
to the development of many successful ‘drug analogs.” With the tools afforded by the modern drug discovery paradigm
(Figure 3), there has been a shift in focus toward first-in-class molecules acting at first-in-class targets that address
unmet medical needs. However, these targets usually come with a relatively decreased level of clinical validation such
that genomic and proteomic approaches are usually employed to provide a link between the target and the disease to
be treated. From a technology perspective, the introduction of DNA microarray methods has enabled an unprece-
dented exploration of the transcriptional state of cell populations.'* Examination of the transcriptional state of normal
and disease modified cells can shed light on potential targets involved in the disease process. Furthermore, trans-
criptional response to treatment with pharmacological agents can also be used to assess drug efficacy and toxicity at the
molecular level.

Modern genomic technologies allow the selective deletion of target genes in the mouse and other species.
Evaluation of the phenotype for these “knockout animals” can provide information about the role and importance of

Table 3 Medicinal chemistry-related drug discovery approaches?

Method Key features

Structure-based drug design An experimentally derived (e.g., by x-ray, NMR) model of the target site is available
(sometimes with one or more bound ligands as well); often is coupled with molecular
modeling studies and with SDM studies

Analog-based drug design A special case of ligand-based drug design wherein the parent ligand is a successfully
marketed drug

Ligand-based drug design At least one, weakly binding ligand for the target is known and it serves as a molecular
template for the design of further compounds or exploration of related structural space

Library-based drug discovery A library of compounds is assessed (typically) via a HTS in search of a hit or lead
compound; with the latter in hand, this approach combines with ligand-based drug
design to form a directed library

Natural product drug discovery Matrices or isolates from natural sources are (typically) assessed in various biological
assays, often times in a HT'S mode

2These approaches are meant to focus upon just chemistry activities such that within this context, HTS and ‘target-based’
technologies for example, are not listed as approaches toward drug discovery. Today, rational drug design can be thought
of as encompassing the first three entries and, since all entries are listed in an approximate ranking for their decreasing
efficiency toward producing an active compound, medicinal chemistry has thus turned to a new page in history compared
to its first experiences with rational drug design as conveyed in Section 1.02.2.
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the gene products.’*® Target gene deletion, in an ideal setting, corresponds to the effects of a perfect antagonist

13L152 ihdicate that target knockout phenotypes recapitulate the corresponding drug

compound. Recent publications
effects in up to 85% of the cases, either in the context of markers of drug efficacy or drug side effects. However, there
are also instances where the gene deletion phenotype can mislead. In this regard it should be appreciated that many
of the drug/target combinations assessed historically related to drugs developed using rodent models of disease to
evaluate efficacy, and in those cases one might expect a good correlation of target role between mouse and human for
this particular selection of therapeutics. Alternatively, there are circumstances where knockout experiments may not be
able to provide target validation, i.e., in instances where the target functions differently in mouse compared to human,
or the target gene deletion may be embryonically or neonatally lethal precluding the assessment of target abrogation in
the adult. Likewise, unanticipated compensatory mechanisms during development can diminish the effects of gene
deletion. In these cases, conditional knockouts, in which the target gene is abrogated in a particular tissue or at a
defined time, may provide target validation. However, to date, the latter have proven more difficult to implement on as
large a scale.'® Finally, even when gene modification in the mouse does provide robust target validation, the overall
process is typically expensive and time consuming. One technique that has been widely adopted since the
demonstration of its utility in mammalian cells'>* is that of gene silencing by small interfering RNA (siRNA).'*° Several
reports of target identification using this technique have recently appeared.’>*"*® It has been applied in a high-
159 160 and it is likely that, in the future, siRNA methods in
combination with expression analysis will become a mainstay of the target discovery/validation process.

throughput fashion for target identification >~ and validation,

Proteomics, in turn, probes the protein content of the cell (the proteome) in terms of function and interactions.
In this regard, it has also been used to identify potentially useful disease targets. Since proteins represent the biological
surfaces that serve as mediators for most small-molecule drug actions, proteomics can also be used to identify specific
protein targets for useful drug actions. From affinity-based ligand approaches, exemplified by the identification
of FK506 binding protein (FKBP) as a target for FK506,'®" methods for protein target identification have evolved to
more sophisticated yeast, three-hybrid systems.'®® The combination of proteomics and genomics has allowed the
construction of detailed protein interaction maps for entire signal transduction pathways, e.g., tumor necrosis factor
alpha (TNF-a)/nuclear factor kappa B (NFkB) pathway'®*!®* and even at the level of entire organisms, e.g.,
Caenorhabditis elegans.'®® These pathways can give a clearer picture for the potential desirable effects and unwanted side
effects of molecules interacting with a given target in a particular pathway.

Pharmacogenomics attempts to relate variable drug response to variation in particular genes and gene products.
Thus, pharmacogenomics encompasses an analysis of the genome-wide contributions of numerous genes and gene
products to drug response and toxicity.'®® This field has also benefited from the development of high-throughput gene
array technology. As mentioned above, gene expression profiling is proving to be very useful in the validation of drug
efficacy in the discovery stage and it is likely that, in the near future, expression profiling will also prove useful in the

167 and toxicology screening.'®® Ultimately, these sciences hold the promise of personalized

evaluation of drug response
medicine based on the identification of genes related to disease susceptibility or drug susceptibility. Pharmacogenomic
analysis can potentially identify disease susceptibility genes as well as drug susceptibility genes: target effects, off-
target effects, new targets. Perhaps the most advanced example of the impact to date is the identification of
chemotactic chemokine receptor 5 (CCRS5) as a co-receptor for human immunodeficiency virus 1 (HIV-1) and a
potential target for the treatment of acquired immune deficiency syndrome (AIDS).'®? From the first clinical validation
disclosed in 1996, it is remarkable that only 9 years later there are now drug molecules in phase II and phase I1I clinical
trials that target this receptor for the treatment of AIDS. Although it is not yet possible to point to examples for the
discovery of marketed drugs influenced by one of these applications, genomics, proteomics, and pharmacogenomics
clearly have already impacted upon the discovery process in the areas of target identification and validation, as well as
further contributing toward the biotechnology-derived tools that have inspired the still evolving, new drug discovery
paradigm.

1.02.3.4 High Attrition during Drug Development and an Actual Decline in New
Chemical Entities

When these new ways to identify novel therapeutic targets are coupled with the new paradigm for the identification of
potential drug molecules, the entire process of drug discovery can certainly be said to be operating in an exhilarating
period. For today’s practitioner, however, it becomes immediately disappointing to note that the statistics associated
with the production of new molecular entities (NMEs) over the last few years indicate that NMEs are actually
undergoing a decline.'’® This disturbing development is depicted in Figure 9. Since the NMEs reflect the sum of the
NCEs that are closely associated with medicinal chemistry efforts, plus new biological entities (NBEs) that are more
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Figure 9 Diminishing returns.’”® Downward trend continues in the number of new drugs entering the marketplace while R&D
expenditures continue to climb. NME = new molecular entity = ENCE + NBE (new chemical entity plus new biological entity)."”"
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Figure 10 Drug candidate attrition: the numbers.'”? Bar graph numbers represent the numbers of compounds that typically
are tested in order to advance to the next stage of the overall drug discovery process in order to achieve the successful market
launch of one new product as the last step.

closely associated with biotechnology-related disciplines, one might wonder if just one of these two subcategories is
largely responsible for the overall decline. However, this is not the case and, if anything, it is the NCEs that appear to
be taking the biggest dive.'”' Further analysis of this situation reveals that, on a percentage basis, there has been little
improvement in the overall attrition rate for lead compounds moving from late preclinical development through the
early phases of clinical testing.'”” The numbers of compounds typically needed to be tested at various stages in order to
ultimately launch just a single compound into the marketplace, along with the reasons for such high attrition are
depicted in Figures 10 and 11, respectively.

It might be acceptable to fail at the same percentage level when overall throughput moves at a higher rate because
the absolute number of drugs ultimately delivered on an annual basis would still increase. However, even this less than
ideal scenario, in terms of efficicency, does not appear to be the case since the absolute number of NCEs is, instead,
going down. Thus, with the lead identification stage typically moving at a faster pace and with attrition and throughput
essentially unchanged during the subsequent preclinical and clinical development stages, one may want to turn toward
the initial target selection stage and consider its need for a closer examination. Such questions about ‘target-based drug
discovery’ do indeed appear to now be arising within the literature.'” As suggested in the preceding section, however,
today’s pursuit of highly novel and seemingly more sophisticated mechanistic targets is certainly meritorious.
Furthermore, whether the novelty and complexity of today’s targets are to blame or are not to blame, it should be
apparent that there is still good reason to pursue the possibility that the development stages might be able to be made
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1. Lack of efficacy (30%)

2. Poor PK/ADME (39%)

3. Animal toxicity (11%)

4. Adverse effect in humans (10%)
5. Commercial reasons (5%)

6. Miscellaneous (5%)

2

Figure 11 Drug candidate attrition: the reasons.'”® Several reasons for the high attrition rate are compared via their
percentage of contribution. Note that while the lack of human efficacy (30%) is certainly high, problems associated with the
combined ADMET properties double (60%) this figure. Note that these recent percentages, reflecting the new paradigm in drug
discovery (Figure 3), remain similar to those previously obtained from the classical drug discovery process (Figure 2).

more efficient in terms of attrition and/or more rapid in terms of throughput. Both of these goals are closely linked with
making improvements in the preclinical evaluation/clinical prediction and molecular adjustment/enhancement of a
given compound’s PK-related properties. Since the latter, reflected as a composite of the various ADME parameters,
are best addressed during initial drug design and subsequent molecular modification, the knowledge-generating SAR
activities that represent the hallmark of medicinal chemistry, are again clearly being called for.

1.02.3.5 Drug Design-Related Multitasking

In order to effectively play this key role as a central interpreter of the wide variety of drug discovery-related SAR
information, today’s medicinal chemists will have to remain well versed in physical organic principles and confor-
mational considerations while becoming just as adept at applying them toward each of the ADMET areas as they
have been when previously applying them toward the singular pursuit of efficacy-related biochemical scenarios. The
required interplay of activities associated with assessing such varied types of data coupled with that for the various
methods of assessing and modifying chemical structure are depicted in Figure 12.

Responding to this bombardment of data, the various approaches that can be deployed by today’s medicinal
chemists to discover new drugs are listed in Table 3 along with a brief description of each method. These methods are
oftentimes used in combination or in a parallel and complementary manner. They have been arranged according to
how much information is known about the biological surface, the latter then generally being directly proportional to a
medicinal chemist’s success at having a proposed ligand actually hit the desired target. While most of the methods have
been adopted to pursue small-molecule SAR, it is unfortunate that it is precisely this vital aspect that is most glaringly
at risk when conducting a rapid survey across a compound library using a HT'S strategy. This particular irony is further
discussed below.

As has been alluded to earlier, HTS efficacy hits, per se, can certainly be pursued without the aid of medicinal
chemistry. Indeed, one can imagine that with one or more compound libraries already in hand from an automated
synthesis,'”* and the areas of robotics®*'7>717° and laboratory information management or LIMS!”7 also continuing to
rapidly evolve, HTS in the brute force mode may be able to essentially proceed without any significant human
intervention. However, as has been repeatedly emphasized, if the new drug discovery paradigm is to ultimately become
successful, this type of screening will need to be accompanied by structure-associated knowledge generation and
assessment, with the latter being conducted using the rationale and logic that can only be interjected by human
intervention. In this regard, structural-related decision-making quickly falls right into the middle of the domain of
medicinal chemistry and its distinct area of small-molecule SAR expertise.

Given this responsibility, it becomes important to briefly review some critical aspects about SAR that would be
worthwhile to include within the database assemblies that are currently being drawn up to handle the mountains of
data already arriving from today’s HTS programs. One can predict that once ADMET profiling by HTS is validated in
the future, it will become extremely valuable for a knowledge-generating paradigm to be able to discern not just the
active hits within an efficacy database and to be able to compare their structural patterns to those in another database,
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Figure 12 Today’s practice of medicinal chemistry: Drug design-related multi-tasking. The most striking differences from the
long-standing practice of medicinal chemistry are: (1) data reduction of huge amounts of rapidly derived HTS biological results;
(2) greater emphasis upon multitechnique chemical structure considerations; and, most importantly, (3) the simultaneous
attention given to all of the ADMET-related parameters along with efficacy and efficacy-related selectivity (E/S) during lead
compound selection and further design or enhancement coupled with an expanding knowledge base. In the future, the latter
should also offer the possibility for achieving synergistic benefits by taking advantage of various combinations of multiagent,
prodrug, soft drug and/or multivalent drug strategies.

but to also be able to demarcate the regions on compounds that can be altered with little effect upon the desired
biological activity as well as those areas that are intolerant toward structural modification. The neutral areas, in
particular, represent ideal points for seamless merging of one set of a database’s hits with that of another regardless
of the degree of pattern overlap, or for further chemical manipulation of a hit so as to adjust it to the structural
requirements defined by another data set that may be so distant in structural similarity space that attempted overlap or
pattern recognition routines are otherwise futile. The regions that are intolerant of modification represent areas to be
avoided during knowledge-based tailoring of an efficacy lead. Alternatively, the intolerant regions represent areas that
can be exploited when attempting to negate a particular action, e.g., metabolism or toxicity. Actual examples of utilizing
both neutral and negative SARs to advantage are provided in Section 1.02.4 to further illustrate how these types of data
sets might also be simultaneously deployed by future medicinal chemists with significantly stepped up complexity as
more and more parameters become added to the process of early lead identification/optimization.

As a summary to this section, Table 4 lists several points that are relevant to chemical compound categories
associated with modern drug discovery. Table 4 is important because it addresses a noteworthy concern, namely that
today’s trend to aggressively filter nondruglike compounds from the initial drug discovery HTS process may work
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Table 4 Molecular attributes of discovery libraries, compound hits, lead structures, and final compounds

Discovery libraries

® ‘Size’ is less important than ‘diversity’ (with allowance for structurally redundant series, e.g., Me, Et, etc.)

® ‘Diversity’ is also much more important than ‘druglike properties,’ e.g., presence of nondruglike members can be extremely
useful toward initially probing overall structural space. Alternatively, ‘assay likable properties’ are mandatory, i.e., compound
members must be able to be delivered (e.g., solubilized, etc.) according to demands of a given assay

Compound hits

® ‘Druglike properties’ are less important than ‘efficacy tolerance,’ i.e., flexibility for altering structure without altering efficacy
(access to ‘neutral regions’)

Initial lead structures

® ‘Individual structures’ are less important than a detailed description of the ‘pharmacophore’ in terms of electrostatic surface
potentials plus knowledge about structural space that is neutral or intolerable toward modifications relative to the measured
biological parameter, e.g., efficacy

® ‘Nondruglike’ features that may be present within certain members contributing to the overall pharmacophore should be
‘red-flagged’ but not necessarily ruled out as potential building-blocks while the overall process of merging structural space
across all parameters is continued, e.g., efficacy plus ADMET

Final lead compounds

® Optimal blend of efficacy and druglike properties (nondruglike features now completely removed or adequately modified
according to experimentally ascertained criteria that have been validated for their correlation to the clinical response)

® At least one neutral region or prodrug/soft drug option remains such that unanticipated hurdles presenting themselves during
further development might still be addressed by additional chemical modification

® One or more back-up compounds having distinctly different molecular scaffolds while still fulfilling the overall ensemble of
pharmacophore and druglike patterns

Notice that while emphasis is placed upon defining a given pharmacophore to the maximum possible detail by de-
emphasizing the use of ‘druglike property’ parameters as an early filtering mechanism, components of the pharmacophore
that are presumed to be undesirable should still be ‘red-flagged’ as such. ADMET SAR can then be superimposed within
the distinct molecular contexts of each identified pharmacophore so as to be more efficiently deployed as a filter and,
importantly, in a proactive manner while initial lead structures move toward final lead compounds. This two-step approach
will allow for continued knowledge-building within all of the key parameters relative to various therapeutic areas.

against the accumulation of knowledge that will be useful toward continually improving the overall process, let alone
being useful toward fully characterizing the aforementioned structural space subtleties associated with an initial hit or
later lead compound. In other words, while it can be argued that a certain efficiency in the production of NCEs might
already be obtainable at this juncture by engaging in this type of negative strategy, an overemphasis upon this approach
runs the risk of having the drug discovery and development process becoming forever locked into just this point of
evolution. Alternatively, Table 4 conveys how some of today’s trends that pertain to the molecular attributes of
discovery libraries, compound hits, and lead compounds, might be best deployed so as to allow future developments to
be derived from a truly solid base of accumulating knowledge.

1.02.3.6 Drug Development-Related Multitasking

Although the seamless nature of today’s drug discovery paradigm is a natural consequence of moving what used to be
later considerations into earlier time-points of the overall process, the distinct types of chemical-related activities that
need to be addressed when a lead compound progresses to advanced stages of development are worth mentioning
within their own category. Like the close interplay of medicinal chemistry and the new era of biological assessments
discussed to this point, most of the chemical-related activities conveyed by Figure 13 are also best undertaken in a
simultaneous and close interdisciplinary manner.

Briefly, of foremost importance is the preparation and complete characterization of an analytical standard for ‘the’
final lead compound. All process chemistry-related activities and advanced biological testing activities, particularly
those associated with toxicological assessments, will rely on the analytical standard for verification of substance and
solution integrity. As part of the characterization of the high purity standard, chemical precursors along with
deliberately synthesized reaction side products and potential chemical breakdown products, are typically utilized to
establish that they can be unambiguously distinguished, for example by high-performance liquid chromatography
(HPLC), from the desired material. Since this same type of characterization is typically mandated by government
regulatory bodies to validate an assay for a new drug substance, the complementary relationship between synthetic
medicinal chemistry and analytical chemistry becomes quite clear at this particular juncture of the overall drug
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Figure 13 Drug development-related multi tasking. While big pharma typically has specialized teams of chemists dedicated to
various of these activities, it is not uncommon in small pharma for drug discovery medicinal chemists to become actively
involved with several (or all) of these tasks relative to each final lead compound that may progress to such status. Note that the
final toxicity and clinical batches must be prepared according to Good Manufacturing Practices (GMP) accompanied by Good
Laboratory Practices (GLP) analytical support.

discovery paradigm. Similarly, the need for syntheses of both anticipated metabolites and experimentally derived
metabolite possibilities serves to maintain the complementary relationship between medicinal chemistry and the
biologically oriented disciplines working in the field of drug metabolism. This is an especially valuable relationship
when the latter do not have a full appreciation for the nuances of chemical structure or when the lead compound itself
prompts an analog program directed toward enhancement of drug metabolism-related PK properties. Finally, process
chemistry becomes important at this point not just for longer-range thinking in terms of an eventual product cost, but
because several hundred grams will be needed immediately for preliminary formulation and toxicology studies. The
need for several kilograms will soon follow if the compound is to then undergo phase I clinical testing which is usually
also accompanied by extended toxicity testing. Four key issues pertaining to the interplay of medicinal chemistry with
process chemistry relative to current developments are mentioned below. Like the trend for the ADMET-related
assessments, all of these issues, except for that of intellectual property (IP) which has always been at the forefront, are
moving toward earlier consideration points within the overall process of drug discovery.

First, issues pertaining to IP involve both the structural novelty of biologically interesting compositions of matter
and the latter’s synthetic accessibility via practical process chemistry routes that do not infringe patent-protected
methodologies. Today’s fixation upon emphasizing compound library members that have druglike properties and the
future possibility for further instillation of additionally preselected molecular arrangements that can endow preferred
metabolic profiles in some ways become contradictory to enhancing the future molecular diversity, and thereby
patentability, of the overall drug discovery structural landscape. This seeming paradox is taken up again for further
discussion within the final sections of this chapter. Second, the eventual production cost for a new therapeutic agent is
much more important today than it has been in the past. This is because pharmaceutical companies must now garner
their profits from a marketplace that has, right or wrong, become sensitized about the cost of ethical pharmaceutical
agents. The days of simply raising the price of such products in parallel to increasing costs associated with discovering
and developing them have been over for quite some time.'”® In this regard, the cost-effectiveness of small-molecule
drugs will probably maintain an edge over biotechnology-derived therapeutic agents for at least the near term. A third
point to be mentioned pertains to the impact of the ‘green chemistry’ movement.'”*™'%2 This movement has prompted
pharmaceutical companies to insure that their productions of drugs are friendly toward the environment in terms of all
materials and methods that may be deployed in the process. Finally, the USFDA’s initiative to have all stereoisomers
present within a drug defined both chemically and biologically has prompted industry’s pursuit of drugs that either do
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not contain asymmetric centers or are enantiomerically pure.'® This, in turn, has prompted the need for better
stereochemically controlled processes during production. Stereocontrol has always represented an extremely
interesting area for synthetic chemistry exploration and now for biotechnology-derived chemistry and reagent research
as well, e.g., exploitation of enzymes at the chemical manufacturing scale. Considerable progress is being made toward

184-186 . . 18 .
84186 and microarray technologies.'®” Oftentimes,

developing such methods on many fronts including enzymatic
however, the new laboratory techniques do not readily lend themselves toward inexpensive, scale-up/manufacturing
type of green chemistry. Thus, of the various challenges facing medicinal chemists also involved in drug development,
devising practical routes to single stereoisomer compounds that are both cost-effective and conducive toward green

chemistry, probably represents the largest.

1.02.3.7 Absorption, Distribution, Metabolism, Excretion, and Toxicity

Given the pivotal nature of ADMET assessments within the overall scheme of drug discovery and their present
separation from truly reliable clinical prediction by a dark chasm that cries for the type of bridging knowledge that can
be derived from medicinal chemistry’s SAR forte, the ADMET area deserves to be specifically reconsidered as part of
this account of medicinal chemistry’s current status. Because of this critical importance, each of the ADMET
parameters is separately discussed below.

1.02.3.7.1 Assuring absorption
In addition to conducting in vivo bioavailability studies on selected compounds at a later stage of development, early
in vitro assessments of structural information that might be useful toward assuring absorption after a drug’s oral

188-190 q; - . . . .
Similar studies are being directed toward assessing

administration are now being conducted on a routine basis.
penetration across the blood—brain barrier.'""'°? Determination of the pK, values for ionizable groups, determination of
partition coefficients (e.g., using various types of log P calculations and measurements), and measurement of passage
across models of biological membranes (e.g., Caco cell lines) represent data that has now been shifted toward HTS

193-204 These types of studies can be thought of as absorption

experimental and purely computational modes.
high-throughput screening (AHTS). Since recent results suggest that the biological transporter systems are extremely
important factors in this area,’®>%7 their study is also becoming part of AHTS (e.g., passage of drugs across Caco
cell layers from both directions?**?%?). This trend toward increasing sophistication within AHTS can be expected
to continue. That genomics and proteomics will help to identify and initially define absorption-related systems
biochemically should be clear. Alternatively, that biotechnology working with bioengineering and nanotechnology might
also be directed toward instilling passageways or specific pores for drugs across the human gastrointestinal endothelial
system?!” is more speculative, as are purely chemical?''=?!* and nanotechnology®'*#'® approaches toward prompting or
constructing passageways, respectively. Likewise, that advances in formulation and alternate delivery technologies*'*~
228 could eventually obviate the need for oral administration is also speculative. Nevertheless, all of these possibilities
need to be mentioned because, taken together, they make the point that significant advances in any of the ADMET
areas, regardless of their technological source, have the potential to eliminate the need for assaying certain of their
presently related parameters, perhaps even reversing the initial portions of the present drug discovery paradigm
(Figure 3) back to where it originated, i.e., to being concerned primarily with just efficacy and selectivity during front-
line testing (Figure 2).

As for deciphering selective efficacy-related SARs, medicinal chemistry’s role should be directed toward making
sense out of the AHTS data mountains looming ahead using molecular structure information as the common code, in
this instance by relating the latter to structure—absorption relationships (SAbRs). Such efforts might eventually
culminate in affording molecular blueprints for affecting absorption-related structural modifications that are correlated
with certain structural themes and absorption characteristics for which efficacy hits may be able to be categorized using
structural similarity/dissimilarity indices. Notable advances have already been made toward defining useful SAbR in
terms of database and virtual compound profiling, e.g., the so-called ‘rule of five.’*?’ The latter should be recognized as
just a first, gross step in this direction that can be expected to continue in a more sophisticated manner in the future,
e.g., along the lines of 3D structural considerations relevant to the transporter systems, as well as more refined

parameterization of physicochemical properties.**

1.02.3.7.2 Directing distribution

The same types of studies mentioned above, along with a panel of assays specific for certain depot tissues such as red
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blood cells, plasma protein binding factors, adipose tissue, etc. will be additionally mobilized toward directing

distribution of a xenobiotic. Thus, as the handling of chemical structure improves and more sophisticated correlations
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begin to unfold in the future, AH'TS can be thought of as A/DHT'S that provides both SAbR and SDR. Simultaneous
collection of such data can allow investigators to reflect upon drug absorption and distribution as a continuum of drug
events that can be effectively incorporated together at an earlier point of the overall lead decision process.
Furthermore, in the case of directing distribution it can be anticipated that genomics and proteomics will become
instrumental toward identifying numerous key factors that are overexpressed in various pathophysiological states. For

235-239 1 jigands designed to interact

example, cancer cells are already known to overexpress a variety of specified factors.
with such factors residing on cell surfaces can then be coupled with diagnostic and therapeutic agents so as to be
delivered at higher concentrations to these locales. Such strategies can be thought of as placing both an ‘address’ and a
‘message’ within a molecular construct®**** that may involve an overlap of two small-molecule-related SAR patterns,
or perhaps a small molecule conjugated to a bioengineered biomolecule wherein the latter typically serves as the

242

address system. Indeed, the bioconjugate or immunoconjugate strategy has been around for quite a while”™ and it

appears to be benefiting from a renewed interest** in that chemotherapeutic ‘smart bombs*** are now being added to
our older arsenals of single ‘arrows’ and ‘combinations’ of small molecule ‘magic bullets.”*> A later case study involving
paclitaxel (PAC) is also used to further emphasize this theme wherein the chemical knowledge in the area of PAC
protection and coupling reactions was additionally used to construct compounds that would be directed toward some of
the factors that are overexpressed on certain human cancer cells so as to enhance ‘selective toxicity,**

since there is some precedent in this case that this might be feasible by combining two small molecules. One can

particularly

imagine that as data continues to be amassed for these types of factors, the most promising ones will be quickly
pursued according to both of the aforementioned scenarios, paired small-molecule SARs and small molecule—
bioconjugate pairs. Whether undertaken in a rational manner or via the merger of two HT'S-generated databases (i.c.,
one for an efficacious message and one for determining a selective address) these types of pursuits fall into the general
category of tailoring a lead. Therefore, it can be expected that the expertise afforded by medicinal chemistry will again
be an integral component of such activities.

Before turning to those parameters that might be considered to be associated with ending a drug’s random walk
through the biological realm (e.g., metabolism and excretion), it is necessary to discuss a practical limitation to where
this overall discourse is leading. Clearly, there will be ceilings for how many molecular adjustments can be stacked into
a single compound no matter how knowledgeable we become about the various ADMET-related structural parameters
and how they might be merged so as to best take advantage of molecular overlaps. This will be the case even when
‘prodrug’ strategies are adopted®”’ (Figure 14), wherein certain addresses or messages that have been added to deal
with one or more aspects of ADMET, become programmatically jettisoned along the way while simultaneously
activating the efficacy payload that is to be delivered to only the desired locale as the final statement.

Thus, this situation prompts the prediction that in order to interact optimally with the entire gamut of efficacy and
ADMET-related parameters during a given course of drug therapy, the latter may need to be delivered not as a single
agent but as a distinct set of multiple agents wherein each individual component or player makes a specified
contribution toward optimizing one or more of the efficacy and ADMET parameters relative to the overall drug team’s
therapeutic game plan.

1.02.3.7.3 Modulating metabolism

There is no doubt that one of the largest challenges facing industry-based medicinal chemists today is that of modifying
the metabolism of a lead structure to enhance the latter’s overall PK profile, usually within the context of trying to
prevent or attenuate a given metabolic event so as to prolong biological half-life. Numerous texts,”>* monographs,?>"#*?

. 253254
and reviews™>

are available for readers interested in taking up this particular call for medicinal chemistry input.
Focusing upon phase 1 metabolic pathways, the most aggressive and thus also the most frequently encountered
biotransformation reactions are depicted in Figure 15 relative to chemical functionality typically present within a
drug molecule. Short of removing the susceptible functionality altogether, the most reliable approach that can be taken
to avoid these pathways is that of introducing steric hindrance either directly into that site or into as close a neighboring
position as possible. Although numerous exceptions can be cited, no other physicochemical property comes close to
being even a distant second in terms of its successful manipulation in this regard. Thus, given today’s fondness within
the drug discovery community for simple numerical-related theorems, the aforementioned steric-hindrance strategy
can be thought of as ‘drug metabolism’s rule of one.’

Focusing upon phase 2 metabolic events, two pathways take on prominence, i.e., when such functionality is present,
these particular events have a high likelihood of occurring. These two pathways are also depicted in Figure 15 and, in
perfect accord with ‘drug metabolism’s rule of one’ can again almost always be counted on to be highly susceptible to
steric hindrance. The glutathione detoxification pathway is also a rapid phase 2 biotransformation reaction but since it
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Figure 14 Contrasting dispositions of a drug, prodrug and soft drug.?*’2%° Panel A depicts a generalized version of a
standard drug’s pattern of observed activities. Panel B depicts how a prodrug approach can be used to modify the entry-side
portion of a given drug’s overall profile of actions. Panel C depicts how a soft drug approach can be used to modify the
elimination-side portion of a given drug’s overall profile of action. Both prodrugs and soft drugs can be used to decrease toxicity.

is more typically encountered by toxicants and reactive metabolites rather than by parent drug molecules, it has not
been displayed here.

Although these select examples represent only a very much abbreviated highlight of just a few of the many common
biotransformations to which drug molecules are subject, their display serves to exemplify the challenges posed to
medicinal chemists when trying to fully appreciate, and thereby better modulate, this particular aspect of the ADMET
profile. For example, it should be immediately apparent that a variety of metabolic possibilities compete for reaction
with a given drug. Two practical complications result from this situation. First, while each type of biotransformation is
subject to classical organic chemical reactivity variables associated with the local electronic and steric properties near
the substrate’s reaction site, when it comes to predicting drug metabolism, exposure itself becomes an ill-defined
variable that is equally important to inherent chemical reactivity. Thus, even a poor substrate for a particular enzyme
can still be highly subject to that enzymatic event if the substrate achieves a significant concentration and spends
considerable time in the compartment where that enzyme happens to predominate and, vice versa, an excellent
substrate for a particular enzyme, e.g., as determined by a purified biochemical assay, will not be subject to that
pathway if the substrate has limited access to the enzyme. Because of these possibilities, it is imperative to assess
potential drug metabolism events not only in isolated enzyme systems such as a battery of isolated or overexpressed
cytochrome P450 (CYPs) so as to ascertain inherent substrate suitability, but also in systems that begin to further
address drug distribution factors relative to both gross physicochemical properties and to the more subtle nuances of
chemical structure such as the importance of interactions with the various transporter proteins. Indeed, such aspects
are so critical that the present status of our efforts to predict a drug’s half-life (i.e., metabolic stability coupled with
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Figure 15 Metabolic possibilities for model compounds having representative functionality. Selected phase 1 reactions: (1)
hydrolysis of various types of esters, in this case mediated by a carboxyesterase; (2) N-dealkylation mediated by certain of the
cytochrome P450 (CYP) enzymes; (3) O-dealkylation mediated by certain of the CYPs; and (4) aromatic hydroxylation also
mediated by certain of the CYPs. Depending upon the subtleties of their electronic and steric environments, the relative
competitive biotransformation rates for these processes will generally be: (1) > (2) > (3) ~ (4). Selected phase 2 reactions: (5)
formation of a glucuronic acid conjugate (or in some cases a sulfate conjugate); and (6) N-acetylation. In terms of relative
biotransformation rates in general: (5) > (6).

Table 5 Four major themes link drug metabolism to drug design

1. Metabolism itself is the mechanistic concept that is to be manipulated for therapeutic gain
O Inhibition
O Induction
2. Avoiding metabolism may enhance the overall therapeutic profile
O Improve observed potency and duration
O Prevent toxicity
3. Prodrugs
O Improve formulation properties (solubility, taste)
O Enhance absorption
O Prolong duration (depot version)
O Direct distribution
4. Soft drugs
O Program duration
O Avoid toxicity
O Pair with administration (depot release) to obtain ‘steady state’ concentrations
O Limit distribution (topicals and other selected compartments)

avoidance of excretion) in humans is probably better accomplished by comparing in vivo data from another species
altogether (such as rat) than when attempted by comparing biochemical or in vitro data from the same species,
i.e., purified human or humanized enzyme systems.?>>?%°

A second complication of the pathway multiplicity impacts directly upon medicinal chemists’ attempts to enhance
metabolic stability even after the culprit pathway has been clearly established. In this case, when the latter is
attenuated, e.g., by the effective incorporation of steric hindrance, it is not uncommon for an alternate pathway to then
become problematic, a situation which in this context is sometimes referred to as ‘metabolic switching’ (and thus not
to be confused with older definitions for the latter associated with the fields of biochemistry or nutrition).

Aside from dedicated texts, more complete listings of metabolism events are available as drug metabolism databases
and expert systems which can also be used toward metabolic prediction. A few of the longer-standing of these products
include: (1) Metabol Expert257; (2) META%; (3) Metabolite®?; (4) Synopsiszw; and (5) Meteor.?®! Some of these
commercial products have attempted to assign relative rates to each competing pathway based upon substrate
suitability and, to a certain extent, the abundance and distribution of the various enzymes along with the anticipated
distribution of the drug. However, it is still far more appropriate to consider these types of products as conveying all of
the metabolic possibilities, rather than reliable metabolic probabilities, for any given case of a new drug molecule.>!2%?

In addition to modulating metabolism to impact upon PK profile, three other major drug discovery-related themes
link metabolism to drug design (Table S). The first of these is when metabolism itself is the mechanistic concept that
is to be directly manipulated for some type of therapeutic gain. A successful example of this theme within the area of
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cancer treatment would be the now well-established aromatase inhibitors.?**-?%7 Another theme involves prodrugs. The
use of prodrug strategies, which typically rely upon metabolism to liberate the active drug molecule (Figure 14) was
alluded to in the preceding section, and numerous successful examples can likewise be cited for this. On the opposite
side of a drug’s action, there is a final area pertaining to controlling metabolism that falls so specifically into medicinal
chemistry’s domain of lead tailoring that it also merits a brief discussion. This topic involves exploiting what has
come to be called ‘soft drug technology’ (Figure 14)***%* where a metabophore is placed within an established drug
or lead compound’s structure in order to program a specified course of metabolic inactivation of the resulting hybrid
molecule. A successful example of the soft drug approach has been placed within Section 1.02.4.

Analogous to the importance of merging SAbR and SDR with efficacy and selectivity-related SAR, structure—
metabolism relationships (SMRs) and numerous metabophore patterns can be expected to be gradually discerned and
put to extensive use by medicinal chemistry in the future to either attenuate or enhance a candidate drug’s
metabolism. Modulation of the latter will be used along all of the themes conveyed in Table S, as well as toward
enhancing the overall therapeutic profile and reducing unwanted toxicity of drug candidates.

1.02.3.7.4 Engaging excretion

SAbR, SDR, and SMR can all be applied toward engaging the excretion pattern of administered drugs in a proactive
manner so as to optimize this aspect of a drug’s overall profile, the soft drug example applying here in particular.
Analogous to the distribution area, genomics and proteomics can be expected to soon delineate important systems, such
as specialized transporters within tissues like the kidney and liver, that are especially responsible for the elimination of
xenobiotic drugs and their metabolites. The concept of negative SAR will be critical toward avoiding these transporters
and there is at least a possibility that steric factors might again be used to advantage in this area. Medicinal chemistry’s
involvement toward uncovering structure—excretion relationships (SERs) and deriving generally useful structural
patterns that might be used to rationally tailor lead compounds or for merging of different types of databases while
attempting to select lead compounds, again falls into the central theme for medicinal chemistry’s future as being
elaborated within this chapter. As for the other ADMET areas, more speculative notions in this area can provide some
interesting alternatives for the natural excretion of xenobiotics. Although SERs are likely to also encompass various
endogenous materials and their catabolic fragments, one might still imagine that just like the futuristic examples sited
for absorption, in the more distant future, biotechnology, chemical and nanotechnology approaches might all be
successfully applied toward engineering specific drug excretion passages through selected tissues.

1.02.3.7.5 Tending to toxicity
That toxicology has now become a protagonist through its participation in the design or early selection of drug leads,
already represents a remarkable turnaround from its historical, antagonist role as a gatekeeper or policeman standing at
an advanced stage of drug development with an eye toward halting the progression of potentially toxic compounds on
route to the clinic.?®® Nevertheless, it may very well be that the most profound effect that genomics and proteomics are
going to have within the ADMET arena will further pertain to advances in avoiding toxicity. Like the field of drug
metabolism, toxicology has been collecting its data within databases for quite some time (Table 6). In fact, some of the
structural patterns that have come to be associated with distinct toxicities (toxicophores) are probably on much firmer
ground than are the metabophore relationships. On the other hand, drug metabolism derives from a finite number of
genetic constructs that translate into metabolic activity (proteinaceous enzymes albeit notorious for their seeming
molecular promiscuities) such that with enough time the entire set of metabolic options should eventually become well
characterized. Toxic endpoints, alternatively, have no such limitation associated with their possible origins. In other
words, to show that a drug and its known or anticipated metabolites are completely nontoxic is comparable to trying to
prove the null hypothesis, even when a limited concentration range is specified. Nevertheless, genomics, proteomics,
and biotechnology do, indeed, appear to already be producing some promising technologies that can be directed toward
this difficult area. For example, array technologies, as mentioned in the prior section on genomics, are already becoming
available to assess the influence of a drug on enormous numbers of genes and proteins in HTS fashion.?*%~27¢

Once enough standard data of this type are produced by taking known agents up in dose until their toxicity becomes
fingerprinted via distinctive patterns of hot spots, array patterns may be used to cross-check against the profiles
obtained in the same H'TS mode for new lead compounds. Given the quick rate that these important trends are being
further developed and are likely to eventually become validated, medicinal chemistry could certainly become
overwhelmed trying to keep up with its complementary role to identify the corresponding structure—toxicity
relationships (STR) for each array hot spot.

In the case of toxicity then, medicinal chemistry will probably need to approach STR in a different manner, e.g.,
initially from just the exogenous compound side of the equation for a given toxicity relative to the observed hot spot
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Table 6 Long-standing toxicology databases and related organizations

Database or organization

Description

Centers for Health Research
(formerly Chemical Industry
Institute of Toxicology or CIIT)

American Chemistry Council Long-
Range Research Initiative

LHASA Ltd. (UK-based, nonprofit
segment)

International Toxicology Information
Center (ITIC)”

US Environmental Protection Agency
(EPA) High Volume Chemicals
(HVP) Screening Information Data
Set (SIDS)

SNP Consortium (Nonprofit: makes
its information available to public)

Tox Express/Gene Express database
offered by Gene Logic”
(commercial)

National Institute for Environmental

Health Science (NIEHS)’

International Program on Chemical
Safety/Organization for Economic
Cooperation and Development
(IPCS/OECD)

MULTICASE (commercial)

MDL Toxicity Database (commercial)

DEREK and STAR (LHASA
commercial segments)

SciVision’s TOXSYS (commercial)

Phase-1’s Molecular Toxicology
Platform gene expression

Industry consortium sponsored collection/dissemination of toxicology data; also
conduct research and training in toxicology %7’

Industry consortium sponsored initiative to advance knowledge about the health,
. 2
safety and environmental effects of products and processes®’®

Facilitates collaborations in which companies share information to establish rules for
knowledge bases associated with toxicology?”’

Pilot program to share data in order to eventually be able to predict the toxicology of
small molecules, thus lessoning the expense of in vitro and in vivo testing®”’

US user-friendly version that will also be submitted to the Organization for Economic
Cooperation and Development (OECD) and its tie-in with TUCLID“”°

Addresses phenotypic aspects relative to individual responses to xenobiotics, e.g.,
metabolic phenotype and toxicity

Offers a gene-expression approach toward toxicity assessment?’’

Compiling a database of results from toxicogenomic studies in order to divide
chemicals into various classes of toxicity based on which genes they stimulate or
repress>"

Risk assessment terminology standardization and harmonization®®!%

Prediction of carcinogenicity and other potential toxicities*®?

Allows structure-based searches of more than 145000 (January 2001) toxic chemical

substances, drugs, and drug-development compounds®®*

Prediction of toxicity®®

General toxicity database to be developed in collaboration with the US FDA%

. . . . . 2
Allows detection of gene expression changes in many toxicologic pathways*®’

. C b
microarays (commercial)

2|ncludes cooperative efforts with the European Union and the European Chemicals Bureau (ECB) in using the International
Uniform Chemical Database (IUCLID) and its relationship to high-volume chemicals (HVP).

bThis company’s product is representative of several of such technologies that are also being made available by a variety
of other vendors.

Includes cooperative efforts with the Environmental Protection Agency (EPA) and the Information Division at the National
Institute for Occupational Safety and Health (NIOSH).

patterns (unless proteomics and biotechnology also quickly step in to additionally define the biochemical nature of the
actual endogenous partners that are involved in a given toxic event). Taking a chemically oriented starting point,
however, should serve reasonably well in that there will likely become a finite number of chemical reactivity patterns
that can be associated with toxicity. Medicinal chemistry can be expected to elaborate these reactivities into general
STR and to then use them toward defining the liabilities in new compounds. The notion that there should be a finite
number of structurally identifiable toxiclike patterns is analogous to the notion that there should be a finite number of
amenable druglike patterns that reside within a given structural database having a certain degree of molecular diversity.
Indeed, the case for toxicity is certainly on firmer ground at this particular point in time since there will likely be little
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added to the area of fundamental chemical reactivity as opposed to proteomic’s anticipated revelation of numerous new
biochemistries that will, in turn, provide numerous new pharmacologic targets wherein many can be expected to have
their own distinct pharmacophore (and potentially new druglike patterns). Finally, since the precise locales where the
toxicity hot spots may ultimately occur are endless, the latter will perhaps be better addressed by directing a second set
of database queries toward the ADME profile and intracellular localization patterns that a given drug may exhibit. In
the end, after array technologies are producing useful toxicology-related knowledge, the interplay of all of the ADME
parameters with STR should become just as important as they are for efficacy in terms of what type of toxicity may
ultimately be observed within the clinic.

1.02.3.8  An Intriguing Opportunity to Go Back to the Future by Revisiting One’s Roots

The concern that to optimize all of the efficacy and ADMET parameters within a single molecule might be difficult, if
not impossible, to achieve on a routine basis even when prodrug strategies are relied upon to address absorption and
distribution properties was raised within the prior discussion about drug distribution. Alternatively, the use of two or
more molecules that might work together as a team also presents itself as a possibility toward potentially achieving such
a multiparameter optimized profile. That some herbal remedies appear to demonstrate greater benefits as their
mixtures than as their isolated components adds to this intriguing possibility and thus prompts a brief consideration of
this topic. Although today’s trend in the US to self-administer herbal remedies and preventatives is admittedly driven
more by consumerism than by solid science,?*®*? this potential reconnection of basic science to medicinal chemistry’s
historical roots also becomes noteworthy. Aside from their poorly defined analytical characterization and notoriously
inadequate quality control, one of the major, basic science questions about herbals that do possess validated pharma-
cological properties is why their natural forms are sometimes superior to the more purified versions of their active
constituents, even when the latter are adjusted to reflect varying concentration ratios thought to coincide with the
natural relative abundances. Given their incomplete analytical characterizations, it should be apparent relative to the
present discourse that, in addition to simple prodrug possibilities, numerous unidentified, nonefficacious, and
otherwise silent constituents within any given herb could have an interaction with one or more of the efficaciously
active constituents at any one or more levels of the latter’s ADMET steps. When these interactions are favorable,
the resulting overall pharmacological profile becomes altered in a seemingly synergistic manner that is obtainable from
the more natural forms of the mixture but lost upon purification to matrices containing only the efficaciously active
components.’”® In fact, there is already experimental precedent for this scenario relative to efficaciously silent

8 292293 and favorably altering the metabolism® of

components improving the absorption,?’! enhancing the distribution,
their active herbal counterparts, as well as more classical synergies involving direct interactions that occur at the sites
involved with efficacy.?””> Therapeutic enhancements derived directly from multiple interactions at efficacy sites have
been pursued for many years, with multivalent, single drug entities reflecting the latest trend in this direction.?’® What
should be truly remarkable in the following discourse, which at this point can be likened to going “back to the future,”
is that the rapidly evolving process of drug discovery will undoubtedly continue to add the sophistication of the entire
ADMET bprofile into such multi-action-directed considerations.??’~>%!

Optimization of the overall pharmacological profile is precisely what is being striven for when selecting and/or
chemically tailoring an NCE lead according to either the old or new paradigm of drug discovery. Restating, however,
that it may be expecting too much even upon extending the new paradigm into the future as a knowledge-generating
process, to obtain complete optimization within a single, multiparameterized molecule, perhaps it will again be Mother
Nature that will once more lend her hand by revealing some of the modes of ADMET synergy that she, long ago, has
already instilled into some of her herbal productions. At the very least, medicinal chemistry should take care to not
forget its roots in natural product chemistry as it marches forward with biotechnology just behind genomics and
proteomics further into the new millennium. For example, efforts can be directed toward uncovering efficacy and
ADMET-related synergies that may be present among the constituents of herbs purported to have anticancer or cancer-
preventative properties by taking advantage of the common cell culture panels already in place to assess anticancer
activity along with various transporter system interactions via HTS format. However, because anticancer/cancer-
preventative synergy could derive from favorable interactions across a wide variety of ADMET processes relative to any
combination of one or more efficacy-related endpoints, several mechanism-based assays associated with several key
possibilities for efficacy will also need to be deployed as part of such a program. One can only imagine how sophisticated
this type of pursuit will become in the future when such highly interdisciplinary, efficacy networks are further coupled
to an even wider network of ADMET parameter experimental protocols.

A more classical approach toward the interactions of multicomponent systems would be to utilize clinical
investigations to study the interactions, either positive or negative, that herbals may have with drugs when both are
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administered to humans. Importantly, for all of these herb-related studies, it becomes imperative that extensive
chemical constituent fingerprinting is also undertaken so that the observed effects, particularly those suggestive of
synergy, can be correlated with overall chemical composition patterns and not with just the distinct concentrations of
preselected components already known to possess established activity.>%?

In contrast to both of the aforementioned types of studies that can be considered to represent systematic
examinations of ‘herbal-directed, small libraries’ and specified herb—drug clinical combinations, respectively, it
becomes interesting to speculate how a truly random, brute force approach toward identifying synergy might proceed as
a H'T'S survey of a random compound library in pursuit of optimal pair or even triple compound teams rather than as an
attempt to identify a single, ‘blue-chip’ drug that can do it all. In this regard, however, it must first be recognized that
the present trend to test mixtures of several compounds within a given well does not even begin to address synergy.

303 synergy is most likely to

This is because based upon considerable experience with various chemotherapeutic agents,
be observed at very select ratios within very distinct concentrations of the involved players. In other words, looking at
the most simple case of assessing the potential synergy between just two molecules, A and B, requires testing A in the
presence of B across a range of molar ratios presented across a range of absolute concentrations.***~*% This situation is
depicted in Figure 16.

Considering the brute force approach from a purely mathematical viewpoint and in a minimally elaborated pharma-
cological format, suppose the possibility for A plus B synergy relating to just a single, efficacy or ADMET-related HT'S
parameter is examined across a compound library having only 100 members wherein paired combinations are tested at
just three relative molar ratios (e.g., A/B at 0.5/1, 1/1, and 1/0.5) at only three total concentrations of both members
(e.g., 0.1, 1.0, and 10 uM), then a total of 44 850 drug tests plus numerous control runs would be required for an 7 = 1
pass through the library.**” Perhaps because of these rather impressive numbers, brute force HTS will undoubtedly
relish such pursuits. Once the HTS forces become mobilized in this area, such testing could set up an interesting ‘John
Henry’ competition with more directed investigations, such as those that have been elaborated above that seek to
systematically identify the specific synergies seemingly present within certain herbals. Ultimately, no matter how the
identification of such favorable drug—drug partnering possibilities are uncovered and are able to better deal with the
various ADMET parameters of tomorrow, as well as for the classical efficacy relationships of today, they will certainly
prove to be invaluable toward alleviating the situation of trying to establish all of the most desired behaviors for a given
therapeutic target within the context of a single molecular framework. Furthermore, it can be anticipated that this type
of information will become extremely useful when it becomes further elaborated by medicinal chemistry into general
structural motifs that have potential synergistic utilities and applications beyond what was initially uncovered by the
specific mixtures of defined compounds.

Antagonism

Line of simple
additivity

Synergy

Proportion of A

Figure 16 Drug-drug interaction plot for two drugs A and B.3%® ECs, T is the total concentration of the combined drugs
which gives 50% of the maximum possible effect. The ECsp, T is shown as a function of the fraction of drug A (drug B’s fraction
is one minus the fraction shown). Rescaling of drug concentrations to units of their ECsq allows simple additivity to be set at unity
such that deviations below or above this line indicate synergism or antagonism, respectively. The dots are actual experimental
results obtained for two anticancer agents, wherein the observed ECso, T values reflect 20 rays of fixed drug fractions as
estimated from the data along that ray alone. The fitted curve was generated by a global model for the entire data set and
indicates the complicated nature of interaction relationships within even a well-controlled cell culture environment. That
synergism can be accompanied not only by simple additivity but also by ratio-dependent antagonistic relationships is apparent.
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1.02.4 Case Studies

This section intends to provide a few examples of drug discovery-related medicinal chemistry research and
development activities taken from the academic and private sectors, respectively. The first set of studies involve efforts
being undertaken by the Center for Drug Design and Development (CD3) within the University of Toledo College of
Pharmacy. Four projects are briefly described wherein the first reflects a novel approach toward creating new compound
libraries, the second and third address the challenges of handing 3D structures within a database setting, and the fourth
demonstrates the importance of utilizing neutral and negative SAR data, as well as positive SAR. The second set of
studies involve efforts undertaken by the drug discovery community with industry playing the important role of finally
delivering fully developed products to the market place. Two projects are described wherein the first was accomplished
in its entirety several years ago by American Ciritical Care, a small pharma company responsible for the successful
design and development of what is now regarded as the prototypical soft drug. The second series of projects represent
a continuum of research activities conducted more recently within both academic and industry settings in an effort to
abate the growing AIDS epidemic. A focus is placed upon several of the larger companies that have successfully
launched an NCE in this area and, as a result, these last examples demonstrate many of the new approaches that are
presently being undertaken by big pharma toward discovering novel chemotherapeutic agents in general.

1.02.41 Academe
1.02.4.1.1 Combinatorial phytochemistry

This example relates to the chemical library side of the new drug discovery paradigm. In particular, this project seeks

308,300
to enhance molecular diversity

along phytochemical structural themes that have shown promising activity during
initial efficacy screening such that having related compound libraries would be highly desirable.*'” It has a certain
appeal for our laboratories due to its ultimate practicality since it seeks to produce directed molecular diversity within
common plants indigenous to the midwestern USA rather than by relying upon a ‘medicine man’ to retrieve exotic
samples from faraway lands. This possibility is being explored by simultaneously exposing plants to both an elicitor
(botany’s designation for an inducing agent) and selected biochemical feedstocks. For example, the biochemical
pathways leading to the anticancer phytoalexins from soybeans (Scheme 1) may be able to be elicited by soybean cyst
nematode infections to produce a more diverse family of active principles when grown in environments containing
biochemically biased nutrients.?'!-31?

Toward this end, it has been established that the statistical reproducibility of HPLC-derived phytochemical
constituent fingerprints from soybean controls is adequate to discern real fluctuations in these types of natural
products.*®* Work is now progressing toward ascertaining the differences that result upon exposures of soybeans to
various stimuli and feedstocks. Interesting results will be followed up by studying the genetic control of the involved
pathways. In this regard it should also be noted that a reverse approach that leads to similar ‘combinatorial
biosynthesis™'® endpoints is also being undertaken by various other groups, particularly with an interest toward the
production of proteins and peptide families from plant systems.”'” In those studies, directed modification of the
genetic regions controlling one or more established phytochemical pathways is first effected, and then these types of

biotechnology interventions are followed up by characterization of the altered biocombinatorial expression products.

1.02.4.1.2 Human drug metabolism database
This example serves to further illustrate how database structures might be quickly entered in two dimensions and
gradually matured into three dimensions using a computational approach. Experimental details will also be entered
based upon x-ray and NMR data even though not elaborated as part of the example. The specific research problem
pertains to the consideration of structures to be placed within a human drug metabolism database.®'®

Structures are initially considered as closed-shell molecules in their electronic and vibrational ground states with
protonated and unprotonated forms, as appropriate, also being entered. If a structure possesses tautomeric options or if
there is evidence for the involvement of internal hydrogen bonding, then the tautomeric forms and the hydrogen-
bonded forms are additionally considered from the onset. Determination of 3D structure is carried out in two steps.
Preliminary geometry optimization is affected by using a molecular mechanics method. For example, in this case the
gas-phase structure is determined by applying the MacroModel 6.5 modeling package running on a Silicon Graphics
Indigo 2 workstation with modified (and extended) AMBER parameters also being applied from this package.
Multiconformational assessment using systematic rotations about several predefined chemical bonds with selected
rotational angles is then conducted to define the low-energy conformers and conformationally flexible regions for each
starting structure. In the second step, the initial family of entry structures are subjected to ab initio geometry
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available from commercial sources.
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optimizations, which in this case use a Gaussian 98 package running on a T90 machine housed in a State-level US
supercomputer center resource. Depending upon the size of the molecule, 3-21G* or 6-31G* basis sets®'’
for conformational and tautomeric assessments. Density functional theory using the B3LYP functional®®” is applied for
the consideration of exchange correlation energy while keeping the required computer time at reasonable levels. The
highest-level structure determination is performed at the B3LYP/6-31G* level. 'To ascertain the local energy minimum
character of an optimized structure, vibrational frequency analysis is carried out using the harmonic oscillator
approximation. Determination of vibrational frequencies also allows for obtaining thermal corrections to the energy
calculated at 0 K. Free energies are then calculated at 310 K (human body temperature). The latter values become
particularly important for cases where structural (conformational or tautomeric) equilibria occur.

From the calculated relative free energies, the gas-phase equilibrium constant and the composition of the equili-
brium mixture can be directly determined. Although these values may not be relevant in an aqueous or blood

are used

compartment, the calculated conformational distribution is relevant for nonpolar environments such as may be
encountered when a drug passively traverses membranes or enters the cavity of a nonhydrated receptor/enzyme active
site just prior to binding. Repetition of this computational scheme from biased starting structures based upon actual
knowledge about the interacting biological systems or from x-ray or NMR studies (particularly when the latter have
been conducted in polar media), followed by studies of how the various sets of conformations become interchanged and
how they additionally behave when further raised in energy, complete the computational analysis for each structure
being adopted into the human drug metabolism database.

1.02.4.1.3 In pursuit of an oxetane
This example attempts to demonstrate how the dynamic energy relationships between a compound’s different
conformations might be addressed within a database setting. Eventually, structures within the aforementioned human
drug metabolism database will also be subjected to this type of analysis. This example also demonstrates the interplay
of deploying NMR, x-ray, and computational approaches toward a more complete understanding of compound
structure. The example draws from the CD3’s ongoing anticancer chemotherapeutic program where an early effort
was being directed toward replacing the complex scaffold of PAC (see Scheme 3) with a very simple molecular format
that still displays PAC’s key pharmacophoric groups in the appropriate 3D orientations purported at the time to be
preferable for activity.**! % Toward this end, initial interest involved defining the role of the B-acetoxyoxetane system,
particularly when the latter is immediately adjacent to planar structural motifs. Since such systems are rather unique
among natural products®** as well as across the synthetic literature,** % it became useful to first study their formation
within model systems relevant for this project. 2-Phenylglycerol was synthesized®* and deployed as a model to study
the molecule’s conformation by x-ray, NMR, and computational techniques (Figure 7) as a prelude to affecting its
eyclization.*® The energy differences that result as the molecule is reoriented so as to be lined up for the cyclization
were also calculated. Finally, once properly oriented in 3D space, the energy required to actually traverse the S,2
reaction trajectory between the 1- and 3-positions was calculated (one of which positions utilizes its oxygen substituent
for the attack while the other relinquishes its oxygen as part of a leaving group). The synthesis of 2-phenylglycerol and
the pathway and energies associated with the intermediate species and cyclization process to form the oxetane are
summarized in Scheme 2.°%73%°

Not surprisingly, given the strained-ring nature of this system, the energy needed to effect the ring closure from
the lowest of three closely related local minima conformations similarly belonging to a family common to the
independent x-ray and computationally derived starting points was about 28 kcal mol ~'. What becomes interesting,
however, is that within this particular system, nearly half of this energy requirement results from the need to disrupt
hydrogen bonds in order to initially reorient the molecule into a conformation appropriate for the reaction. The actual
movement of the relevant atoms along the reaction trajectory (Scheme 2, dotted line), despite the resulting strain that
becomes placed upon the overall system’s bond angles, then accounts for only slightly more than one-half of the total
reaction energy. Therefore, from a synthetic point of view the results suggest that it should be beneficial to employ a
hydrogen bond acceptor solvent that has a high boiling point, the first property assisting in disruption of the internal
hydrogen bonds that need to be broken for conformational reorientation and the second property for allowing enough
thermal energy to be conveniently added so as to prompt progression across the reaction trajectory. That such favorable
conformational perturbations could indeed be achieved by simply deploying these types of solvents was then confirmed
by reexamination of the independent results obtained from our initial NMR studies conducted in polar, protic media.

Alternatively, from a medicinal chemistry point of view, these results serve as a reminder about the longstanding
arguments pertaining to the importance and energetics of drug desolvation prior to receptor/active site interaction and,
alternatively, the roles that stoichiometric water molecules can play within such sites. That such concerns can be
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Scheme 2 Synthesis of 2-phenylglycerol and computational investigation of its conversion to 3-hydroxy-3-phenyloxetane.®2%-2%1

2-Phenylglycerol, A, is depicted so as to convey the lowest energy structure of the three close local minima observed during ab
initio calculations performed at the HF/6-31G* level. TS1 and TS2 represent transition conformers obtained after the indicated
bond rotations, while B represents the desired 3,3-disubstituted oxetane system. The respective relative energies in kcalmol ~ ! for
A, TS1, and TS2 along with the product oxetane, B, are as follows: 0.00, 13.6, 12.4, and 28.2.

addressed in a deliberate manner by using multidisciplinary approaches similar to the example cited herein seems clear.
Indeed, a quick survey of the present medical chemistry literature suggests that consideration of the dynamic nature of

d.127-132 However, as

conformational perturbations associated with efficacious events is already beginning to take hol
has been emphasized earlier, it is predicted that it will be even more critical in the future to correlate SARs from one
database to another according to the dynamic energy differences between the various molecule’s conformational family
members when several ADMET-related interactions are additionally factored into the overall behavior of a molecule
being contemplated for further development. In other words, simple comparisons of static structures, even when
rigorously assigned in 3D, will probably not be adequate to address a molecule’s behavior across all of the efficacy and
ADMET-=related biological surfaces that become of interest as part of the molecule’s optimization during future, new

drug design and development paradigms.

1.02.4.1.4 Targeting cancer chemotherapy

The investigations to be exemplified in this final case study from academe have been directed toward studying the SAR
associated with biological transporter systems with the hope of eventually establishing a database of transportophore
relationships that might be generally applicable toward enhancing the selection and/or development of efficacy leads
from another data set. To provide immediate relevance to this long-term project, it has initially focused upon the
P-glycoprotein pump (P-gp)**%?** that is associated, in part,*****> with the development of multidrug resistance
(MDR)?*****7 during cancer chemotherapy. P-gp is a 170kDa transmembrane glycoprotein belonging to the ABC
class of transporters that serves as an energy-dependent, unidirectional efflux pump having broad substrate specificity.
In humans it is encoded by the MDR gene, MDR1, whose classical phenotype is characterized by a reduced ability
to accumulate drugs intracellularly, and thus the deleterious impact of increased P-gp activity upon cancer
chemotherapy.*** By way of practical example, the cytotoxicity of PAC is decreased by nearly three orders
of magnitude when breast cancer cell lines become subject to MDR, largely via a P-gp mechanism.>** In order to
explore a series of probes that will systematically span a specified range of physicochemical properties when coupled to
the PAC framework, one needs to first identify a region on PAC that is tolerant toward such modification in terms of
PAC’s inherent efficacy via its ability to overstabilize microtubules and prompt apoptosis. Thus, neutral SAR was
sought where changes are known to not significantly alter PAC’s cytotoxicity toward nonresistant breast cancer cells.
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Scheme 3 Overall SAR profile for paclitaxel-related compounds. This summary represents a consolidation of SAR information
contained in several review articles.®**~34 Note the tolerance for structural modification along the northern hemisphere of the
taxane ring system. Paclitaxel has R—@ and R’ =— CH3CO. Positions 7, 10 and 2’ (on the side chain) are also noted.

Scheme 3 provides a summary of the accumulated SAR data obtained from the PAC-related review literature,**348

wherein it becomes clear that several positions along the northern edge represent neutral areas that can lend
themselves toward such an exploration.

Inhibitors of P-gp have already been identified by several different investigators, and these types of compounds
belong to a class of agents referred to as chemosensitizer drugs for which there are a variety of mechanisms.****3° While
P-gp inhibitors can be coadministered with a cytotoxic agent in order to negate MDR toward the latter when studied in
cell culture, historically these types of chemosensitizers have not fared well clinically.*>' One of the reasons that the
inhibitors have not fared well is that they must compete with the accompanying cytotoxic agent for access to the P-gp
MDR receptors. Thus, it can be imagined that if an SAR can be identified that is unfavorable for binding with P-gp
MDR receptors and, furthermore, that if such a negative transportophore could be incorporated onto the original
cytotoxic agent in a neutral position, then the cytotoxic agent might itself avoid MDR or at the very least become
better equipped to do so in the presence of a coadministered P-gp MDR inhibitor.*>?

Toward this end, initial studies have been directed toward exploring the possibility that it may be feasible
to identify negative SAR that is undesirable to the P-gp system within the specific chemical context of PAC by
manipulating the latter at neutral positions that do not significantly affect PAC’s inherent efficacy. To ascertain
the generality toward potentially being able to place such a negative transportophore onto other established
chemotherapeutic agents and onto lead compounds being contemplated for preclinical development, a similar series of
negative SAR probes is being examined within the context of a completely different molecular scaffold, namely that of
the camptothecin (CPT) family of natural products for which topotecan represents a clinically useful anticancer
drug.®>® CPT, accompanied by a summary account of its SAR-related literature,****33737¢ is depicted in Scheme 4,
wherein it becomes clear that the northwest corner represents the key neutral region in CPT that might be mani-
pulated analogously to those in PAC. Since these two compounds have very different molecular templates and

owe their cytotoxicities to two distinctly different mechanisms (i.e., PAC largely, but not exclusively®”’ " to

380381 and CPT largely, but not exclusively,®® to ‘poisoning’ of topoisomerase 1°*%),
and because topotecan, a clinically deployed CPT analog (Scheme 4), is at the lower end of the spectrum in terms of

being subject to P-gp-related MDR (it loses about one order of magnitude from its initial potency **%), taken

overstabilization of microtubules

together these two molecules represent an excellent pair to examine the generality of the transportophore-related SAR
findings, i.c., different chemical structures with different efficacy-related mechanisms and with differing sensitivity
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Scheme 5 Schematic overview for synthesis of paclitaxel analogs. PAC = paclitaxel with its 2’ and 7-OH groups displayed
along with its 10-acetoxy group (see Scheme 3 for complete structure). DAP = 10-deacetylpaclitaxel; ClAc, chloroacetyl
protecting group; AA, (N-BOC) Asp (x-Benzyl Ester) wherein the two Asp protecting groups were also selectively removed to
provide four compounds in each of the target families T1 and T2: (1) fully protected Asp, (2) amine-exposed Asp, (3) a-carboxy-
exposed Asp, and (4) fully deprotected Asp.

toward P-gp-related MDR. Other molecular scaffold systems and biological testing models can also be imagined so as
to extend such P-gp investigations into the areas of drug absorption, uptake into hepatic tissue (drug metabolism), and
passage across the blood-brain barrier (e.g., for either enhancing or attenuating drug penetration into the CNS).
Likewise, additional transporters within the ABC class can be systematically explored by using a similar approach.

After establishing chemical methods to conveniently protect/deprotect the reactive 2'-position of PAC,***% two
series of 10-position-modified 10-deacetyl-PAC (DAP) analogs were prepared in which the 7-position was either
liberated as PAC’s parent hydroxyl functionality (Scheme 3) or was protected with a chloroacetyl ester-group. For our
academic laboratory, the cost of starting materials was a factor, so a series of analogs was devised to maximize the SAR
that could be gained while minimizing the reactions and starting material requirements for PAC. Our synthetic
medicinal chemistry strategy is depicted in Scheme S.
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From this approach, the diprotected Asp derivatives (N-BOC, benzyl ester) provided readouts about the tolerance
for steric bulk at the microtubule binding site and at the P-gp transporter binding site, both of which proved to be very
tolerant in this regard. These derivatives also provided similar readouts about lipophilicity, both of which impacted
rather inconsequentially upon inherent efficacy but actually appeared to favor binding and cellular export by P-gp.
Likewise, exposure of the basic amine functionality significantly worsened the P-gp susceptibility (increased binding
and export) while having only modest effects on inherent efficacy. Alternatively, exposure of the acidic carboxyl moiety,
although decreasing inherent efficacy by about 10-fold, was seemingly able to decrease the susceptibility toward P-gp
by about one-third. Finally, exposure of both the amine and carboxylic acid functionalities essentially restored the
inherent efficacy-related potency while either not effecting PAC’s P-gp liability or reducing it by about one-half.
Encouraged by the results from this initial series of P-gp probes, we decided to prepare a second series of probes.
In this regard we noted that our most promising negative P-gp SAR functionality, namely a full-blown carboxylate anion,
can also be used by virtue of its sheer polarity, to enhance PAC’s notorious low aqueous solubility. Less obvious,
however, we also discerned that this same structural space had a certain degree of similarity overlap with ‘address’
systems (see Section 1.02.3.7.2) which could hone to certain types of cancer cells such as those associated with the
folate transporter which contains a Glu moiety attached to pteroic acid via an amide linkage. This situation is depicted
in Figure 17 in a general, strategic design manner.

Ongoing efforts are thus exploring the possibility that from the SAR-neutral, northern edge of PAC, we will be able
to construct a single, permanent appendage (and not a prodrug-related cargo) that will: (1) enhance PAC’s aqueous
solubility by virtue of its simple physicochemical properties; (2) improve its selectivity for cancer cells compared to
rapidly dividing healthy cells by virtue of its folate transportophore positive SAR; and (3) have a significantly reduced
liability toward MDR by virtue of its P-gp transportophore negative SAR associated with the presence of a free
carboxylate anion.

Although this particular example reflects a rational SAR strategy, the same types of informational endpoints can
certainly be pursued via a coupled HTS/combinatorial chemistry approach providing that the chemical structure
components within the resulting databases are initially constructed with architectures flexible enough to allow for such
queries. Likewise, while this example reflects a simple query between two different biological behaviors, the same
types of queries can be conducted across multiple databases for multiple parameters. That the next 25 years of
medicinal chemistry will involve a considerable amount of making sense out of such multiple parameter correlations
based upon experimentally derived data is quite clear. That the next 50 to 75 years might then be able to be fruitfully
spent in more of a virtual correlations mode is certainly more speculative but is, at least, probably reasonable providing
that we can build our knowledge base and fundamental understanding of how the various parameters, as assessed in
isolation according to the above HTS scenarios, interact simultaneously within the whole system.

MDR
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Figure 17 Design of optimized drug candidate based upon simultaneous consideration of several fields of paclitaxel-related
SAR. Studies indicate that there is a distinct region of structural space that is simultaneously overlapped by SAR pertaining to
enhanced aqueous solubility, avoidance of multidrug resistance, and the propensity to selectively associate with cancer cells
compared to healthy cells. Coupling of this distinct structural space (depicted as the shaded, bulls-eye region) onto an area of
paclitaxel that can accommodate structural modification without losing efficacy provides a hybridized drug candidate.
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1.02.4.2 Industry

1.02.4.2.1 A soft drug from small pharma: esmolol stat

Soft drugs (Figure 14) are compounds that have been specifically modified so as to program a selected route and rate
for their metabolism. While nature has provided numerous templates for the design of soft drugs, esmolol (Scheme 6)
has come to be regarded as the prototypical soft drug that was obtained via rational drug design.*®” In this case, a methyl
propionate was appended to the classical aryloxypropanolamine template associated with beta-adrenergic receptor
blockade (Scheme 6) in order to program the latter’s metabolism along the ubiquitous esterase pathways such that the
resulting beta-blocker would possess an ultrashort duration of action.”®®***° Thus, a methyl 3-arylpropionate system
(bolded atoms within Scheme 6) represents a useful metabophore already having clinical proof of principle within the
molecular context of an aryloxypropanolamine template. This metabophore can be used to program human drug
metabolism by esterases.

It can be noted that the rational design of esmolol simultaneously drew upon several of medicinal chemistry’s basic
science principles mentioned thus far: (1) negative SAR, wherein it was envisioned that only lipophilic or, at most,
moderately polar groups could be deployed in the aryl portion of the aryloxypropanolamine pharmacophore if activity
was to be retained; (2) electronic physicochemical properties operative within a biological matrix, wherein it was
imagined that while an ester would be permissible in the aryl portion (neutral SAR), a carboxylic acid moiety placed
within the same aryl portion would become too foreign to be recognized by beta-adrenergic receptors upon ionization of
the carboxylic acid at physiological pH; (3) general structure—metabolism relationships (SMRs), wherein it was
appreciated that an ester linkage might be relied upon to program a quick metabolism; (4) steric physicochemical
properties, wherein it was imagined that the metabolic hydrolysis rate could be quickened by extending the initial ester
linkages away from the bulky aryl group such that the sterically unhindered methyl 3-arylpropionate metabophore was
finally identified; and (5) appreciation for the physiologic, drug SER, where there is a general propensity to excrete
low-molecular-weight acids, probably via the anionic transporters (thus itself a useful transportophore relationship for
excretion). These are all fundamental physical organic principles applied in a straightforward manner within very
specific contexts of the biological realm. Thus, this particular case study serves four purposes. The first is to again
emphasize that beyond activity hits per se, neutral and negative SAR should also be tracked so as to be readily
retrievable from the databases associated with a given parameter survey of the future. The second is to again emphasize
that medicinal chemistry will need to become an active participant in the merging of various HTS parameter surveys by
using chemical structure as a common denominator, especially when such activities become considerably more
complicated than the esmolol case. Third, the esmolol case demonstrates that even when problems can be reduced to
what appears to be a rather simple set of factors, it will still be medicinal chemistry’s unique desire to systematically
characterize the complete pattern of chemical structural relationships that is likely to be called upon to finalize what
other disciplines might consider to then be rather subtle or even mundane details. In other words, who, besides a
medicinal chemist, can be expected to enthusiastically pursue methyl-, ethyl-, propyl-, etc. relationships either
synthetically or by tediously purveying huge databases of the future, just to look for those SAR ‘Goldilocks’ situations®’
that could become relevant toward addressing a problem within another structural setting while attempting to merge
the two data sets within a common chemical context? Indeed, as shown in Figure 18, the latter was precisely the
case for the esmolol-related metabophore upon comparison of methyl benzoate, methyl a-phenylacetate, methyl
3-phenylpropionate and methyl 4-phenylbutyrate, wherein the observed half-lives for these systems when incorporated
into the molecular context of a beta-blocker pharmacophore became about 40, 20, 10, and 60 min, respectively.

oﬂm{ O\)o\H/NH<

CH,CH,CO,CH
(A) (B)

Scheme 6 Esmolol as the prototypical soft drug.®®” Compound A represents the classical aryloxypropanolamine pharma-
cophore associated with blockade of beta-adrenergic receptors. Compound B is esmolol, a soft drug version of A that has been
programmed to have an ultrashort duration of action due to hydrolysis of the methyl ester by the ubiquitous esterases. The
methyl 3-arylpropionate (bolded within B) thus represents a useful metabophore for the associated human esterases.
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Figure 18 Relationship between methylene-extended esters and duration of action within a series of esmolol analogs.¢”3%°

The ‘Goldilocks’ nature of the ethylene extension relative to the desired 10 min duration of action is apparent.

In addition to the well-established, critical care uses of esmolol within the emergency room (ER) setting, e.g.,
‘esmolol stat’ situations, numerous other uses of the soft drug technology are likewise being pursued.**'**% For
example, the esterase capability in newborns was recently compared to that of adults, and it was found that esmolol’s
half-life in cord blood (baby side) is about twice as long as that in adult blood. Furthermore, individual variation is
significantly more pronounced within the newborns.>***** These findings, in turn, have prompted an exploration of the
generality of deploying the esmolol metabophore within the chemical contexts of several other types of therapeutic
agents, namely those that are commonly used to treat the neonatal population in critical care settings. Thus, this fourth
and last aspect of the esmolol example clearly demonstrates the potential impact that such classical medicinal
chemistry studies can have upon the new field of pharmacogenetics as the latter is surely to become further evolved.
It is also interesting to note how this applied research problem initially pertaining to a practical desire to shorten the
half-life for a beta-blocker drug, was pursued in a basic research manner directed toward uncovering fundamental SAR
about the interactions between esterases and their substrates which, in turn, has produced knowledge that can now be
applied in a general manner within the context of various other structural settings or parent molecules. Thus, this case
study serves as true testimony to the benefits that can be derived in a synergistic (multiplicative) manner by virtue of
medicinal chemistry’s entwined basic and applied research nature (Figure 1).

1.02.4.2.2 Anti-acquired immune deficiency syndrome drugs

Despite the noted decrease in recent NCEs and its implications for the pharmaceutical industry overall, one area where
implementation of modern technology has been enormously successful has been in the discovery of drugs to treat
AIDS. Many of the new drugs in this area have come from the application of HTS and structure-based drug design
approaches, with advances in molecular biology having enabled the molecular assays used to drive many of the
medicinal chemistry efforts. Interestingly, since drugs for the treatment of AIDS have typically been approved more
rapidly than is usual, it is possible that the success in this particular area presages what we may also see in the coming
years from newer technologies applied to the discovery process.

Although the earliest cases of AIDS occurred in the 1950s, the first documented cases came to the attention of the
US Center for Disease Control in 1981. By 1985 it was discovered that AIDS is caused by a retrovirus, subsequently
named human immunodeficiency virus type 1 (HIV-1). In that year there were 12 000 new cases and 7000 deaths from
AIDS in the USA. In 2004, the World Health Organization estimated that, worldwide, over 30 million people were
infected with HIV-1 and that 20 million people had died from AIDS since the start of the epidemic. With the discovery
of HIV-1 as the cause of AIDS, major drug discovery efforts were launched to identify effective antiviral agents to
combat the disease. Arising mostly within big pharma, this drug discovery effort coincided with dramatic changes in the
technologies and science available for medicinal chemistry such that an overview of this area becomes particularly
instructive with regard to the impact of new technologies on modern drug discovery.

HIV-1 invades and destroys the CD4 ™" cells of the immune system. The virus life cycle requires the incorporation of
viral genetic material into the host genome. Subsequent transcription and translation events generate virus progeny,
and the release of the new virus particles is fatal to the host (e.g., CD4™") cell. The gradual depletion of immune cells
occurs over a period of years and compromises the immune response to such an extent that infections that would
normally be relatively benign can become life-threatening and deadly.
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Drug discovery efforts have focused on interfering with the various processes in the virus lifecycle. As a retrovirus,
the genetic material of HIV-1 is RNA. Two enzymes not found in human cells, reverse transcriptase (RT) and integrase,
are essential for incorporating the information from this genetic material into the host genome. RT has multiple
catalytic activities — it can function as an RNA-dependent DNA polymerase, a DNA-dependent DNA polymerase, and
an RNA hydrolase. It transforms the virus RNA into double-stranded DNA. Subsequently, this viral DNA is
incorporated into the host genome by the integrase enzyme. After transcription provides new viral RNA and the
template for the synthesis of new virus proteins, the activity of one additional virus enzyme, HIV protease, is essential
for the production of new, infectious viral progeny. To date, the reverse transcriptase enzyme and the protease enzyme
have proven to be the most druggable targets in the virus life cycle and have yielded most of the drugs currently used to
combat the virus and treat the disease. More recently, effective inhibitors of the integrase enzyme have been
discovered and some have proceeded to clinical evaluation. There has also been success in targeting the processes
required for virus to recognize and enter host cells with one approved polypeptide drug acting by this mechanism and
several small molecule clinical candidates under evaluation.

Initial efforts to identify anti-HIV agents involved assaying molecules for the prevention of virus replication in cell
culture. Zidovudine (AZT) (Scheme 7), the first antiviral drug approved for the treatment of AIDS, was discovered by
this approach. The discovery process has been disclosed in detail,**> and it provides an example of knowledge and
experience-based drug discovery. Analogs of the natural nucleosides had been used successfully for many years in the
clinic as antiviral agents (e.g., idoxuridine, acyclovir: Scheme 7). AZT, first synthesized in the mid-1960s,**® was
known to possess anticancer and antiviral properties, and in 1985 was demonstrated to have activity against HIV-1
replication in cell culture.**” AZT is an analog of the nucleoside deoxythymidine and is converted by endogenous
kinases into the active triphosphate derivative which is recognized by RT and incorporated into the growing strand of
viral DNA. However, because AZT lacks the 3’-OH group necessary for the attachment of additional nucleotides,
further elongation of the DNA is impossible and the viral replication cycle is disrupted. AZ'T proved effective in the
clinic in suppressing the virus and prolonging the life of AIDS patients and was approved in 1987.

The discovery of AZT as an effective therapeutic agent validated RT as a target in the virus lifecycle, and several
additional nucleoside analogs that act in an analogous manner have since been approved (also shown in Scheme 7).
They are analogs of the endogenous nucleosides, deoxythymidine, deoxycytosine, deoxyadenosine, or deoxyguanosine
and all lack the 3'-OH group of the natural nucleosides that is necessary for DNA strand elongation. AZT, stavudine,*”®

S 399
zalcitabine,

and didanosine were previously known and were disclosed as effective anti-HIV-1 agents around the
same time as AZ'T. All are readily recognizable as nucleoside analogs and this structural similarity to the natural
substrates is likely required since they must be recognized not only by RT but also by the endogenous kinases that
transform them into the active triphosphates.

Since the first phosphorylation step that produces the nucleoside monophosphates is the slow step in the activation
of nucleoside analogs, the monophosphate derivatives could be more effective therapeutic agents. However,
phosphatase as drug substances have two major potential liabilities: metabolic instability due to the action of
phosphates enzymes; and, poor cell permeability due to the two negative charges at physiological pH. The design of
tenofovir disoproxil provided a creative solution to both of these issues. Susceptibility to phosphatase activity was
solved by incorporation of a noncleavable phosphonate moiety (appended to a modified sugar ring system precedented
by acyclovir) to give tenofovir,* which provided proof of concept in the clinic but which was not orally bioavailable and
could only be delivered by the intravenous route. To achieve oral bioavailability and cellular penetration, the
phosphonate group was modified to the double ester prodrug (Figure 14) which is cleaved by intracellular esterase
enzymes,**140?

After its approval in 1987 it became apparent that prolonged use of AZ'T (and indeed any other anti-AIDS drug) as a
monotherapeutic agent engenders resistant virus.**> RT lacks the transcriptional fidelity of mammalian DNA poly-
merases and no correction/editing features are involved in virus replication. Transcriptional errors occur at a rate as high
as 1 per 2000 bases transcribed. Several mutations may be introduced during each replication cycle and the virus can be
described as a quasispecies with many variants present at any time.*** Given the facility with which mutations may be
generated, it was clear that agents from a single therapeutic class would probably not be sufficient to suppress the virus
indefinitely and prevent disease progression. Additionally, since nucleoside inhibitors are analogs of natural cellular
components, they have the potential to interact with endogenous DNA polymerase enzymes, and some of the toxicities
seen with AZT and other nucleoside analogs are thought to arise from such lack of selectivity.*”> Many efforts were
therefore initiated to identify structurally and mechanistically novel RT inhibitors. Whereas the discovery efforts in
the area of nucleoside inhibitors can be characterized as a knowledge-based analog approach to drug design, the
identification of nonnucleoside reverse transcriptase inhibitors (NNRTTs) hinged on the success of HTS to generate
lead structures.
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paved the way for AZT and stavudine which were approved in 1987 and 1994, respectively.
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As mentioned in the previous sections of this chapter, over the past decade HTS technology has advanced to the
extent that hundred of thousands of compounds can be screened in a short period of time. The drugs below came from
carlier screening campaigns involving the evaluation of hundreds or perhaps thousands of compounds per month, and as
such, they constitute early examples of the impact of HT'S on the drug discovery process. Three successfully launched
NNRTI drugs, (nevirapine,*°® delavirdine,*” and efavirenz*®®: Scheme 8) and numerous additional clinical candidates
(representative examples: Scheme 9) arose from these screening campaigns.

The three campaigns that resulted in successfully launched drugs all dealt with comparable issues during lead
optimization.**™*! As is expected for lead optimization campaigns beginning with HTS-derived structures,
improvement in potency was a common goal. In contrast to the nucleoside inhibitors above, the nonnucleoside
inhibitors were generally first optimized for inhibition of RT in a molecular assay and then tested for antiviral activity in
cell culture assays. It is interesting to note, in the context of the recent observations on the changes in druglike
properties generally seen in progressing from lead to drug,*'? that optimization of these lead molecules did not always
require the purported expectation for an increase in molecular weight. In addition to improving potency and in line
with the earlier discussions within this chapter that relate to the challenges of addressing inadequate PK and ADMET-
related properties, attaining metabolic stability (and also chemical stability in the case of the efavirenz lead structure)
proved to be critical. Also worthy of note is that the optimization of the efavirenz lead structure required the successful
replacement of a metabolically labile thiourea motif. The first NNRTT inhibitor class described in the literature
(tivirapine, R28913: Scheme 9) contained a similar thiourea motif which could not be successfully replaced and
although these molecules proceeded to the clinic, they failed to progress beyond phase I.

Additional examples of molecules from the NNRTT class that were optimized from leads discovered in cellular or
molecular screening campaigns and which progressed to clinical trials are also shown in Scheme 9. Again, for these
early HTS leads, chemical and metabolic stability as well as potency were the common issues addressed during lead
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Scheme 8 Nevirapine, efavirenz, and delavirdine. Circled portions of structures represent areas having problematic
metabolism that were addressed during lead optimization.
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Scheme 9 Additional NNRTI clinical candidates obtained from HTS. Lead compounds are shown in the far-left column with
their corresponding clinical candidates shown in the middle and far-right columns.

optimization. As above, it appears that for this drug class, progression from lead to drug does not necessarily require
substantial increases in either molecular weight or complexity.

One remarkable feature of the NNRTIs when compared to their nucleoside counterparts is the selectivity they
exhibit for HIV-1 RT compared to HIV-2 RT. They are typically inactive against HIV-2 RT whereas nucleoside
inhibitors (as their triphosphates) are usually equally effective against both enzymes. Efforts to understand this
phenomenon involved biophysical and structural studies to identify the binding site occupied by NNRTIs. Biochemical
studies showed that the NNRTIs are noncompetitive inhibitors of R, thus indicating that they do not compete with
substrates at the enzyme active site.”"® Photoaffinity labeling experiments identified two tyrosine residues, tyrosines
181 and 188, as components of the NNRTT binding site. In sequence, these tyrosine residues are close to aspartic acid
residues 185 and 186 which constitute part of the enzyme active site.*'* Subsequently, co-crystal structures of RT with

nevirapine*'> and other inhibitors*'®*'7 provided a more detailed structural perspective on the interactions of the
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NNRTTs and RT. The NNRTTs all bind to the same lipophilic pocket on the enzyme and moderate the activity of RT
through allosteric inhibition. A comparison of the HIV-1 and HIV-2 protein sequences in the region of the binding
pocket helped to rationalize the different efficacy of NNRTTs against HIV-1 and HIV-2. Sequence information showed
positions 181 and 188 which contain tyrosine residues in HIV-1 RT; are occupied by isoleucine and leucine residues in
HIV-2 RT. SDM studies confirmed that mutation of even the single amino acid Y188 in HIV-1 RT to LL188 abrogated
the effects of the drug nevirapine.*'® These mutagenesis studies were the precursor to cell passaging studies of the
wild-type virus in the presence of nevirapine that generated resistant virus carrying the mutation Y181C in HIV-1
RT*" This ready generation of resistant virus was confirmed for nevirapine in the clinic and meant that the drug could
not be used as a monotherapeutic agent. However, subsequent clinical studies showed that nevirapine, and other

. . . - . - 1420 4214
NNRTIs, are effective antiviral agents when used in combination with nucleoside* 21422

or protease inhibitors.
Although structural information on RT was available at an early stage, it was not a driving force in the design for
the first-generation NNRTI compounds. It did, however, allow for a better understanding of resistance at the mole-
cular level. Figure 19 is derived from the structure of nevirapine bound to RT. Even though mutations conferring
resistance may be far apart in the primary sequence of the protein sequence, when the mutations are mapped on to the
3D structure of the enzyme, they all cluster around either the NNRTT binding pocket or regions important for

substrate binding.

Figure 19 NNRTI mutations/NRTI mutations. The alpha-carbons of the key aspartic acid residues of the active site are
represented by red spheres. The blue spheres represent sites of mutation that confer resistance to nevirapine and other NNRTI
drugs (the larger blue spheres represent the positions of tyrosines 181 and 188). The orange spheres represent sites that confer
resistance to nucleoside inhibitors.
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The ready emergence of resistance to NNRTTs is a consequence of the relative inefficiency of RT mentioned above
and the fact that the NNRTI binding pocket can accommodate many different amino acid side chain changes and still
yield a functional enzyme. Efforts to design second generation, more effective NNRTIs have focused on attaining
efficacy against many of the resistant mutant RT enzymes along with the wild-type enzyme. The ability to generate and
provide mutant enzymes for molecular assays and for structural studies has been an enabling force for compound
optimization and would not have been possible without the techniques of modern molecular biology. Again,
requirements for second-generation PK properties conducive to once-a-day dosing and compatibility of compounds
with multidrug regimens become important issues. Indeed, the latter two features are an important part of all current
anti-AIDS drug discovery efforts. Since patients often take many drugs as part of a therapeutic regimen, any drug
features that accommodate patient compliance lessen the likelihood for emergence of resistant virus. Some of the drugs
currently under evaluation as second-generation NRTIs are shown in Scheme 10. Calanolide A**® was discovered
through bioassay directed fractionation of a tropical rainforest tree organic extract. It is the only unmodified natural
product currently progressing in the clinic as a treatment of AIDS. The antiviral activity demonstrated initially in
cell culture was subsequently found to be due to RT inhibition.*** Etravirine evolved from the loviride structure
(Scheme 9) via the thiourea derivative. GW5634 derived from the screening lead shown. The discovery process for
capravirine has not yet been described, but it is likely that one of the early NNRTI compounds, HEPT,** provided a
structural lead. These second-generation NRTTs show advantages over the currently approved drugs, generally in the
area of activity against resistant virus carrying various RT mutations.*?®

In contrast to these successes in the RT inhibitor area which were enabled through analog-based discovery
approaches and H'TS, success in the area of HIV-1 protease inhibitors has been achieved mostly through rational,
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structure-based drug design (Table 3). Early confusion about the mechanism of action of HIV-1 protease was clarified
when it was recognized that the enzyme is an aspartic protease and functions as a dimer. The first x-ray crystal
structures were published in 1987 (one enabled by chemically synthesized protein).*”’ This information, in
combination with an experience base in the drug discovery community targeting other proteases (particularly the
aspartic protease renin), laid the foundation for success in the area of HIV-1 protease inhibitor design. Alternatively,
enzyme structural information was not a factor in the design of the first protease inhibitor to reach the market,
saquinavir.**® This drug was derived from a ligand-based approach where peptidic substrates were modified to
incorporate noncleavable peptide bond surrogates in order to attain potent enzyme inhibition. As shown in Scheme 11,
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Scheme 11 Saquinavir. Some of the immediate precursor compounds and their potencies are also shown.
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incorporation of a hydroxyethylene peptide bond surrogate into the substrate analog gave the lead structure with
moderate potency against the protease. Stepwise modification of the left- and right-hand sides of the lead structure led
to significant improvements in potency and, ultimately, combination of the preferred modifications gave saquinavir.
Additional marketed protease inhibitors, such as nelfinavir,*?
additional clinical candidate TMC-114*2 also incorporate the hydroxyethylene isostere. Amprenavir has also been

 amprenavir,*° and atazanavir*' (Scheme 12) and the

developed as a phosphate prodrug that has improved solubility. The phosphate group is readily cleaved in the gut to
release amprenavir for absorption.

In an alternative approach to lead generation, researchers at Abbott hypothesized that since the protease enzyme
functions as a dimer possessing C2 symmetry, inhibitors could also be designed based partially on symmetry
considerations.*** Modification of the symmetrical lead compound (Scheme 13) ultimately led, via two clinical

candidates, to ritonavir**

(approved in 1996). Efforts to generate a second-generation inhibitor based on ritonavir
focused on addressing two issues: (1) achieving potency against resistant proteases where Val 82 in the active site is
mutated; and, (2) attenuating the significant CYP inhibition seen with ritonavir. Analysis of structural information
indicated that the resistance of the mutant enzymes was due to interactions with the isopropyl group on the thiazole
ring and modification of the right-hand side region of ritonavir to incorporate a smaller heterocyclic system gave activity
against the mutant enzymes. Figure 20 is derived from the crystal structure of ritonavir bound to HIV protease.
Somewhat interestingly, the CYP inhibition properties of ritonavir may make it a useful partner in various cocktail
regimens of AIDS drugs. For drugs that are metabolized by CYP co-administration with ritonavir can provide a
significant boosting of plasma levels and efficacy. Lopinavir, for example, has been approved as a formulation with
ritonavir (Kaletra).

Two screening-based approaches have also been successful in generating effective protease inhibitors. Screening of
a collection of rennin inhibitors at Merck provided a peptidic lead structure®’ (Scheme 14) which was modified to
produce indinavir**® in a process which involved the use of crystal structure information and competitor structural
information as part of the optimization process. In comparison, screening at Upjohn provided warfarin as a low-
molecular-weight lead.*® Evolution of this structure proceeded through two clinical candidates with increasing
molecular complexity to tipranavir, which is currently in preregistration. This design effort was also guided significantly
by the availability of structural information. Ultimately, it is interesting to note that the drug structures themselves are
quite similar in molecular weight despite the huge differences in the starting points.

In addition to the marketed inhibitors of RT and HIV protease, researchers have recently been successful in
generating inhibitors of the integrase enzyme. This enzyme is responsible for incorporating the double-stranded DNA
virus genetic material into the host genome and has always been a promising target for anti-AIDS drug discovery. Since
combined inhibition of RT and HIV protease is the mainstay of current therapies, and the drug combinations are
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Figure 20 Ritonavir bound to HIV protease with resistance mutation sites also noted. The orange spheres represent the
alpha-carbons of Val 82 and the blue spheres represent additional mutations in the protease enzyme that confer resistance to
other protease inhibitors.**® The CYP issue was localized to the left-hand side thiazole ring. Modification of this ring system to
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superior to the actions of individual drugs alone, an effective inhibitor of other key targets in the life cycle could
provide substantial therapeutic benefit. Like the RT enzyme, integrase has no host counterpart and offers the potential
for a selective and safe therapeutic mechanism. After many years of effort, and the report of several unattractive
structures as inhibitors, a series of ketoacid derivatives, discovered through HT'S, was recently disclosed to effectively

449 (Scheme 15). Optimization of this lead structure, particularly with regard to the metabolically

inhibit the enzyme
unstable ketoacid motiety, has yielded very effective in vitro inhibitors of the enzyme.**' A molecule with similar
structural features, S-1360, has progressed to clinical trials.*** Figure 21 is derived from the crystal structure of an
analog of S-1360 bound to the integrase enzyme.*** As with the other classes of AIDS therapeutics, there is already
evidence that therapeutic agents targeting integrase will also be subject to resistance.***

One additional area of anti-AIDS drug discovery that has shown progress recently has been the field of viral entry
inhibitors. The prototype proof of concept molecule for this class, enfuvirtide, was approved for marketing. Enfuvirtide
is a polypeptide derived from the C-terminal domain of the HIV-1 fusion protein, and prevents fusion of the virus
with the cell and subsequent cell entry. The drug is somewhat remarkable due to the fact that its synthesis requires
106 steps (99 on solid phase).*** Although enfuvirtide did not come from a classical medicinal chemistry design effort,
it provided evidence that prevention of virus entry constituted a valid approach to combating HIV infection. More
recently, additional opportunities for preventing virus entry were identified with the recognition that HIV-1 makes
use of the chemokine co-receptors to enter cells. It is remarkable that in the relatively short period from this disclosure,
chemokine receptor antagonists have already progressed from screening to clinical evaluation. SCH 417690, for
example, evolved from the HTS hit shown in Scheme 16.**° During the optimization process, chemists had to solve
issues involving metabolic stability and selectivity away from muscarinic receptors (negative SAR). One newer issue
which had to be addressed during this optimization effort was activity against the hERG (human ether-a-go-go-related
gene) channel, considered to be an indicator of QT (interval between Q and T waves) prolongation and potential
serious cardiac side effects.**’

In the 20 years since the recognition that AIDS is caused by human immunodeficiency virus, the drug discovery
community has provided some 20 antiviral agents targeting various components of the virus life cycle. These drug
discovery efforts have made use of historical knowledge, HT'S, and structure-based drug design. That the efforts have
also been facilitated by advances in molecular biology should be quite clear.
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Figure 21 Inhibitor bound to integrase with resistance mutation sites also noted. Only that portion of the protein is shown so
as to depict how the inhibitors bind close to three carboxylates of the active site. In addition, the sites of resistant mutations that
have arisen in vitro are illustrated by the blue spheres. This structural information should provide additional guidance in the
optimization of integrase inhibitors.
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1.02.5 Outlook
1.02.5.1 Drug Discovery’s Future

Drawing from the foregoing discussions and consideration of selected case studies from academe and the private sector,
the future of drug discovery is further contemplated below. As a first step, several points are listed in bullet fashion.
Their sequential progression can be thought of as being driven by an ever-increasing accumulation of knowledge within
the life sciences arena.

® Genomics and especially proteomics, will continue to unveil myriad new biomechanisms applicable to modification
for therapeutic benefit and toward gaining a better understanding of the processes associated with ADMET.
Assessing the value of these mechanisms as worthwhile targets will continue to grow as a practical challenge.

® 'The systems associated with meritorious targets that also lend themselves to crystallization followed by x-ray
diffraction, will be readily exploited by structure-based drug design.

® Biotech will continue to evolve HTS methodologies to assay therapeutic mechanisms and to assess ADMET
properties as a front-line initiative during drug discovery.

® For cases where structure-based drug design is not possible, collected compound libraries and combinatorial
libraries, along with wild and genetically altered or elicited collections of “natural” materials, will provide initial hits
which will then be followed up by directed libraries and by ligand-based drug design.

® Accumulated data in all areas will become well managed via a variety of databases including, in particular, an evolved
level of 3D structural sophistication within their chemoinformatic treatments. The latter will ultimately provide the
common language for the integration of information across all databases with medicinal chemists playing a lead role
in this regard.

® As ADMET information accumulates from preclinical models, which will eventually become validated relative to
the human case, distinct structural motifs will arise that can be used with statistically derived confidence limits in a
predictive manner during drug design.

® HTS of manmade libraries, directed analyses of nature’s mixtures, and importantly, rational exploitation of the
newly elaborated and fully understood ADMET structural motifs will reveal synergistic combinations that involve
more than one compound wherein at least one of the components is, itself, efficaciously silent.

® For each case of new drug design, a summation of the accumulated knowledge from efficacy testing, ADMET, and
potential synergistic relationships will guide final tailoring of the clinical candidate drug or multidrug combination.
This situation is further depicted in Figure 22.

Define pharmacophore

Cqmpound plus negative and Directed
library neutral structural library
space

Tailor compounds to
desired profiles including
use of prodrug and/or
soft drug technologies
either singly or as a
combination of agents

Use knowledge-based
approach to merge or
E—— avoid overlapping o
structural space, e.g.,
alter metabolism

Define associated
ADMET structural
space, e.g.,
metabophores, etc.

Figure 22 Future drug design and development strategy. Note that this strategy emphasizes a complete definition of the
efficacy-related pharmacophore as the central theme such that it can be effectively merged with simultaneously generated
ADMET-related pharmacophores via a knowledge-driven, proactive process that will ultimately produce the optimized clinical
candidate or combination of agents to be deployed for therapy or prophylaxis. It should be noted that this ‘knowledge-based’
decision tree contrasts some of the futuristic schemes that have been suggested by others wherein the various ADMET issues
are simply used as consecutive or simultaneous filters to eliminate compounds being selected from huge compound libraries or
virtual databases. As elaborated within the text, it is these authors’ opinion that by medicinal chemistry input, HTS data of the
future will be able to take drug discovery investigations to significantly greater heights of knowledge such that the latter can then
be used for proactively assembling the positive type of enhanced-property molecular constructs mentioned above. Indeed, if
this scenario does not unfold, then the overall new and future drug discovery processes will be forever locked into a negative
mode that simply keeps eliminating compounds failing to meet certain criteria placed at each parameter.
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® Whereas a reductionist approach toward achieving the most simple, single-molecular system possible will remain
appealing, it will no longer dictate the status quo for drug development. Thus, any combination of one or more
agents wherein each member can independently use prodrug, soft drug or multivalent strategies, will also be
considered within the context of deploying whatever is envisioned to ultimately work the best for the clinical
indication at hand. This strategy is further depicted in Figure 23.

® ‘A better understanding of [biochemical] data [coupled with a better appreciation for systems biology] within the
context of [human] disease mechanisms will enable smaller, more targeted clinical trials with a higher success
rate.”**®

® As clinical successes unfold, and the aforementioned dark chasm presently associated with ADMET prediction is
bridged, a gradual move from experimental to virtual screening will occur. While this is already being done for initial
lead finding by docking ‘druglike’ virtual compound libraries into pockets defined by x-ray, virtual methods should
eventually be able to essentially replace the entire preclinical, front-line testing paradigm.

® Palliative and curative targets will remain, the latter particularly for combating the ever-evolving populations of
microorganisms and viruses, and the former for retaining the quality of life as the human lifespan continues to
elongate. However, preventative and prophylactic treatment paradigms will gradually take on more significance and
will eventually reside at the highest priority of life sciences research.

® For all treatments, and especially for preventative and prophylactic paradigms, pharmacogenomics will define
population subgroups that will then receive treatment protocols optimized for their individuality relative to the
particular treatment that is being rendered. Testing to ascertain an individual’s pharmacogenetic profile will begin
at birth and continue at periodic intervals throughout one’s life, all relative to the optimal deployment of
preventative protocols. Using array technologies, such testing will also be conducted immediately prior to and
during any treatment of a detected pathophysiology.

® [n the more distant future, the combination of nanotechnologies with bioengineering and biotechnology may allow
instillation of devices not only for immediate diagnoses of any deviations from homeostasis, but also of programmable

Utilize neutral areas

Exploit direct overlaps with to construct molecular
Efficacious any of the ADMET-related bridging to nearby
pharmacophore pharmacophores ADMET-related
(T utilizing negative STR) pharmacophores
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Consider prodrugs to
address ADT issues,
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parameters are

Consider multiple drug strategy for
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. —> patterns too distant in structural —> ) .
issues, and a prodrug- . s themselves immediate
L space to become optimized within .
soft drug combination sinale molecule constructs candidates for soft drug
\ for ADMET issues 9 strategies

o Patentability

e Process chemistry considerations (manufacturing cost)
e Environmental (green chemistry) issues

Figure 23 Lead selection and drug design decision flowchart. Decisions and design strategies are based upon efficacy and
ADMET-related pharmacophoric parameters. This flowchart has been set up to represent the case where a single-molecule
construct having the lowest level of complexity/sophistication is initially sought. However, in the future it is also likely that well-
established templates that optimize a certain parameter will be able to be effectively paired with the efficacy-related agent at an early
point in the overall design process. For example, a compound that inhibits a transporter system responsible for a given lead’s poor
passage through the gastrointestinal endothelium might be ideally coadministered as a soft drug version (Figure 14). In this way the
partner compound would solve the oral absorption problem and then be quickly metabolized and eliminated without doing much of
anything else. Structural manipulation of the efficacy construct could then be directed toward enhancing other DMET-related
profiles.
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portals for user-friendly drug administration other than via the oral route. Likewise, this same mix of technologies
could eventually allow for instillation of programmable exits for the controlled elimination of drugs with or without
the need for metabolism. Interestingly, such developments would ultimately cause the entire drug discovery process
to return primarily to the pursuit of only efficacy and toxicity issues, i.e., a return to something similar to the classical
drug discovery and development paradigm shown in Figure 2.

® Somewhere during gene therapy’s complete eradication of defective gene-based disease and bolstering of gene-
linked defenses, along with the nanotechnology/bioengineering effort to reconstruct humans relative to improving
health, public policies and opinions dealing with what other attributes might be manipulated to enhance the
‘quality of life’ will need to be clarified by significant input from the nonbasic science disciplines. Thus, the social
sciences, humanities, and philosophy fields, along with religion and the lay public at large, should look forward to
providing what will soon become desperately needed input into the continued directions that life sciences research
is likely to take well before the end of the next century, let alone before the conclusion of the present millennium.

1.02.5.2 Medicinal Chemistry’s Niche within a Highly Interdisciplinary Process

In addition to applying the various drug discovery-related approaches listed in Table 3, medicinal chemistry’s activities
reside within a matrix of several other disciplines that have now also become intimately involved with the overall
process of drug discovery. Indeed, it is the biotechnology-inspired trends that remain at the forefront of moving the
drug discovery process forward. HT'S has already led to the situation where there are now mountains of in vitro data
available for input toward drug-related considerations. Within just the near term, the entire gamut of ADMET
parameters can be expected to join efficacy surveys being conducted by HTS. Importantly, during this period the
latter’s output will also become validated in terms of predicting clinical correlates. The common link needed to bridge
all these different informational data sets will be molecular structure knowledge as afforded by the probe compounds
or compound library members that become deployed during a given assay. Molecular structure can be best appreciated
by the precise language that medicinal chemistry has been learning since its formalization as a distinct discipline about
75 years ago. Thus, medicinal chemistry is obliged to also step to the forefront and assist in understanding and
translating what the mountains of new data mean so that they might be optimally applied toward the development of
new therapeutic agents.

That the aforementioned situation constitutes a rather unique niche for medicinal chemistry should be clear.
Furthermore, that medicinal chemistry must approach this role via close collaborations with numerous other disciplines
should also be very clear. For example, recognizing that we have not been very effective to date, the appropriate
handling of 3D chemical structure within large databases represents a significant challenge that needs to be resolved
by a cooperative effort between medicinal chemists and computational chemists along with both bioinformatic and
chemoinformatic database experts as quickly as possible. That medicinal chemists have a good appreciation for the
biological nature of the data within one mountain versus that of another is an equally challenging interdisciplinary
problem that will need to be addressed by cooperative efforts between medicinal chemists and investigators from all of
the biochemical and biological-related sciences. Resolving both of these challenges will eventually allow the in vitro
data sets to be intermeshed so as to provide knowledge-generating assemblies that accurately predict the results that
are eventually obtained in vivo and, ultimately, within the clinic.

1.02.5.3 Training Future Medicinal Chemists

Faced with these immediate and critical roles for medicinal chemistry within drug discovery research, how should
academia be preparing doctoral-level investigators to contribute as medicinal chemists of the future? The first and
foremost aim should be to retain medicinal chemistry’s emphasis upon the physical organic principles that define
chemical behavior in a given biological setting. This is fundamental to being a medicinal chemist. Such principles
cannot be learned well by relying only upon textbook/e-instruction or even by predesigned laboratory outcome
exposures. Thus, a laboratory-based thesis project that involves physical organic principles as the underlying variables
of its scientific enquiries is mandated. While several types of chemical problems might be envisioned to provide such a
learning experience, the laboratory practices of synthetic and physical organic chemistry represent extremely useful
tools to permanently drive home the principles associated with intra- and intermolecular behavior and chemical
reactivity. Likewise, with regard to synthesis/compound production, it is also extremely important to first learn how to
isolate and characterize pure materials. Combinatorial mixtures and biochemical manipulations that rely upon chemical
kinetics and the process of natural selection to dictate their concentrations can then be better appreciated if
approached at a later point in time. Finally, while a multistep synthesis of a complex natural product can instill
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fundamental chemical principles, it may be more effective for a budding medicinal chemist to prepare one or more
series of probes wherein most of the members in the series are novel in structure but are (seemingly) obtainable via
reasonably close literature precedent according to short synthetic sequences, e.g., five or six steps to each template that
is to then be further derivatized. The latter positions the student closer to eventually appreciating structural trends
and patterns that may reside within databases.

While this solid foundation in organic synthetic chemistry is being derived from experimental laboratory work,
graduate-level exposures to various other fields and aspects of life science research will, instead, have to rely upon
available courses, seminars, or independent reading. Merging a student’s chemical learning base with a specific
biological area being targeted by the student’s molecular probes, however, ought to be additionally feasible via actual
experimentation without jeopardizing either subject’s rigor. In the end, however, postgraduate, continuing education is
probably the only way that an investigator intending to practice medicinal chemistry will be able to traverse the
explosion of information occurring in all of the areas relevant toward assuming the roles needed to resolve the
aforementioned challenges of the new drug discovery paradigm. That a practitioner may be able to have a head start
along this learning path by initially pursuing a formalized medicinal chemistry curriculum rather than an organic
chemistry curriculum, has been suggested by others.**

It should be emphasized that the broader exposure to the life sciences is a critical component for a medicinal
chemist’s continuing education not because medicinal chemists should eventually attempt to independently pursue
each of such endeavors, but because these exposures will allow them to be able to interact and collaborate more
meaningfully with dedicated experts in each of the numerous other fields. Thus, the ability of medicinal chemists to
participate in interdisciplinary research while serving as scientific ‘scholars’ during their attempts to integrate

knowledge across broad sets of data and scientific fields,*°

are key behaviors that also need to be instilled early in the
overall, graduate-level educational process. By their very nature, medicinal chemistry experiments often prompt
fundamental questions or hurdles that may be related to a variety of other disciplines. Thus, the interplay of the
subject matter from various biological disciplines during medicinal chemistry research is as inherent to the broader
medicinal chemistry intellectual process and notion of scholarship as is the practical requisite for a solid-based
knowledge of fundamental physical organic principles accompanied by the ability to conduct chemical syntheses.

In the future, increasing numbers of formalized short programs pertaining to a given biological area are likely to
be offered to practicing medicinal chemists at technical meetings, at academic centers, at corporate cites, and via
e-instruction.*! Given the interdisciplinary nature of the problems already at hand, along with the proposition that
they will become significantly more complex as we progress further into the future, it is likely that companies that
encourage such interdisciplinary types of continuing education will also eventually become the leaders that are able to
most effectively implement the new paradigm of drug discovery, i.e., not just toward generating more data faster while
working on smaller scale, but toward producing interdisciplinary knowledge bundles that actually lead to better NCEs
at a quicker pace while spending less money.

1.02.5.4 Intellectual Property Considerations

As an appropriate part of closing this chapter, it becomes important to consider how all of the aforementioned technical
and operational possibilities could impact upon where drug discovery and medicinal chemistry may be headed in terms
of pharmaceutical intellectual property (IP).***>* Comments in this area will be directed only toward small-molecule
compounds and not toward biomolecules despite the noted turmoil that was initially created in the gene-related IP
arena.®**> Ag indicated earlier, the highly interdisciplinary nature of today’s life science research endeavors, coupled
with the new paradigm in drug discovery, indicates that the small-molecule, composition-of-matter-related IP arena is
no longer the exclusive domain of medicinal chemistry. Nevertheless, even though the appropriate list of inventors for
any given case that has utilized HTS and combinatorial chemistry could become quite complex, with patience these
situations should all be reconcilable. Likewise, that there may already be reasonable recommendations for addressing
the increasing costs in obtaining patents seems clear.*® Alternatively, there are some other issues that are also
beginning to hit the IP arena for which answers and precedented procedural models may not be as clear. Given that the
desirable goal of enhancing world trade has prompted the need to recognize (if not to completely harmonize) patents
on a global basis,*”*% it is likely that the unique position held by the USA with regard to acknowledging notebook
entries as the earliest dates of an invention’s conception will ultimately give way to the more practical European process
that simply acknowledges the first to file. However, this move will further encourage multinational-based companies to
file patents on technologies that are less mature. For example, casting this possibility within the trends elaborated
throughout this chapter, companies will need to resist the urge to file on complete compound libraries and instead
focus upon claims that protect only a reasonable subfamily of leads for which several members have indeed been
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identified as being meritorious by both efficacy and selectivity and at least preliminary ADMET HTS, i.e.,
experimentally ascertained privileged structures for the indications (utilities) actually in hand. Unfortunately, an even
worse scenario has already begun to unfold, namely in that applications appear to be pending and arguments are being
directed toward the validity of patenting huge virtual libraries considered to be druglike in their make-up.*’
Emphasizing the notion that an actual reduction to practice should remain paramount for a patent, this chapter’s
authors presently stand in opposition to such attempts to garner protection of virtual libraries. Along this same line,
the authors feel compelled to further note that the current requests for assignment of CAS numbers to virtual
compounds also represents a step in the wrong direction.**® Finally, while patent protection of an existing scaffold that
has experimentally demonstrated its utility in one or more therapeutic areas is certainly meritorious, in the future,
companies will still need to refrain from overelaborating these same scaffolds in an attempt to generate NCEs across
several other therapeutic areas based solely upon already having secured IP protection within the context of
compositions of matter. In other words, force-fitting a given scaffold via its array of appendage options, rather than
by conducting a HT'S survey of other structural systems across the complete profile of selective efficacy and ADMET
parameters, could easily be taken as a step backwards in terms of both the molecular diversity and therapeutic quality
that is ultimately being delivered to the marketplace.

1.02.5.5 A Knowledge versus Diversity Paradox

In this same regard, however, a seeming paradox will be created by the insertion of greater knowledge bundles into the
new drug discovery paradigm. Since medicinal chemistry will seek to define SAR in terms of 3D electrostatic potentials
that become predictive of preferred ADMET and efficacy and selectivity behaviors so that their various assemblages
can lead to privileged drug structural motifs (or to ensembles of privileged structural motifs that are deployed as drug
teams), once this process begins to become effective, it will also play against molecular diversity. While this situation is
not nearly as limiting as the situation conveyed in the preceding section and while it will always be subject to an
expansion of diversity based upon the uniqueness of a given efficacy pharmacophoric component, enhanced ADMET
knowledge in particular, will indeed work in a direction away from overall diversity. Hopefully, however, the saving
factor in this evolution will remain the pursuit of therapeutically preferred arrangements and not the overutilization
of a particular motif just because it has been able to garner an exceptionally favorable ADMET profile, perhaps
accompanied by a strong patent position as well (see above). Finally, while enhanced knowledge inherently leads to
more credible and useful predictions, it is the overextrapolation, extra weight, or zeal that is sometimes placed upon a
given prediction versus other options including that of having no prediction, that can become problematic. Thus, even
when all of the challenges cited in this chapter appear to be resolved, the various disciplines caught up in drug
discovery, including that of medicinal chemistry, should all remain cognizant of the earlier days of “preconceived
notions” while also recalling the old adage that “a little bit of knowledge can sometimes be dangerous” such that
when the ideal drugs/drug ensembles of the near-term future are constructed from experimental data, and those of
the more distant future from virtual data, the subsequent, laboratory-based preclinical and clinical investigations, will
still remain open to the possibility that, at any point along the way, anything might still be able to happen. Casting
this last sentiment in a favorable direction, medicinal chemists of the future, no matter how knowledgeably and guided
by wisdom the overall process of drug discovery may seem to have become, should always remain on the alert for
serendipity.

1.02.6 Conclusions

Medicinal chemistry has been defined as both an applied and a basic science that considers fundamental physical
organic principles to understand the interactions of small molecular displays with biological surfaces. Regardless of
discipline or background, when investigators seek this level of understanding, they are embarking upon basic medicinal
chemistry research. Using a variety of input data, medicinal chemistry’s applications, in turn, become that of designing
or selecting new drug candidates as well as providing molecular blueprints for improving the therapeutic profiles of
existing drugs or of new pharmaceutical agent lead structures. Historically, medicinal chemistry has also been heavily
involved with generating input data by designing and synthesizing probe molecules that can systematically test the
roles being played by the various physical organic principles during a given interaction. More recently, medicinal
chemistry has begun to utilize site-directed mutagenesis as an additional tool to understand these same types of
interactions.

Having already spawned a new paradigm for discovering new drugs, biotechnology and its ever-growing list of
spin-off disciplines continue to have a major impact upon drug discovery and medicinal chemistry. Although the initial
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steps in drug discovery appear to have become accelerated by such new technologies, the most recent trend analyses
for the endpoint production of NCEs suggest that the latter have actually decreased. While many of these ‘biotech’
developments are still new on the horizon and should probably be considered to be in their own adolescent phase, the
authors suggest that unless the overall process of drug discovery deliberately strives to constantly incorporate
mechanisms for capturing chemical associated data, relationships and knowledge, the trend in NCE production may
not improve significantly. In this regard, the authors have also emphasized that the role of central interpreter for
bridging biological data with chemical data can be best played by no other discipline than medicinal chemistry. Thus,
while it may indeed be true that “the next 100 years are going to become the century of biology within pharmaceutical
discovery,”**® it will be medicinal chemistry that ultimately makes sense out of all of the data so as to be able to
definitively put it to some practical use in a systematic manner involving SARs that then become directly coupled to
actual drug discovery within the context of producing new molecules that are endowed with therapeutic activity while
also exhibiting an overall ADMET profile that is well suited for use in humans.
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Biographies

Paul W Erhardt received a PhD in medicinal chemistry from the University of Minnesota in 1974 and undertook a
1-year postdoctoral study in the area of bioanalytical chemistry and drug metabolism at the University of Texas at
Austin. His early career involved bench-level research as a synthetic medicinal chemist within the pharmaceutical
industry. He was with American Ciritical Care in Chicago for about 10 years as a Research Scientist, Senior Research
Scientist, and Group Leader. During this period he was directly responsible for the chemical design, synthesis, and
entire chemical-related preclinical/phase I development of esmolol, a drug presently marketed as Brevibloc. He then
joined Berlex Laboratories in New Jersey as a Section Head where over the course of 10 years he became the Assistant
Director of Medicinal Chemistry in charge of drug discovery and, finally, the Assistant Director across all
pharmaceutical research and development activities. When the medicinal chemistry research operation of Berlex was
merged with the biotechnology operations of two new corporate purchases located on the west coast, he became the
medicinal chemist representative on a key business task force that evaluated external technologies for the purpose of
maintaining the company’s drug development pipeline. During this period he became a US PTO-Certified Patent
Agent in order to better deal with the patent issues that often accompany external technology and its in-licensing. He
also led the development of a unified technology Beschluss (decision-making) document which harmonized the
optimal use of R&D resources across the Berlex/SAG corporate triad (Europe, USA, and Japan) relative to the
progression of all internal and in-licensed technologies from concept to market.

With a lingering desire to be closer to the day-to-day experimental practice of bench-level medicinal chemistry,
Dr Erhardt returned to academia about 10 years ago when he joined The University of Toledo College of Pharmacy as a
tenured Professor and Director of the Center for Drug Design and Development (CD3). During this latest period he
has been awarded: the College’s Outstanding Teaching Faculty Award and the College’s Outstanding Research Faculty
Award; been nominated for the University’s Outstanding Researcher Award; and has stepped-in for 1-year as an Acting
Assistant Dean so as to directly participate in the College’s formal academic accreditation process. Dr Erhardt has also
become active in the [UPAC where he has edited a book about using drug metabolism considerations during drug
design and development and where he has recently been voted President for the IUPAC Division of Chemistry and
Human Health (Division VII). His present research focuses on medicinal chemistry considerations pertaining to
oncology, drug metabolism and soft drug technologies, ADMET-related SAR and synergy, and chiral auxiliary synthetic
reagents amenable to practical, drug-related process chemistry. His annual research budget garnered from extramural
sources has recently achieved the level of $1 million.
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John R Proudfoot received his BSc degree in chemistry from University College Dublin in Ireland in 1978. He
proceeded to graduate studies, also at University College Dublin, exploring biomimetic alkaloid syntheses with
Professor Dervilla M X Donnelly and received his doctorate in 1982. Dr Proudfoot then moved to Professor Carl
Djerassi’s group at Stanford University for postdoctoral studies on the identification, synthesis, and biosynthesis of
marine sterols. After an additional postdoctoral experience at the university of California—San Franciso with Professor
John Cashman, exploring drug metabolism by the flavin-containing monooxygenase, Dr Proudfoot joined the medicinal
chemistry department at Boehringer Ingelheim Pharmaceuticals, in Ridgefield, CT, in 1987 and where he has remained
to date. He has contributed to numerous drug discovery programs, and was a member of the team that discovered the
currently marketed anti-AIDS drug nevirapine.
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1.038.1
1.08.2

1.08.2.1
1.03.2.1.1
1.03.2.1.2
1.03.2.1.3
1.03.2.1.4
1.03.2.1.5
1.03.2.1.6
1.03.21.7
1.03.2.1.8
1.03.2.1.9
1.03.2.1.10
1.03.2.1.11
1.03.2.1.12
1.03.2.1.13
1.03.2.1.14
1.03.2.1.15
1.03.2.1.16
1.03.2.1.17
1.03.2.1.18
1.03.2.1.19
1.03.2.1.20
1.03.2.1.21

1.03.2.2
1.03.2.2.1
1.03.2.2.2
1.03.2.2.3
1.03.2.2.4
1.03.2.2.5
1.03.2.2.6
1.03.2.2.7
1.03.2.2.8
1.03.2.2.9
1.03.2.2.10
1.03.2.2.11
1.03.2.2.12
1.03.2.2.13
1.03.2.2.14
1.03.2.2.15
1.03.2.2.16
1.03.2.2.17
1.03.2.2.18
1.03.2.2.19
1.03.2.2.20
1.03.2.2.21
1.03.2.2.22
1.038.2.2.23
1.03.2.2.24
1.03.2.2.25
1.03.2.2.26

Introduction
Anti-Infectives
Antibiotics

Balofloxacin

Biapenem

Cefcapene pivoxil
Cefditoren pivoxil
Cefoselis

Cefozopran hydrochloride
Dalfopristin/quinopristin
Daptomycin

Ertapenem sodium
Flurithromycin ethylsuccinate
Fropenam

Gatifloxacin

Linezolid

Meropenem

Moxifloxacin hydrochloride
Panipenem/betamipron
Pazufloxacin

Prulifloxacin

Telithromycin
Trimetrexate glucuronate
Trovafloxacin mesylate

Antivirals

Abacavir sulfate
Adefovir dipivoxil
Amprenavir
Atazanavir

Cidofovir

Delaviridine mesylate
Efavirenz
Emtricitabine
Enfuvirtide
Famciclovir
Formivirsen sodium
Fosamprenavir
Imiquinod

Indinavir sulfate
Interferon alfacon-1
Lamivudine
Lopinavir

Neflinavir mesylate
Nevirapine
Oseltamivir phosphate
Penciclovir
Propagermanium
Ritonavir

Saquinavir mesylate
Stavudine

Tenofovir disproxil fumarate

105
108

108
108
109
109
110
110
111
111
112
112
113
113
114
114
115
115
116
116
117
117
118
118

119
119
119
120
120
121
121
122
122
122
123
123
123
124
124
125
125
125
126
126
127
127
127
128
128
129
129
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1.03.2.2.27
1.03.2.2.28
1.03.2.2.29

1.08.2.3
1.038.2.3.1
1.03.2.3.2
1.03.2.3.3
1.03.2.3.4
1.03.2.3.5
1.03.2.3.6

1.08.2.4
1.03.2.4.1
1.03.2.4.2

1.03.2.5
1.03.2.5.1

1.03.3

1.03.3.1
1.03.3.1.1
1.03.3.1.2
1.03.3.1.3
1.03.3.1.4
1.03.3.1.5
1.03.3.1.6
1.03.3.1.7
1.03.3.1.8
1.03.3.1.9
1.03.3.1.10
1.03.3.1.11
1.08.3.1.12
1.03.3.1.13
1.03.3.1.14
1.03.3.1.15
1.03.3.1.16
1.08.3.1.17
1.03.3.1.18
1.03.3.1.19
1.08.3.1.20
1.03.3.1.21

1.08.3.2
1.03.3.2.1
1.03.3.2.2
1.03.3.2.3
1.03.3.2.4
1.03.3.2.5
1.03.3.2.6
1.03.3.2.7
1.03.3.2.8
1.03.3.2.9
1.03.3.2.10
1.03.3.2.11
1.03.3.2.12
1.03.3.2.13
1.03.3.2.14
1.03.3.2.15

1.03.3.3

Valaciclovir hydrochloride
Valganciclovir hydrochloride
Zanamivir

Antifungals

Caspofungin acetate
Flutrimazole
LLanoconazole
Liranaftate
Micafungin
\oriconazole

Antimalarials

Arteether
Bulaquine

Antisepsis

Drotrecogin alfa

Anticancer Agents
Anticancer Drugs

Alemtuzumab
Alitretinoin

Arglabin

Bexarotene
Bortezomib
Cetuximab
Denileukin diftitox
Exemestane
Fulvestrant
Gemtuzumalb ozogamicin
lbritumomab tiuxetan
Letrazole

OCT-43

Oxaliplatin

Raltitrexed
SKI-2053R
Tasonermin
Temozolomide

Topotecan hydrochloric acid (HCI)

Tositumomab
Valrubicin

Antineoplastic Drugs

Amribucin hydrochloride
Anastrozole
Bicalutamide
Capecitabine

Docetaxel

Fadrazole hydrochloride
Gemcitabine hydrochloride
Gefitinib

Imatinib mesilate
Irinotecan hydrochloride
Nedaplatin
Pegaspargase
Sobuzoxane
Temoporphin

Zinostatin stimalamer

Antiemetic Agents

130
130
130

131
131
131
132
132
133
133

134
134
134

135
135

135

135
135
135
136
136
137
137
137
138
138
138
139
139
139
140
140
140
141
141
141
142
142

143
143
143
143
144
144
145
145
146
146
146
147
147
148
148
149

149
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1.08.3.3.1
1.03.3.3.2
1.03.3.3.3
1.03.3.3.4
1.03.3.3.5

1.03.3.4
1.03.3.4.1

1.08.3.5
1.03.3.5.1

1.03.3.6
1.03.3.6.1

1.03.3.7
1.03.3.7.1

1.03.3.8
1.03.3.8.1

1.03.4

1.03.4.1
1.03.4.1.1
1.03.4.1.2
1.03.4.1.3
1.03.41.4
1.03.4.1.5
1.03.4.1.6
1.03.41.7
1.03.4.1.8
1.03.4.1.9
1.03.4.1.10
1.08.4.1.11
1.03.4.1.12
1.03.4.1.13
1.03.4.1.14
1.03.4.1.15
1.03.4.1.16
1.03.4.1.17
1.03.4.1.18
1.03.4.1.19
1.08.4.1.20
1.03.4.1.21
1.03.4.1.22

1.03.4.2
1.03.4.2.1
1.03.4.2.2
1.03.4.2.3
1.03.4.2.4
1.03.4.2.5

1.03.4.3
1.03.4.3.1
1.03.4.3.2
1.03.4.3.3
1.03.4.3.4
1.03.4.3.5

1.03.4.4
1.03.4.4.1
1.03.4.4.2

Aprepitant

Dolasetron mesylate
Nazasetron hydrochloride
Palonosetron
Ramosetron

Cytoprotective Agents
Amifostine

5a-Reductase Inhibitor
Dutasteride

Chemotherapy-Induced Leukopenia
Nartograstim

Anticancer Adjuvant
Angiotensin I

Hypercalcemia
Zoledronate

Cardiovascular Agents

Antihypertensives
Aranidipine
Azelnipidine
Bosentan
Candesartan cilexetil
Clinidipine
Efonidipine hydrochloride ethanol
Eplerenone
Eprosartan
Fenoldopam mesylate
Irbesartan
Lercanidipine
Losartan potassium
Mibefradil hydrochloride
Moexipril hydrochloride
Nebivolol
Olmesartan medoxomil
Spirapril hydrochloride
Telmisartan
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1.03.1 Introduction

Volume 6 of Comprehensive Medicinal Chemistry contains a list of over 5500 compounds that have been studied as
medicinal agents in man.! This chapter is less ambitious in its scope and only covers new drug introductions over the 10
years 1993-2002 as listed in Annual Reports of Medicinal Chemistry*™"' Compounds included are new chemical entities
(NCEs) and a selection of new biological entities (NBEs). The author apologizes most sincerely to anyone whose
compound has been missed from this compilation.

During the period 1993-2003, 339 compounds were introduced; an average of 34 per year (Table 1). Other chapters
in this volume discuss in some detail whether or not the productivity of the pharmaceutical industry has been falling so
it will be sufficient here to merely note that the number of new agents does indeed seem to show a downward trend
over this time period. Table 2 lists the countries of origin of the new medicaments along with countries in which the
drug was first marketed. The dominance of the US in both drug discovery and initial marketing is apparent from this

Table 1 Number of new compounds introduced between 1994 and 2003

Year Number of new compounds
1994 44
1995 36
1996 38
1997 39
1998 27
1999 35
2000 35
2001 25
2002 33
2003 27

Total 339
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table. Previous studies had indicated that Japan held this position but it now seems to have very definitely slipped into
second place, with the UK, Germany, and Switzerland being the other major players. One other feature of note is the

relatively high number of drugs initially marketed in Sweden.

For the convenience of the reader, it has been decided to group the agents into the categories shown in Table 3.

Within these 339 drugs are a number that represent scientific and/or commercial breakthroughs. For example, the

continued growth of the use of statins in cardiovascular disease, which resulted in atorvastatin calcium (Lipitor)

becoming the first drug to achieve sales of US$1 billion in its first year; the introduction of the COX-2 inhibitors, which

Table 2 Countries of origin of the new medicaments and countries in which first marketed between 1994 and 2003%

Country Number of compounds discovered Number of compounds first marketed
USA 122 136
Japan 73 75
UK 39 32
Germany 27 21
Switzerland 22 10
France 15 7
Netherlands 6 7
Ttaly 5 6
Spain 5 5
Sweden 4 11
Denmark 4 5
Australia 2 4

2|n addition the following countries had 3 or less compounds in both these categories: India, South Africa, Canada, Czech
Republic, Finland, Belgium, Austria, South Korea, Mexico, New Zealand, Israel, Kazakhstan, Russia, and Norway.

Table 3 Number of new agents discovered in each category

Category

Number of new agents discovered

Anti-infectives

Cancer related
Cardiovascular

Nervous system
Gastrointestinal tract related
Lung related

Joints and bones
Immunology (including vaccines)
Hormone related
Reproduction and fertility
Skin related

Eye related

Miscellaneous

59
46
54
55
14
21
31

7
13

17
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offered the possibility of long-term control of pain and inflammation in osteoarthritis without the gastrointestinal
effects of NSAIDs, although rofecoxib (Vioxx) has been withdrawn because of cardiovascular effects and its fate is in
the hands of lawyers and unsympathetic jurors; and the introduction of sildenafil (Viagra) as a totally novel therapy for
erectile dysfunction, which is now well known to anyone with an email address. Perhaps less well known have been
treatments for a number of less common, but very serious diseases. Thus, dornase alfa (Pulmozyme) was the first new
treatment for 30 years for cystic fibrosis; two recombinant forms of the enzyme a-galactosidase A were introduced
for the treatment of Fabry’s disease; imiglucerase (Cerezyme) was introduced as a recombinant enzyme replacement
therapy for type I Gaucher’s disease; defeiprone (Kelfer) is the first oral iron chelator that provides life-saving benefits
for patients with thalassemia; and interferon B-la (Avonex) and glatiramer acetate (Copaxone) were marketed for
multiple sclerosis. The introduction of two new antimalarials, arteether (Artemotil) and bulaquine (Aablaquin), appear
to be the only examples of drugs for use predominantly in the less developed countries.

In the anti-infective domain, 30 new antiviral agents were produced, mainly in response to the continuing threat
posed by HIV-AIDS. In view of the fact that the disease has only been recognized within the last 40 years, the extent of
our knowledge of the life cycle and structure of the virus and our ability to control it is remarkable. This period has seen
the introduction of protease inhibitors, second-generation non-nucleoside reverse transcriptase inhibitors, and the first
agent to block the uptake of the virus into CD4 T cells. Other compounds targeted at viruses included: two agents
against hepatitis B, one of which was the first organogermanium compound to be marked as a pharmaceutical; two
neuramidase inhibitors for a wide variety of influenza strains; and the first agent based on antisense technology, which
was launched for the treatment of cytomegalovirus infections. Among the new antibiotics introduced were a number
with improved spectra of activity against Gram-positive bacteria responsible for life-threatening infections. These
included five new quinolones and three new classes of agents; the oxazolidin-2-ones, the cyclic lipopeptides, and the
ketolides. In addition, a new treatment for severe sepsis was introduced. Whether or not these will be sufficient to
counter the threat posed by drug-resistant bacteria only time will tell. Finally, the six new antifungals included two
representatives of the echinocandins, a new class of such compounds.

In the oncology field, perhaps the most remarkable compound is imatinib mesylate (Gleevec), introduced for the
treatment of chronic myelogenous leukemia (CML). Its mode of action involves inhibiting the Brc-Abl oncoprotein, a
tyrosine kinase that causes CML. Also introduced were inhibitors of topoisomerase I, third-generation orally active
aromatase inhibitors for breast cancer, and proteasome inhibitors for multiple myelomas. Biological agents for cancer
therapy included recombinant tumor necrosis factor (TNF) for soft tissue sarcomas and malignant melanoma, two
radiolabeled antibodies for non-Hodgkin’s lymphoma, antibody-targeted antineoplastics for acute myeloid leukemia, a
humanized monoclonal antibody for B-cell chronic lymphocytic leukemia, and a monoclonal antibody against epidermal
growth factor receptor for colorectal cancer. In addition, new antiemetics appeared to aid patients’ tolerance to
chemotherapy.

Agents for various forms of cardiovascular disease figured highly over this time period. The role of the statins in
controlling blood cholesterol levels was well established and Lipitor made a spectacular appearance in the marketplace
followed by the even more potent Crestor. No fewer than three different approaches to the treatment of acute heart
failure appeared, namely, colforsin daropate (Adele), an activator of adenylate cyclase, levosemendan (Simdax), a Ca® "
sensitizer, and nesiritide (Natrecor), a recombinant form of human B-type natriuretic peptide. Other newcomers
included: losartan potassium (Cozaar), the first selective nonpeptide angiotensin II antagonist for hypertension;
tirilazad (Freedox), a peroxidation inhibitor for the reduction of tissue damage following subarachnoid hemorrhage in
men; anagrelide hydrochloride (Agrylin), the first therapy for raised platelet counts with essential thrombocytopenia;
fondaparinux sodium (Arixtra), an agent against deep vein thrombosis; and bosentan (Tracleer), the first endothelin
receptor antagonist for pulmonary arterial hypertension.

Within the central nervous system (CNS) domain a number of agents have been introduced with novel mechanisms of
action. For example, venlafaxine (Effexor) is an antidepressant with dual serotonin/norepinephrine reuptake inhibitory
activity, topiramate (Topomax) belongs to a new class of antiepileptics, while tolcapone (Tasmar) (subsequently
withdrawn) and entacopone (Comtess) are the first examples of catechol O-methyl transferase inhibitors acting as anti-
Parkinsonian agents. Two agents, interferon B-1a (Avonex) and glatiramer acetate (Copaxone), were introduced for the
treatment of relapsing multiple sclerosis. Lomerizine (Teranas, Migsis) is the first dual sodium and calcium channel blocker
to be launched for the treatment of migraine, while zaleplon (Sonata) represents a new chemical class for the treatment of
insomnia. Taltirelin (Ceredist) is an orally active drug against ataxia due to cerebrospinal degeneration, and edaravone
(Radicut) is a lipophilic antioxidant for the improvement of neurologic impairment following acute brain infarction.

The number of new agents affecting the gastrointestinal tract was relatively modest over this time period. These
induced included ranitidine bismuth citrate (Pylorid), the first therapy specifically tailored to attack Helicobacter pylori,
and orlistat, which prevents the absorption of dietary fat and is used for the treatment of obesity. Two agents, alosetron
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(Lotronex) and tegaserod maleate (Zelmac), were launched for the treatment of irritable bowel syndrome, although
the former was rapidly withdrawn in response to the occurence of ischemic colitis.

Interesting novel antiasthmatics included seratrodast (Bronica), the first thromboxane A, antagonist; zafirlukast
(Accolate), the first LT'D4 antagonist; zileuton (Zyflo), a reversible, orally active direct inhibitor of 5-lipoxygenase; and
omalizumab (Xolair), a humanized anti-IgE antibody. Two lung-active biologically derived agents are dornase alfa
(Pulmozyme) for cystic fibrosis and pumactant (ALEC), a lung surfactant for the treatment of repiratory distress
syndrome in premature infants.

Introductions in the field of osteoarthritis treatments have been dominated by the appearance of the COX-2
inhibitors, celecoxib (Celebrex), rofecoxib (Vioxx), etoricoxib (Arcoxia), valdecoxib (Bextra), and parecoxib (Dynastat).
Treatments for joint decay in rheumatoid arthritis include leflunomide (Arava), anakinra (Kineret), a human
interleukin-1 (IL.1) receptor antagonist, and adalimumab (Humira), a humanized monoclonal antibody that binds
human TNF-a. Another biological agent of great interest is OP-1 (Novos), a combination of human recombinant
osteogenic protein and a bovine bone-derived collagen carrier that is used to promote bone growth in long bone
nonunion fractures.

In the immunology field, a vaccine against Lyme disease and a nasally administered influenza vaccine was introduced.

New treatments for both type 1 and type 2 diabetes have appeared on the market with insulin lispro (Humalog)
being claimed to mimic the normal human response in type 1 diabetes. Lanreotide (Somatuline) and pegvisomant
(Somavert) have been introduced as treatments for acromegaly (overproduction of growth hormone), while
somatomedin-1 (Igef) and somatotropin (Nutropin) are now available for the treatment of growth hormone
insensitivity and failure to grow.

In the field of deomatology, two interesting new biological agents are alefacept (Amevine) and efalizumab (Raptiva),
which are used in the treatment of plaque psoriasis.

Finally, a number of new treatments for glaucoma have been introduced including brimonidine (Alphagan), a
selective o,,-adrenergic agonist; the prostaglandin analogs bimatoprost (Lumigan), latanoprost (Xalatan), travoprost
(Travatan), and unoprostone (Rescula); and the carbonic anhydrase inhibitors, brinzolamide (Azopt) and dorzolamide
(Trusopt).

1.03.2 Anti-Infectives

This category includes 21 new antibiotics (including one specific for pneumonia), 29 antivirals, 6 antifungals, 2
antimalarials, and 1 agent acting against sepsis.

1.03.2.1 Antibiotics
1.03.2.1.1 Balofloxacin

Trade name O-Roxin
Manufacturer Choongwae Pharma Corporation
Country of origin Japan
Year of introduction 2002
Country in which first launched South Korea
CAS registry number 127294-70-6
Structure
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Balofloxacin is an orally active fluoroquinolone antibiotic introduced for the treatment of urinary tract infections.
In vitro antibacterial activity against Gram-positive bacteria (Staphylococcus aureus including methicillin-resistant
S. aureus (MRSA), Staphylococcus epidermis, Streptococcus pyrogenes, and Streptococcus pneumonia) was almost equal to that of
sparfloxacin or tosufloxacin, while activity against Gram-negative bacteria was atleast twofold lower. Clinically, it is well
tolerated and shows activity against urinary tract infections similar to that of ofloxacin. Following oral administration it
is well absorbed and eliminated in the urine unchanged with a half-life of approximately 8 h.

1.03.2.1.2 Biapenem

Trade name Omegacin
Manufacturer Meiji Seika
Country of origin USA
Year of introduction 2002
Country in which first launched Japan
CAS registry number 120410-24-4
Structure
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Biapenem is a bacterial cell wall synthesis inhibitor with a broad spectrum of antibiotic activity in vitro. It is stable to
hydrolysis by human renal dihydropeptidase I and showed good clinical and microbiological efficacy in the treatment of
patients with intra-abdominal, lower respiratory tract, and complicated urinary tract infections. After intravenous
administration it is widely distributed, has linear pharmacokinetics, and is mainly eliminated in the urine with a half-
life of approximately 1 h. Biapenem is well tolerated with the most common adverse side effects being skin eruptions/
rashes, nausea, and diarrhea.

1.08.2.1.3 Cefcapene pivoxil

Trade name Flomox
Manufacturer Shionogi
Country of origin Japan
Year of introduction 1997
Country in which first launched Japan
CAS registry number 105889-45-0
Structure
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Cefcapene pivoxil functions as a cell wall synthesis inhibitor and is highly active against a wide variety of Gram-positive
and Gram-negative bacteria. It is not effective against strains such as Pseudomonas aeruginosa and enteroccoci. It was
launched as an orally active cephalosporin for respiratory and urinary tract infections, skin/soft tissue infections, and for
use in gynecology, dentistry, and oral surgery. This is a prodrug with loss of the pivaloyloxymethyl group giving rise to
the active acid.

1.08.2.1.4 Cefditoren pivoxil

"Trade name Meiact
Manufacturer Meiji Seika
Country of origin Japan
Year of introduction 1994
Country in which first launched Japan
CAS registry number 117467-28-4
Structure
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Cefditoren pivoxil is an orally active third-generation cephalosporin that is reported to have a broad spectrum of activity
against both Gram-positive and Gram-negative organisms. It was introduced for the treatment of a broad range of
bacterial infections including dermatological and other community-acquired infections. Its potency is reported to be
greater than many existing agents in this class. It is a prodrug and the free acid, cefditoren, is produced in vivo.

1.03.2.1.5 Cefoselis

Trade name Wincef
Manufacturer Fujisawa
Country of origin Japan
Year of introduction 1998
Country in which first launched Japan
CAS registry number 122841-12-7
Structure
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Cefoselis is a fourth-generation cephalosporin, which was launched as a parenteral antibiotic against a variety of
infections including methicillin-resistant MRSA and P, aeruginosa.
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1.03.2.1.6 Cefozopran hydrochloride

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Firstcin
Takeda
Japan

1995

Japan
125905-00-2
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Cefozopran hydrochloride is a third-generation cephalosporin that was launched for the treatment of severe infections in

immunocompromised patients caused by staphylococci and enterococci. While it shows a very broad antibacterial

spectrum against Gram-positive and Gram-negative organisms, it is particularly potent against S. aureus, Enterococcus faecalis,

P aeruginosa, and Citrobacter freundii. 1t is resistant to hydrolysis by most chromosomal and plasmid mediated B-lactamases

and is reported to be active against respiratory, urinary tract, obstetrical, gynecological, soft tissue, and surgical infections.

1.03.2.1.7 Dalfopristin/quinopristin

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure
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Dalfopristin (methanesulfonate)

OH

Synercid
Rhone-Poulenc-Rorer
France

1999

UK
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Quinupristine (methanesulfonate)
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Dalfopristin and quinupristine are two well-defined semisynthetic antibacterials and are combined in the ratio of 70:30
to produce an injectable antibiotic. The combination of the two antibiotics, which are bacteriostatic in their own right,
acts at the ribosomal level to inhibit protein synthesis. This is the first antibiotic in its class to reach the market and
appears to be effective in the treatment of severe or life-threatening infections such as Gram-positive nosocomial
sepsis, including those caused by vancomycin-resistant F. faecium or MRSA.

1.03.2.1.8 Daptomycin

Trade name Cubicin
Manufacturer Lilly
Country of origin USA

Year of introduction 2003
Country in which first launched USA

CAS registry number 103060-53-2
Structure
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Daptomycin is the first example of a new class of lipopeptide antibiotics that work by disrupting bacterial membrane
function at a number of points, i.e., disruption of membrane potential and amino acid transport, inhibition of
lipoteichoic acid synthesis, and inhibition of peptidoglycan synthesis. It is indicated for the treatment of complicated
skin and skin structure infections caused by a range of Gram-positive bacteria and, due to its novel mode of action,
cross-resistance with other antibiotics has not been noted. Dosing is once per day (4mgkg ™' day ~ ') by intravenous
infusion; the drug has a half-life of 8.1 h. As it is excreted renally, dosing adjustments are required for those with severe
renal insufficiency. Clinical trials indicate a more rapid activity in skin and soft tissue infections than was found for
vancomycin or semisynthetic penicillins such as cloxacillin, oxacillin, or flucloxacillin.

1.03.2.1.9 Ertapenem sodium

Trade name Invanz
Manufacturer AstraZeneca
Country of origin UK

Year of introduction 2002
Country in which first launched USA

CAS registry number 153773-38-3
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Structure

Ertapenem is a bacterial cell wall biosynthesis inhibitor with activity against a wide range of Gram-negative and Gram-
positive bacteria and resistance to a broad and extended spectrum of B-lactamases. It showed clinical activity in the
treatment of obstetric and gynecological infections, skin and soft tissue infections, community-acquired pneumonia,
urinary tract infections, and in intra-abdominal infections. The pharmacokinetics show extended serum half-lives
compared to currently available carbapenems and cephalosporins.

1.03.2.1.10 Flurithromycin ethylsuccinate

Trade name Ritro
Manufacturer Pharmacia & Upjohn
Country of origin UK
Year of introduction 1997
Country in which first launched Italy
CAS registry number 82730-23-2
Structure
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Flurithromycin is used for the treatment of serious nosocomial respiratory infections. The presence of the fluorine atom
gives it improved acid stability, prolonged serum half-life, higher tissue penetration, and better bioavailability over

erythromycin.

1.03.2.1.11 Fropenam

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Farom
Suntory
Japan

1997

Japan
106560-14-9
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Structure

Fropenam is a B-lactamase stable, broad-spectrum oral penem antibiotic with activity against anacrobes, Gram-positive,
and Gram-negative bacteria, and the Enterobacteriaceae. It was launched for the treatment of common respiratory tract

infections.

1.03.2.1.12 Gatifloxacin

Trade name Tequin
Manufacturer Kyori
Country of origin Japan
Year of introduction 1999
Country in which first launched USA
CAS registry number 160738-57-8
Structure
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Gatifloxacin is a novel, orally active antibiotic that shows good activity in the treatment of respiratory tract and urinary
infections, particularly community-acquired infections including bronchitis, pneumonia, and the common sexually
transmitted diseases.

1.03.2.1.13 Linezolid

Trade name Zyvox
Manufacturer Pharmacia Corp.
Country of origin USA

Year of introduction 2000

Country in which first launched USA

CAS registry number 165800-03-3

Structure
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Linezolid can be considered as the first of a new class of antibacterials, the oxazolidinones, which act by inhibiting early
ribosomal protein synthesis without directly inhibiting DNA or RNA synthesis. In vitro, linezolid is as potent as
vancomycin against staphylococcal, streptococcal, and pneumococcal infections, and enterococcal species. It was
launched for the treatment of patients with infections caused by serious Gram-positive pathogens, particularly skin and
soft tissue infections, community-acquired pneumonia, and vancomycin-resistant enterococcal infections.

1.03.2.1.14 Meropenem

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure
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Meropenem has a broad spectrum of antibacterial activity against most clinically important Gram-positive and Gram-
negative aerobic and anaerobic bacteria with especially high potency against multiresistant members of the
Enterobacteriaceae and P aeruginosa. 1t is dehydropeptidase 1 stable and is proposed for the intravenous treatment of
hospital infections such as lower respiratory tract, urinary tract, intra-abdominal, gynecological, and polymicrobial

infections.

1.03.2.1.15 Moxifloxacin hydrochloride

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure
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Germany
186826-86-8
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Moxifloxin is a fluoroquinolonecarboxylic acid-derived antibiotic that was introduced for the treatment of respiratory
tract infections such as community acquired pneumonia, acute exacerbations of bronchitis, or acute sinusitis. It shows a
favorable pharmacokinetic profile with good tissue penetration and plasma concentrations above minimum inhibitory
concentrations (MICs), and a lack of phototoxicity.

1.038.2.1.16 Panipenem/betamipron

Trade name Carbenin

Manufacturer Sankyo

Country of origin Japan
Year of introduction 1994
Country in which first launched Japan
CAS registry number 138240-65-0

Structure
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Panipenem is a semisynthetic carbapenem antibiotic that is efficacious in patients with severe infections complicating
hematological disorders and in children where other antibiotics have been ineffectual. Betamipron, when mixed with
panipenem in a 1:1 ratio, blocks the incorporation of panipenem into renal tubules, thus preventing renal dysfunction.

1.03.2.1.17 Pazufloxacin

Trade name Pasil, Pazucross

Manufacturer "Toyama/Mitsubishi
Country of origin Japan

Year of introduction 2002

Country in which first launched Japan

CAS registry number 127045-41-4

Structure
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Pazufloxacin displays broad-spectrum activity against Gram-positive and Gram-negative bacteria, although it is less

active than ciprofloxacin against pneumococci and is not active against ciprofloxacin-resistant bacteria. Good clinical
responses have been seen in patients with urinary tract infections and, to a lesser extent, with respiratory tract
infections. It has a short half-life of 2-2.5h with a phototoxicity equal to that of ciprofloxacin.
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1.03.2.1.18 Prulifloxacin

Trade name Sword
Manufacturer Nippon Shinyaku
Country of origin Japan
Year of introduction 2002
Country in which first launched Japan
CAS registry number 123447-62-1
Structure
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Prulifloxacin is another fluoroquinolonecarboxylic acid-derived antibiotic, which was introduced for the oral treatment
of urinary tract infections, respiratory tract infections, and bacterial pneumoniae. It is a prodrug that is rapidly
hydrolyzed by paraoxonase-type enzymes in the blood and liver to give the DNA gyrase inhibitor NM 394. This
metabolite accounts for all the antibiotic activity. Overall, activity against Gram-positive bacteria is similar to
ciprofloxacin but greater in the case of Gram-negative bacteria. Plasma half-life is around 8 h and any adverse effects
are similar to those of other fluoroquinolones.

1.03.2.1.19 Telithromycin

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure
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"Telithromycin was introduced as a once daily oral treatment for respiratory infections including community-acquired
pneumonia, acute bacterial exacerbations of chronic bronchitis, acute sinusitis, and tonsillitis/pharangitis. It is a
semisynthetic derivative of the macrolide erythromycin and acts by preventing bacterial protein synthesis by binding
to two domains of the 50S subunit bacterial ribosomes. It does not form a stable inhibitory cytochrome P450
Fe? " —nitrosoalkene metabolite complex and therefore should not show hepatotoxity.

1.03.2.1.20 Trimetrexate glucuronate

Trade name NeuTrexin
Manufacturer Warner-Lambert/ US Bioscience
Country of origin USA
Year of introduction 1994
Country in which first launched USA, Canada
CAS registry number 82952-64-5
Structure
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Trimetrexate glucuronate is a nonclassical antifolate that inhibits dihydrofolate reductase and was introduced for the
treatment of Preumonocystis carinii pneumonia in patients with AIDS. It is also in clinical trials against a number of

cancers.

1.03.2.1.21 Trovafloxacin mesylate

Trade name Trovan
Manufacturer Pfizer
Country of origin Switzerland
Year of introduction 1998
Country in which first launched US/Switzerland
CAS registry number 157605-25-9
Structure
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"Trovafloxacin mesylate is a fluoroquinolone-derived antibiotic that is given once a day for the treatment of diverse acute
bacterial infections, particularly community-acquired respiratory infections. Doses of 200 mgday ~' demonstrated
advantages over amoxicillin, cephalosporins, and clarithromycin.

1.08.2.2 Antivirals
1.03.2.2.1 Abacavir sulfate

Trade name Ziagen
Manufacturer Glaxo Wellcome
Country of origin UK

Year of introduction 1999

Country in which first launched USA

CAS registry number 188062-50-2
Structure
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Abacavir is a carbocyclic nucleoside reverse transcriptase inhibitor and is a potent and selective inhibitor of HIV-1 and
HIV-2 replication. Resistance to abacavir appears to develop only slowly and, when used in combination with other
antiretroviral drugs such as amprenavir, produces durable suppression of viral loads.

1.03.2.2.2 Adefovir dipivoxil

Trade name Hepsera

Manufacturer Institute of Organic Chemistry and Biochemistry of the Academy
of Sciences in the Czech Republic and the REGA Stichting
Research Institute/Gilead

Country of origin Czech Republic and Belgium
Year of introduction 2002

Country in which first launched USA

CAS registry number 142340-99-6

Structure
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Adefovir dipivoxil was launched as a treatment for hepatitis B viral infections. It is also a prodrug of adefovir, which is
phosphorylated twice to give the active species in vivo. Its relatively long half-life enables once daily dosing but
nephrotoxicity restricts the possible level of dosing.
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1.03.2.2.3 Amprenavir

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure
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Amprenavir was the fifth nonpeptidic inhibitor of HIV-1 protease to be marketed and was intended for the treatment of
AIDS patients in combination with approved antiretroviral nucleoside analogs. It potently inhibits HIV-1 aspartyl
protease and displays a good oral bioavailability in humans with penetration into the CNS. In combination it
considerably decreases viral load and restores CD4 " Ticell counts in patients with HIV infection.

1.03.2.2.4 Atazanavir

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure
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Atazanavir is an inhibitor of HIV-1 protease and is potently active against indanavir- and saquinavir-resistant strains.
Recommended dosage is 400 mg once daily and it appears to be well tolerated. It showed marked activity in reducing
HIV RNA levels in patients who had not responded to previous treatments.

1.03.2.2.5 Cidofovir

Trade name Vistide
Manufacturer Gilead Sciences
Country of origin USA
Year of introduction 1996
Country in which first launched USA
CAS registry number 113852-37-2
Structure
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Cidofovir is rapidly converted to its active diphosphate metabolite, which inhibits viral DNA polymerase. It was

launched for the treatment of cytomegalovirus retinitis in AIDS patients and is sufficiently long lived to require dosing
only once every 1-2 weeks.

1.03.2.2.6 Delaviridine mesylate

Trade name Rescriptor
Manufacturer Pharmacia & Upjohn
Country of origin USA
Year of introduction 1997
Country in which first launched USA
CAS registry number 147221-93-0
Structure
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Delaviridine mesylate is a second-generation non-nucleoside HIV-1 reverse transcriptase inhibitor, which acts as an
allosteric mixed inhibitor of both RNA- and DNA-directed polymerase domains of reverse transcriptase and binds more
strongly to the enzyme—substrate complex than to the free enzyme.
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1.03.2.2.7 Efavirenz

Trade name Sustiva
Manufacturer Merck
Country of origin USA

Year of introduction 1998
Country in which first launched USA

CAS registry number 154598-52-4
Structure
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Efavirenz is a non-nucleoside reverse transcriptase inhibitor for the treatment of HIV infections in combination with
other antiretroviral agents. It readily crosses the blood-brain barrier resulting in an increased concentration in the

Cl

cerebrospinal fluid. The pharmacokinetic profile appears to be better than other drugs in this class.

1.03.2.2.8 Emtricitabine

Trade name Emtriva

Manufacturer Emory University/Gilead
Country of origin USA

Year of introduction 2003

Country in which first launched USA

CAS registry number 143491-57-0

Structure

s

Emtricitabine is a synthetic nucleoside inhibitor of HIV-1 reverse transcriptase. Recommended treatment is
200 mgday ~'; there are mild to moderate side effects at this dose. Cross-resistance to lamivudine and zalcitabine is seen.

1.03.2.2.9 Enfuvirtide

Trade name Fuzeon

Manufacturer Duke University/Roche/ Trimeris
Country of origin USA

Year of introduction 2003

Country in which first launched USA

CAS registry number 159519-65-0
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Enfuvirtide is the first of a new class of HIV therapeutics that interferes with the entry of HIV-1 by inhibiting fusion of
viral and cellular membranes. Because of this unique mechanism it does not show cross-resistance to known agents.
The dose is 90 mg twice daily by subcutaneous injection, and it is used in a cocktail with other anti-HIV agents.

1.03.2.2.10 Famciclovir

Trade name Famvir
Manufacturer SmithKlineBeecham
Country of origin UK

Year of introduction 1994

Country in which first launched UK, USA

CAS registry number 104227-87-4

Structure
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Famciclovir is an orally active prodrug of penciclovir and was launched for the treatment of herpes zoster. Selectivity is
achieved by virtue of the fact that penciclovir is only phosphorylated, and hence activated in herpesvirus-infected cells.
The metabolite is a strong inhibitor of herpesvirus DNA polymerases and viral DNA synthesis.

1.03.2.2.11 Formivirsen sodium

Trade name

Vitravene

Manufacturer Isis Pharmaceuticals
Country of origin USA

Year of introduction 1998

Country in which first launched USA

CAS registry number 160369-77-7

Vitravene is indicated for the treatment of cytomegalovirus-induced retinitis in patients with AIDS. It acts by an
antisense mechanism and targets an intermediate early mRNA of cytomegalovirus, thus inhibiting the expression of
two regulatory proteins. Vitravene was thus the first agent based on antisense technology to reach the market.

1.03.2.2.12 Fosamprenavir

Trade name Lexiva

Manufacturer Vertex/GlaxoSmithKline
Country of origin USA

Year of introduction 2003

Country in which first launched USA

CAS registry number 226700-81-8
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Fosamprenavir is a prodrug of the HIV protease inhibitor amprenavir that is highly active but its low water solubility
reduces its utility. Fosamprenavir is rapidly hydrolyzed by phosphatases in the gut epithelium to give good levels of
amprenavir. In the clinic, 700-1400 mg are administered daily in conjunction with ritonavir.

1.038.2.2.13 Imiquinod

Trade name Aldara
Manufacturer 3 M Pharmaceuticals
Country of origin USA
Year of introduction 1997
Country in which first launched USA
CAS registry number 99011-02-6
Structure
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Imiquinod was launched for the topical treatment of genital warts caused by human papillomavirus. It works by the
induction of cytokines, in particular interferon alpha, possibly by interaction with a kinase modulating the transduction
pathway leading to cytokine genes.

1.03.2.2.14 Indinavir sulfate

Trade name Crixivan
Manufacturer Merck
Country of origin USA
Year of introduction 1996
Country in which first launched USA
CAS registry number 150378-17-9
Structure
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Indinavir sulfate was launched as an orally bioavailable HIV-1 protease inhibitor. It appears to be relatively safe and well
tolerated.
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1.03.2.2.15 Interferon alfacon-1

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure — protein of molecular weight 19 600

Infergen
Amgen
USA

1997

USA
74899-72-2

Infergen was introduced for the treatment of chronic hepatitis C. It is more effective than other interferons in its
antiproliferative effects, in activating natural killer (NK) cells, and in immunomodulation.

1.03.2.2.16 Lamivudine

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure
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Epivir

Biochem Pharma
Canada

1995

USA
134678-17-4

Lamivudine is a new generation orally active nucleoside analog that was launched for use in combination with AZT as a
first-line therapy for patients infected with HIV. Its phosphorylated metabolite is an inhibitor of reverse transcriptase.

It is less toxic than AZT and appears also to have activity against hepatitis B virus.

1.03.2.2.17 Lopinavir

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure
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Lopinavir was launched as a joint formulation with ritonavir, an established HIV protease inhibitor. Ritonavir
inhibits the cytochrome P450 isoenzyme CYP3A4 and thus the microsomal metabolism of lopinavir resulting in
increased plasma levels and duration of action of lopinavir. In patients with AIDS, the plasma HIV RNA level
was reduced and the CD*" Twcell counts increased after administration of lopinavir with relatively small doses of
ritonavir.

1.03.2.2.18 Neflinavir mesylate

Trade name Viracept
Manufacturer Agouron
Country of origin USA
Year of introduction 1997
Country in which first launched USA
CAS registry number 159989-65-8
Structure
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Viracept is an orally available, nonpeptidic HIV protease inhibitor with low toxicity and a resistance profile different
from other protease inhibitors. In combination with ziduvidine and lamivudine, it generated a 98% mean reduction
from baseline in viral load after 24 weeks compared to ziduvidine and lamivudine alone.

1.03.2.2.19 Nevirapine

Trade name Viramune
Manufacturer Boehringer Ingelheim
Country of origin Germany

Year of introduction 1996

Country in which first launched USA

CAS registry number 71125-38-7

Structure

Nevirapine was launched for use in combination with nucleoside analogs to treat HIV-infected patients who had
experienced clinical and/or immunologic deterioration. It is a noncompetitive non-nucleoside inhibitor of HIV-1 reverse
transcriptase.
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1.03.2.2.20 Oseltamivir phosphate

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure
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Oseltamivir phosphate was launched for the treatment of influenza infections by all common strain viruses. It is a
prodrug of the acid GS-4071, which is a potent inhibitor of both influenza A and B virus neuramidase isoenzymes.
Forming the ester greatly improves the oral bioavailability and clinical trials show that it significantly reduces the
severity and duration of clinical symptoms including fever, cough, and general malaise.

1.03.2.2.21 Penciclovir

Trade name Vectavir
Manufacture SmithKlineBeecham
Country of origin UK
Year of introduction 1996
Country in which first launched UK
CAS registry number 39809-25-1
Structure
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Penciclovir was launched for the treatment of herpes labialis. It acts as a competitive inhibitor of DNA polymerase and
is relatively long acting.

1.03.2.2.22 Propagermanium

Trade name Serosion
Manufacturer Sanwa Kagaku

Country of origin Japan

Year of introduction 1994
Country in which first launched Japan
CAS registry number 12758-40-6
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"This is the first organogermanium compound to be marketed as a pharmaceutical; it was launched for the treatment of
chronic hepatitis B. Its activity is thought to be the result of an enhanced immune response due to the production of
interferon o/f.

1.03.2.2.23 Ritonavir

Trade name Norvir
Manufacturer Abbott
Country of origin USA
Year of introduction 1996
Country in which first launched USA
CAS registry number 155213-67-5
Structure
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Ritonavir is an inhibitor of HIV aspartic protease. It was launched for the treatment of advanced HIV in combination
with antiretroviral nucleoside analogs. Its selectivity for the viral enzyme over the human form is greater than 500-fold,

and it has good oral bioavailability.

1.08.2.2.24 Saquinavir mesylate

Trade name Invirase
Manufacturer Roche
Country of origin Switzerland
Year of introduction 1995
Country in which first launched USA
CAS registry number 127779-20-8
Structure
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Saquinavir mesylate was the first HIV protease inhibitor to reach the market. Initial use was with approved nucleoside
analogs for the treatment of advanced HIV infections. It is well tolerated alone and in combination with AZT.
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1.03.2.2.25 Stavudine

Trade name Zerit
Manufacturer Bristol-Meyers Squibb
Country of origin USA
Year of introduction 1994
Country in which first launched USA
CAS registry number 3056-17-5
Structure
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Stavudine is orally active with good bioavailability and its 5'-triphosphate is highly active against reverse transcriptase.
It was introduced for the treatment of late-stage patients with AIDS refractory to other treatments.

1.038.2.2.26 Tenofovir disproxil fumarate

Trade name Viread
Manufacturer Gilead Sciences
Country of origin USA
Year of introduction 2001
Country in which first launched USA
CAS registry number 201238-50-9
Structure
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"Tenofovir disproxil fumarate was the first nucleotide analog reverse transcriptase inhibitor to be launched in the US as
an oral treatment for HIV infection. It is a prodrug, which rapidly hydrolyzes to form the free tenofovir. This undergoes
two phosphorylation steps to give the active metabolite, a potent inhibitor of reverse transcriptase. Because of rapid
cellular uptake, the prodrug is more active than tenofovir reducing the level of HIV in the blood for up to 48 weeks
when added to existing antiretroviral regimens. This activity has been seen in patients bearing resistant strains of HIV.
It is eliminated by the kidneys, is not metabolized by the liver, and the half-life is such that once daily dosing is
possible.

129



130

Major Drug Introductions

1.03.2.2.27 Valaciclovir hydrochloride

Trade name
Manufacturer

Valtrex
Glaxo Wellcome

Country of origin UK

Year of introduction 1995
Country in which first launched UK

CAS registry number 124832-27-5

Structure
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Valaciclovir is an orally active L-valyl ester of the known antiviral aciclovir. It was launched for the treatment of herpes simplex
infections of skin and mucous membranes. It is readily absorbed following oral treatment and hydrolyzed in the first pass
effect to aciclovir. The phosphorylated metabolite is generated in virus-infected cells and inhibits viral DNA polymerase.

1.03.2.2.28 Valganciclovir hydrochloride

Trade name Valcyte
Manufacturer Roche

Country of origin

Switzerland

Year of introduction 2001
Country in which first launched USA
CAS registry number 175865-59-5
Structure
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Valganciclovir hydrochloride is a prodrug of the antiviral ganciclovir. It had been marketed for the treatment of
cytomegalovirus retinitis. It is rapidly hydrolyzed by intracellular esterases in the intestinal mucosal cells and by
hepatic esterases. Oral treatment at 900 mg twice daily for 3 weeks followed by 900 mg once a day for a week was as
effective as intravenous ganciclovir (5mgkg ™! twice a day for 3 weeks followed by 5mgkg ~ ! once a day for a week).

1.03.2.2.29 Zanamivir

"Trade name Relenza
Manufacturer Biota Scientific
Country of origin Australia

Year of introduction 1999

Country in which first launched Australia

CAS registry number 139110-80-8
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Structure

Zanamivir is a potent and specific inhibitor of neuraminidase, a key viral surface glycohydrolase essential for viral
replication and disease progression and was launched for the treatment of human influenza A and B virus infections.

1.03.2.3 Antifungals
1.03.2.3.1 Caspofungin acetate

Trade name Cancidas
Manufacturer Merck
Country of origin USA

Year of introduction 2001
Country in which first launched USA

CAS registry number 179463-17-3
Structure
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Caspofungin acetate was the first in a new class of antifungal agents, the echinocandins, to be launched for the
parenteral treatment of invasive aspergillosis in patients refractive to other antifungal therapies. It inhibits the
synthesis of 1,3-beta-D-glucans, which is present only in fungal cell walls, and thus is fungicidic. It is active both in vitro
and in vivo against a range of Candida species and also Aspergillus. Its half-life in humans is around 10 h.

1.03.2.3.2 Flutrimazole

Trade name Micetal
Manufacturer Urlach
Country of origin Spain

Year of introduction 1995
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Country in which first launched Spain
CAS registry number 119006-77-8
Structure

F
Racemic

Flutrimazole displays broad-spectrum activity against dematophytes, filamentous fungi, and yeasts, which are
saprophytic and pathogenic to animals and humans. Mode of action is inhibition of fungal lanosterol 140a-demethylase.
Its main indication is mycosis of the skin.

1.03.2.3.3 Lanoconazole

Trade name Astat
Manufacturer Nihon Nohyaku/Tsumura
Country of origin Japan
Year of introduction 1994
Country in which first launched Japan
CAS registry number 101530-10-3
Structure
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Lanoconazole is an inhibitor of egosterol biosynthesis and thus affects the ultrastructure of the cell wall. It acts against
a wide range of fungi and is used in the treatment of dermal mycoses.

1.03.2.3.4 Liranaftate

Trade name Zefnart
Manufacturer Tosoh
Country of origin Japan

Year of introduction 2000
Country in which first launched Japan

CAS registry number 088678-31-3
Structure
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Liranaftate was launched as a topical antifungal for the treatment of dermatophycoses. It is a potent and specific
inhibitor of squalene epoxidase, but has no effect on mammalian cholesterol biosynthesis.
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1.03.2.3.5 Micafungin

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Funguard

Fujisawa
Japan

2002

Japan
235114-32-6

Micafungin was the second member of the echinocandin class of antifungal agents to be introduced for the parenteral
treatment of various fungal infections caused by Aspergillus and Candida. Its half-life in humans is 11.7-15.2 h after

injection.

1.03.2.3.6 Voriconazole

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Vfend

Pfizer

USA

2002

USA
137234-62-9

Voriconazole was introduced for the treatment of acute invasive aspergillosis, candidosis, and other emerging fungal
infections seen in immunocompromised patients. It acts by inhibiting the cytochrome P450-dependent enzyme
14o0-sterol demethylase of ergosterol biosynthesis. Voriconazole is active against a wide range of fungi including
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Aspergillus, Cryptococcus neoformans, and various Candida species. It was effective in the treatment of neutropenic patients
with acute invasive aspergillosis, non-neutropenic patients with chronic invasive aspergillosis, and HIV-infected

patients with oropharyngeal candidiasis.

1.03.2.4 Antimalarials
1.03.2.4.1 Arteether

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Artemotil

Central Drug Research Institute/Artecef BV
India

2000

Netherlands

075887-54-6

CHg

Arteether is marketed as a solution in sesame oil. It is administered by i.m. injection for the treatment of severe malaria
infections in children and adolescents. It acts rapidly against Plasmodium during the early blood stage of its development.
It also shows gametocytocidal activity against Plasmodium falciparium. 'The initial approval was only for treatment of young
people, but clinical trials indicate that the drug acts rapidly and efficiently against Plasmodium in adults.

1.03.2.4.2 Bulaquine

Trade name Ablaquin
Manufacturer CDRI
Country of origin India
Year of introduction 2000
Country in which first launched India
CAS registry number 079781-00-3
Structure
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Bulaquine is used in combination with chloroquine in the treatment of malaria. It kills the latent tissue stage of the
parasite Plasmodium vivax, which accumulates in the liver and is responsible for relapses.
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1.08.2.5 Antisepsis
1.03.2.5.1 Drotrecogin alfa

Trade name Xigris
Manufacturer Lilly
Country of origin USA

Year of introduction 2001
Country in which first launched USA

CAS registry number 42617-41-4

Structure — recombinant protein

Drotrecogin alfa was introduced as an intravenous treatment for the reduction of mortality in adult patients with severe
sepsis associated with acute organ dysfunction. It is a recombinant activated protein C expressed in human kidney 293
cells. The majority of patients with sepsis have reduced levels of activated protein C, which acts as an antithrombic via
inhibition of factor Va and VIlla and as a promoter of fibrinolysis via inactivation of plasminogen-activator inhibitor-1,
and exerts an anti-inflammatory effect by inhibiting the production of inflammatory cytokines.

1.08.3 Anticancer Agents

In this category, 21 anticancer drugs, 15 antineoplastic drugs, five antiemetic agents, one cytoprotective, one 5o~
reductase inhibitor, one agent for treating chemotherapy-induced leukopenia, one agent B-treating hypercalcemia, and
one anticancer adjuvant are included.

1.08.3.1 Anticancer Drugs
1.03.3.1.1 Alemtuzumab

Trade name Campath

Manufacturer Cambridge University/Millenium/LEX Oncology/Schering AG
Country of origin UK

Year of introduction 2001

Country in which first launched USA

CAS registry number 146705-13-7
Structure — humanized monoclonal antibody of molecular weight 21-28 kDa

Alemtuzumab is a humanized monoclonal antibody of the IgG1 isotype specific for the glycoprotein CD52 expressed on
the cell surface of over 95% of normal and malignant B and T lymphocytes and monocytes. It was introduced for the
treatment of B-cell chronic lymphocytic leukemia in patients who have been treated with alkylating agents and have
failed fludarabine therapy.

1.03.3.1.2 Alitretinoin

Trade name Penretin
Manufacturer Ligand
Country of origin USA

Year of introduction 1999
Country in which first launched USA
CAS registry number 5300-03-8
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Structure

Alitretinoin was introduced for the treatment of cutaneous lesions in patients with Kaposi’s sarcoma. It binds to all
isoforms of the intracellular retinoid X and A receptors thus inducing cell differentiation, increasing cell apoptosis, and
inhibiting cellular proliferation in experimental models of human cancer.

1.03.3.1.3 Arglabin

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Unknown
NuOncology Labs
Kazakhstan

1999

Russia

84692-91-1

Arglabin is a potent and selective inhibitor of farnesyl transferase, which is critical to the function of the Ras oncogene
in cancer cell reproduction. It was launched in Russia for the treatment of a range of cancers.

1.03.3.1.4 Bexarotene

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Targretin
Ligand

USA

2000

USA
153559-49-0

Bexarotene was launched for the treatment of manifestations of cutaneous T-cell lymphoma in patients who are
refractory to at least one prior systemic therapy. It is selective for retinoid X rather than retinoid A receptors.
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1.03.3.1.5 Bortezomib

Trade name Velcade
Manufacturer Millenium (LeukoSite, Proscript)
Country of origin USA
Year of introduction 2003
Country in which first launched USA
CAS registry number 179324-69-7
Structure
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Bortezomib is a potent ubiquitin proteasome (26S) inhibitor that is marketed for the treatment of multiple myeloma.

1.03.3.1.6 Cetuximab

Trade name Erbitux
Manufacturer ImClone
Country of origin USA
Year of introduction 2003

Switzerland
205923-56-4

Country in which first launched
CAS registry number
Structure — Monoclonal antibody of molecular weight 152 kDa

Cetuximab is a human/mouse chimeric monoclonal antibody that blocks the epidermal growth factor receptor (EGFR).
It was launched as a combination with irinotecan for the treatment of patients with colorectal cancer who no longer
respond to standard chemotherapy.

1.03.3.1.7 Denileukin diftitox

Trade name Ontak
Manufacturer Ligand
Country of origin USA
Year of introduction 1999
Country in which first launched USA

CAS registry number 173146-27-5

Structure — recombination protein of molecular weight 58 kDa

Denileukin diftitox is a fusion protein comprising diphtheria toxin fragment A-fragment B genetically fused to a human
interleukin-2 (IL2) fragment. It was launched for the treatment of patients with persistent or recurrent cutaneous
T-cell lymphoma.
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1.03.3.1.8 Exemestane

Trade name Aromasin
Manufacturer Farmitalia Carlo Erba/Pharmacia
Country of origin Italy
Year of introduction 2000
Country in which first launched USA, Canada, Western Europe
CAS registry number 107868-30-4
Structure
CH; O

Exemestane is an irreversible inactivator of the aromatase enzyme system that was launched for the treatment of
estrogen-dependent tumors and postmenopausal breast cancer. It has high activity in women failing antiestrogen
therapy with tamoxifen.

1.03.3.1.9 Fulvestrant

Trade name Faslodex
Manufacturer AstraZeneca
Country of origin UK
Year of introduction 2002
Country in which first launched USA
CAS registry number 129453-61-8
Structure
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Fulvestrant binds to the estrogen receptor. It was launched as a once monthly injectable treatment of hormone
receptor-positive metastatic breast cancer in postmenopausal women with disease progression following estrogen
therapy. It completely blocks the cell growth in tamoxifen-resistant breast cancer cell lines and prevents growth of
tamoxifen-resistant tumors in mice.

1.08.3.1.10 Gemtuzumab ozogamicin

Trade name Myotarg
Manufacturer Celltech Group/Wyeth-Ayerst Research
Country of origin USA/UK
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Year of introduction
Country in which first launched
CAS registry number

2000
USA
220578-59-6

Structure — recombinant protein of molecular weight 152 kDa

Gemtuzumab ozogamicin was launched as the first antibody-targeted antineoplastic agent for the treatment of patients
with acute myeloid leukemia. It is an immunoconjugate of anti-CD33 humanized mouse monoclonal antibody linked
via a bifunctional link to the cytotoxic antibiotic calicheamicin.

1.03.3.1.11 lbritumomab tiuxetan

Trade name Zevalin
Manufacturer IDEC/Syncor
Country of origin USA

Year of introduction 2002
Country in which first launched USA

CAS registry number 206181-63-7
Structure — monoclonal antibody of molecular weight 148 kDa

“Y-Ibritumomab tiuxetan is the first commercially available radiolabeled antibody for cancer therapy and more
specifically for the treatment of relapsed or refractory low-grade, follicular, or transformed B-cell non-Hodgkin’s
lymphoma. Ibritumomab is a murine immunoglobulin G1 kappa isotype monoclonal antibody that targets CD20, a
B-lymphocyte antigen. Conjugating with the isothiocyanatobenzyl derivative of diethylene triamine pentaacetate
(DTPA) gives ibritumomab tiuxetan, which can then chelate radionucleotides.

1.03.3.1.12 Letrazole

Trade name Femara
Manufacturer Novartis
Country of origin Switzerland
Year of introduction 1996
Country in which first launched France
CAS registry number 112809-51-5
Structure

CN

Letrozole is a third-generation aromatase inhibitor that specifically inhibits P450arom that catalyzes the conversion of
androstenedione to estrone. It was launched for the second-line treatment of advanced breast cancer.

1.03.3.1.13 OCT-43

Trade name Octin
Manufacturer Otsuka
Country of origin Japan

Year of introduction

1999
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Country in which first launched
CAS registry number

Structure — recombinant protein of molecular weight 17 kDa

Otsuka
159074-77-8

This protein is a recombinant variant of ILL1beta that was launched for the treatment of mycosis fungoides. It is

clinically useful in the treatment of aplastic anemia and myelodysplastic syndrome.

1.03.3.1.14 Oxaliplatin

Trade name

Eloxatin

Manufacturer Bebiopharm/Sanofi
Country of origin Switzerland
Year of introduction 1996
Country in which first launched France
CAS registry number 61825-94-3
Structure
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Oxaliplatin has an antitumor spectrum similar to cisplatin but is more effective against L1210 leukemia and cisplatin-

resistant [L1210. It was launched for second-line treatment of metastatic colorectal cancer. The mode of action involves

binding to guanine-N7 leading to bidentate chelation, which results in the bending of DNA.

1.03.3.1.15 Raltitrexed

Trade name Tomudex
Manufacturer Zeneca
Country of origin UK
Year of introduction 1996
Country in which first launched UK
CAS registry number 112887-68-0
Structure
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Raltitrexed is a highly selective inhibitor of thymidylate synthase, the key enzyme in the biochemical conversion of
deoxyuridine monophosphate (dUMP) to deoxythymidine monophosphate (dTMP). It was launched for the treatment
of advanced colorectal cancer and needs to be given only once every 3 weeks.

1.03.3.1.16 SKI-2053R

Trade name Sunpla
Manufacturer SK Pharm
Country of origin Korea

Year of introduction 1999
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Country in which first launched Korea
CAS registry number 146665-77-2
Structure
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SKI-2053R is a third-generation platinum complex alkylating agent that is highly active against various cell lines
including cisplatin-resistant tumor cell lines. It was launched for the treatment of unresectable or metastatic gastric

adenocarcinoma.

1.03.3.1.17 Tasonermin

Trade name Beromun
Manufacturer Genentech
Country of origin USA

Year of introduction 1999
Country in which first launched Germany
CAS registry number 94948-59-1

Structure — Recombinant tumor necrosis factor of molecular weight 17 kDa

Tasonermin is the first tumor necrosis factor launched for the treatment of soft tissue sarcoma of the limbs.

1.03.3.1.18 Temozolomide

Trade name Temodal
Manufacturer CRC Technology/Schering-Plough
Country of origin UK
Year of introduction 1999
Country in which first launched UK
CAS registry number 85622-93-1
Structure
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Temozolomide was introduced for the treatment of patients with glioblastoma multiforme showing recurrence
or progression after standard therapy. The mode of action involves inhibition of 0-6-alkylguanine-DNA alkyltrans-
ferase.

1.08.3.1.19 Topotecan hydrochloric acid (HCI)

Trade name Hycamtin
Manufacturer SmithKlineBeecham
Country of origin UK

Year of introduction

1996
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Country in which first launched USA
CAS registry number 123948-87-8
Structure

Topotecan is an inhibitor of topoisomerase 1 and inhibits its release from DNA where it relaxes super-coiled DNA
giving rise to single-strand breaks. When the replication fork eventually reaches this complex double-strand breaks can
occur thus signaling apoptosis and eventually giving rise to cell death. Topotecan was launched for the second-line
treatment of ovarian cancer.

1.03.3.1.20 Tositumomab

Trade name Bexxar

Manufacturer Corixar/GlaxoSmithKline
Country of origin USA

Year of introduction 2003

Country in which first launched USA

CAS registry number 192391-48-3

Structure — monoclonal antibody of molecular weight 150 kDa

Tositumomab is another radioimmunotherapeutic antibody for the treatment of B-cell non-Hodgkin’s lymphoma.
Treatment involves joint dosing of tositumomab and '*'I-tositumomab and thus combines the tumor-targeting ability of
the cytotoxic antibody with the therapeutic potential of radiation with patient-specific dosing.

1.03.3.1.21 Valrubicin

Trade name Valstar

Manufacturer Anthra Pharm/Medeva
Country of origin USA

Year of introduction 1999

Country in which first launched USA

CAS registry number 56124-62-0

Structure
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Valrubicin possibly acts by blockade of SV40 large T-antigen helicase. It was launched for the treatment of bladder
cancer by intravesical installation.

1.03.3.2 Antineoplastic Drugs
1.03.3.2.1 Amribucin hydrochloride

"Trade name Calsed
Manufacturer Sumitomo
Country of origin Japan

Year of introduction 2002
Country in which first launched Japan

CAS registry number 92395-36-5
Structure
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Amribucin inhibits topoisomerase II. It was introduced for the treatment of non-small-cell and small-cell lung cancers.

1.03.3.2.2 Anastrozole

Trade name Arimidex
Manufacturer Zeneca
Country of origin UK
Year of introduction 1995
Country in which first launched UK
CAS registry number 120511-73-1
Structure
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Anastrozole is a potent and selective aromatase inhibitor that was introduced for the treatment of advanced breast
cancer in postmenopausal women.

1.03.3.2.3 Bicalutamide

Trade name Casodex
Manufacturer Zeneca

143



144 Major Drug Introductions

Country of origin UK
Year of introduction 1995
Country in which first launched UK
CAS registry number 90357-06-5
Structure
F
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Racemic

Bicalutamide is a peripherally selective antiandrogen that was introduced for the treatment of advanced prostate cancer
in combination with a luteinizing hormone-releasing hormone (LHRH) analog or surgical castration.

1.08.3.2.4 Capecitabine

Trade name Xeloda
Manufacturer Roche
Country of origin Switzerland
Year of introduction 1998
Country in which first launched Switzerland
CAS registry number 154661-50-9
Structure
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Capecitabine is a prodrug of doxifluridine from which it is released at the target tumor site. It is marketed for the
treatment of advanced neoplastic disease including refractory metastatic breast cancer.

1.03.3.2.5 Docetaxel

Trade name Taxotere
Manufacturer Rhone-Poulenc-Rorer
Country of origin France

Year of introduction 1995

Country in which first launched South Africa

CAS registry number 114977-28-5
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Structure
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Chiral

Docetaxel is a semisynthetic product from the taxoid family used for the treatment of ovarian, breast, and non-small-cell
lung cancers.

1.03.3.2.6 Fadrazole hydrochloride

Trade name Afema
Manufacturer Ciba-Geigy
Country of origin Switzerland
Year of introduction 1995
Country in which first launched Japan

CAS registry number 102676-31-3
Structure
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The potent and specific aromatase activity of Fadrazole led to its introduction for the treatment of postmenopausal
breast cancer.

1.03.3.2.7 Gemcitabine hydrochloride

Trade name Gemzar
Manufacturer Lilly
Country of origin USA
Year of introduction 1995
Country in which first launched Netherlands, Sweden
CAS registry number 122111-03-9
Structure
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Following phosphorylation in vivo, gemcitabine acts on non-small-cell-lung cancer and pancreatic cancer. It
inhibits processes required for DNA synthesis and metabolism and shows an extraordinary array of self-
potentiating mechanisms that increase the concentration and prolong the retention of its active nucleotides in
tumor cells.

1.03.3.2.8 Gefitinib

Trade name Iressa
Manufacturer AstraZeneca
Country of origin UK
Year of introduction 2002
Country in which first launched Japan
CAS registry number 184475-35-2
Structure
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Gefitinib was introduced as a daily oral monotherapy for the treatment of inoperable or recurrent non-small-cell lung
cancers. It reversibly inhibits the activity of the epidermal growth factor receptor tyrosine kinase.

1.03.3.2.9 Imatinib mesilate

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure
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Gleevec, Glivec
Novartis
Switzerland
2001

USA
220127-57-1

S
Mo

CH3SO5H

Imatinib mesilate was launched for the treatment of chronic myelogenous leukemia (CML) in blast crisis, accelerated
phase or chronic phase after interferon-alpha failure. It is the first agent to act specifically on a constitutively active
tyrosine kinase that causes CML.

1.038.3.2.10 Irinotecan hydrochloride

Trade name Campto, Topotecin

Manufacturer Yakult Honsha
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Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Chiral

Japan

1994

Japan
100286-90-6

Irinotecan hydrochloride is a water-soluble derivative of the anticancer agent campothecin that was marketed for the

treatment of lung, ovarian, and cervical cancers. It inhibits topoisomerase I, the enzyme involved in maintaining the
topographic structure of DNA during the process of translation, transcription, and mitosis.

1.03.3.2.11 Nedaplatin

Trade name Aqulpa
Manufacturer Shionogi
Country of origin Japan
Year of introduction 1995
Country in which first launched Japan
CAS registry number 95734-82-0
Structure
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Nedaplatin is a novel, second-generation platinum complex that was marketed for the treatment of a variety of cancers
including head and neck, small-cell and non-small-cell lung, osteophageal, prostatic, testicular, ovarian, cervical,
bladder, and uterine cancers.

1.03.3.2.12 Pegaspargase

Trade name Oncaspar

Manufacturer Enzon/Rhone-Poulenc Rorer
Country of origin USA

Year of introduction 1994

Country in which first launched USA

CAS registry number 9015-68-3
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Pegaspargase is a polyethylene glycol conjugate of L-asparaginase that was introduced for combination chemotherapy in
acute lymphoblastic leukemia. The conjugation increases activity, prolongs half-life, and reduces immunogenicity.

1.03.3.2.13 Sobuzoxane

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Me

)voTovN

Perazolin
Zenyaku Kogyo
Japan

1994

Japan
98631-95-9

Sobuzoxane is a noncleavable complex-stabilizing topoisomerase II inhibitor that was introduced for the treatment of
malignant lymphoma and adult T-cell leukemia/lymphoma that is resistant to chemotherapy and has a poor prognosis. It
appears to significantly inhibit growth of human colon, lung, gastric, and breast cancers.

1.03.3.2.14 Temoporphin

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Foscan
Quanta Nova
UK

2002

UK
122341-38-2

OH

Temoporphin is a second-generation photosensitizer for the photodynamic therapy of advanced head and neck

cancers. It is extremely sensitive to wavelengths of light that penetrate tissues thus resulting in lower light/dose and

irradiation time.
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1.03.3.2.15 Zinostatin stimalamer

Trade name SMANCS
Manufacturer Yamanouchi
Country of origin Japan

Year of introduction 1994
Country in which first launched Japan

CAS registry number 123760-07-6

Structure — conjugate with molecular weight of ¢. 16 kDa

Zinostatin stimalamer is a conjugate of poly(styrene-maleic acid) and neocarzinostatin that was launched for the
treatment of hepatoma. Conjugation improves the in vivo stability, the effectiveness in reducing tumor size, and in
prevention of the development of new tumors, decreases toxic side effects, and extends the half-life.

1.03.3.3  Antiemetic Agents
1.03.3.3.1 Aprepitant

Trade name Emend
Manufacturer Merck
Country of origin USA

Year of introduction 2003
Country in which first launched USA

CAS registry number 170729-80-3

Structure

Aprepitant is a substance P receptor antagonist used for the treatment of chemotherapy-induced nausea and vomiting.
It is effective against both the acute and delayed phase of cisplatin-induced emesis.

1.03.3.3.2 Dolasetron mesylate

Trade name Anzemet

Manufacturer Hoechst Marion Roussel
Country of origin Germany

Year of introduction 1998

Country in which first launched Australia

CAS registry number 115956-13-3

Structure
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Dolasetron mesylate is a potent and very selective antagonist for SHT; receptors with potent antiemetic effects
induced by cancer chemotherapy. Single doses of 10-50 mg prior to treatment with cisplatin effectively control emesis
and nausea.

1.03.3.3.3 Nazasetron hydrochloride

Trade name Serotone
Manufacturer Yoshitomo/Japan "Tobacco/Green Cross
Country of origin Japan
Year of introduction 1994
Country in which first launched Japan
CAS registry number 123040-16-4
Structure
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L
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Racemic

Nazasetron is a highly potent SHT}; receptor antagonist that markedly reduces nausea and emesis following cancer
chemotherapy and total body X-radiation.

1.03.3.3.4 Palonosetron

Trade name Aloxi
Manufacturer Syntex (Roche Bioscience)/MGI Pharma/Helsinn
Country of origin USA
Year of introduction 2003
Country in which first launched USA
CAS registry number 135729-62-3
Structure
N

o HCI

Palonosetron is a SH'T'; receptor antagonist used as an injectable agent for the prevention of acute and delayed nausea
and vomiting associated with cancer chemotherapy. Because of its long half-life, the therapeutic effect lasts for
several days. The antiemetic effect acts against a number of agents including cisplatin, cyclophosphamide, and
dacarbazine.
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1.03.3.3.5 Ramosetron

Trade name Nasea
Manufacturer Yamanouchi
Country of origin Japan
Year of introduction 1996
Country in which first launched Japan
CAS registry number 132907-72-3
Structure
(¢}
N

IZ\//

~=

o HCI

Ramosetron is a SHT; receptor antagonist that is active against cisplatin-induced emesis.

1.03.3.4 Cytoprotective Agents
1.03.3.4.1 Amifostine

Trade name Ethyol
Manufacturer US Bioscience/Schering Plough
Country of origin USA
Year of introduction 1995
Country in which first launched Germany
CAS registry number 63717-27-1
Structure
(0]
HO_II H
HO/P\S/\/N\/\/NH2
* H,0

Amifostine is used to reduce cisplatin-induced renal toxicity in patients with advanced ovarian cancer. It is also a
radioprotective agent.

1.03.3.5 5a-Reductase Inhibitor
1.03.3.5.1 Dutasteride

Trade name Avodart
Manufacturer GlaxoSmithKline
Country of origin UK

Year of introduction 2002

Country in which first launched USA

CAS registry number 164656-23-9
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Structure

Dutasteride is marketed for the symptomatic treatment of benign prostatic hyperplasia. It is a dual inhibitor of type 1
and 2 isoforms of So-reductase and has a markedly prolonged half-life.

1.03.3.6 Chemotherapy-Induced Leukopenia
1.03.3.6.1 Nartograstim

Trade name Neu-Up
Manufacturer Kyowa Hakka
Country of origin Japan

Year of introduction 1994
Country in which first launched Japan

CAS registry number 134088-74-7

Nartograstim is a highly active mutein of the granulocyte colony-stimulating factor and is used in the treatment of
chemotherapy-induced granulocytopenia, rhabdomyosarcoma, and anemia.

1.08.3.7 Anticancer Adjuvant
1.03.3.7.1 Angiotensin Il

Trade name Delibert
Manufacturer "Toa Elyo/Yamanouchi
Country of origin Japan
Year of introduction 1994
Country in which first launched Japan
CAS registry number 4474-91-3
Structure
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Angiotensin II was introduced to improve the efficacy of systemic chemotherapy by controlling blood flow to tumor
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Chiral

tissues.
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1.03.3.8 Hypercalcemia
1.03.3.8.1 Zoledronate

Trade name
Manufacturer
Country of origin

Zometa
Novartis
Switzerland

Year of introduction 2000
Country in which first launched Canada
CAS registry number 165800-07-7
Structure
(e}
ll_o- Na*
%N/\’< P~0oH
N\?/ 3 OH *4H,0
07120
OH

This bisphosphonate was introduced for the treatment of tumor-induced hypercalcemia.

1.03.4 Cardiovascular Agents

This category includes 22 antihypertensives, five antiarrhythmics, five antithrombotics, four agents for heart failure,
two cardiostimulants, two anticoagulants, eight hypocholesterolemics, one iron chelator, one hematological agent, one
subarachnoid hemorrhage agent, one hemophilia agent, one agent with cardiotonic activity, and a fibrinolytic agent.

1.03.4.1 Antihypertensives

1.08.4.1.1 Aranidipine

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Bec/Sapresta

Maruko Seiyaku/Taiho
Japan

1996

Japan

86780-90-7

Aranidipine is a long-acting, potent antihypertensive agent that works by blocking Ca

1.03.4.1.2 Azelnipidine

2t entry into cells.

Trade name
Manufacturer
Country of origin

Calblock
Sankyo
Japan
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Year of introduction

Country in which first launched
CAS registry number

Structure

2003
Japan
116574-11-9

Azelnipidine is a blocker of L-type calcium channels and gives a sustained reduction in blood pressure in patients with

mild to moderate hypertension.

1.03.4.1.3 Bosentan

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Tracleer
Roche/Actelion/Genentech
Switzerland

2001

USA

147536-97-8

o-CHs

CHs3
CHjy

Bosentan was the first endothelin receptor antagonist to be launched and was introduced as a twice daily oral treatment
for pulmonary arterial hypertension. It has demonstrated a beneficial selectivity for the pulmonary vasculature since it
has no significant effect on mean aortic blood pressure and systolic vascular resistance.

1.03.4.1.4 Candesartan cilexetil

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Atacand
Takeda/Astra
Japan

1997
Sweden
145040-37-5
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Structure

Candesartan cilexetil is a potent antagonist of angiotensin II type 1 receptors and thus acts as an antihypertensive. It is
long acting and is more potent than angiotensin-converting enzyme (ACE) inhibitors.

1.03.4.1.5 Clinidipine

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

MeO
\/\o

Racemic

Cinalong/Siscard/Atelec

Fujirebio/Boehringer Ingelheim/Roussel-Morishita
Japan

1995

Japan

132203-70-4

Clinidipine is dihydropyridine calcium antagonist intended for the treatment of essential and severe hypertension and
hypertension associated with renopathy. Clinidipine has slow onset and long duration with less cardiodepressant activity.

1.03.4.1.6 Efonidipine hydrochloride ethanol

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Landel

Nissan Chemical/Zeria
Japan

1994

Japan

111011-76-8

Racemic *HCI *EtOH
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Efonidipine hydrochloride ethanol is the 14th dihydropyridine calcium channel blocker to be launched. It was
marketed for the treatment of essential severe and renal hypertension.

1.03.4.1.7 Eplerenone

"Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

)

Inspra
Ciba-Geigy/Pfizer
USA

2003

USA

107724-20-9

“CO,CHs

The antihypertensive effect of eplerenone is due to blockage of the binding of aldosterone at the mineralocorticoid
receptor. It was approved for the oral treatment of hypertension but has been shown to also improve the survival of

stable patients with left ventricular systolic dysfunction.

1.03.4.1.8 Eprosartan

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure
HO,C

Teveten
SmithKlineBeecham
UK

1997

Germany
133040-01-4

Teveten is a potent, highly selective competitive antagonist of the AT receptor that was marketed for the treatment of

hypertension.

1.03.4.1.9 Fenoldopam mesylate

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Neurex
SmithKlineBeecham
USA

1998

USA

67227-57-0
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Structure

Cl
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Fenoldopam is a potent dopamine D1 receptor agonist acting peripherally to produce systemic vasodilation. It is unable
to cross the blood-brain barrier and thus has no central effects. In addition, it interacts with SHT;. and 5HT,
receptors. Fenoldopam is fast acting and maintains a long-lasting antihypertensive effect.

1.03.4.1.10 Irbesartan

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Aprovel/Avapro
Sanofi

France

1997

UK
138402-11-6

~H

//N ~N

Irbesartan is an angiotensin II receptor antagonist that is noncompetitive and selective for AT subtypes and has no AT,
activity at postsynaptic receptors compared to presynaptic receptors. It was marketed as an antihypertensive.

1.03.4.1.11 Lercanidipine

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Lerdip

Recordati/Byk Gulden
ltaly

1997

Netherlands
100427-26-7
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Lercanidipine is an antagonist of L-type calcium channels with no activity in smooth muscle cells, and has gradual onset
with a long duration of activity as an antihypertensive agent.

1.03.4.1.12 Losartan potassium

Trade name Cozaar
Manufacturer DuPont Merck
Country of origin USA
Year of introduction 1994
Country in which first launched Sweden
CAS registry number 124750-99-8
Structure

Cl

Fes

\
N—NK*

Losartan was the first potent and selective nonpeptide angiotensin II AT receptor antagonist to be marketed. It acts as
a potent and long-lasting once daily orally dosed antihypertensive.

1.03.4.1.13 Mibefradil hydrochloride

Trade name Posicor
Manufacturer Roche
Country of origin Switzerland
Year of introduction 1997
Country in which first launched USA

CAS registry number 116666-63-8
Structure

..:;'<
i)zo

Mebefradil is a calcium channel blocker with selectivity for the T-type and is marketed for the treatment of mild to
moderate hypertension.
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1.03.4.1.14 Moexipril hydrochloride

Trade name Univasc
Manufacturer Warner-Lambert
Country of origin USA
Year of introduction 1995
Country in which first launched USA
CAS registry number 82586-52-5
Structure
EtO (0] Me
O
N (0]
H I
N
« HCI T OH
Chiral
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Moexipril is an ACE inhibitor that is marketed as a treatment for hypertension as a monotherapy and as a second-line
therapy in combination with diuretics or calcium antagonists.

1.03.4.1.15 Nebivolol

Trade name Nebilet
Manufacturer Johnson & Johnson
Country of origin USA
Year of introduction 1997
Country in which first launched Germany
CAS registry number 99200-09-6
Structure

OH H OH

Nebivolol is a selective Bq-adrenergic receptor antagonist and is 50 times less potent at B,-receptors. It is marketed as
an antihypertensive agent and has vasodilating activity via the nitric oxide pathway. It causes an immediate fall in blood
pressure and improves both left ventricular systolic and diastolic function and lowers peripheral blood resistance.

1.03.4.1.16 Olmesartan medoxomil

Trade name Benicar
Manufacturer Sankyo/Forest
Country of origin Japan

Year of introduction 2002

Country in which first launched USA

CAS registry number 144689-63-4
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Structure
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Benicar is a prodrug of olmesartan, which is a selective and competitive nonpeptide angiotensin II type 1 receptor
antagonist. It was marketed as an orally active antihypertensive with a long half-life and few side effects.

1.08.4.1.17 Spirapril hydrochloride

Trade name Renpress, Renormax
Manufacturer Schering-Plough/ Sandoz
Country of origin USA
Year of introduction 1995
Country in which first launched Finland
CAS registry number 94841-17-5
Structure
EtO,C Me

Chiral QS e HCI

Spirapril is an orally active ACE inhibitor marketed for the treatment of hypertension.

1.03.4.1.18 Telmisartan

Trade name Micardis
Manufacturer Bocehringer Ingelheim
Country of origin Germany
Year of introduction 1999
Country in which first launched USA
CAS registry number 144701-48-4
Structure
CHs
N CHj
S
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"Telmisartan blocks the activity of angiotensin II and thus is a member of the ‘sartan’ class. It shows effective and
sustained blood pressure lowering effects with a single daily oral dosage.

1.03.4.1.19 Temocapril hydrochloride

Trade name

Acecol

Manufacturer Sankyo/Nippon Boehringer Ingelheim
Country of origin Japan

Year of introduction 1994

Country in which first launched Japan

CAS registry number 110221-44-8

Structure
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Temocapril is an ACE inhibitor that is marketed for the treatment of hypertension. It is orally active and has a long
duration of action. Because it is largely eliminated through the biliary route it is useful for the treatment of
hypertensive patients with renal dysfunction.

1.08.4.1.20 Treprostinil sodium

Trade name Remodulin
Manufacturer Pharmacia/GSK
Country of origin USA
Year of introduction 2002
Country in which first launched USA
CAS registry number 289840-64-4
Structure

O O CHg

OE

Na* 2 s
H—Q—H
OH OH

Treprostinil sodium, which appears to act at the prostacyclin receptor, was launched for the treatment of pulmonary
hypertension. In patients with primary pulmonary hypertension, treprostinil causes a 22% improvement in cardiac
output, a 24% significant decrease in peripheral vascular resistance, a decrease in mean pulmonary arterial pressure, and
an improvement in New York Heart Association (NYHA) functional class.
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1.03.4.1.21 Valsartan

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Diovan
Norvartis
Switzerland
1996
Germany
137862-53-4

CO,H
NS
\
\N— NH

Valsartan is a highly specific antagonist of the AT receptor that is potent and orally active.

1.03.4.1.22 Zofenopril calcium

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Zantipres
Bristol-Meyers

USA

2000

Italy

81872-10-8; 81938-43-4

0 Ca2+

-2

Zofenopril calcium was introduced as a second-generation ACE inhibitor for the treatment of acute myocardial
infarction. It is a prodrug with the S-benzoyl group being rapidly hydrolyzed by cardiac esterase. It may also possess
antioxidant effects, which could account for some of its strong anti-ischemic effects.

1.03.4.2
1.03.4.2.1 Dofetilide

Antiarrhythmic

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Tikosyn
Pfizer

USA

2000

USA
115256-11-6
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Dofetilide was launched for the treatment of cardiac patients with highly symptomatic atrial fibrillation. It potently and
selectively inhibits a single potassium channel, lkr, the rapidly acting component of the delayed rectifier potassium
current. By blocking the open state of lkr, dofetilide is able to prolong the effective refractory period in both atrial and
ventricular myocardium and the monophasic action potential duration. Because it targets only one cardiac ion channel,

it does not produce any effects on the sinus node, cardiac conduction system, and other extracardiac organs.

1.03.4.2.2 Ibutilide fumarate

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

No o
//S

o

" HO,C \/\C%H

OH

Corvert

Pharmacia & Upjohn
UK

1996

USA

122647-32-9

J

N

Ibutilide fumarate activates slow inward sodium channels and thus is able to prolong the action potential duration and
lengthen the refractory period of myocardial tissue. It was launched for the treatment of atrial fibrillation and flutter.

1.03.4.2.3 Landiolol

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Onoact

Ono Pharmaceutical
Japan

2002

Japan

133242-30-3
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Landiolol is an ultra short-acting f1-adrenergic blocker that was launched for the treatment of tachyarrhythmia during
surgery.

1.03.4.2.4 Nifekalant hydrochloride

Trade name Shinbit
Manufacturer Mitsui
Country of origin Japan
Year of introduction 1999
Country in which first launched Japan
CAS registry number 130656-51-8
Structure
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Nifekalant is a nonselective blocker of myocardial repolarizing potassium currents and is completely devoid of any
B-adrenergic effects. It was launched for the treatment of serious ventricular arrhythmias.

1.03.4.2.5 Pirmenol hydrochloride

Trade name Pimenol
Manufacturer Warner-Lambert
Country of origin USA
Year of introduction 1994
Country in which first launched Japan
CAS registry number 61477-94-9
Structure
Me
@
“Me « HCI
Racemic

Pirmenol hydrochloride is a long-acting class la antiarrhythmic agent acting against atrial and ventricular arrhythmias of
diverse etiology. It is highly active when given by both the oral and intravenous routes.

1.08.4.3  Antithrombotic Agents
1.03.4.3.1 Bivalirudin

Trade name Angiomax
Manufacturer Biogen/The Medicines Company
Country of origin USA

Year of introduction 2000
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Country in which first launched New Zealand
CAS registry number 128270-60-0
Structure
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Bivalirudin was introduced as an intravenous treatment of patients with unstable angina undergoing percutaneous
transluminal coronary angioplasty. It is a possible alternative to heparin treatment.

1.03.4.3.2 Clopidogrel hydrogensulfate

Trade name Plavix, Iscover
Manufacturer Sanofi/Bristol-Meyers Squibb
Country of origin France
Year of introduction 1998
Country in which first launched USA
CAS registry number 113665-84-2
Structure
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Clopidogrel is an adenosine diphosphate antagonist acting on the purinergic P2y receptor and was launched as a potent
inhibitor of platelet aggregation for the preventative management of secondary ischemic events including myocardial
infarction (MI), stroke, and vascular deaths.
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1.03.4.3.3 Eptifibatide

Trade name Integrilin
Manufacturer Cor Therapeutics/Schering-Plough
Country of origin USA
Year of introduction 1999
Country in which first launched USA
CAS registry number 188627-80-7
Structure
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Eptifibatide was introduced for the treatment of acute coronary syndrome, in particular for patients at risk of abrupt
vessel closure during or after coronary angioplasty.

1.03.4.3.4 Fondaparinux sodium

Trade name Arixtra
Manufacturer Sanofi-Synthelabo/Akzo Nobel
Country of origin France
Year of introduction 2002
Country in which first launched USA
CAS registry number 114870-03-0
Structure
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Fondaparinux sodium was introduced for prophylaxis of deep vein thrombosis, which sometimes leads to pulmonary
embolism, following major orthopedic surgery.
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1.03.4.3.5 Tirofiban hydrochloride

Trade name Aggrastat
Manufacturer Merck
Country of origin USA
Year of introduction 1998
Country in which first launched Switzerland/USA
CAS registry number 142373-60-2
Structure
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Tirofiban hydrochloride is a highly potent antiplatelet agent that inhibits the interaction of fibrinogen with GPIIb/IIIa.
It was introduced for the treatment of patients with unstable angina or non-Q wave myocardial infarction to prevent
cardiac ischemic events.

1.03.4.4 Heart Failure
1.03.4.4.1 Caperitide

Trade name Hanp
Manufacturer Suntory/Zeria
Country of origin Japan

Year of introduction 1995
Country in which first launched Japan

CAS registry number 89213-87-6

Structure — recombinant peptide of molecular weight 3080 Da

Caperitide is the a-human atrial natriuretic peptide and is used for the treatment of congestive heart failure.

1.03.4.4.2 Levosimendan

Trade name Simdax
Manufacturer Orion
Country of origin Finland
Year of introduction 2000
Country in which first launched Sweden
CAS registry number 141505-33-1
Structure
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Levosimendan is a myofilament calcium sensitizer that increases myocardial contractility by selectively binding to the
N-terminus of troponin C and by stabilizing the Ca’*"-bound conformation of this contractile protein. It was
introduced as an intravenous infusion for the treatment of acute heart failure or refractory symptoms of chronic heart
failure in cases where conventional treatment is not sufficient.

1.03.4.4.3 Neseritide

Trade name Natrecor
Manufacturer Scios/GSK
Country of origin USA

Year of introduction 2001
Country in which first launched USA

CAS registry number 124584-08-3

Structure — recombinant protein of molecular weight 3464 Da

Neseritide is a recombinant form of the human vasodilatory B-type natriuretic peptide that was introduced for the
treatment of patients with acutely decompensated congestive heart failure who have dyspnea at rest or with minimal
activity.

1.03.4.4.4 Pimobendan

Trade name Acardi
Manufacturer Boehringer Ingelheim
Country of origin Germany
Year of introduction 1994
Country in which first launched Japan
CAS registry number 74150-27-9
Structure
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Pimobendan is a phosphodiesterase III (PDE III) inhibitor that is able to enhance sensitization of myocardial
contractile regulatory protein to calcium ions. It was introduced for the treatment of mild to moderate chronic heart
failure.

1.03.4.5  Cardiostimulants
1.03.4.5.1 Docarpamine

Trade name Tanadopa
Manufacturer Tanabe Seiyaku
Country of origin Japan

Year of introduction 1994

Country in which first launched Japan

CAS registry number 74639-40-0
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Docarpamine is an orally effective peripheral dopamine prodrug that was launched as a cardiostimulant with diuretic
activity for the treatment of circulatory insufficiency.

1.03.4.5.2 Loprinone hydrochloride

Trade name Coatec
Manufacturer Eisai
Country of origin Japan

Year of introduction 1996
Country in which first launched Japan

CAS registry number 119615-63-3

Structure

Loprinone is a potent and selective inhibitor of PDE III and a long-lasting, orally active positive inotropic agent. It is
used for acute cardiac insufficiency in cases resistant to other treatments.

1.03.4.6  Anticoagulants
1.03.4.6.1 Duteplase

Trade name Solclot
Manufacturer Sumitomo
Country of origin Japan

Year of introduction 1995
Country in which first launched Japan

CAS registry number 120608-46-0

Structure — recombinant protein

Duteplase is a recombinant tissue-type plasminogen activator that acts by converting the proenzyme plasminogen to

the active enzyme plasmin. It was launched for the treatment of acute myocardial infarction.

1.03.4.6.2 Lepirudin

Trade name
Manufacturer
Country of origin

Refludan
Hoechst Marion Roussel
Germany
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Year of introduction

Country in which first launched

CAS registry number

Structure — recombinant protein of molecular weight 6.9 kDa

1997
Germany
8001-27-2

Refludan is an almost irreversible inhibitor of thrombin and was launched for the treatment of heparin-associated
thrombocytopenia. It is used for myocardial infarcts, unstable angina, and cardiovascular events.

1.03.4.7

Hypocholesterolemic Agents

1.03.4.7.1 Atorvastatin calcium

"Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

HO

Lipitor
Parke-Davis
USA

1997

UK
134523-03-8

C a2+

—2

Atovastatin calcium is a liver-selective reversible competitive inhibitor of HMG-CoA reductase that was introduced as
an orally active hypocholesterolemic agent. It became the first pharmaceutical product ever to make over US $1billion

in sales in its first year.

1.03.4.7.2 Cerivastatin

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Lipobay
Bayer
Germany
1997

UK
143201-11-0

Lipobay is a 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitor with a high liver selectivity that

was launched for the treatment of primary hypercholesterolemia.
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1.03.4.7.3 Colesevelam hydrochloride

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Welchol

Gellex, Sankyo, Pfizer
USA

2000

USA

182815-44-7

NHo+Cl NH™ ¢

N+ CI,
HaC™ | CH,
CH,
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Colesevelam is a nonabsorbable, water-insoluble polymer of a hexanamium chloride with N-(2-propenyl) decanamine,
2-propene-1-amine hydrochloride, and chloromethyloxirane. It is used for the reduction of elevated levels of serum
low-density lipoprotein (LDL) cholesterol. It can either be used as a monotherapy or as a dual therapy with statins.

1.03.4.7.4 Colestimide

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Cholebine

Mitsubishi, Tokyo Tanabe, Yamanouchi
Japan

1999

Japan

95522-45-5

Colestimide is a methyl imidazole-epichlorin copolymer used as a bile acid sequestrant that leads to the enhance-
ment of the rate of LDL removal. It can be used in monotherapy or coadministered with HMG-CoA reductase

inhibitors.
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1.03.4.7.5 Ezetimibe

Trade name Ezetrol
Manufacturer Schering-Plough, Merck
Country of origin USA
Year of introduction 2002
Country in which first launched Germany
CAS registry number 163222-33-1
Structure
OH
F

Ezetimibe is a once a day orally active cholesterol absorption inhibitor that is marketed as a hypolipidemic agent. When
coadministred with statins it is more effective at reducing blood cholesterol levels.

1.03.4.7.6 Fluvastatin sodium

Trade name Lescol
Manufacturer Sandoz
Country of origin Switzerland
Year of introduction 1994
Country in which first launched UK

CAS registry number 93957-55-2
Structure

HO, ONa*

Racemic

Fluvastatin sodium was the fourth HMG-CoA reductase inhibitor to be marketed for lowering total and LDL cholesterol.

1.03.4.7.7 Pitavastatin

"Trade name Livalo
Manufacturer Nissan/Sankyo/Kowa
Country of origin Japan

Year of introduction 2003
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Country in which first launched Japan
CAS registry number 147526-32-7
Structure
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This is a second-generation statin that was introduced for the treatment of hypercholesterolemia. It is an inhibitor of
HMG-CoA reductase. It is well absorbed, undergoes little metabolism, and is excreted via the bile.

1.03.4.7.8 Rosuvastatin

Trade name Crestor
Manufacturer Shionogi/AstraZeneca
Country of origin Japan

Year of introduction 2003

Country in which first launched Netherlands

CAS registry number 147098-20-2
Structure

C a2+

o o
- -2

Rosuvastatin is a second-generation statin with high hepatoselectivity and more potent inhibitory effects on HMG-CoA
reductase than the previously marketed statins. It is rapidly absorbed following oral dosing, minimally metabolized, and
excreted via the bile. The length of action permits once daily dosing.

1.03.4.8 Iron Chelation
1.03.4.8.1 Deferiprone

"Trade name Kelfer
Manufacturer Cipla
Country of origin India
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Year of introduction 1995
Country in which first launched India
CAS registry number 30652-11-0
Structure 0
OH

N Me

|

Me

Deferiprone is the first oral iron chelator; it was marketed for the management of thalassemia. It appears also to act as a
chelator for aluminum.

1.03.4.9 Hematological
1.03.4.9.1 Anagrelide hydrochloride

Trade name Agrylin
Manufacturer Roberts
Country of origin USA
Year of introduction 1997
Country in which first launched USA
CAS registry number 58579-51-4
Structure }-|
™
=
N
Cl
Cl e HCI

Anagrelide hydrochloride was launched for the treatment of thrombocytosis. It has anti-cAMP phosphodiesterase
activity and was initially tested as a platelet aggregation inhibitor. Its actual mechanism of action is not fully understood.
It does not shorten platelet survival but it does it appear to interfere with the maturation of megakaryocytes.

1.03.4.10 Subarachnoid Hemorrhage
1.03.4.10.1 Tirilazad mesylate

"Trade name Freedox
Manufacturer Pharmacia & Upjohn
Country of origin Sweden/USA

Year of introduction 1995

Country in which first launched Austria

CAS registry number 110101-67-2
Structure

° M9803H ; ;

Chiral
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"Tirilazad was marketed for the intravenous treatment of subarachnoid hemorrhage in male patients. It localizes into the
cell membrane and is a potent inhibitor of lipid peroxidation induced by oxygen free radicals.

1.03.4.11  Hemophilia
1.03.4.11.1 Factor Vlla

Trade name NovoSeven
Manufacturer Novo Nordisk
Country of origin Denmark
Year of introduction 1996

Country in which first launched Denmark
CAS registry number 151821-07-7

Structure — recombinant human factor VIla

Factor VIla was launched for the treatment of hemophila A and B. In vivo, it has inhibitor bypassing activity and thus
can circulate throughout the body with no effect until it comes into contact with tissue factor at a site of injury where
activation occurs.

1.03.4.12 Cardiotonic
1.03.4.12.1 Colforsin daropate hydrochloride

Trade name Adele, Adehi
Manufacturer Nippon Kayaku
Country of origin Japan

Year of introduction 1999

Country in which first launched Japan

CAS registry number 138605-00-2
Structure

CIH

Colforsin daropate is a water-soluble and orally active prodrug of forskolin that was launched as a treatment for acute
heart failure. It directly stimulates adenylate cyclase and increases the intracellular concentration of cAMP and inhibits
calcium mobilization. Thus, it induces significant vasodilation and provides a moderate positive inotropic and
chronotropic effect.

1.08.4.13 Fibrinolytic
1.03.4.13.1 Reteplase

Trade name Retevase
Manufacturer Boehringer Mannheim

175



176

Major Drug Introductions

Country of origin Germany
Year of introduction 1996
Country in which first launched USA

CAS registry number 133652-38-7

Structure — recombinant protein of molecular weight 39.5 kDa

Reteplase is a single-chain recombinant form of tissue plasminogen activator that was launched for the treatment of
acute myocardial infarction.

1.03.5 Nervous System (Both Central and Peripheral)

Fifty-five new drugs affecting some part of the central and peripheral nervous systems have been launched between
1993 and 2002. Heading the table in new introductions are seven compounds for depression, seven for Parkinson’s
disease, seven for migraine, six neuroleptics, four antiepileptics, three for neuroprotection, three antihistamines, three
for muscle relaxation, two for Alzheimer’s disease, two for multiple sclerosis, two for local anesthesia, and one each for
dependence, narcolepsy, attention deficit hyperactivity, psychostimulation, inducing sleep, diagnosis of CNS disorders,
sedation, anxiety, and stimulation.

1.08.5.1 Antidepressants

1.03.5.1.1 Escitalopram oxalate

"Trade name Cipralex
Lundbeck
Denmark

Manufacturer
Country of origin
Year of introduction 2002

Country in which first launched Switzerland, UK, Sweden
CAS registry number 219861-08-2

Structure

NZ~ HO,C —CO,H

Escitalopram oxalate is the S-enantiomer of the selective serotonin reuptake inhibitor citalopram and was launched for
the treatment of depression and panic disorder. It has a fast onset of action and long half-life (27-32h).

1.03.5.1.2 Milnacipran

Trade Name Ixel
Manufacturer Pierre Fabre
Country of Origin France

Year of Introduction 1997
Country in which first launched France

CAS Registry number 92623-85-3
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Structure

NEt,

NH,

Milnacipran is a specific serotonin and noradrenaline reuptake inhibitor. It has as short (7h) half-life, no active

metabolites, and is not metabolized by cytochrome P450. It was launched for the treatment of severe depression.

1.03.5.1.3 Mirtazapine

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Remeron
Organon
Netherlands
1994
Netherlands
61337-67-5

Mirtazapine is a potent antagonist of presynaptic a,-receptors and a moderately potent SHT antagonist. In the clinic, it

demonstrated antidepressant activity with low anticholinergic action and gastrointestinal side effects and low

cardiovascular toxicity.

1.03.5.1.4 Nefazodone hydrochloride

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

©\o/\/'¢'\“\/\/'“d

Serzone
Bristol-Meyers Squibb
USA

1994

Canada

82752-99-6

K

*HCI
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Nefazodone hydrochloride acts as both a potent SHT', receptor antagonist and as a serotonin reuptake blocker. The
very selective serotonergic effects are accompanied by few side effects from cholinergic, histamine, and adrenergic
systems.

1.03.5.1.5 Pivagabine

Trade name Tonerg
Manufacturer Angelini
Country of origin Italy
Year of introduction 1997
Country in which first launched [taly
CAS registry number 69542-93-4
Structure

H (@]

I

>I\H/N\/\)J\OH
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Pivagabine was launched for the treatment of acute stress, posttraumatic stress syndrome, and ‘burnout’ syndrome. It

inhibits the release of corticotropin-releasing factor from the hypothalamus.

1.03.5.1.6 Reboxetine

"Trade name Edronax
Manufacturer Pharmacia & Upjohn
Country of origin Sweden

Year of introduction 1997

Country in which first launched UK

CAS registry number 71620-98-8

Structure

Reboxitine is a selective noradrenaline reuptake blocker that was shown to be effective in both the short and long term

in the treatment of severe depression.

1.03.5.1.7 Venlafaxine hydrochloride

Trade name Effexor
Manufacturer Wyeth-Ayerst
Country of origin USA

Year of introduction 1994
Country in which first launched USA

CAS registry number 93413-69-5
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Structure

e HCI

Venlafaxine is the first in the class of second-generation antidepressants with dual serotonin/norepinephrine reuptake
inhibitory activity. It appears to have a rapid onset of action.

1.03.5.2 Antiparkinsonian Agents
1.03.5.2.1 Budipine

Trade name Parkinsan

Manufacturer Byk Gulden/Promonta Lundbeck
Country of origin Germany

Year of introduction 1997

Country in which first launched Germany

CAS registry number 57982-78-2

Structure

Budipine is effective for the treatment of parkinsonian tremors. It exhibits use-dependent, open channel,
uncompetitive N-methyl-D-aspartate (NMDA) receptor antagonist activity and interacts with sigma-binding sites in
the frontal cortex.

<

1.03.5.22 CHF-1301

Trade name Levomet
Manufacturer Chiesi Farmaceutici SPA
Country of origin Italy
Year of introduction 1999
Country in which first launched ltaly
CAS registry number 7101-51-1
Structure
0
S
HO (S) O/CHS
HO NH

Levomet was introduced as an injection for patients with Parkinson’s disease who experienced complications in their
chronic treatment with levodopa.
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1.03.5.2.3 Entacapone

Trade name Comtess
Manufacturer Orion Pharma
Country of origin Finland
Year of introduction 1998
Country in which first launched Finland, Germany, Sweden
CAS registry number 130929-57-6
Structure o CHs

HO

N N
on L
HO CHs

Entacapone is a peripherally selective, reversible, orally active catechol O-methyltransferase inhibitor intended to be
used as an adjuvant to levodopa therapy for Parkinson’s disease.

1.03.5.2.4 Pramipexole hydrochloride

Trade name Mirapex
Manufacturer Boehringer Ingelheim/Pharmacia & Upjohn
Country of origin Germany
Year of introduction 1997
Country in which first launched USA
CAS registry number 104632-25-9
Structure
N
L
H3C
~TNH S 2HCI

Pramipexole is a presynaptic dopamine D, autoreceptor agonist that also activates D3 receptors.

1.03.5.2.5 Ropinirole hydrochloride

Trade name ReQuip
Manufacturer SmithKlineBeecham
Country of origin UK
Year of introduction 1996
Country in which first launched UK
CAS registry number 91374-20-8
Structure

\/\N N _H
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Ropinirole is a nonergot postsynaptic dopamine D, agonist with activity in the extrapyramidal system. It was
introduced as a monotherapy or for use in combination with low-dose levodopa for the treatment of early stage

idiopathic Parkinson’s disease.

1.03.5.2.6 Talipexole

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

S
H2N4<\ |
N

o 2HCI

Domin

Bocehringer Ingelheim
Germany

1996

Japan

101626-70-4

N X

Talipexole is a selective agonist for presynaptic dopamine D, receptors with no D, receptor activity.

1.03.5.2.7 Tolcapone

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Tasmar
Roche
Switzerland
1997
Germany
134308-13-7

HO

NO,

Tolcapone is a peripherally selective, reversible, orally active catechol O-methyltransferase inhibitor that was
introduced as an adjuvant to levodopa therapy for Parkinson’s disease.

1.03.5.3
1.03.5.3.1 Almotriptan

Antimigraine Agents

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Almogran

Almirall Prodesfarma
Spain

2000

Spain

154323-57-6
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Structure
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Almotriptan acts as a dual SHTp,p agonist with a 35- to 51-fold selectivity versus SHT 5 and SHT; receptors,
respectively, as well as having insignificant affinity for the most relevant nonserotonic receptors.

1.03.5.3.2 Electriptan

Trade name Relpax
Manufacturer Pfizer
Country of origin USA

Year of introduction 2001
Country in which first launched Switzerland
CAS registry number 143322-58-1
Structure
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Electriptan is a SHT receptor agonist that binds to SHT, SHTp, and SHTf receptors with high potency. It was
found to be more potent than other triptans as an agonist at the SHTp receptor. It acts more rapidly and effectively
against migraine attacks than other triptans.

1.03.5.3.3 Frovatriptan

Trade name Frova

Manufacturer GlaxoSmithKline/Vernalis
Country of origin UK

Year of introduction 2002

Country in which first launched USA

CAS registry number 158930-09-7

Structure

HyC N NH,

Ir=

(CH,CO,H),*H,0

Frovatriptan was launched as an oral treatment for acute migraine attacks with or without aura in adults. It is the eighth
member of the triptan class to be launched. It shows a very long half-life and a remarkably low level of headache
recurrence rate.
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1.03.5.3.4 Lomerizine hydrochloride

Trade name Teranas, Migsis

Manufacturer Akzo Nobel/Kanebo
Country of origin Netherlands
Year of introduction 1999
Country in which first launched Japan
CAS registry number 101477-54-7
Structure

F

MeO
)
N
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OMe

Lomerizine hydrochloride was the first in its class of dual sodium and calcium channel blockers to be marketed for
migraine. It has demonstrated effectiveness in migraine treatment but it may also have utility in other neurological
diseases such as cerebrovascular ischemia or cerebral infarction.

1.03.5.3.5 Naratriptan hydrochloride

Trade name Naramig
Manufacturer Glaxo Wellcome
Country of origin UK

Year of introduction 1997

Country in which first launched UK

CAS registry number

1433388-64-1

Structure
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Naratriptan is a serotonin SHT 51 p receptor antagonist with modest affinity for SHT, and very weak affinity for SHT;
receptors. It mediates vasoconstriction in cerebral vasculature, reduces neurogenic inflammation, and inhibits
responses mediated by the trigeminal nerves. Naratriptan has no clinical effects on blood pressure or heart rate, and has
a long duration of action with very good tolerability and a high oral bioavailability.

1.03.5.3.6 Rizatriptan benzoate

Trade name Maxalt
Manufacturer Merck
Country of origin USA

Year of introduction 1998
Country in which first launched Mexico
CAS registry number 145202-66-0
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Structure
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Rizatriptan is a full SHTp;;p receptor agonist retaining a significant affinity at SHT 4 sites with low affinity for
non-5H'T sites. In humans, it shows craniovascular selectivity for isolated middle meningeal arteries over coronary
arteries.

1.03.5.3.7 Zomitriptan

"Trade name Zomig
Manufacturer Zeneca
Country of origin UK
Year of introduction 1997
Country in which first launched UK
CAS registry number 139264-17-8
Structure
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Zomitriptan is a serotonin SHTp/;p receptor agonist with modest affinity for SHT 4 and SHTf receptors. It acts
centrally on the trigeminal nucleus caudalis and peripherally on the trigeminovascular system.

1.03.5.4 Neuroleptics
1.03.5.4.1 Aripiprazole

Trade name Abilify

Manufacturer Otsuka/Bristol-Meyers Squibb
Country of origin Japan

Year of introduction 2002

Country in which first launched USA

CAS registry number 129722-12-9

Structure

’ cl U\/\/\omo

Aripiprazole is a partial D, receptor agonist that was launched for the treatment of psychoses including schizophrenia.




Major Drug Introductions

1.03.5.4.2 Olanzapine

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Zyprexa
Lilly

USA

1996

UK
132539-06-1

Olanzapine is a potent SH'T,/D, antagonist with anticholinergic activity that was launched as an antipsychotic agent.

1.03.5.4.3 Perospirone

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Lullan

Sumitomo Pharm
Japan

2001

Japan
150915-41-6

Perospirone was launched as a new treatment of schizophrenia and other psychoses. It seems to have a significantly
lower propensity for the development of extrapyramidal symptoms and tardive schizophrenia.

1.03.5.4.4 Quetiapine fumarate

"Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Seroquel
Zeneca

UK

1997

UK
111974-72-2
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Structure
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Quetiapine fumarate is selective for the limbic region with activity as a moderate dopamine receptor antagonist with

greater affinity for D, over Dy and Dy receptors and a greater affinity for SH'T,, than for D, receptors. It was launched
for the treatment of schizophrenia.

1.03.5.4.5 Sertindole

Trade name Serdolect
Manufacturer Lundbeck
Country of origin Denmark
Year of introduction 1996
Country in which first launched UK

CAS registry number 106516-24-9
Structure F

\Z
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Sertindole is selective for the limbic areas of the brain and has a high affinity for the serotonin SHT, receptor where it
acts as an antagonist. [t was launched for the treatment of acute and chronic schizophrenia and schizoaffective psychoses.

1.03.5.4.6 Ziprasidone hydrochloride

Trade name Zeldox
Manufacturer Pfizer
Country of origin USA

Year of introduction 2000
Country in which first launched Sweden
CAS registry number 122883-93-6
Structure H

e e

N\
s *HCI *H,0

Ziprasidone was launched as the sixth atypical antipsychotic for the treatment of schizophrenia and agitated psychoses.
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1.08.5.5 Antiepileptics
1.03.5.5.1 Fosphenytoin sodium

Trade name Cerebyx
Manufacturer Warner-Lambert
Country of origin USA
Year of introduction 1996
Country in which first launched USA
CAS registry number 93390-81-9
Structure ’

NED—P~ 0

Fosphenytoin sodium is a prodrug that is rapidly converted by phosphatases to phenytoin. It was launched for the
treatment of status epilepticus and for neurosurgery-derived seizures.

1.03.5.5.2 Levetiracetam

Trade name Keppra
Manufacturer UCB
Country of origin USA

Year of introduction 2000
Country in which first launched USA

CAS registry number 102767-28-2
Structure

’/CHg
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Levetiracetam is a second-generation analog of piracetam whose precise mode of action is not well established.
However, it has been shown that it reversibly binds to a specific site predominantly present in the membranes of the
brain. It was introduced as an adjunctive therapy in the treatment of partial onset seizures in adults with epilepsy.

1.03.5.5.3 Tiagabine

Trade name Gabitril
Manufacturer Novo Nordisk
Country of origin Denmark
Year of introduction 1996
Country in which first launched Denmark
CAS registry number 115103-54-3
Structure
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Tiagabine was launched as an add-on therapy in patients refractory to other epilepsy therapies and appears to work by
potent and selective inhibition of GABA synaptosomal uptake. It is selective for the GAT-1 GABA transporter in
neurons and glia, thus enhancing inhibitory GABAergic transmission.

1.03.5.5.4 Topiramate

Trade name Topamax
Manufacturer Johnson & Johnson
Country of origin USA
Year of introduction 1995
Country in which first launched UK
CAS registry number 97240-79-4
Structure
O
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Topiramate was introduced as an adjunct therapy for use in partial seizures with or without secondary generalized
seizures in adult patients inadequately controlled on conventional antiepileptics. It appears to act by blocking
voltagesensitive sodium channels.

1.03.5.6 Neuroprotective Agents

1.03.5.6.1 Edaravone

Trade name Radicut
Manufacturer Mitsubishi Pharma
Country of origin Japan
Year of introduction 2001
Country in which first launched Japan
CAS registry number 89-25-8
Structure
CHg

Edaravone was marketed for improving the neurologic recovery following acute brain infarction. It is an antioxidant with
free radical scavenging activity.

1.03.5.6.2 Fasudil hydrochloride

Trade name
Manufacturer
Country of origin

Eril

Asahi Chemical

Japan
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Year of introduction 1995
Country in which first launched Japan

CAS registry number 105628-07-7
Structure

Fasudil is a calcium antagonist vasodilator that was marketed for the treatment of cerebral vasospasm following
subarachnoid hemorrhage. It is also a potent inhibitor of myosin light chain kinase and protein kinase C.

1.03.5.6.3 Riluzole

Trade name Rilutek
Manufacturer Rhone-Poulenc Rorer
Country of origin France

Year of introduction 1996

Country in which first launched USA

CAS registry number 1744-22-5

Structure
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Riluzole was launched for the treatment of amyotrophic lateral sclerosis. It antagonizes excitatory amino acids and

blocks presynaptic release of glutamate and quisqualate-induced increases in cGMP.

1.03.5.7 Antihistamines
1.03.5.7.1 Desloratadine

"Trade name Clarinex
Manufacturer Sepracor/Schering-Plough
Country of origin USA
Year of introduction 2001
Country in which first launched UK
CAS registry number 100643-71-8
Structure
7 \ cl
N
H

Desloratadine was launched for the treatment of nasal and non-nasal symptoms of seasonal allergic rhinitis. It is a
nonsedating competitive histamine H;-receptor antagonist with increased potency and improved safety.
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1.03.5.7.2 Mizolastine

Trade name Mizollen
Manufacturer Synthelabo/Galderma
Country of origin France
Year of introduction 1998
Country in which first launched Germany, Switzerland
CAS registry number 108612-45-9
Structure

(o)

Mizolastine is a long-acting, orally active antihistamine that was introduced for the symptomatic relief of seasonal and
perennial allergic rhinoconjuctivitis and urticaria. It selectively blocks peripheral H; receptors with little effect on brain

receptors.

1.03.5.7.3 Levocetirizine

"Trade name Xusal
Manufacturer Sepracor/UCB
Country of origin USA

Year of introduction 2001

Country in which first launched Germany
CAS registry number 130018-77-8

Structure
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Levocetrizine is the R-isomer of the second-generation antihistamine cetirizine. It was launched for the treatment of
seasonal allergic rhinitis, perennial allergic rhinitis, and chronic idiopathic urticaria.

1.03.5.8 Muscle Relaxation
1.03.5.8.1 Cisatracurium besylate

Trade name Nimbex
Manufacturer Glaxo Wellcome
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Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Me
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1995

USA
96946-42-8
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Cisatracurium besylate is a nondepolarizing muscle relaxant of intermediate duration that was launched for intubation

and maintenance of muscle relaxation during surgery and intensive care.

1.03.5.8.2 Rapacuronium bromide

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Raplon

Akzo Nobel
Netherlands
1999

USA
156137-99-4

Rapacuronium bromide was introduced as a parenterally administered adjunct to general anesthesia during surgical
procedures. It is a nondepolarizing neuromuscular blocking drug with a rapid onset and short duration of action.

1.03.5.8.3 Rocuronium bromide

"Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Zemuron, Esmeron
Organon
Netherlands

1994

USA, UK
119302-91-9
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Structure
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Rocuronium bromide is a short-acting, nondepolarizing steroidal neuromuscular blocker that was introduced for use as
an adjunct to general anesthesia to facilitate endotracheal intubation and to provide skeletal muscle relaxation during
surgery or mechanical ventilation.

1.03.5.9  Anti-Alzheimer’s Disease
1.03.5.9.1 Donepezil hydrochloride

Trade name Aricept
Manufacturer Eisai/Pfizer
Country of origin Japan

Year of introduction 1997
Country in which first launched USA

CAS registry number 120011-70-3
Structure
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Aricept is a reversible, noncompetitive inhibitor of acetylcholinesterase that was introduced for the treatment of mild
to moderate Alzheimer’s disease and dementia.

1.03.5.9.2 Rivastigmin tartrate

Trade name Exelon
Manufacturer Norvartis
Country of origin Switzerland
Year of introduction 1997
Country in which first launched Switzerland
CAS registry number 129101-54-8
Structure
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Rivastigmin is a centrally selective and long-lasting drug with anticholinesterase activity that facilitates cholinergic
transmission in the cortex and hippocampus. It was launched for the treatment of mild to moderate Alzheimer’s disease.
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1.08.5.10 Multiple Sclerosis
1.03.5.10.1 Interferon p-1a

Trade name Avonex
Manufacturer Biogen
Country of origin USA

Year of introduction 1996
Country in which first launched USA

CAS registry number 145258-61-3

Structure — recombinant protein of molecular weight 20 025 Da

Interferon B-1a was launched for the treatment of relapsing forms of multiple sclerosis.

1.03.5.10.2 Glatiramer acetate

Trade name Copaxone
Manufacturer Yeda
Country of origin Israel

Year of introduction 1997
Country in which first launched USA

CAS registry number 28704-27-0

Structure — recombinant protein of molecular weight 14-23 kDa

Glatiramer acetate was launched for the treatment of relapsing-remitting multiple sclerosis.

1.03.5.11 Local Anesthesia
1.03.5.11.1 Levobupivacaine hydrochloride

Trade name Chirocaine

Manufacturer Chiroscience/Purdue Pharma
Country of origin UK

Year of introduction 2000

Country in which first launched USA

CAS registry number 27262-48-2

Structure

(Y

Levobupivacaine is the S-enantiomer of bupivacaine. It was launched for the production of local anesthesia in surgery
and obstetrics and for postoperative pain management.

1.03.5.11.2 Ropivacaine

Trade name Naropin
Manufacturer Astra
Country of origin Sweden

Year of introduction 1996
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Country in which first launched Australia
CAS registry number 84057-95-4
Structure
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Ropivacaine is a sodium channel blocker that has a specific effect on the nerves involved in transmission of pain but has
no effect on the nerve fibers responsible for motor function. It was launched as a local anesthetic.

1.03.5.12 Dependence Treatment
1.03.5.12.1 Nalmefene hydrochloride

Trade name Revex
Manufacturer IVAX/Ohmeda
Country of origin USA

Year of introduction 1995

Country in which first launched USA

CAS registry number 58895-64-0
Structure
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Nalmefene is an opioid antagonist that was introduced for opioid reversal following surgery and in the treatment of
opioid overdoses and epidurally administered narcotics.

1.03.5.13 Narcolepsy
1.03.5.13.1 Modafinil

Trade name Modiodal
Manufacturer Lafon
Country of origin France
Year of introduction 1994
Country in which first launched France
CAS registry number 68693-11-8
Structure

O Racemic

Modafinil is a centrally active o;-adrenergic agonist that was marketed as a psychostimulant for the treatment of

narcolepsy and idiopathic hypersomnia including Gelineau’s syndrome.
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1.03.5.14  Attention Deficit Hyperactivity
1.03.5.14.1 Atomoxetine

"Trade name Strattera
Manufacturer Lilly
Country of origin USA
Year of introduction 2003
Country in which first launched USA
CAS registry number 082248-59-7
Structure
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Atomexetine is the first nonstimulant to be marketed for this condition. It is a potent and selective norepinephrine
uptake inhibitor and does not bind to monoamine receptors. It is about 63% orally bioavailable, is highly protein bound,
and has a half-life of around 5.2 h.

1.08.5.15 Psychostimulants
1.03.5.15.1 Dexmethylphenidate hydrochloride

"Trade name Focalin
Manufacturer Celgene/Norvartins
Country of origin USA
Year of introduction 2002
Country in which first launched USA
CAS registry number 19262-68-1
Structure

NH O

.

H 2

*HCI

O

Dexmethylphenidate is the pharmacologically effective enantiomer of D,L-methyl phenidate. It was introduced as an
improved treatment for children with attention deficit hyperactivity disorder.

1.03.5.16  Hypnotic
1.03.5.16.1 Zaleplon

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched

Sonata

American Home Products
USA

1999

Sweden, Denmark
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CAS registry number 15319-34-5
Structure CN
N
’ =
,
(0]
HSCJ\J
H;C

Zaleplon is a nonbenzodiazepine that reduces sleep latency and improves the quality of sleep in patients with chronic
insomnia.

1.03.5.17 Central Nervous System Diagnosis
1.03.5.17.1 loflupane

Trade name DatSCAN
Manufacturer Research Biochemicals Int/Nycomed Amersham
Country of origin UK
Year of introduction 2000
Country in which first launched UK
CAS registry number 155798-07-5
Structure

R /CH3

(0]

Ioflupane was introduced as an imaging agent for the investigation of the dopaminergic neurons and the early diagnosis
of Parkinson’s disease and related syndromes. The radioactive label is detected using single-photon emission computed
tomography.

1.03.5.18 Sedative
1.03.5.18.1 Dexmedetomidine hydrochloride

Trade name Precedex
Manufacturer Orion/Abbott
Country of origin Finland
Year of introduction 2000
Country in which first launched USA
CAS registry number 145108-58-3
Structure CHy CHa

N ! CHg

</ / *HCI
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Dexmedetomidine was launched as an intravenous infusion for the sedation of initially intubated and mechanically
ventilated patients during treatment in an intensive care unit. It is a full agonist of o,-adrenoreceptors and has
the unique property of being able to provide sedation, analgesia, and anxiolysis, yet allows patients to be easily
awakened.

1.03.5.19  Anxiolytic
1.03.5.19.1 Tandospirone

"Trade name Sediel
Manufacturer Sumitomo
Country of origin Japan
Year of introduction 1996
Country in which first launched Japan
CAS registry number 87760-53-0
Structure

0]

Tandospirone is a partial agonist of the postsynaptic SHT 4 receptor. It was launched as an anxiolytic, which is as
effective as the benzodiazepines but without the side effects.

1.03.5.20 Central Nervous System Stimulants
1.03.5.20.1 Taltirelin

"Trade name Ceredist
Manufacturer Tanabe Seiyaku
Country of origin Japan

Year of introduction 2000

Country in which first launched Japan

CAS registry number 103300-74-9
Structure

@)

O M, 'O
Y H/\H/ )\
O & TNH,

N H

Taltirelin was launched as the first orally active drug for the treatment of neurodegenerative diseases, in particular the
improvement of ataxia due to spinocerebellar degeneration.
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1.03.6 Gastrointestinal Tract Related

Fourteen new therapeutics that have various effects on the gastrointestinal system were launched between 1993 and
2002. Nine of these have antiulcer effects, two have gastroprokinetic effects, two were launched for irritable bowel
syndrome, and one was launched for ulcerative colitis.

1.03.6.1 Antiulcerative Agents

1.03.6.1.1 Dosmalfate

Trade name Diotul
Manufacturer Faes
Country of origin Spain
Year of introduction 2000
Country in which first launched Spain
CAS registry number 122312-55-4
Structure
OMe
0]
OR
OH (¢}

R=SO3[Al,(OH)s]

Dosmalfate was launched for the prevention and treatment of gastroduodenal lesions caused by prolonged treatment
with nonsteroidal anti-inflammatory agents. Its mode of action does not appear to be defined.

1.03.6.1.2 Ebrotidine

Trade name Ebrocit
Manufacturer Ferrer
Country of origin Spain
Year of introduction 1997
Country in which first launched Spain
CAS registry number 100981-43-9
Structure
Br HoN \N
A
H s
\N/\/S\/‘Q/
O~ )
e
(0]

Ebrotidine was launched as a gastroprotective agent that is able to antagonize histamine H; receptors. It causes
enhanced mucosal blood flow and has activity against Helicobacter pylori.
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1.03.6.1.3 Egualen sodium

Trade name Azuloxa
Manufacturer Kotobuki Seiyaku
Country of origin Japan
Year of introduction 2000
Country in which first launched Japan
CAS registry number 97683-31-3
Structure

CH, i

CHjy

Egualen is a water-soluble sulfonate analog of guaiazulene, a natural azulene with antiulcer activity. Its mechanism of
action does not appear to be well defined.

1.03.6.1.4 Esomeprazole magnesium

Trade name Nexium
Manufacturer AstraZeneca
Country of origin UK
Year of introduction 2000
Country in which first launched Sweden
CAS registry number 119141-88-7
Structure — -
O—CHg
CHS /’\;k Mg2+
Hsc/o 2 | |S+ N
N 0
H;C
L J2

Esomeprazole magnesium was launched as a treatment for acid-related diseases such as gastroesophageal reflux disease
including peptic ulcer disease and reflux esophagitis. It is the active S-enantiomer of omeprazole and irreversibly
inhibits the gastric H* /K™ adenosine triphosphatase.

1.03.6.1.5 Lafutidine

Trade name Stogar, Protecadin
Manufacturer Fujirebio, UCB, Taiho
Country of origin Japan

Year of introduction 2000

Country in which first launched Japan

CAS registry number 118288-08-7
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Structure

Lafutidine is a potent and long-acting H,-receptor antagonist marketed for the treatment of gastritis, reflux
esophagitis, and peptic ulcers.

1.03.6.1.6 Pantoprazole sodium

Trade name Pantozol, Rufin
Manufacturer Byk Gulden, Schwarz Pharm
Country of origin Germany
Year of introduction 1994
Country in which first launched Germany
CAS registry number 102625-70-7
Structure
OMe o
N F
MeO
= | s—¢ :©/ Y
// F
~._N O N
Na*
Racemic

Pantoprazole is an irreversible proton pump inhibitor that was marketed for acute treatment of gastric and duodenal
ulcers and gastroesophageal reflux disease.

1.03.6.1.7 Polaprezinc

Trade name Promac
Manufacturer Hamari Chemicals
Country of origin Japan

Year of introduction 1994

Country in which first launched Japan

CAS registry number 107667-60-7
Structure

Nz
O¥\§ Chiral

Qe Zn,2+
N

It appears that this compound combines the cytoprotective properties of zinc with the ulcer healing properties of
L-carnosine. It is effective in promoting the healing of gastric ulcers in addition to preventing ulcer relapse.
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1.03.6.1.8 Rabeprazole sodium

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Pariet

Eisai

Japan

1998

Japan
117976-90-6

CHs N/@
S/LN’

O o]
Hsc/ NN AN

N 0 Na*

Rabeprazole is an inhibitor of gastric H*/K* adenosine triphosphatase and also has antibacterial activity against

H. pylori. It has a fast onset of action but a relatively short duration of activity.

1.03.6.1.9 Ranitidine bismuth citrate

Trade name Pylorid
Manufacturer Glaxo Wellcome
Country of origin UK

Year of introduction 1995

Country in which first launched UK

CAS registry number 128345-62-0

Structure

H
Me,N o g~ >N~ NHVe
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COs

Bi3+

Ranitidine bismuth citrate is a novel salt formed between ranitidine and bismuth citrate complex. It was launched
for the treatment of duodenal and benign gastric ulcers, for the eradication of H. pylori, and for the prevention of relapse
of duodenal ulcer when administered in combination with an antibiotic such as clarithromycin or amoxicillin.

1.03.6.2 Irritable Bowel Syndrome

1.03.6.2.1 Alosetron hydrochloride

Trade name Lotronex
Manufacturer Glaxo Wellcome
Country of origin UK

Year of introduction 2000

Country in which first launched USA

CAS registry number 132414-02-9
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Structure
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\ HCI
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Alosetron is a potent and selective SH'T'; antagonist although its precise mechanism of action in the treatment of
diarrhea-predominant irritable bowel syndrome in women for which it was launched is unclear.

1.03.6.2.2 Tegaserod maleate

"Trade name Zelmag
Manufacturer Norvartis
Country of origin Switzerland
Year of introduction 2001
Country in which first launched Mexico
CAS registry number 189188-57-6
Structure CH,
H
H N
N
H,C— O _
N NH [COOH
N COCH
H

"Tegaserod is a selective partial agonist of the excitatory SHTy receptor. It was launched for the treatment of
constipation- or diarrhea-predominant irritable bowel syndrome.

1.03.6.3 Gastroprokinetic Agents
1.03.6.3.1 Iltopride hydrochloride

Trade name Ganaton
Manufacturer Hokuirku
Country of origin Japan
Year of introduction 1995
Country in which first launched Japan
CAS registry number 122892-31-3
Structure
(0]
MeO

Iz

J/NMez
e HCI

MeO o
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[topride is a dopamine Dj-receptor antagonist that stimulates the release of acetylcholine on the postganglionic
cholinergic neurons. It was launched for the relief of gastrointestinal symptoms in patients with chronic gastritis.

1.03.6.3.2 Mosapride citrate

Trade name Gasmotin
Manufacturer Dainippon
Country of origin Japan
Year of introduction 1998
Country in which first launched Japan
CAS registry number 112885-41-3
Structure
o}
COOH
Cl
N/\/\
H
HO COOH
H,oN (@) F
k COOH

Mosapride was launched for the treatment of gastrointestinal symptoms in patients with chronic gastritis,

gastrooesophageal reflux, dyspepsia, and postsurgery complications.

1.03.6.4 Ulcerative Colitis
1.03.6.4.1 Balsazide disodium

Trade name

Colazide

Manufacturer Biorex, Astra
Country of origin UK
Year of introduction 1997
Country in which first launched UK
CAS registry number 80573-04-2
Structure

o @
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¢ 2 H,0 OH

Balsazide has cytoprotective and anti-inflammatory properties. It was launched for mild to moderate acute attacks of
ulcerative colitis.

1.08.7 Lung Related (Including Antiallergics)

Twenty-one compounds are described in this category, including nine antiallergics, six antiasthmatics, two expectorants,
one bronchodilator, one mucopolysaccharide, one lung surfactant, and one agent for treating cystic fibrosis.
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1.08.7.1 Antiallergics
1.03.7.1.1 Betotastine besilate

Trade name Talion
Manufacturer UBE, Tanabe Seiyaku
Country of origin Japan
Year of introduction 2000
Country in which first launched Japan
CAS registry number 190786-44-8
Structure
Cl

Betotastine besilate is a nonsedating histamine Hj-receptor antagonist that was marketed for the treatment of allergic
rhinitis.

1.03.7.1.2 Epinastine hydrochloride

Trade name Alesion
Manufacturer Boehringer Ingelheim, Sankyo
Country of origin Germany
Year of introduction 1994
Country in which first launched Japan
CAS registry number 80012-43-7
Structure
N
\V'/NHZ
N
SOk
Racemic

Epinastine is a peripherally acting histamine Hjy-receptor antagonist that was launched for the oral treatment of
bronchial asthma, allergic rhinitis, urticaria, eczema, dermatitis, and psoriasis vulgaris. It is without sedative activity.

1.03.7.1.3 Fexofenadine

Trade name Allegra
Manufacturer Sepracor, Hoechst Marion Roussel
Country of origin USA

Year of introduction 1996
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Country in which first launched USA
CAS registry number 138452-21-8
Structure
*HCI COH
N
Ph OH

Ph
OH

Fexofenadine is a metabolite of terfenadine and is a histamine H; receptor antagonist with less side effects. It is used
for the treatment of seasonal allergies.

1.03.7.1.4 Loteprednol etabonate

Trade name Lotemax, Ali
Manufacturer Pharmos, Bausch & Lomb
Country of origin USA
Year of introduction 1998
Country in which first launched USA
CAS registry number 082034-46-6
Structure

A

o o]
i OW‘/O\/CH3
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Loteprednol etabonate was introduced for the treatment of steroid responsive inflammatory conditions of the palpebral
and bulbar cojunctiva, cornea, and anterior segment of the ocular globe.

1.08.7.1.5 Olopatadine hydrochloride

Trade name Patanol
Manufacturer Kyowa Hakko
Country of origin Japan
Year of introduction 1997
Country in which first launched USA
CAS registry number 140462-76-6
Structure
NMe,
| CO,H
O O e HCI

o

Olopatadine combines the ability to prevent human conjunctival mast cell mediator release with selective H;-receptor
antagonist activity to give potent activity in allergic conjunctivitis.
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1.03.7.1.6 Omalizumab

Trade name Xolair
Manufacturer Genentech
Country of origin USA

Year of introduction 2003
Country in which first launched USA

CAS registry number 242138-07-04

Structure — humanized monoclonal antibody of molecular weight 149 kDa

Omalizumab is a recombinant humanized construct of murine [gG1k monoclonal antibody that was introduced for the
treatment of allergic asthma. It forms complexes with circulating IgE, thus inhibiting the binding of IgE to the high-
affinity IgE receptor on the surface of mast cells and basophils. Omalizumab is administered subcutaneously every 2—4
weeks. It is well tolerated and can replace steroidal treatment for asthma.

1.03.7.1.7 Ramatroban

Trade name Baynas
Manufacturer Bayer
Country of origin Germany
Year of introduction 2000
Country in which first launched Japan
CAS registry number 116649-85-5
Structure
F
H
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A
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Ramatroban is a potent antagonist of prostaglandin receptors and thromboxane receptors that was marketed for the
treatment of allergic rhinitis.

1.03.7.1.8 Rupatadine fumarate

Trade name Rupafin
Manufacturer Uriach
Country of origin Spain
Year of introduction 2003
Country in which first launched Spain

CAS registry number 182349-12-8
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Structure
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Rupatadine fumarate is an oral treatment for perennial and seasonal rhinitis. It acts as a nonsedating histamine
H;-receptor antagonist and platelet-activating factor antagonist.

1.03.7.1.9 Suplatast tosylate

"Trade name IPD
Manufacturer "Taiho
Country of origin Japan
Year of introduction 1995
Country in which first launched Japan
CAS registry number 94055-76-2
Structure
Me
H |
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Suplatast is a potent inhibitor of IgE synthesis without affecting IgM and IgG. It was launched for the treatment of
bronchial asthma, atopic dermatitis, and allergic rhinitis.

1.03.7.2 Antiasthmatic Agents
1.03.7.2.1 Levalbuterol hydrochloride

Trade name Xopenex
Manufacturer Sepracor
Country of origin USA
Year of introduction 1999
Country in which first launched USA
CAS registry number 34391-04-3
Structure
OH
H  CH;
HO ><
HC CHs

HO
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Levalbuterol is the single R-enantiomer of salbutamol. It was marketed for the treatment or prevention of
bronchospasm in patients with reversible obstructive airway disease.

1.03.7.2.2 Montelukast sodium

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Singulair
Merck
USA
1998
Finland, Mexico
151767-02-1
o O~ Na*

Montelukast is a potent, selective, and orally active antagonist of the leukotriene D4 (LTDy) receptor. It is marketed
for the management of mild to moderate asthma that has been inadequately controlled by inhaled corticosteroids and

short-acting beta, agonists.

1.03.7.2.3 Pranlukast

Trade name Onon
Manufacturer Ono
Country of origin Japan
Year of introduction 1995
Country in which first launched Japan
CAS registry number 103177-37-3
Structure
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Pranlukast is a highly potent, selective, and competitive antagonist of peptidoleukotrienes with high affinity for the
LTD, receptor. It was introduced for the treatment of bronchial asthma and allergic diseases.

1.03.7.2.4 Seratrodast

Trade name Bronica
Manufacturer Takeda
Country of origin Japan
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Year of introduction

Country in which first launched
CAS registry number

Structure

1995
Japan
112665-43-7

COLH

Racemic

Seratrodast is a thromboxane A; receptor antagonist that was marketed for the treatment of bronchospastic disorders

such as asthma.

1.03.7.2.5 Zafirlukast

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure
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/
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N
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Accolate
Zeneca

UK

1996

USA
107753-87-6

)

Zafirlukast is an L'T'D, antagonist that was launched for the treatment of asthma.

1.08.7.2.6 Zileuton

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Zyflo
Abbott

USA

1997

USA
111406-87-2

HO\
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s (0]

NH,

Zileuton is an orally active, reversible direct inhibitor of 5-lipoxygenase that was marketed for chronic asthma. The
bronchodilatory effect occurs within 2 h of administration.
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1.03.7.3
1.03.7.3.1

Expectorants

Erdosteine

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

H

Edirel, Vectrine

Refarmed, Pierre Fabre, Negma
Switzerland

1995

France

84611-23-4

(0]

Racemic

Erdosteine has mucomodulator, mucolytic, mucokinetic, and free radical scavenging properties and was launched for

the treatment of chronic bronchitis. It is also reported to possess local anti-inflammatory and antielastase activities, and

enhances the penetration of antibiotics into bronchial mucus.

1.03.7.3.2 Fudosteine

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Cleanal

SS Pharmaceutical/Mitsubishi Pharma
Japan

2001

Japan

13189-98-5

Fudosteine was introduced for the treatment of bronchitis and respiratory congestion. It is able to significantly reduce

mucus glycoprotein hypersecretion and inhibit infiltration of airway mucosa by lymphocytes and inflammatory cells in

bronchitic rats.

1.03.7.4 Bronchodilator

1.03.7.4.1 Tiotropium bromide

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Spiriva

Boehringer Ingelheim/Pfizer
Germany

2002

Netherlands, Philippines
136310-93-5
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Structure

Tiotropium bromide is a long-acting inhaled muscarinic antagonist that was developed for the treatment of chronic
obstructive pulmonary disease.

1.08.7.5 Mucopolysaccharides
1.03.7.5.1 Laronidase

Trade name Aldurazyme
Manufacturer BioMarin
Country of origin USA

Year of introduction 2003
Country in which first launched USA

CAS registry number 210589-09-6

Structure — recombinant form of human o-L-iduronidase

Mucopolysaccharidosis I is a genetic disorder caused by a deficiency of a-L-iduronidase, an enzyme required for the
catabolism of dermatan sulfate and heparin sulfate. Sulfate laronidase is a recombinant form of this enzyme produced in
Chinese hamster ovary cell lines. It is administered weekly as an intravenous infusion.

1.03.7.6 Lung Surfactant
1.03.7.6.1 Pumactant

Trade name ALEC
Manufacturer Britannia
Country of origin UK

Year of introduction 1994
Country in which first launched UK

Structure — mixture of dipalmitoylphosphatidylcholine and phosphatidylglycerol
CHj (CHp)14 COz (|3H2
CHy3 (C)14 CO, CH 0

+
CH2 0 ||3 (0] CH2 CH2 NM63
HO

CHs (CHy)14 COz C|3H2

CHg (CHp)14 CO, CH o OH

| I
CH2—O—I|3—O—CH2—CH—CH20H
OH
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This is a mixture of dipalmitoylphosphatidylcholine and phosphatidylglycerol in a 7:3 ratio, used for the treatment of
respiratory distress syndrome in premature infants.

1.03.7.7 Cystic Fibrosis
1.03.7.7.1 Dornase alfa

Trade name Pulmozyme
Manufacturer Genentech
Country of origin USA

Year of introduction 1994
Country in which first launched USA

CAS registry number 143831-71-4

Structure — recombinant human deoxyribonuclease

Dornase alfa, the first new drug treatment for cystic fibrosis for 30 years, is effective in liquefying secretions from the
lungs of cystic fibrosis patients. It achieves this by cleaving the extracellular DNA in purulent sputum, thereby
reducing the viscoelasticity of the secretion.

1.03.8 Joints and Bones

Thirty-one new medicaments have been included in this category. As might be expected with the high incidence of
arthritic conditions in an aging community, the largest group comprises 10 antiarthritic/rheumatic drugs including the
cyclooxygenase-2 (COX-2) inhibitors, which were launched with such high hopes but, at the time of writing (summer
2005), are being viewed with greater caution, and seven anti-inflammatory agents. Six drugs have been launched for the
treatment of osteoporosis and four vitamin D analogs, two analgesics, one osteoinductor, and one hypocalcemic agent
have also appeared.

1.03.8.1 Antirheumatic Agents
1.03.8.1.1 Actarit

Trade name Orcl, Mover

Manufacturer Nippon Shinyaku, Mitsubishi, Kesei
Country of origin Japan

Year of introduction 1994

Country in which first launched Japan

CAS registry number 18699-02-0

Structure
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/ﬁ\/©/ \H/
HO ©

While the structure of actarit might suggest nonsteroidal anti-inflammatory activity, it actually has no effect on models
of acute inflammation. It appears to work by the modulation of production and serum levels of interleukin-2, which
enhances the production of suppressor T cells by the immune system.

1.03.8.1.2 Adalimumab

Trade name Humira
Manufacturer Cambridge Antibody Technology/ Abbott
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Country of origin

Year of introduction

Country in which first launched
CAS registry number

USA
2003
USA
331731-18-1

Structure — recombinant humanized antibody of molecular weight 148 kDa

Adalimumab was the first fully human neutralizing IgG1 monoclonal antibody specific for tumor necrosis factor alpha
(TNF-a). Blockade of TNF binding to p55 and p75 cell surface TNF receptors decreases leukocyte migration and acute
phase reactants. Adalimumab is administered subcutaneously once every 2 weeks; in combination with methotrexate it
results in improved American College of Rheumatology (ACR) scores and reduced joint space narrowing.

1.03.8.1.3 Anakinra

Trade name Kineret

Manufacturer Amgen/University of Colorado
Country of origin USA

Year of introduction 2001

Country in which first launched USA

CAS registry number 143090-092-0

Structure — recombinant protein of molecular weight 17.3 kDa

Anakinra is a recombinant nonglycosylated human interleukin-1 receptor antagonist that was introduced as a daily
subcutaneous injection therapy for the reduction of signs and symptoms of moderate to severe rheumatoid arthritis in
adults who have failed to respond to one or more disease-modifying antirheumatic drugs.

1.03.8.1.4 Celecoxib

Trade name Celebrex
Manufacturer Searle, Pfizer
Country of origin USA
Year of introduction 1999
Country in which first launched USA
CAS registry number 169590-42-5
Structure
CF3
/ A\
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N
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Celecoxib is a potent and highly selective inhibitor of COX-2, the inducible form of cyclooxygenase expressed during
the inflammatory process. It does not block COX-1 thus suppressing the gastric and intestinal toxicity of most
nonselective nonsteroidal anti-inflammatory drugs (NSAIDs). It was launched for the treatment of rheumatoid arthritis
and osteoarthritis but has also been approved for use in patients with familial adenomatous polyposis.

1.03.8.1.5 Etoricoxib

Trade name Arcoxia
Manufacturer Merck
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Country of origin USA
Year of introduction 2002
Country in which first launched Mexico
CAS registry number 202409-33-4
Structure
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Etoricoxib was introduced as a follow-up to rofecoxib for the treatment of osteoarthritis, rheumatoid arthritis,
dysmenorrhea, gout, ankylosing spondylitis, and pain. It is the most-selective COX-2 so far marketed.

1.03.8.1.6 Leflunomide

Trade name Arava
Manufacturer Hoechst Marion Roussel
Country of origin Germany
Year of introduction 1998
Country in which first launched USA
CAS registry number 75706-12-6
Structure
CF3
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N
H
W
\O CHj

Leflunomide is the first and only drug to be indicated to slow down structural joint damage in rheumatoid arthritis. It is
a prodrug with a metabolic ring opening giving the active agent, which inhibits the enzyme dihydroorotate
dehydrogenase involved in the biosynthesis of pyrimidine nucleosides. It is an orally available disease-modifying
antirheumatic drug.

1.03.8.1.7 Meloxicam

Trade name Mobec

Manufacturer Boehringer Ingelheim
Country of origin Germany

Year of introduction 1996

Country in which first launched UK

CAS registry number 71125-38-7
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Meloxicam was launched as an NSAID for the treatment of osteo- and rheumatoid arthritis.

1.03.8.1.8 Parecoxib sodium

Trade name Dynastat
Manufacturer Pharmacia (Searle)
Country of origin USA
Year of introduction 2002
Country in which first launched UK
CAS registry number 197502-82-1
Structure
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Parecoxib sodium is a prodrug of parecoxib that was launched as an injectable COX-2 inhibitor for the treatment of
inflammation and acute pain, particularly postoperative pain.

1.03.8.1.9 Rofecoxib

Trade name Vioxx
Manufacturer Merck
Country of origin USA

Year of introduction 1999
Country in which first launched Mexico
CAS registry number 162011-90-7

Structure
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Rofecoxib was launched for the management of acute pain and the treatment of osteoarthritis and primary
dysmenorrhea. It is a selective inhibitor of COX-2. Unanticipated circulatory problems have led to the withdrawal of
Vioxx from the market.

1.03.8.1.10 Valdecoxib

Trade name Bextra
Manufacturer Pharmacia (Searle)
Country of origin USA
Year of introduction 2002
Country in which first launched USA
CAS registry number 181695-72-7
Structure
i
O=S—NH,

Valdecoxib was launched as a second-generation COX-2 inhibitor for the treatment of osteoarthritis, adult rheumatoid
arthritis, and menstrual pain. It combines good activity against osteoarthritis, rheumatoid arthritis, and dysmenorrhea
with lower levels of abdominal pain, dyspepsia, and constipation than seen with the traditional NSAIDs.

1.03.8.2
1.03.8.2.1 Ampiroxicam

Anti-Inflammatory Agents

Trade name Nacyl, Flucam

Manufacturer Pfizer
Country of origin Japan
Year of introduction 1994
Country in which first launched Japan
CAS registry number 99464-64-9
Structure
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Ampiroxicam is a prodrug of piroxicam that was introduced as a once daily NSAID.

1.03.8.2.2 Betamethasone butyrate propionate

Antebate, Antevate
Mitsubishi Kasai, Torii

Trade name
Manufacturer
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Country of origin Japan
Year of introduction 1994
Country in which first launched Japan
CAS registry number 5534-02-1
Structure

o 0

Chiral

Betamethasone butyrate propionate was introduced as a topical anti-inflammatory agent. It has potent effects at the
site of application with little or no topical or systemic side effects.

1.03.8.2.3 Bromfenac sodium

Trade name Senju
Manufacturer American Home Products, Senju
Country of origin USA
Year of introduction 1997
Country in which first launched USA

120638-55-3

O COO  Na
1.5 H,0

Bromfenac is a cyclooxygenase inhibitor that was launched as a potent, orally active, long-lasting peripheral analgesic

CAS registry number
Structure

Br

with anti-inflammatory properties.

1.03.8.2.4 Dexibuprofen

Trade name Seractil
Manufacturer Gebro Broschek
Country of origin Austria
Year of introduction 1994
Country in which first launched Austria
CAS registry number 51146-56-6
Structure
CO,H
Me Me
Me
Chiral

Dexibuprofen is the §-(+ )-isomer of the widely used NSAID ibuprofen. It was launched for the treatment of
rheumatoid arthritis.
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1.03.8.2.5 Lornoxicam

"Trade name Xefo
Manufacturer Nycomed Amersham
Country of origin Norway
Year of introduction 1997
Country in which first launched Denmark
CAS registry number 70374-39-9
Structure
= O OH
| | cl
H /N - /
S
Me N
d o

Lornoxicam was launched as an NSAID for mild to moderate pain and inflammation.

1.03.8.2.6 Rimexolone

Trade name Vexol
Manufacturer Akzo, Alcon
Country of origin Netherlands
Year of introduction 1995
Country in which first launched USA

CAS registry number 49697-38-3
Structure

Chiral

Rimexolone has a high corticoid receptor affinity and is a potent local anti-inflammatory agent with minimal systemic
effects. It was launched for the treatment of postoperative inflammation following ocular surgery and anterior uveitis. It
has also been approved for the treatment of rheumatoid arthritis.

1.03.8.2.7 Sivelestat

Trade name Elaspol
Manufacturer Ono Pharmaceutical
Country of origin Japan

Year of introduction 2002

Country in which first launched Japan

CAS registry number 201677-61-4
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Sivelestat is an inhibitor of neutrophil elastase that was developed as an injectable formulation for the treatment of
acute lung injury associated with systemic inflammatory response syndrome.

1.03.8.3  Osteoporosis
1.03.8.3.1 Ibandronic acid

Trade name Bondronat
Manufacturer Boehringer Mannheim
Country of origin Germany
Year of introduction 1996
Country in which first launched Germany
CAS registry number 114084-78-5
Structure
l\llle
/\/\/N POsH,
HO POzH,

Ibandronic acid was introduced for the treatment of bone disorders such hypercalcemia in malignancy and osteolysis,
Paget’s disease, and osteoporosis. While the precise mode of action is unclear, it is known to be an inhibitor of osteoclast-
mediated bone resorption and binds to hydroxyapatite crystals with a half-life in the skeleton of several years.

1.03.8.3.2 Incandronic acid

Trade name Bisphonal
Manufacturer Yamanouchi
Country of origin Japan

Year of introduction 1997
Country in which first launched Japan

CAS registry number 124351-85-5
Structure

ﬁ'
NYPOSHz

The mechanism of action of incandronic acid is not well understood but it is known to bind tightly to the calcified bone
matrix and inhibit bone resorption. It was launched for the treatment of osteoporosis.
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1.03.8.3.3 Raloxifene hydrochloride

"Trade name Evista
Manufacturer Lilly
Country of origin USA

Year of introduction 1998
Country in which first launched USA

CAS registry number 82640-04-8

Structure

Raloxifene is a selective estrogen receptor modulator with estrogenic activity on bone metabolism. It was launched for
the treatment of postmenopausal osteoporosis.

1.03.8.3.4 Risedronate sodium

Trade name Actonel
Manufacturer Procter Gamble, HMR
Country of origin USA
Year of introduction 1998
Country in which first launched USA
CAS registry number 115436-72-1
Structure
HO\Iﬂ
| N OEOH
& O§P\
ho' ¢
Na

Risedronate is an orally active bisphosphonate with potent bone resorption properties. It was launched for the
treatment of Paget’s disease, a chronic disease of the elderly characterized by alteration of bone tissue, especially in the
spine, shoulder, and pelvis.

1.03.8.3.5 Tiludronate disodium

Trade name Skelid
Manufacturer Sanofi
Country of origin France
Year of introduction 1995

Country in which first launched Switzerland

CAS registry number 149845-07-8
Structure (l)l
OH
s _PC
Y O Na*
P
cl O//l \O_Na+

OH
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Tiludronate was introduced to treat Paget’s disease. It is suggested to be a specific inhibitor of functioning osteoclasts
through selective incorporation into the polarized osteoclast-like multinucleated cells and direct interference with the

maintenance of the cytoskeletal structure.

1.03.8.3.6 Trimegestone

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Totelle Sekvens, Ondeva
Aventis, Wyeth Pharmaceuticals
France

2001

Sweden

074513-62-5

"Trimegestone exhibits high specificity and affinity for the progesterone receptor with no affinity for the estrogen
receptor and only weak binding to the androgen, glucocorticoid, and mineralocorticoid receptors. It was introduced in
combination with 17-B-estradiol as hormone replacement therapy for, inter alia, the treatment of osteoporosis.

1.03.8.4 Vitamin D

1.03.8.4.1 Doxercalciferol

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Hectorol

Bone Care Int.
USA

1999

USA
54573-75-0

Doxercalciferol is an orally active, synthetic vitamin D, analog that was introduced for the treatment of secondary

hyperparathyroidism in patients with end-stage renal failure.

221



222 Major Drug Introductions

1.03.8.4.2 Falecalcitriol

Trade name Hornel, Fulstan

Manufacturer University of Wisconsin, Kissei/Sumitomo/Taisho
Country of origin USA

Year of introduction 2001

Country in which first launched Japan

CAS registry number 83805-11-2

Structure

Falecalcitriol regulates the proliferation of parathyroid cells and parathyroid hormone synthesis possibly via binding to a
nuclear receptor for vitamin D (VDR). It was launched for the treatment of secondary hyperthyroidism.

1.03.8.4.3 Maxacalcitol

Trade name Prezios, Oxarol
Manufacturer Chugai
Country of origin Japan

Year of introduction 2000

Country in which first launched Japan

CAS registry number 103909-75-7
Structure

HO"

Maxacalcitol is a synthetic vitamin D analog that was introduced for the treatment of secondary hyperparathyroidism.

1.03.8.4.4 Paricalcitol

Trade name Zemplar
Manufacturer Abbott
Country of origin USA

Year of introduction 1998
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Country in which first launched
CAS registry number

USA
131918-61-1

Structure

Paricalcitol is a synthetic vitamin D, analog that was launched for the treatment of secondary hyperthyroidism
associated with chronic renal failure.

1.08.8.5
1.03.8.5.1 Mofezolac

Analgesia

Trade name Disopain
Manufacturer Pasteur Merieux, Taiho
Country of origin France
Year of introduction 1994
Country in which first launched Japan
CAS registry number 78967-07-4
Structure MeO OMe
/N
N\o COH

Mofezolac is an NSAID, which probably acts via the cyclooxygenase enzyme. It also has potent inhibitory activity on
the algesic responses induced by the mechanical stimulus of the inflamed tissue. It was introduced for the treatment of
postoperative and posttraumatic pain, acute upper respiratory tract pain, osteoarthritis, and lumbago.

1.03.8.5.2 Remifentanil hydrochloride

Trade name Ultiva
Manufacturer Glaxo Wellcome
Country of origin UK
Year of introduction 1996
Country in which first launched Germany
CAS registry number 132539-07-2
Structure

Ph

/

/w(N COsMe
o)
N

Remifentanil is a specific p-opioid agonist with rapid onset of action and rapid offset independent of duration of
administration. It was launched for use in general anesthesia and immediate postoperative pain management.
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1.03.8.6 Osteoinductor
1.03.8.6.1 OP-1

Trade name Novos

Manufacturer Curis, Stryker Biotech
Country of origin USA

Year of introduction 2001

Country in which first launched Australia

CAS registry number

Structure — recombinant bone morphogenetic protein of molecular weight 36 kDa

The OP-1 implant was introduced as an alternative to autograft in recalcitrant long bone nonunion fractures where the
use of autograft is unfeasible and alternative treatments have failed. It is a mix of human recombinant osteogenic

protein and a bovine-derived collagen carrier.

1.08.8.7 Hypocalcemic
1.03.8.7.1 Neridronic acid

Trade name

Nerixia

Manufacturer Instituto Gentili
Country of origin ltaly
Year of introduction 2002
Country in which first launched [taly
CAS registry number 79778-41-9
Structure

(o)

Neridronic acid was launched for the treatment of osteogenesis imperfecta, a disease in which the bones are
characterized by extreme fragility. Clinical trials remarkably increased bone mass in patients, especially young growing
individuals. It is a bisphosphonate, a class known to be potent inhibitors of bone resorption and to increase bone
mineral density.

1.03.9 Immunology (Including Vaccines)
1.03.9.1 Immunosuppressants

1.03.9.1.1 Gusperimus trihydrochloride

"Trade name Spanidin
Manufacturer Nippon Kayaku
Country of origin Japan

Year of introduction 1994

Country in which first launched Japan

CAS registry number 104317-84-2
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Gusperimus is a synthetic derivative of the antitumor antibiotic spergualin. It was introduced as a treatment for
accelerated and acute rejection reactions after kidney transplants. In combination with cyclosporin it has been reported
that gusperimus exhibits exceptional activity in the prevention of transplant rejection and in inducing long-term
tolerance. It appears to work by inhibition of the differentiation and proliferation of effector cells, including cytotoxic T
cells and antibody-producing B cells.

1.03.9.1.2 Mycophenolate mofetil

Trade name Cellcept
Manufacturer Roche
Country of origin Switzerland
Year of introduction 1995
Country in which first launched USA
CAS registry number 128794-94-5
Structure

0 OH Me

= o~ N/\
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Me

Mycophenolate mofetil is a prodrug of mycophenolic acid, a selective, reversible, noncompetitive inhibitor of inosinate
dehydrogenase and guanylate synthetase. Mycophenolate mofetil has improved oral absorption and bioavailability and
was introduced to prevent acute kidney transplant rejection in combination with other immunosuppressive therapy and
to treat refractory acute kidney graft rejection.

1.03.9.1.3 Mycophenolate sodium

Trade name Myfortic
Manufacturer Novartis
Country of origin Switzerland
Year of introduction 2003
Country in which first launched Switzerland
CAS registry number 37415-62-6
Structure
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CHs3
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Mycophenolate sodium is formulated as an enteric coated tablet, which is absorbed in the upper intestine thus
protecting the upper gastrointestinal (GI) tract from the side effects of mycophenolic acid. It was introduced as an oral
treatment in combination with other immunosuppressants to prevent acute rejection in adult patients receiving
allogeneic renal transplantation.

1.03.9.1.4 Pimecrolimus

Trade name Elidel
Manufacturer Novartis
Country of origin USA

Year of introduction 2002
Country in which first launched USA

CAS registry number 137071-32-0
Structure

0
CHz “CHg

~

Pimecrolimus is a derivative of the immunosuppressant FK520. It was introduced as a topical formulation for the
treatment of mild to moderate atopic dermatitis for patients of age 2 and over in whom the use of conventional
therapies is inadvisable. It is an inflammatory cytokine inhibitor that works by selectively targeting T cells in the skin.

1.03.9.2 Immunostimulant
1.03.9.2.1 GMDP

Trade name Likopid
Manufacturer Peptech
Country of origin Australia
Year of introduction 1996
Country in which first launched Russia
CAS registry number 18194-24-6
Struct
ructure QHO OH
HO OH
NP NH
Ac A
NH CONH,
o 0
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GMDP is an enzymatic degradation product of a bacterial peptidoglycan that was introduced for hospital-related
infections, psoriasis, cervical precancerous lesions, and ophthalmic keratitis caused by herpes.

1.03.9.3 Vaccines

1.03.9.3.1 Influenza virus (live)

Trade name FluMist
Manufacturer Medimmune/Wyeth
Country of origin USA

Year of introduction 2003

Country in which first launched USA

This is a live attenuated influenza virus vaccine. It is a cold-adapted trivalent formulation that is administered nasally
to provide active immunity against select influenza A and B strains in healthy people aged 5-49 years.

1.03.9.3.2 Lyme disease vaccine

Trade name LYMErix

Manufacturer Yale University, SmithKlineBeecham
Country of origin USA

Year of introduction 1999

Country in which first launched USA

CAS registry number 147519-65-1

Structure — recombinant protein of molecular weight 30 kDa

This vaccine was introduced for protection against Lyme disease, a tick-borne disease caused by infection with the
spirochete Borrelia burgdorferi.

1.08.10 Hormone Related
1.03.10.1 Antidiabetic
1.03.10.1.1 Glimipiride

Trade name Amaryl
Manufacturer Hoechst Marion Roussel
Country of origin Germany
Year of introduction 1995
Country in which first launched Sweden
CAS registry number 93479-97-1
Structure
Me

H

N N
Et O\g/\/\@“ H
AT
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Glimipiride was claimed as a new generation sulfonylurea drug and was launched to reduce blood sugar levels in type 2
diabetic patients. Such agents function by direct stimulation of insulin release from glucose-insensitive pancreatic
B-cells and glucose transporter (GLUT) translocation in insulin-resistant fat and muscle cells.

1.03.10.1.2 Insulin lispro

Trade name Humalog
Manufacturer Lilly
Country of origin USA

Year of introduction 1996
Country in which first launched USA

CAS registry number 133107-64-9

Structure — recombinant protein of molecular weight 5.8 kDa

Humalog, a recombinant protein, is a form of human insulin in which amino acids 28 and 29 have been inverted. This
reduces the tendency of the protein to dimerize and further aggregate to hexamers. Thus, it has a faster rate of
absorption and shorter duration of action, and this has advantages in controlling blood glucose levels after meals.

1.03.10.1.3 Miglitol

Trade name Diastabol
Manufacturer Bayer, Sanofi
Country of origin Germany
Year of introduction 1998
Country in which first launched Germany
CAS registry number 72432-03-2
Structure
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Miglitol is an a-D-glucosidase inhibitor that was marketed as an auxiliary treatment for type 2 diabetes mellitus.

1.03.10.1.4 Nateglinide

Trade name Fastic, Starsis
Manufacturer Ajinomoto, Yamanouchi, Roussel
Country of origin Japan
Year of introduction 1999
Country in which first launched Japan
CAS registry number 105816-04-4
Structure CHs
7,
HsC o




Major Drug Introductions

Nateglinide specifically blocks the ATP-sensitive K™ channel in pancreatic B-cells, thus resulting in an increase in
intracellular calcium concentrations, which causes an increase in insulin secretion. Hence, nateglinide was marketed as

an insulinotropic agent for the treatment of type 2 diabetes mellitus.

1.03.10.1.5 Pioglitazone hydrochloride

Trade name Actos
Manufacturer Takeda, Lilly
Country of origin Japan

Year of introduction 1999

Country in which first launched USA

CAS registry number 112529-15-4
Structure
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Pioglitzone is an orally active treatment for type 2 diabetes mellitus. It binds to peroxisome proliferator-activated
receptor gamma, thus activating this nuclear receptor, which then influences carbohydrate metabolism.

1.03.10.1.6 Repaglinide

Trade name

Prandin

Manufacturer Boehringer Ingelheim
Country of origin Germany
Year of introduction 1998
Country in which first launched USA
CAS registry number 135062-02-1
Structure
CH O
H3C//L\§ OH
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N L\CHS
9

Repaglinide has an insulin-releasing effect mediated by pancreatic B-cells. It was marketed as an orally active
hypoglycemic agent in patients with type 2 diabetes mellitus. The mechanism of action appears to be similar to that of

nateglinide.

1.03.10.1.7 Rosiglitazone

Trade name Avandia
Manufacturer SmithKlineBeecham
Country of origin USA

Year of introduction 1999

Country in which first launched USA, Mexico

CAS registry number 155141-29-0
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Rosiglitazone is a potent agonist of peroxisome proliferator-activated receptor gamma, a nuclear receptor involved in
the differentiation of adipose tissue, without activating liver PPAR-alpha receptors. This could in turn mediate the
downregulation of leptin gene expression. Rosiglitazone has been shown to normalize glucose metabolism and reduce
the exogenous dose of insulin needed to achieve glycemic control.

1.03.10.1.8 Troglitazone

Trade name Rezulin
Manufacturer Sankyo
Country of origin Japan
Year of introduction 1997
Country in which first launched Japan
CAS registry number 97322-87-7
Structure
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Troglitazone was introduced for the treatment of type 2 diabetes and apparently reduces glucose concentrations
without affecting insulin secretion. Troglitazone binds to peroxisome proliferator-activated receptor gamma thus
activating this nuclear receptor, which then influences carbohydrate metabolism. Unfortunately, liver toxicity problems
have led to this drug being withdrawn from the market.

1.03.10.1.9 Voglibose

"Trade name Basen
Manufacturer Takeda
Country of origin Japan

Year of introduction 1994
Country in which first launched Japan

CAS registry number 83480-29-9
Structure

OH

Chiral

Voglibose is an orally active a-D-glucosidase inhibitor that was launched for the treatment of postprandial
hyperglycemia in diabetic patients. It acts by decreasing the release of glucose from carbohydrates ingested in food.
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1.03.10.2 Acromegaly
1.03.10.2.1 Lanreotide acetate

Trade name

Somatuline LP

Manufacturer Beaufour-Ipsen
Country of origin France
Year of introduction 1995
Country in which first launched France
CAS registry number 127984-74-1
Structure
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Lanreotide is an octapeptide somatostatin analog that was marketed for the treatment of acromegaly in cases where
surgery or radiotherapy have failed to restore normal growth hormone secretion. It is a selective inhibitor of growth
hormone and also reduces the secretion of growth hormone, thyrotropin, motilin, and pancreatic polypeptide. It is also
being evaluated for the treatment of neuroendocrine tumors and hormone-responsive prostate cancer.

1.03.10.2.2 Pegvisomant

Trade name Somavert
Manufacturer Sensus, Pfizer
Country of origin USA

Year of introduction 2003

Country in which first launched USA

CAS registry number 218620-50-9

Structure — PEGylated recombinant protein of molecular weight 40-50 kDa

Acromegaly is a debilitating endocrine disease caused by the excessive secretion of growth hormone and increased
production of insulin-like growth factor-1 in middle-aged adults. Pegvisomant is a modified form of human growth
hormone that acts as a highly selective growth hormone antagonist acting on cell surfaces where it blocks the binding of
growth hormone.

1.03.10.3 Growth Hormone
1.03.10.3.1 Somatomedin-1

Trade name Igef
Manufacturer Biogen, Pharmacia
Country of origin USA

Year of introduction 1994
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Country in which first launched Sweden
CAS registry number 67763-96-6
Structure — protein of molecular weight 7649 Da

Somatomedin-1 is an insulin-like growth factor-I that was launched for the treatment of children with growth disorders
caused by growth hormone insensitivity. It is also a potent hypoglycemic agent that resembles insulin in some respects
and its use in diabetes is also being investigated.

1.03.10.3.2 Somatotropin

Trade name Nutropin
Manufacturer Genentech
Country of origin USA

Year of introduction 1994
Country in which first launched USA

CAS registry number 12629-01-5

Structure — recombinant protein of molecular weight 22 kDa

Somatotropin is a second-generation and methionine-free human growth hormone that was launched for the treatment
of growth failure in children due to chronic renal insufficiency before transplantation and for the long-term treatment
of short stature in children with a lack of endogenous growth hormone secretion.

1.08.11 Reproduction and Fertility
1.03.11.1  Fertility Enhancer
1.03.11.1.1 Cetrorelix

Trade name Cetrotide

Manufacturer Asta Medica

Country of origin Germany

Year of introduction 1999

Country in which first launched Germany

CAS registry number 120287-85-6; 130289-71-3
Structure
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Cetrorelix is a structurally modified decapeptidic analog of luteinizing hormone-releasing hormone. It is an extremely
potent and long-lasting gonadotropin releasing hormone antagonist, which blocks gonadotropins and sex steroid
secretion immediately after administration.
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1.038.11.1.2 Follitropin alpha

"Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure — recombinant protein

Gonal-F
Genzyme, Serono
Switzerland

1996

Austria

9002-68-0

Follitropin alpha is a recombinant form of human follical-stimulating hormone that was introduced for the treatment of

infertility.

1.038.11.1.3 Follitropin beta

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure — recombinant protein

Puregon
Organon
Netherlands
1996
Denmark
9002-68-0

Follitropin beta is another recombinant form of human follicle-stimulating hormone that was introduced for the

induction of ovulation in clomiphene-resistant anovulation and for controlled ovarian hyperstimulation. It appears to be
more active than follitropin alpha in that a greater pregnancy rate is achieved.

1.03.11.1.4 Ganirelix acetate

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Orgalutran
Roche Bioscience
USA
2000
Germany
129311-55-3
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Ganirelix acetate is another decapeptide analog of luteinizing hormone-releasing hormone but is more water soluble
than cetrorelix. It is highly bioavailable and immediately blocks the endogenous release of luteinizing hormone and
follicle-stimulating hormone. It was launched as prefilled syringes for subcutaneous injections that inhibit premature
luteinizing hormone surges in women undergoing controlled ovarian hyperstimulation.
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1.08.11.2 Contraceptive
1.03.11.2.1 Drospirenone

"Trade name Yasmin
Manufacturer Schering AG
Country of origin Germany
Year of introduction 2000
Country in which first launched Germany
CAS registry number 067392-87-4

Structure

Drospirenone was launched in combination with ethinylestradiol as a novel oral contraceptive. Its receptor binding
profile for steroid receptors is very similar to that of progesterone and thus it mimics the progestogen’s agonistic activity
as well as the antiandrogenic and antimineralocorticoid activity of the endogenous hormone.

1.03.11.2.2 Norelgestromin

Trade name Ortho Evra
Manufacturer Johnson & Johnson
Country of origin USA

Year of introduction 2002

Country in which first launched USA

CAS registry number 53016-31-2

Structure

Norelgestromin is one of the components, along with ethinylestradiol, in the first birth control transdermal patch. This
patch is changed weekly for 3 weeks, followed by a treatment-free week. Following application, norelgestromin rapidly
appears in the serum and reaches a plateau after 48 h; this level is maintained during the patch-wearing period.

1.08.11.3  Hyperprolactinemia
1.08.11.3.1 Quinagolide hydrochloride

Trade name Norprolac
Manufacturer Sandoz
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Country of origin Switzerland
Year of introduction 1994
Country in which first launched Netherlands
CAS registry number 94424-50-7
Structure
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Quinagolide is a potent and specific nonergot dopamine D, agonist that was launched for the treatment of
hyperprolactinemia. It is effective in inhibiting prolactin secretion by human pituitary tumors and can also provide
relief from associated effects such as, inter alia, infertility.

1.03.11.4 Preterm Labor
1.03.11.4.1 Atosiban

Trade name Tractocile, Antocin
Manufacturer Ferring AG
Country of origin Sweden

Year of introduction 2000

Country in which first launched UK

CAS registry number 090779-69-4
Structure
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Atosiban is a peptidic oxytocin analog that acts as an antagonist of the vasopressin Vy, receptor and of the oxytocin
receptor. It was introduced as an injectable inhibitor of preterm labor.

1.03.12 Skin Related
1.03.12.1 Plaque Psoriasis
1.03.12.1.1 Alefacept

Trade name Amevive
Manufacturer Biogen
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Country of origin USA
Year of introduction 2003
Country in which first launched USA
CAS registry number 222535-22-0

Structure — recombinant protein of molecular weight 91.4 kDa

Alefacept is a dimeric fusion protein consisting of the leukocyte function antigen-3 protein and Fc portion of human
IgG1 that blocks the T-cell CD2 receptor thus preventing T-cell proliferation, a key mechanism in psoriasis.

1.03.12.1.2 Efalizumab

"Trade name Raptiva
Manufacturer Xoma, Genentech
Country of origin USA

Year of introduction 2003

Country in which first launched USA

CAS registry number 214745-43-4

Structure — recombinant monoclonal antibody of molecular weight 150 kDa

Efalizumab is a humanized monoclonal antibody that was marketed for the treatment of psoriasis. It is full-length IgG1
antibody developed through a murine antihuman CD11a mAb, where CD11a is the alpha-chain leukocyte function
associate antigen that is expressed on the surface of T lymphocytes. CD11a also binds to the intercellular cell adhesion
molecules ICAM-1, ICAM-2, and ICAM3, on endothelial cells, monocytes, keratinocytes, fibroblasts, and activated
lymphocytes. Psoriasis is a disease that is mediated through inflammatory cells, primarily T cells expressing CD4 or
CD8 markers and keratinocytes. Thus, by blocking binding, the ability of T cells to adhere, migrate, and be activated is
blunted.

1.03.12.2 Wound Healing
1.03.12.2.1 Acemannan

Trade name Acemannan hydrogel
Manufacturer Carrington Laboratories
Country of origin USA

Year of introduction 2001

Country in which first launched USA

CAS registry number 110042-95-0

Structure — carbohydrate-derived polymer of molecular weight 1-2 million Da

Acemannan is a complex water-soluble polymanno-galacto acetate derived from A/oe vera that was marketed as a wound-
healing agent for the care of ulcers, burns, and postsurgical incisions.

1.03.12.2.2 Prezatide copper acetate

Trade name lamin gel
Manufacturer ProCyte
Country of origin USA
Year of introduction 1996
Country in which first launched USA

CAS registry number 130120-57-9
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Prezatide copper acetate is a tripeptide—copper acetate complex where the sequence GHK is an endogenous growth
factor that stimulates collagen synthesis and angiogenesis. The gel was launched for the treatment of chronic and acute
wounds.

1.038.12.3 Photosenstization
1.03.12.3.1 Verteporfin

Trade name Visudyne
Manufacturer QLT
Country of origin Canada
Year of introduction 2000
Country in which first launched Switzerland
CAS registry number 129497-78-5
Structure
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Verteporfin was launched as a photosensitizer for photodynamic therapy of wet age-related macular degeneration in
patients with subfoveal choroidal neovascularization. It is injected intravenously as a liposomal formulation.

1.03.12.4 Dermatological
1.03.12.4.1 Kinetin

Trade name Kinerase
Manufacturer Senetek
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Country of origin UK
Year of introduction 1999
Country in which first launched USA
CAS registry number 525-79-1
Structure
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H
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Kinetin is a synthetic cytokinin (a plant growth factor) that was introduced for the treatment of age-related

photodamage of skin.

1.08.12.5 Antipsoriasis
1.03.12.5.1 Tazarotene

"Trade name Zorac
Manufacturer Allergan
Country of origin USA
Year of introduction 1997
Country in which first launched Germany
CAS registry number 118292-40-3
Structure
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Tazarotene normalizes abnormal keratinocyte differentiation and proliferation and reduces the expression of inflammatory
markers. It is a prodrug that is hydrolyzed in vivo to the acid, which has selectivity for retinoid acid receptors. Tazarotene
was introduced for the treatment of psoriasis and acne.

1.03.13 Eye Related
1.03.13.1
1.03.13.1.1 Bimatoprost

Antiglaucoma

Trade name Lumigan
Manufacturer Allergan
Country of origin USA

Year of introduction 2001
Country in which first launched USA, Brazil
CAS registry number 155206-00-1
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Structure

Bimatoprost is a PGF,,-analog that was introduced for the reduction of elevated intraocular pressure in patients with

open-angle glaucoma or ocular hypertension.

1.03.13.1.2 Brimonidine

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Alphagan
Allergan
USA

1996

USA
59803-98-4

N
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Brimonidine is a potent and relatively selective a,,-adrenergic agonist with low affinity for the imidazoline I; receptor.
It was introduced as a topical treatment for open-angle glaucoma and ocular hypertension.

1.03.13.1.3 Brinzolamide

Trade name Azopt
Manufacturer Alcon
Country of origin USA
Year of introduction 1998
Country in which first launched USA
CAS registry number 138890-62-7
Structure
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Brinzolamide is a potent inhibitor of the human carbonic anhydrase introduced for the treatment of elevated
intraocular pressure in patients with ocular hypertension or open-angle glaucoma.
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1.03.13.1.4 Dorzolamide hydrochloride

Trade name Trusopt
Manufacturer Merck
Country of origin USA
Year of introduction 1995
Country in which first launched USA
CAS registry number 130693-82-2
Structure
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Dorzolamide is a carbonic anhydrase inhibitor that lowers intraocular pressure on topical administration. It was
launched for the treatment of open-angle glaucoma and ocular hypertension.

1.03.13.1.5 Latanoprost

Trade name Xalatan
Manufacturer Pharmacia & Upjohn
Country of origin UK
Year of introduction 1996
Country in which first launched USA
CAS registry number 130209-82-4
Structure
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Latanoprost is a PGF,,-analog with greater lipophilicity and therefore greater corneal penetration, which reduces
intraocular pressure. It was launched for the treatment of glaucoma.

1.03.13.1.6 Travoprost

Trade name Travatan
Manufacturer Alcon
Country of origin USA
Year of introduction 2001
Country in which first launched USA

CAS registry number 157283-68-6
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Structure

Travoprost is a PGF,, analog that was launched as an ophthalmic solution administered topically for the treatment of
elevated intraocular hypertension as a result of open-angle glaucoma, a common optic neuropathy, and a leading cause
of blindness.

1.03.13.1.7 Unoprostone ispropyl ester

"Trade name Rescula
Manufacturer Ueno, Fujisawa
Country of origin Japan

Year of introduction 1994

Country in which first launched Japan

CAS registry number 120373-24-2
Structure

Unoprostone is a prostaglandin derivative launched for the treatment of glaucoma and ocular hypertension. It is
suggested that it acts by increasing uveoscleral outflow or by decreasing episcleral venous pressure.

1.03.14 Miscellaneous
1.03.14.1
1.03.14.1.1 Imiglucerase

Type 1 Gaucher’s Disease

Trade name Cerezyme
Manufacturer Genzyme
Country of origin USA

Year of introduction 1994
Country in which first launched USA

CAS registry number 154248-97-2

Structure — recombinant protein

This is a mannose-terminated form of human placental glucocerebrosidase that catalyzes the hydrolysis of
glucocerebroside and thus prevents the accumulation of this lipid in organs and tissues. It was launched for the
treatment of type I Gaucher’s disease.
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1.03.14.1.2 Miglustat

Trade name Zavesca
Manufacturer G.D. Searle, Actelion
Country of origin USA

Year of introduction 2003

Country in which first launched UK

CAS registry number 72599-27-0

Structure

Miglustat is an inhibitor of glucosylceramide synthase that was launched as an oral treatment for mild to moderate
type I Gaucher’s disease in adult patients for whom enzyme replacement therapy is not a therapeutic option.

1.08.14.2 Antiobesity
1.03.14.2.1 Dexfenfluramine

Trade name Redux
Manufacturer Servier
Country of origin France
Year of introduction 1997
Country in which first launched France
CAS registry number 3239-45-0
Structure
e HCI
NHEt

Dexfenfluramine is the (+ )-isomer of fenfluramine; it has with a greater anorectic effect because of a greater
selectivity for the serotonin system as a SH'T agonist with no dopaminergic or noradrenergic activity. It was launched for
the treatment of obesity but was withdrawn due to side effects of primary pulmonary hypertension, brain serotonin
neurotoxicity, and valvular heart disease.

1.08.14.2.2 Orlistat

Trade name Xenical
Manufacturer Roche
Country of origin Switzerland
Year of introduction 1998
Country in which first launched New Zealand
CAS registry number 096829-58-2
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Orlistat is a potent inhibitor of gastrointestinal lipases required for the lypolysis and digestion of dietary fat; thus, it
inhibits the absorption of about a third of the fat in food. It was introduced for the long-term treatment of obesity in
conjunction with a moderately reduced calorie diet.

1.03.14.2.3 Sibutramine

Trade name

Meridia, Reductil

Manufacturer Knoll
Country of origin Germany
Year of introduction 1998
Country in which first launched USA
CAS registry number 125494-59-9
Structure
T
N
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Sibutramine is a serotonin and noradrenaline reuptake inhibitor that reduces energy intake by creating a satiated
feeling and increases energy expenditure by enhancing thermogenesis.

1.03.14.3 Antidote
1.03.14.3.1 Antidigoxin polyclonal antibody

Trade name DigiFab

Manufacturer Protherics, Savage Laboratories
Country of origin UK

Year of introduction 2002

Country in which first launched USA

CAS registry number 339086-83-8

Structure — polyclonal antibody of molecular weight 46 kDa

Digoxin is widely used for the treatment of cardiac conditions such as atrial arrhythmias and congestive heart failure,
but has a narrow therapeutic range. Intravenous infusion of antidigoxin polyclonal antibody was introduced to overcome
digoxin poisoning.
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1.03.14.3.2 Crotalidae polyvalent immune fab

Trade name CroFab

Manufacturer Protherics, Savage Laboratories
Country of origin UK

Year of introduction 2001

Country in which first launched USA

Crotalidae was launched for the treatment of North American crotalid snake envenomation.

1.03.14.3.3 Fomepizole

Trade name Antizol
Manufacturer Orphan Medical/Cambridge
Country of origin USA
Year of introduction 1998
Country in which first launched USA
CAS registry number 7554-65-6
Structure
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Fomepizole was introduced as an antidote for the treatment of ethylene glycol poisoning.

1.08.14.4 Male Sexual Dysfunction
1.03.14.4.1 Sildenafil citrate

Trade name Viagra
Manufacturer Pfizer
Country of origin UK
Year of introduction 1998
Country in which first launched USA
CAS registry number 139755-83-2
Structure
K\N _CHj
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Sildenafil is a potent and selective inhibitor of type V ¢cGMP phosphatase that was launched for the treatment of
organic and/or psychological male erectile dysfunction.
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1.03.14.4.2 Tadalafil

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

Cialis
Lilly/ICOS
USA

2003

UK, Germany
171596-29-5

Tadalafil is a phosphodiesterase-5 (PDES) inhibitor that was launched for the oral treatment of male erectile

dysfunction.

1.03.14.4.3 Vardenafil

Trade name

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Structure

)
HSC\/N\)

Levitra

Bayer AG, GSK
Germany

2003

Germany

224785-90-4

0 CHs

CHy

Vardenafil is another PDES inhibitor that was marketed for the treatment of male erectile dysfunction.

1.08.14.5 Hepatoprotectant
1.03.14.5.1 Mivotilate

Manufacturer

Country of origin

Year of introduction

Country in which first launched
CAS registry number

Yuhan Corp
South Korea
1999

South Korea
130112-42-4
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Structure
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Mivotilate was launched as an orally active hepatoprotective agent for the treatment of liver cirrhosis and hepatitis B
infection. The mode of action appears to involve inactivation of Kupffer cells.

1.03.14.6 Dysuria
1.03.14.6.1 Naftopidil

Trade name Avishot, Flivas

Manufacturer Boehringer Mannheim, Kanebo, Asahi
Country of origin Germany

Year of introduction 1999

Country in which first launched Japan

CAS registry number 57149-07-2

Structure
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Naftopidil is a potent postsynaptic-selective alpha-1l-antagonist that was launched for the treatment of dysuria
associated with benign prostatic hypertrophy.

1.08.14.7 Antixerostomia
1.08.14.7.1 Cevimeline hydrochloride

"Trade name Evoxac

Manufacturer Israel Institute for Biological Research/Snow Brand, Daiichi Pharmaceutical
Country of origin Israel

Year of introduction 2000

Country in which first launched USA

CAS registry number 153504-70-2

Structure
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Cevimeline was originally developed as a cognition enhancer but was launched for the treatment of dry mouth
symptoms in patients with Sjogren’s syndrome. This action is due to stimulation of M3 receptors in salivary and lacrimal
glands.

1.03.14.8 Magnetic Resonance Imaging (MRI) Contrast Agent
1.038.14.8.1 Gadoversetamide

"Trade name OptiMARK
Manufacturer Mallinckrodt
Country of origin USA
Year of introduction 2000
Country in which first launched USA
CAS registry number 131069-91-5
Structure

le) O O

Gd®* Q

Gadoversetamide is a gadolinium(III) complex that was launched for intravenous injection prior to MRI in patients
with anomalous blood—brain barrier or anomalous vascularity in the CNS or liver.

1.03.14.9 Fabry’s Disease
1.03.14.9.1 Agalsidase alfa

Trade name Replagal

Manufacturer Transkaryotic Therapies
Country of origin USA

Year of introduction 2001

Country in which first launched Sweden

CAS registry number 104138-64-9

Structure — recombinant protein of molecular weight 100 kDa

Fabry’s disease is a genetic disorder of fat metabolism caused by a deficiency of the enzyme a-galactosidase A, which is
involved in the biodegradation of lipids. Agalsidase alfa is a recombinant form of this enzyme that was launched as a
twice-weekly intravenous infusion for the long-term treatment of Fabry’s disease. Treatment for 6-12 months greatly
reduces the accumulation of microvascular endothelial deposits of globotriaosylceramide in the kidneys, heart, and skin.

1.03.14.10 Antityrosinemia

1.03.14.10.1 Nitisinone

Trade name
Manufacturer
Country of origin

Orfadin
AstraZeneca, Rare Disease Therapeutics
UK
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Year of introduction 2002
Country in which first launched USA
CAS registry number 104206-65-7
Structure
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Nitisinone was introduced as an adjunct to dietary restriction of tyrosine and phenylalanine for the treatment of
hereditary tyrosinemia type 1, an inborn error of metabolism. It acts as an inhibitor of the 4-hydroxyphenylpyruvate
dioxygenase and prevents the formation of toxic metabolites such as succinylacetoacetate in the liver.
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1.04.1

Introduction

Epigenetics is the study of heritable changes in gene expression that do not require, or do not generally involve,

changes in genomic deoxyribonucleic acid (DNA) sequence. The term has been used in modern biology since at least
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the early 1940s, although it dates back as far as the 1800s in some reports. Initially, epigenetics referred mainly to
developmental phenomena, but more recently the term has been applied more broadly to signify a relation to gene
action while epigenetic inheritance signifies modulation of gene expression without modifying the DNA sequence.

Until recently, genetic inheritance has been regarded as the sole mode of transmission of information from one
generation to the next. Despite the successes surrounding the unveiling of the human genome, a number of challenges
remain in understanding the transmission of genetic information and gene expression.'? Recently, epigenetic
inheritance has been proposed as a mechanism complementing genetic inheritance to explain these phenomena.
Epigenetic information is transmitted by way of direct modifications of DNA or of chromatin. In mammals, DNA
methylation of cytosines is the only known physiological modification of DNA. On the other hand, numerous
modifications of chromatin have been identified that affect its conformation, but they have proven much more difficult
to sort out and their significance is as yet only partially understood.

Insight into the nature of chromatin in the modern era of biology stems from studies by the cytologist Heitz who
proposed in 1928 that chromatin had certain genetic attributes. By following chromosomes through cell division cycles,
Heitz recognized two classes of chromosomal material: euchromatin, which underwent a typical cycle of condensation
and unraveling, and heterochromatin, which maintained its compactness in the nucleus. Nearly 40 years later, Spencer
Brown referred to the investigation of chromatin as one of the most challenging and diffuse in modern biology in his
first-rate review of the subject.” At that time, the repressive action of chromatin on gene action had already been
recognized and the two states of chromatin were viewed as a visible guide to gene action during evolution and
development. Brown believed that resolution of the properties of euchromatin and heterochromatin would eventually
improve our understanding of the systems controlling gene action in higher organisms.

More recent research has greatly enhanced our knowledge of the chemical nature of epigenetic modifications and
gene expression.*™ It is now known in affirmation of Brown’s prediction that the genomes of many animals including
humans are compartmentalized into either transcriptionally competent euchromatin or transcriptionally silent
heterochromatin. Chromatin has been shown to be a polymeric complex that consists of histone and nonhistone
proteins, and genomic DNA in all eukaryotic cells is known to be packaged in a folded, constrained, and compacted
state in association with this polymer. The basic building block of chromatin is the nucleosome, which consists of
approximately 146 base pairs of DNA wrapped around a histone octamer that contains two molecules each of core
histones H2A, H2b, H3, and H4. These units are organized in arrays that are connected by histones of the H1 linker
class. Repeating nucleosome cores are assembled into higher order structures, which are stabilized by linker DNA and
histone H.> One of the functional consequences of chromatin packaging is to prevent access of DNA-binding
transcription factors to the gene promoter. The N-termini of histones of chromatin are subject to a variety of
posttranslational modifications such as acetylation, phosphorylation, and methylation, and as chromatin structure is
plastic, various combinations of these modifications could lead to activation or repression of gene expression. Although
it is clear that chromatin remodeling is closely linked to gene expression, the mechanism or mechanisms by which this
occurs are not well understood.

Virtually every aspect of epigenetics has been examined in abundant detail, particularly within the last 5 years. A
PubMed search under ‘epigenetics’ turned up only 346 citations of all kinds including 158 reviews; 134 of those reviews
were published after 2000. It is evident that many more papers on epigenetics than responded to this search are in the
literature, but it is also clear that much has been learned only recently. In assembling the timeline of epigenetic
research shown in Table 1, an attempt was made to highlight conceptual advances and focus on key steps along the
pathway to epigenetics. It is obvious from that table how the nature and rapidity of investigation has changed over time,
particularly since the advent of molecular biology in the mid-1970s and the continuing development of new techniques
for monitoring the biochemical aspects of epigenetic change. This chapter was written with the purpose of
summarizing the origin, the foundations, and the current state of epigenetics. It brings together conceptual approaches,
analytical technologies, and experimental evidence that led to the emergence of epigenetics as a field of basic biological
inquiry primarily concerned with understanding the handling of genetic information by eukaryotic cells. It concludes
with some perspectives on prospects of the field in health and disease.

1.04.1.1 The Origin of Epigenetics

As far back as the eighteenth century and well into the twentieth century, biologists had debated whether acquired (or
adaptive) characters were heritable or not. They were often divided into two factions, the ‘naturalists,” who believed
they were heritable, and the ‘geneticists,” who believed only in the inheritance of genetic variants that arose through
natural selection. Beginning around 1910 and spanning several decades, the pioneering studies of heredity in fruit flies
(Drosophila) initiated by Thomas Hunt Morgan and his students resulted in major conceptual and technical
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Table 1 Epigenetics timeline
Year FEvent Reference
The origin and foundations of epigenetics
1928 Euchromatin and heterochromatin are recognized as visible guides to gene action 3
1942 ‘Adaptively inducible characters’ are transmitted from generation to generation in fruit flies 10,11
1948 Methylcytosine is identified genomic DNA 18
1949 ‘Sex chromatin body’ is microscopically visible marker that is gender specific 12
1959 ‘Sex chromatin body’ is tied to X chromosome inactivation 140
1960 Gametic imprinting marks functional differences in parental chromosomes 16,36
1961 A reduced frequency of CpG dinucleotides is observed in genomic DNA 17
Studies of coat color as a genetic marker in mice show one of the two 33
X chromosomes in inactivated in females
1962 Studies of G6PD as an X chromosome-linked marker show normal human females are a mosaic of X 15
chromosome activity
1964 Histone acetylation is tied to gene transcription 64
1968 CpG doublet is by far the most highly methylated molecular species in mammalian DNA 19
1971 Methyleytosine in DNA is an unstable molecule that tends to mutate to thymine resulting in a 20
‘directed mutation’
The effect of molecular biology on epigenetics
Mid-1970s Application of the principles of molecular biology to biological research begins with understanding 38
the rules whereby cells read information encoded in DNA, and the invention of recombinant DNA
techniques (such as RFLP analysis and the Southern blot)
1977 Salser affirms the instability of mCpG and its conversion of TpG to cause CpG deficiency 21
n-Butyrate, as an inhibitor of DNA methyltransferase (DNMT), modifies histone acetylation in 141
Friend erythroleukemia cells
1978 Restriction enzymes are used to identify tissue-specific variations in cytosine methylation of genomic 39,40
DNA
Restriction enzymes are used to describe the patterns and heritability of DNA methylation 142,143
1980 5-Azacytidine is found to perturb DNA methylation 24
1981 Treatment of cells with 5-azacytidine reactivates some X-linked genes in hamster—human hybrid 144
cells
1982 Treatment of B thalassemia with 5-azacytidine yields a positive therapeutic response 133
1983 Altered DNA methylation patterns in individual genes are linked to human cancer 107
1984 Methyleytosine residues are recognized as hot spots for mutation of DNA 72
Studies in mice show that both maternal and paternal contributions to the embryonic genome are 31
needed for complete embryogenesis
1986 Neutralization of potentially damaging ‘parasitic elements’ (transposons, proviral sequences, etc.) is 145
recognized as an ancestral function of DNA methylation
Hypermethylation of CpG islands is associated with predisposition to human cancers 109
1987 Enzymatic DNA methylation is catalyzed by a Bi-Bi ordered mechanism 42
1988 CpG mutations within gene coding regions causing human disease are 42 times higher than random 74
mutation predicts
The first in the family of DNA methyltransferases, Dumrl, is cloned, and sequenced 41
Global hypomethylation is linked with human cancer 108
Uniparental disomy is associated with human disease 32

continued
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Table 1 Continued

Year FEvent Reference
1991 First molecular analysis of a human disease (fragile X syndrome) indicates the cause lies in faulty 85
imprinting
1992 MeCP1 and MeCP2 are identified as DNA-binding proteins with affinity for methylated DNA. 57
MeCP2 was found to be associated with chromatin
DNA methyltransferase is associated with replication foci 47
Targeted mutation of the DNA methyltransferase gene results in embryonic lethality 46
1993 Studies of many models systems indicate that regions of low and high density of DNA methylation 146
exist that cause long-term repression of gene transcription
Faulty imprinting is associated with cancer 112,113
1994 The Igf2/MPR gene is the first example of a primary gametic imprint shown to be methylated 34,36
The toxic effects of 5-aza-2'-deoxycytidine, an analog of 5-azacytidine, are mediated by covalent 25
trapping of DNA methyltransferase rather than by demethylation of DNA
1996 First evidence is presented in mammalian cells showing that a DNA methyltransferase is capable of 45
de novo methylation of cellular and viral DNA in vivo
Hypermethylation-associated inactivation indicates a tumor suppressor role for p15"Vk#5! 147
1997 The crystal structure of the nucleosome, the basic unit of chromatin, is described 5
Methyl-CpG-binding domain (MBD1), a component of MeCP1, was identified that binds 58
specifically to methylated DNA sequences and represses transcription
Beckwith-Wiedemann syndrome is most commonly associated with faulty imprinting of /GF2 and 148
H19 genes
Hypermethylation of p75"%#3/ is associated with myelodysplasia syndromes 135
A rapid method is devised for quantitation of methylation differences at specific sites using 149
methylation-sensitive single nucleotide primer extension (Ms-SnuPE)
1998 A histone deacetylase inhibitor administered in combination with all-z7ans retinoic acid (ATRA) 129
restores sensitivity to the antileukemic effects of ATRA in patients with refractory acute
promyelocytic leukemia
A family of methyl-CpG-binding proteins containing MBD2, MBD3, and MBD4 was identified and 56
characterized. MBD3, like MBD2 and MBDA4, contains a methyl-CpG-binding domain but does
not bind methylated DNA in vitro or in vivo. In contrast, MBD2 and MBD4 both bind specifically
to methyl-CpG in vitro and in vivo and are likely to mediate the biological consequences of the
methylation signal
The phenomenon of RNA interference (RNAi) was discovered 68
DNA methyltransferases of mice (Dnmt3A and Dnmt3B) and humans (DNMT3A and DNMT3B) 50,53
responsible for de novo methylation of DNA were identified, cloned, and characterized
MeCP2 was found to exist in a complex with histone deacetylase. Studies indicated that genomic 59,60,62
methylation patterns guide histone deacetylation to specific chromatin domains and that
methylation-dependent transcriptional silencing relied on histone deacetylation. These studies
were the first to link histone acetylation and cytosine methylation to silencing of gene
transcription
1999 A human recombinant DNA methyltransferase was isolated and characterized that is capable of both 43
de novo and maintenance methylation
The synergy between DNA methylation and histone deacetylation was illustrated in the aberrant 137
silencing of tumor suppressor genes. The study indicated that CpG island methylation in gene
promoter regions was dominant over histone deacetylation in maintaining gene repression
The fact that Hela cells, which lack the known methylation-dependent repressor MeCP2, were 64
capable of repressing transcription as determined by reporter constructs suggested that Hel.a cells
use an alternative pathway to silence methylated genes
The autosomal recessive disorder ICF (immunodeficiency, centromere instability, and facial 94
anomalies) is caused by mutations in DNMT3B
Two reports indicate that Rett syndrome is caused by mutations in MeCP2 95,150
2000 Inactivation of the DNA repair gene Oﬁ—mcthylguanine—DNA methyltransferase by promoter 124,125

hypermethylation is a common event in primary human neoplasia, and a useful index of
responsiveness of tumors to alkylating agents



Epigenetics
Table 1 Continued
Year FEvent Reference
Treatment of sickle cell anemia with 5-aza-2'-deoxycytidine resulted in a positive response 134
A regional increase in the methylation of Lys9 in H3 by site-specific histone methyltransferases, in 66

conjunction with a reduced acetylation of the H4 terminus, appears to be a key determinant in
defining a ‘histone code’ for regulating higher order chromatin structure. The concept of a ‘histone
code’ is introduced
2001 Distinct covalent modifications of histones, also called a ‘histone code,” provide a mark on histone 151
tails to recruit chromatin-modifing proteins, which then dictate transitions between
transcriptionally active and inactive chromatin states. The combinatorial nature of the histone
modifications suggests a ‘histone code’ that extends the information potential of the genetic code
A pathway is defined in fission yeast wherein sequential histone modifications establish a ‘histone 67
code’ essential for the epigenetic inheritance of heterochromatin assembly
2002 Deletion of part of the genetic machinery responsible for RNAi resulted in loss of histone H3 lysine- 69
9 methylation, centromeric repeats, and impaired centromeric function. The results provide a
possible link between RNAi and DNA methylation
Myelodysplastic syndrome outcomes are improved by treatment with 136
5-azacitadine
2003 Evidence is presented for an epigenetic mechanism by which the chaperone protein, hsp90, acts as a 11,152
capacitor for morphologic evolution. Evidence for and arguments against hsp90 to function in this
capacity are discussed

Development of microarrays of two different types for monitoring DNA methylation is described 80,81

Epimutations in Prader-Willi and Angelman syndromes are attributed to faulty imprinting 105
2004 Hypermethylation is found to be a marker for prostate cancer 126
2005 Genomic methylation and gene silencing are associated with leukemia in mice 153,154

The complete sequence of the X chromosome is reported, and the origin, evolution, and some other 155,156

interesting features of the X chromosome are also discussed

Patients with glioblastoma containing a methylated MGM'T promoter benefited from temozolomide 157,158
[an alkylating agent] whereas those without a methylated promoter had no such benefit

An improved semiautomatic assay for monitoring DNA methylation was developed 79
The salient features and unique identity of X chromosome inactivation are discussed 159,160
Evidence is presented that global loss of monoacetylation and trimethylation of histones may be 120

hallmark of human cancer

A method of immunodetection is described for determining the spatial resolution of DNA 83
methylation in metaphase chromosomes

FDA approval of 5-azacytidine for treatment of myelodysplastic syndromes is discussed. This is the 161
first such action by the FDA for an epigenetic therapeutic agent

breakthroughs in understanding of animal genomes,”® and by the 1940s, the views of naturalists and their theories were
in decline while those of geneticists were ascendant. Oswald, Avery, and McCarty had by then demonstrated that DNA
and not protein was the genetic material while the double helix of DNA was established as the molecular basis of
heredity during the 1950s. About the same time, protein polymorphism was shown to be a phenomenon of broad
biological significance, the normal chromosome number of human cells was found to be 46, and several human
pathological states were identified with aberrations in normal chromosomal number (e.g., Klinefelter’s and Down’s
syndromes) or structure (e.g., the chimeric Philadelphia chromosome associated with chronic myelogenous leukemia).
Biological research was experiencing rapid growth in new directions and undergoing redefinition as investigators asked
old questions in new ways and generated new approaches that were relevant to the study of all living things including
man. During this revolutionary period, coincident with and benefiting from advances in experimental biology,
epigenetics originated as a series of isolated observations in three disparate areas — developmental biology, chromosomal
biology, and molecular biology — and proceeded along various separate paths before their convergence in the 1980s.
With respect to developmental biology, we begin with the studies of C. H. Waddington in the 1940s.” Waddington
had attempted to understand how the genotypes of evolving organisms responded to the environment.'® He discovered
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that a crossveinless phenotype of Drosophila was induced in progeny when flies were heat shocked, and this prompted him
to suggest a genetic mechanism for the apparent inheritance of acquired characters. After several generations he
showed that nearly 100% of offspring of this phenotype had assimilated and expressed the crossveinless phenotype, even
in the absence of heat shock. His studies led him to hypothesize that an adaptive response to the environment in
carlier members of the evolutionary chain could eventually be assimilated and transmitted to progeny by an internal
(genetic) factor during the course of evolution. By the 1960s, similar experiments had been performed in Rendel’s
laboratory as well as in several other laboratories in support of Waddington’s hypothesis (reviewed by Ruden),'" but the
nature of the factor responsible for this phenomenon was not established.

As to the connection between epigenetics and chromosomal biology, we learn how a series of isolated discoveries
made during the 1940s and 1950s began to shed light on X chromosome inactivation. In 1949, Murray Barr'?
demonstrated in somatic cells of animals that an anatomical distinction between male and females, the so-called ‘sex
chromatin body,” was easily visible under an ordinary microscope and could be used diagnostically to sort tissues and
individuals into two groups according to gender without prior knowledge of the sex. In 1959, Ohno'® explained this
observation by showing that the X chromosomes of female cells were not alike in that one of the pair remained in an
extended state during mitosis, while the other assumed a condensed state forming the Barr sex chromatin body. Shortly
thereafter Lyon'* and Beutler and colleagues" independently documented this observation at cellular and genetic
levels using X chromosome-linked markers of coat color of mice and G6PD of red blood cells of humans, respectively, to
show that X expression of these markers was a mosaic in normal females. Lyon and Beutler both suggested that through
random inactivation, female cells became a mosaic consisting of cells with either an active paternal X chromosome or an
active maternal X chromosome. They concluded that only one of the X chromosomes was active in each cell of females.
However, the molecular basis of inactivation remained to be clarified.

While the studies on sex chromatin were in progress, another phenomenon bearing a relationship to X chromosome
inactivation called parental imprinting or genomic imprinting was discovered. In her studies of the mealy bug Scara,
Crouse'® first used the term ‘imprinting’ to describe “the chromosome which passes through the male germ line
acquires an imprint that results in behaviour exactly opposite to the imprint conferred on the same chromosome by the
female germ line.” This was the earliest definition of a gametic imprint. After she introduced the term, occasional
references to this concept appeared in the literature but nearly two decades elapsed before the nature of imprinting
was better understood.

As a development of molecular studies of enzymic replication of DNA sequences ongoing in Arthur Kornberg’s
laboratory in the 1960s, Josse and colleagues'” noticed that the frequency of cytosine in vertebrate genomes was much
lower, about a quarter of that expected from the overall base composition. Actually, Roland Hotchkiss had reported the
likely presence of methyleytosine (he called it ‘epicytosine’) in DNA many years earlier,'® but several years elapsed
before Grippo'? in Scarano’s laboratory pointed out that 5-methyleytosine (SmC) was the only methylated base in
DNA, and that 90% of 5mC was present in CpG dinucleotide doublets in developing sea urchin embryos. In 1971,
%0 suggested that 5mC was comparatively unstable, and would deaminate spontaneously to form thymine
(Figure 1). Following on from Scarano’s suggestion, Salser’! showed in 1977 that the dinucleotide mCpG was indeed
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Figure 1 The chemical structures of cytosine, 5-methylcytosine, thymine, and uracil.
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unstable, tending to deaminate to the dinucleotide TpG. In 1980, Adrian Bird drew attention to the fact that in the
animal kingdom, DNA methylation ranged from very low levels in arthropods, through intermediate levels in many
nonarthropod invertebrates, to high levels in vertebrates. He noticed that vertebrates, organisms with the most
extreme CpG deficiency, also displayed the highest levels of DNA methylation. His analysis of nearest neighbor
frequencies and the level of DNA methylation in animals provided further evidence for the suggestion that 5-
methylcytosine tended to mutate abnormally frequently to thymine. Recent studies have established (see below) that
methylation plays a major role in long-term gene silencing, but in the 1970s, the biological implications of direct
modification of DNA by methylation were still unclear.

Observations regarding 5-methylcytosine raised many more questions than scientists could answer with the
experimental tools available at the time. But we should recall that subsequent to the discovery of the DNA double
helix and the genetic code, biologists were more inclined to think of hereditary transactions in terms of the flow of
information from DNA to RNA to protein, and that the availability of molecular techniques for manipulating DNA and
other nucleic acid molecules had kindled new interest in epigenetics.

1.04.2 Strengthening the Foundations of Epigenetics
1.04.2.1 Deoxyribonucleic Acid Methylation

In 1975, Riggs®® and Holliday and Pugh®® were attracted to the notion that DNA methylation was part of the system for
controlling gene expression in mammalian cells. Even then, this idea was not entirely new because numerous authors
had already suggested such a role.?? Riggs ?? pointed out, however, that DNA methylation in eukaryotes had not been
considered in light of recent accumulating evidence of changes in regulation in Escherichia coli involving bacterial DNA
methylases, and of its advantages for bringing about permanent changes in regulation. Coincidentally, Holliday and
Pugh?®® noted that the methyl groups in DNA were not randomly distributed, and because the CpG doublet occurred
much less frequently than expected from the overall base composition, they believed that methylation of CpG doublets
was exceptional. They concluded that a more thorough examination of this dinucleotide in a higher organism by both
biochemical and genetic studies was necessary.

By the beginning of the 1980s, a general consensus had been reached on three points of epigenetic interest: that
methylation of the cytosines of CpG dinucleotides was an established characteristic of genomic DNA; that deficiency
of CpG doublets in genomic DNA was probably due to instability of 5-methylcytosine through its mutation to thymine;
and that the distribution of CpGs in genomic DNA was not random. By the mid-1980s, additional studies had revealed
a connection between DNA methylation and gene expression. In one early study, treatment of a variety of cell lines
with the methylation inhibitor, 5-azacytidine, revealed that a large number of genes were reactivated,”* although the
chemical mechanism by which cytidine analogs altered at the 5 position perturbed established methylation patterns
was not clear. Subsequently, cytidine analogs that had been altered at the 5 position, such as 5-azacytidine and 5-aza-2'-
deoxycytidine, became important tools for studying the role of demethylation in gene expression. However, it was not
realized until later that incorporation of the cytidine analog (5-aza-2'-deoxycytidine) into DNA led to covalent trapping
of the DNA methyltransferase enzyme, thereby depleting the cells of enzyme activity resulting in DNA demethylation
that led in turn to reactivation of the associated gene.*

Further comparisons across nonvertebrate and vertebrate genomic DNAs were also under way to explain the
nonrandom distribution of CpGs. These studies showed that DNA methylation in nonvertebrate genomes was confined
to a small fraction of nuclear DNA, and that this compartmentalization, termed low-density methylation, was also found
in eukaryotes. Most DNA, some 98%, was methylated at low density in both nonvertebrate and vertebrate genomic
DNA. But in the remaining 2% of genomic DNA, regions of high-density DNA methylation existed and their existence
was particularly evident in vertebrate DNA. These regions rich in CpG nucleotides were identified as ‘CpG islands,’*
and more recent studies have shown they are commonly found at the promoters of genes, in exons and 3'-regions of
genes.?” But why the distribution pattern of methylated DNA cytosines in vertebrates was so strikingly different from
the pattern in nonvertebrates remained an enigma.

Throughout much of the 1980s, this intriguing issue engaged the attention of many investigators who employed
various model systems in attempting to assess the significance of DNA methylation. They had demonstrated that
suppression of transposed elements and other ‘parastic’ elements — the ancestral function of DNA methylation — was
thought to be the most likely function of DNA methylation. The strongest evidence in favor of this hypothesis came
from studies outside the animal kingdom, namely slime molds and filamentous fungi. For example, Rothnie?® had
shown that DNA methylation of a single transposable element prevented damaging transposition events. The inference
was that DNA methylation of the foreign element served to repress its function thereby preventing damaging
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transposition events. Others had demonstrated in different model systems that fully infectious proviruses were
rendered harmless by methylation,? or that demethylation of DNA by 5-azacytidine reactivated quiescent proviral
genomes.>® On the basis of this information, Bird believed that invertebrate DNA methylation was more concerned
with suppression of ‘selfish’ elements that could disrupt gene structure and function. He also thought it likely that
vertebrates had not only retained the ancestral function of DNA methylation, but in addition had adapted methylation
to serve as a repressor of endogenous promoters of genes.

1.04.2.2 X Inactivation and Genomic Imprinting

In 1984, McGrath and Solter®! presented the first experimental evidence that maternal and paternal contributions to
the mammalian embryonic genome were not equivalent — mouse embryos derived from purely maternal or paternal
genomes failed to develop beyond implantation. By 1987, there was a growing realization that memories of the mother’s
and father’s genes persisted throughout the development and life of the individual, residing in some form of imprinting
imposed on the genetic material during gametogenesis. Interestingly, the report by Spence in 1988%% of clinical
disorders associated with uniparental disomy in humans was consistent with McGrath’s observations in mice prompting
investigators to explore potential molecular mechanisms of genomic imprinting. Though little was actually known
about the molecular basis of parental imprinting, DNA methylation was doubtless the best candidate to explain this
epigenetic modification.****

Evidence in support of the idea that stable chromatin states (modifications) occurred at a small number of
chromosomal locations (reviewed in reference 35), and these chromatin states were believed to be controlled by small
segments of methylated DNA.** Previous studies in Stéger’s laboratory suggested that Jgf2- was the only gene that had
been described by classical mouse genetics as being imprinted so Stoger searched the mouse /gf2r locus for the presence
of methylation modifications in a parental-specific manner, i.e., for modifications that could act as the imprinting signal
permitting the cell’s transcription machinery to distinguish genetically identical loci. /gf2r encoded the insulin-like
growth factor receptor. Stoger and colleagues found that different levels of DNA methylation occurred between the
maternal and paternal alleles. Tio regions of the gene were identified. Region 1 contained the start of transcription and
was methylated only on the silent paternal chromosome. Methylation of region 1 was acquired after fertilization, in
contrast to methylation of region 2, which was inherited from the female gamete. The investigators proposed that
methylation was implicated in expression of the [gf2r, and that methylation of region 2 might mark the maternal lgf2r
locus as an imprinting signal. This was the first clear example of a primary gametic imprint shown to be methylated.*®

1.04.3 The Effect of Molecular Biology on Epigenetics

The central dogma of molecular biology as formulated ¢. 1950 asserted that the cardinal function of gene action was
synthesis of proteins. Protein synthesis proceeded according to a well-defined program of instructions encoded in the
DNA, which was transcribed into RNA and subsequently translated into the primary protein sequence. Hence,
the gene was deterministic of unidirectional gene expression. For more than 50 years most genomic research, including
the Human Genome Project, has been guided by this model of genetic inheritance. With the maturation of this work,
insights into human development, physiology, medicine, and evolution constitute a signal achievement in modern
biology, but recent discoveries have revealed certain inadequacies in such a simplistic model of the gene—protein
relationship. To begin with, reverse transcriptase exploded the idea of unidirectional gene expression while
posttranslational protein modifications added another twist. More recently, it became apparent that some genes
encoded just one protein, while other genes encoded more than one protein, and still others did not encode any protein
confounding the predictive value of the genotype. The identification of previously unknown pathway components
illustrated the complexity of cellular events, and recognition of the fact that gene expression could be altered at
the translational, transcriptional, and posttranslational levels by a host of factors has necessitated a wider view of
phenotypic expression and expansion of the basic principles of gene expression as originally formulated (Figure 2).
During the 1980s and 1990s, advances in molecular biology were brought into sharper focus by cloning and sequencing
genes predictive of disease, expression of the proteins they encode, and fixing their chromosomal location in the human
genome. Allelic variants that could only be inferred from familial inheritance patterns prior to the advent of molecular
genetics could now be demonstrated by direct evidence. The polymerase chain reaction (PCR) combined with gene
expression systems afforded well-defined recombinant proteins in quantities sufficient for biochemical and pharmacological
characterization. Strategies to target and modify genes in a predictable manner could be used to create animal and cell
models possessing knockout, overexpressed, and ‘humanized’ alleles in specific tissues and at specific developmental
stages. In short, molecular biological approaches in all forms permeated and dominated biological research setting the stage
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Figure 2 The expanding dogma of molecular biology. The central dogma of molecular biology that ‘genes beget RNA, which
in turn begets protein’ was proposed in the 1950s, but advances have necessitated revisions of the original proposal as shown
in this cartoon.

for the convergence of basic research and clinical medicine. These events not only solidified the foundations of epigenetics
and provided novel insights into the multiplicity of factors affecting gene expression, but they also redoubled interest in
human epigenetics enabling it to emerge as a bona fide discipline complementary to human genetics.

1.04.3.1 Clues to the Function of Methylated Deoxyribonucleic Acid: Restriction
Enzymes

During the 1950s and 1960s, development of sensitive and specific instrumental, biochemical, and immunological
technologies for the identification and quantification of methylated cytosines in DNA yielded important information
about patterns of methylated DNA. However, none of these alone could define the distribution of methylated cytosines
in DNA of eukaryotes or advance our understanding of its function.”’

With the advent of molecular biology in the 1970s, assays capable of sequencing genomic DNA and of localizing
genotypic differences in genomic targets evolved rapidly in response to demands in research and medicine, and
restriction endonucleases were an integral component of many of these assays. Without these enzymes, many would
say that recombinant technology would not have been possible. In a landmark paper published in 1975, Edwin
Southern combined the specificity of restriction enzymes with gel electrophoresis to identify sequence variation in
fragments of DNA.>® He used restriction enzymes to generate predictable fragmentation of genomic DNA, and gel
electrophoresis to separate and array the DNA fragments by size. Such arrays, termed ‘Southern blots,” were quickly
adopted by many laboratories as a reliably efficient and economical means of analyzing the variation within DNA
fragments — ‘restriction fragment length polymorphisms (RFLPs)’ — with a variety of probes.

Restriction endonucleases are bacterial enzymes that make sequence-specific cuts in the phosphate-pentose backbone
of DNA to yield ‘restriction fragments’ of the molecule. Typically, they recognize palindromic sequences 4-8 bases long.
Several restriction enzymes include CpG in their recognition sequence, such as Hpa II (CCGG), Msp I (CCGG), Ava 1
(CPyCGPuG), Sal I (GTCGACQ), and Sma I (CCCGGQG). Interestingly, some of these enzymes (e.g., Hpa II) do not cut
the DNA if the CpG sequence is methylated, while others (e.g., Msp 1) cut the DNA regardless of the methylation
state.” Investigators took advantage of this property to determine the pattern of methylation in specific regions of DNA.
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In one of the first experiments of its kind, Waalwjik and Flavell** used Southern’s technique to cut total rabbit genomic
DNA with either Hpa IT or Msp I followed by agarose electrophoresis, Southern blotting, and hybridization to a **P-labeled
globin probe. Other investigators applied Southern’s technique in experiments similar to that of Waalwjik and Flavell
virtually simultaneously. The results of these experiments taken together showed that somatic DNA exhibited a definitive
pattern of methylated cytosines, that methylated cytosines occurred in both strands of DNA, and that the pattern of DNA
methylation was maintained through DNA replication (reviewed in Razin and Riggs).”” This series of elegant experiments
was the first to demonstrate the pattern and location of methylated cytosines at CpG residues in DNA. Subsequently,
additional studies indicated that unmethylated DNA sequences generally remained unmethylated, and that methylated
sequences retained their methyl moities even after 50 generations of growth and culture. They also indicated that DNA
was clonally inherited, and that methylation patterns showed tissue specificity in further support of clonal inheritance.

1.04.3.2 Eukaryotic Deoxyribonucleic Acid Methylation Involves Two Dynamically

Regulated Metabolic Pathways

Several DNA methylation processes are observed in cells: de novo cytosine methylation, maintenance methylation
during replication of double-stranded DNA (dsDNA), active demethylation during the absence of replication, and
spontaneous demethylation when maintenance methylation is suppressed. CpG sites are the primary sites of cytosine
methylation in eukaryotic DNA, but methylation of other than CpG sites occurs.

In vertebrate genomes, approximately 70% of the CpG residues are methylated, the bulk of which occurs in
eukaryotes during replication in the S-phase of the cell cycle. However, the regions of the genome termed ‘CpG islands’
were preferentially methylated while other areas were protected from methylation. Reasoning from the properties
of DNA methyltransferases in bacteria, a combination of two distinct processes, de novo DNA methylation and
maintenance DNA methylation, best explained the pattern of genomic methylated sites found in adult eukaryotic
tissues. De novo methylation referred to the enzymatic transfer of a methyl group to CpG dinucleotides that were
devoid of methyl moities and occurred mainly in the early embryo. The embryonic pattern of methylation was
maintained by maintenance methylation, which referred to the enzymatic transfer of a methyl group to an unmethylated
cytosine paired with a methylated cytosine, i.e., a CpG in which only one strand of DNA was methylated, sometimes
referred to as ‘hemimethylated CpG.” Thus, maintenance methylation converted the hemimethylated duplex into a
symmetrically methylated form. At the next round of replication when a symmetrically methylated CpG duplex
underwent semiconservative replication, hemimethylated sites were formed (Figure 3). Hence, the pattern of
methylation in the parent nucleus was transmitted to the daughter nucleus by only one strand of the DNA double helix.
These hemimethylated sites were rapidly converted to symmetrically methylated forms by maintenance methylation,
ensuring faithful transmission of the methylation pattern from generation to generation.
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Figure 3 DNA maintenance methylation in eukaryotes. The chief function of DNA maintenance methylation in eukaryotes is the
faithful transmission of the pattern of methylation from generation to generation. (a) Replication (at mitosis or meiosis) of symmetrically
methylated DNA results in (b) hemimethylated DNA followed by (c) maintenance methylation catalyzed by DNA methyltransferases,
methylate unmethylated cytosines in CG or CXG motifs to restore the original pattern of symmetrically methylated DNA.
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1.04.3.3 Deoxyribonucleic Acid Methylases

Enzymatic methylation of the C>-carbon position of cytosine residues in a DNA strand yields 5-methyl-2/-deoxycytidine
monophosphate. Enzymes catalyzing this reaction belong to the family methyltransferases (EC 2.1.1, M'T5s).

Eukaryotic DNA methyltransferase (DNMT) was first cloned and sequenced by Bestor and Ingram in 1988.*' They
isolated well-resolved peptides from homogeneous DNA methyltransferase purified from mouse erythroleukemia cells,
determined their amino acid sequences by Edman degradation, and used these sequences to design and synthesize a
19mer oligonucleotide hybridization probe. Screening of Agt11l complementary DNA (cDNA) libraries prepared from
mouse cells with this probe revealed a predicted nucleotide sequence encoding a polypeptide of 1573 amino acid
residues, which they named Dnmrl. The murine erythroleukemia cells used as a source of Dnmt1 actually contained
three very similar species of the enzyme but their precise relationship was unclear.

1.04.3.3.1 The Dnmt1 family
DNA methyltransferase is a comparatively large molecule of approximately ~190kDa containing 1620 amino acids.
Enzymatically catalyzed DNA methylation is a covalent modification of DNA in which a methyl group is transferred
from S-adenosylmethionine to the C-5 position of cytosine. Early studies* with a prokaryotic methyltransferase (Hhal)
first showed that the methyl transfer reaction proceeds by an ordered Bi-Bi kinetic mechanism involving the transient
formation of a covalent adduct between the enzyme and the methyl donor, S-adenosylmethionine. After transfer of the
methyl group to cytosine of DNA the demethylated donor molecule dissociates followed by release of methylated
DNA. All DNA methyltransferases that have been studied appear to follow a similar reaction mechanism.
More recently, expression, purification, and characterization of full-length recombinant human DNMT
that the enzyme prefers hemimethylated DNA compared to unmethylated DNA as a substrate. Under optimal
conditions, the preference for methylated DNA averaged about 15-fold greater than that for unmethylated DNA.
DNMT1 was capable of both de novo and maintenance methylation at CG sites, and could also maintain methylation of
some non-CG sites.

1* showed

The C-terminal represents the catalytic domain, while the N-terminal has several functions including a targeting
sequence that directs it to replication foci** (Figure 4). Targeting of the DNA methyltransferase to replication foci is
believed to allow for copying of methylation patterns from parent to newly synthesized DNA of offspring. Functionally,*
Dnmtl was found to exhibit a 5-30-fold preference for hemimethylated DNA over completely unmethylated DNA. To

‘Regulatory’ domain Catalytic domain

PBD Replication CXXCXXC
foci
domain

DNMT2 _ 391 amino acids

‘Regulatory’ domain Catalytic domain

PWWP ATRX

PWWP ATRX

Figure 4 Human DNA methyltransferase (DNMTs) proteins. All known DNMTs share a highly conserved C-terminal catalytic
domain. The regulatory domain located at the N-terminus of DNMT1 differs from those of DNMT3A and DNMT3B as shown in
the cartoon: a proliferating cell nuclear antigen (PCNA) binding domain (PBD), a replication foci targeting domain (RTFD), a
CXXCXXC domain implicated in DNA binding, a PWWP domain linked to protein targeting, and an a-thalassemia X-linked
mental retardation syndrome (ATRX) domain implicated in histone deacetylase interactions. Human DNMT3A and DNMT3B are
highly homologous and are probably products of gene duplication. Functionally, DNMT1 shows a strong preference for
hemimethylated DNA (maintenance methylation) whereas DNMT3A and DNMT3B show equal activity for unmethylated and
hemimethylated DNA (de novo methylation). Adapted from 44536575,

261



262

Epigenetics

determine whether de novo methylation and maintenance methylation were performed by the same or different
enzymes, a null mutation of this enzyme was generated in mice.*** The null mutant was viable but retained some
capacity (~1/3 of the wild-type) for de novo methyltransferase activity, suggesting the presence of one or more other
DNA methyltransferase(s) in Dmmel knockout cells.*® The Dumrl knockout mutation was also found to cause early
embryonic lethality indicating that DNA methylation was crucial for normal mammalian development.*”** In addition,
disruption of Dmmtl resulted in abnormal imprinting, and derepression of endogenous retroviruses (summarized in
reference 48). Other targeted mutations in Dumtl produced a number of additional unique phenotypes. The human
homolog, DNMT1, mapped to chromosome 19p13.2-13.3.%

1.04.3.3.2 The Dnmt2 family

For a decade following its cloning and sequencing, Dumrl was the only DNA methyltransferase identified in mammals.
Several other groups sought new candidate DNA methyltransferases in mammals by searching expressed sequence tag
(EST) databases. In 1998, Yoder and Bestor™® reported another potential DNA methyltransferase (pmz1 ™) in fission
yeast, an organism not known to methylate its DNA. Disruption of Dumt2, the mouse homolog of the yeast enzyme, had
no discernible effect on methylation patterns of embryonic stem cells, nor did it affect the ability of such cells to
methylate newly integrated retroviral DNA.**

About the same time, Van den Wygaert and colleagues reported the identification and characterization of the human
DNMT? gene.>! Sequence analysis indicated that DNMT2 encoded 391 amino acid residues, but lacked a large part of
the N-terminus, which is usually involved in the targeting and regulation of the M'TAses. The protein overexpressed in
bacteria did not show any DNA methyltransferase activity. Fluorescence in situ hybridization (FISH) mapping showed
the DNMT2 gene was located on human chromosome 10p13-22. Tissue-specific expression revealed the human
enzyme was relatively high in placenta, thymus, and testis. However, DNM72Z was overexpressed in several cancer cell
lines consistent with the role of DNA methylation in cancer.

A more recent report has identified and analyzed the human homolog, DNMT2.°* The purified enzyme had weak
DNA methyltransferase activity at CG sites. Limited data indicated DNMT2 recognized CG sites in a palindromic
TTCCGGAA sequence context (Figure 4).

1.04.3.3.3 The Dnmt3 family

A search by another group™ for expressed sequence tags using full-length bacterial methyltransferase sequences as
queries identified two homologous methyltransferase motifs in both human and mouse EST databases. The mouse
genes were named Dnmt3a and Dnmt3b because they showed little sequence similarity to either Dnmtl or Dnmt2.
Mouse Dnmt3A and Dnmt3B ¢cDNAs encode proteins of 908 and 859 amino acids, respectively. Mouse Dnmt3B also
encodes two shorter polypeptides (840 and 777 amino acid residues) through alternative splicing.

Dnmt3a and Dnmt3b were both expressed abundantly in undifferentiated cells, but at low levels in differentiated
embryonic stem cells and adult mouse tissues, and both showed equal activity toward hemimethylated and
unmethylated DNA. The expression pattern plus the substrate selectivity suggested that Dnmt3a and Dnmt3b might
encode de novo methyltransferases.>

The human homologs 3DNMT3A and DNMT3B were highly homologous to the mouse genes (Figure 4). They
mapped to human chromosomes 2p and 20q, and encode proteins of 912 and 865 amino acids, respectively.** A human
disorder has been attributed to mutations in DNMT3B (see Section 1.04.4.2.1).

1.04.3.4 Deoxyribonucleic Acid Methylation Silences Gene Expression, but How?

By 1980, analyses of tissue-specific genes and transfection studies strongly suggested that methylated DNA somehow
affected the formation of chromatin and led to long-term silencing of gene activity during mammalian development.
Structural studies had shown that the conversion of cytosine to 5SmC places a methyl group in an exposed position in the
major groove of the DNA helix. In this position, the methyl groups do not affect base pairing and hence do not impede DNA
replication, but several studies had demonstrated that changes in the major groove affected binding of DNA to proteins.
Hence, Riggs suggested that modification of protein-DNA interactions was an essential function of methylated cytosine.”*3’

1.04.3.4.1 Methyl-cytosine guanine dinucleotide (CpG)-binding proteins

In 1991, Bird proposed two models® to explain how CpG methylation might cause transcriptional repression. Put
simply, the ‘direct” model postulated that essential transcription factors saw 5-methylcytosine as a mutation in their
binding site and so were unable to bind, while the ‘indirect’ model postulated that methylated DNA sites were capable
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Figure 5 Murine methyl-CpG-binding (MBD) proteins. Comparison of the structures of methyl-CpG-binding domain (MBD)
proteins. Two forms of MBD2 are shown corresponding to initiation of translation at either the first (MBD2a) or second (MBD2b)
methionine codons. MeCP2 contains both an MBD and a transcriptional repression binding domain (TRD). Adapted from 63,

of binding nuclear protein species that blocked the binding of transcriptional factors. Subsequently, two proteins were
identified, methyl-CpG-binding protein 1 (MeCP1) and MeCP2, that bound specifically to DNA-containing methyl-
CpG (MBD1) sites.”*> Both proteins were widely expressed in mammalian cells, but MeCP2 was more abundant and
more tightly bound in the nucleus than MeCP1, and most importantly was associated with chromatin. Subsequently,
MeCP2 was shown to contain both a methyl-CpG-binding domain (MBD) and a transcriptional repression domain
(TRD).*® Bird and colleagues proposed that MeCP2 could bind methylated DNA in the context of chromatin and they
suspected this protein somehow contributed to the long-term silencing of gene activity.”’ While this evidence
supported inhibition of transcription by the indirect mechanism, it did not clarify the mechanism by which cytosine
methylation affected the structure of chromatin.

Searches of the EST database with the MBD sequence as the query enabled Cross ez @/. to identify the MBD
sequence, named MBD1, as a component of MeCP1.%® Subsequently, Hendrich and Bird identified three new human
and mouse proteins (MBD2, MBD3, and MBD4) that contain the methyl-CpG-binding domain®® (Figure 5). MBD1,
MBD2, and MBD4 were all shown to bind methylated DNA via its MBD region and to repress transcription. The
precise significance of MBD3 in mammals was unclear.

1.04.3.4.2 Methyl-cytosine guanine dinucleotide-binding proteins, histone deacetylation,
and chromatin remodeling

In 1998, Nan®® and Jones® reported independently that MeCP2 resided in a complex with several histone deacetylases
(HDAG:S). The complex also contained Sin3A, a corepressor in other deacetylation-dependent silencing processes, plus
several additional unidentified proteins. Both laboratories demonstrated that transcriptional silencing could be reversed
by trichostatin A, a specific inhibitor of histone deacetylases. Additionally, both obtained evidence that histone
deacetylation was guided to specific chromatin domains by genomic methylation patterns, and that transcriptional
silencing relied on histone deacetylation. Earlier contributions of Vincent Allfrey and of Vernon Ingram, whose
laboratories were both engaged in studying biochemical events relevant to gene regulation, should also be
acknowledged. These investigators had proposed several years earlier that acetylation and methylation of histones were
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linked to gene regulation” and that inhibition of histone deacetylation could alter cellular differentiation.

In commenting on the studies of Nan® and Jones,”’ Bestor®
structural effects on chromatin that favor gene silencing. First, deacetylation of lysine €-amino groups might permit
greater ionic interactions between the positively charged N-terminal histone tails and the negatively charged
phosphate backbone of DNA, which would interfere with the binding of transcription factors to their specific DNA
sequences. Second, deacetylation might favor interactions between adjacent nucleosomes and lead to compaction of
the chromatin. The higher affinity of deacetylated histone tails for DNA favored the first explanation while the crystal
structure of the nucleosome favored the second. Whether the effects of histone acetylation acted at intra- or
internucleosome levels was still unclear.®? Nevertheless, the results of Nan ¢z /.>° and Jones er al.*° clearly established a

suggested that deacetylation might exert two

direct causal relationship between DNA methylation-transcriptional silencing and modification of chromatin.
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The events of the 1990s can be summed up as follows. At the beginning of this decade, evidence from studies on
many model systems had demonstrated that most regions of invertebrate genomes were free of methylation. In contrast,
all regions of the vertebrate genome were subject to methylation primarily at sites rich in CpG dinucleotides. However,
the methylated sites were distributed unevenly throughout the genome in patches of low and high density. At the
beginning of this period, Dnmtl was the only identified mammalian DNA methyltransferase and no methyl-
CpG-binding protein was known. By the close of this decade, the mechanism of the methylation reaction had been
established and four mammalian Dmnts and five methyl-CpG-binding proteins had been identified® (Figures 4 and 5).

With these new findings in hand, questions regarding the function of DNA methylation and the relation of histone
acetylation and DNA methylation to chromatin remodeling and to repression of gene activity were beginning to yield to
experimental scrutiny. Acetylation of conserved lysines on the N-terminals of the core histones was shown to be an
important mechanism by which chromatin structure is altered. Histone acetylation was associated with an open
chromatin conformation allowing for gene transcription while histone deacetylation maintained the chromatin in the
closed, nontranscribed state. Aided by the tools of molecular biology, investigators had learned how CpG dinucleotides
were targeted for methylation, how the patterns of methylation were read, maintained, and in most cases faithfully
transmitted from one generation to the next.

1.04.3.4.3 Histone modifications in chromatin
Shortly after Nan ez a/.>° and Jones ez al.%° reported the role of DNA methylation and modification of chromatin in
transcriptional silencing, Ng®* found that cells deficient in MeCP2 (e.g., Hela cells) were capable of repressing
transcription as determined by reporter constructs. Thus, MeCP2 was probably not the sole connection between the
methylation of DNA and transcriptional silencing.

In 2001, Eric Selker and Hisashi Tamaru® reported that #im-5, a gene that encodes a histone methyltransferase for
methylation of lysines of histone tails of chromatin in the fungus Neurosparra crassa was required for DNA methylation.
They had accidentally generated a mutation in a previously unknown gene required for DNA methylation. In a series of
elegant experiments, they mapped the fungal mutant gene to a region homologous to histone methyltransferases and
demonstrated through biochemical tests on a recombinant form of the gene that the protein methylated histone H3. In
characterizing the mutant gene they found a single nucleotide (C to G) change that generated a stop codon in the
middle of a distinctive ~130 amino acid sequence motif called the SET domain,°® which identified the gene (in
Drosophila) required for heterochromatin formation, and possibly was one of the chromatin-associated SET
methyltransferases. The implication that histone methylation controlled DNA methylation was inferred by
demonstrating that substitution of lysine at position 9 with either leucine or arginine in histone H3 caused the loss
of DNA methylation in vivo.

Nakayama and colleagues®” provided additional evidence that lysine 9 of histone 3 (H3 Lys’) was preferentially
methylated at heterochromatin regions of fission yeast (Schizosaccharomyces pombe) and that modifications of histone tails
were linked to heterochromatin assembly. They proposed that histone deacetylases and histone methyltransferases
cooperate to establish a ‘histone code’ that would result in self-propagating heterochromatin assembly. On the basis of
conservation of certain transacting proteins that affect silencing (Clr4/SUV39H1 and Swi6/HP1) and the presence of
H3 Lys’-methyl modification in higher eukaryotes, they also predicted that a similar mechanism might be responsible
for higher order chromatin assembly in humans as well as in yeast (Figure 6). However, since the evidence obtained for
this ‘double methylation’ system was limited to fungus (V. ¢rassa) and fission yeast (8. pombe), the extent to which it
applies to other eukaryotes, including humans, awaits confirmation.

1.04.3.4.4 Ribonucleic acid (RNA) interference regulates histone methylation in eukaryotic
heterochromatin

While the experiments in Selker’s laboratory (see Section 1.04.3.4.3) were in progress, Fire and colleagues®®

discovered
that dsRNA was much more potent than sense or antisense single strands of RNA at silencing gene expression in
Caenorhabditis elegans. They found that only a few molecules of dsRNA were required to cause silencing. They suggested
that a catalytic or amplification step might be involved, and named this phenomenon RNA interference (RNAi).

In a study using the fission yeast (S. pombe) as a model, Shiv Grewal and Robert Martiennssen and colleagues®
obtained evidence suggesting that histone modifications were guided by RNAi by deleting several genes (argonaut,
dicer) and for AAN RNA-dependent RNA polymerase that encode parts of the molecular machinery of RNAI. Deletion
resulted in aberrant accumulation of complementary transcripts from centromeric heterochromatic repeats, as well as
transcriptional derepression of transgenes located at the centromere, loss of histone H3 Lys® methylation, and loss of
centromere function. For intact cells, they explained their findings by the following mechanism: dsRNA derived from repeat
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Figure 6 DNA methylation and histone deacetylation cooperate to repress transcription. Consider a region of DNA that is
actively transcribing (i.e., the histones are acetylated) chosen for silencing. First, methylation of DNA catalyzed by DNMTs is
acquired; then the methylated DNA recruits methyl-CpG-binding proteins, their associated corepressors, and histone
deacetylases. Histone deacetylation permits the nucleosomes to become more compact. Compaction of the nucleosomes
excludes access to transcription factors and gene transcription is silenced.

sequences in heterochromatin would trigger RNAi, which would initiate H3 Lys’ methylation. The covalently modified
histone would then signal DNA methylation. This mechanism could guide eukaryotic methyltransferases to specific regions
of the genome, such as retroposons and other parasitic elements. They believed this arrangement could be reinforced by
maintenance methyltransferase activity as well as by histone deacetylation guided by CpG-methyl-binding proteins.
RNA:i is still a comparatively new model in regulatory biology,”’ and the mechanistic complexity of the process and
its biological ramifications are only just beginning to be appreciated. The technique has been harnessed for the analysis
of gene function in several diverse organisms and systems including plants, fungi, and metazoans but its use in

70 The first indication that RNAi could induce gene silencing in

mammalian systems has lagged behind somewhat.
mammals came from observations in early mouse embryos and numerous mammalian cell lines, but silencing in these
systems was transient. By utilizing long, hairpin dsRNAs, Paddison and colleagues’' have recently succeeded in
creating stable gene silencing in mouse cell lines substantially increasing the power of RNAi as a genetic tool. The
ability to create permanent cell lines with stable ‘knock-down’ phenotypes extends the utility of RNAI in several ways,

one of which will be its application to research into epigenetics.

1.04.4 Epigenetic Perspectives on Health and Disease

Nearly three decades have elapsed since Salser observed?! that 5-methylcytosine was responsible for mutation of CpG
dinucleotides. This event was closely linked in time with the advent of molecular biology and the invention of
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recombinant DNA techniques. The simplicity and elegance of those technologies rapidly facilitated their adoption in
many laboratories. New techniques were devised for characterizing the natural patterns of genomic methylation in
DNA sequences, and for unraveling the mechanisms that initiate and maintain epigenetic silencing. In the course of
screening for RFLPs in human DNA sequences, Barker and his associates were among the first to recognize the
importance of polymorphisms at CpG islands. These investigators found that nine of 31 arbitrary loci were detectably
polymorphic at CpG sites and estimated the likelihood that polymorphisms in CpG sequences might be some 10-fold
higher than for other bases.”? Global hypomethylation of various human cancers had just been discovered by Feinberg
and Vogelstein as a feature common to many cancers of different types, and hypermethylation of CpG islands in various
lymphomas and lung cancers reported subsequently by Baylin and associates was another feature common to various
lymphomas and lung cancers.”® Cooper and Yousoufian then found that CpG mutations within gene coding regions
causing human disease were some 42-fold higher than random mutation predicted and they proposed methylation of
DNA contributed to human disease.”* As a consequence, the study of epigenetics and its health consequences held an
attraction for investigators of human disease, particularly those with specialized interests in developmental
abnormalities and cancer. They wanted to learn whether the natural patterns of DNA methylation were disturbed
in human neoplasia and other human disorders, and why. During the last 5-10 years innovative approaches and
technical refinements have greatly enhanced our understanding of epigenetic silencing as well as the diagnosis,

. . . . . 5
characterization, and treatment of numerous human epigenetic disorders.”>"’

1.04.4.1 Analytical Tools for Dissecting Epigenetic Pathways

Detailed studies have identified many of the components and basic principles of gene expression. Clearly, stable but
reversible alteration of gene expression is mediated by patterns of cytosine methylation and histone modification, the
binding of nuclear proteins to chromatin, and interactions between these networks. The positioning and occupancy of
nucleosomes are likely to be important factors in gene expression because these structures may modulate the binding
of transcription factors as well as the movements of transcribing RNA polymerases, and there may be other, as yet
unknown, factors that contribute to epigenetic mechanisms of gene regulation. Over the years, the availability of
incisive analytical tools has played and will continue to play a crucial role in dissecting these patterns and networks and
advancing our understanding of their architecture and function. Some of the methods that have provided these insights
are described in this section.

Analytical techniques for monitoring the methylation state of DNA may be divided into two groups: those designed
to determine the level of global methylation of studied genomes, and those designed to determine regional patterns of
methylation, mostly CpG islands, of studied genomes. Established methods for measuring the methylation status
include routine chromatographic methods, electromigration methods, and immunoassays, and modifications of these
older techniques continue to evolve.”® Semiautomatic detection of methylation at CpG islands,”® oligonucleotide-

80-82

based microarrays, and tissue microarrays are some of the newer methods that have been reported. In addition,

immunodetection offers the possibility of obtaining spatially resolved information on the distribution of
5-methylcytosine on metaphase chromosomes.™

The choice of a proper method for a particular investigation rests with the aims and the specific requirements of the
investigation. The important features of several widely used methods that employ 5-methylcytosine as a marker for
DNA methylation are summarized below and in Table 2. For details about protocols, the reader is referred to the

recent review of Havlis and Trbusek’® as well as additional references cited in Table 2.

1.04.4.1.1 Chromatographic methods

This group includes thin-layer chromatography ('TLC), high-performance liquid chromatography (HPLC), and affinity
chromatography. Large-scale screening is the chief advantage of TLC; other advantages of TLC are its simple
instrumentation, low cost, and speed. HPLC is the most commonly used chromatographic technique for global
methylation analysis. It is sensitive, quantitative, highly reproducible, and can use fluorescent detection, but
separations are slow. Affinity chromatography is an important component of a new technique for the identification of
CpG islands exhibiting altered methylation patterns (ICEAMP),** a method that allows identification of methylation
changes without the necessity of knowing the target sequence region and has no need for modification-sensitive
restriction enzymes.

1.04.4.1.2 Slab gel electrophoresis
Slab gel analysis is a favorite separation technique of long standing used with modification-sensitive restriction enzymes
(MSREs) sensitive to 5-methylceytosine for RFLP/Southern blot analyses or with specific sequencing protocols like
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Table 2 Tools for monitoring DNA methylation in epigenetic disease
Method Derection DNA amount Sensitivity  Comments Selected
needed references”
High-performance Scintillation Sug 20 fmol Simple, low cost, rapid, 162
thin layer good for large scale
chromatography screening
High-performance Optical-UV <lpg 400 fmol Quantitative, 163
liquid Scintillation reproducible, sensitive
chromatography Fluorescence MS
Capillary MS <lpg 100 fmol Automation possible, high 164
electrophoresis sample throughput
Immunoassay Fluorescence NA 1.5 fmol Spatial resolution on 83
metaphase
chromosomes previously
stained by the Giemsa
method
Modification- Gel electrophoresis, >5ug NA Methylation site specific 85,165
sensitive Southern blot
restriction
enzymes (MSRE)
Bisulfite sequencing Gel electrophoresis 10ng 2.5 fmol Sensitive, easy, best for 166,167
analysis of different
sequences in a small
number of samples
Bisulfite sequencing Fluorescence 10ng 175 fmol Slow and chloroaldehyde 168
plus is toxic, does not require
chloroaldehyde extensive purification of
DNA
Combined bisulfite Gel electrophoresis 1pg 125 fmol Rapid, sensitive, 86
restriction analysis quantitative and can be
[COBRA] used with paraffin
sections
Methylation- Gel electrophoresis Sng 500 fmol Avoids MSRE and is 149

sensitive single
nucleotide primer
extension (MS-
SnuPE)

automatable. Target
sequence should
contain only A, C, and
T, while primer should
contain only A, G, and T

2For a comprehensive list of references, see "8

bisulfite and hydrazine/permanganate sequencing. It has often been replaced by tests that are more sensitive, less labor
intensive, and automatable. In recent years, bisulfite sequencing has been used as the standard method to detect DNA
methylation at CpG islands. Genomic DNA first reacted with bisulfite converts unmethylated cytosine to uracil while
leaving 5-methylcytosine unchanged (Figure 1). The conversion to uracil is detected with specifically designed PCR
primers. Methylation-specific restriction enzymes combined with PCR is a very sensitive, commonly used technique
that requires much less DNA than traditional Southern blot analysis. A widely used combination of MSREs for
detection of methylated cytosines is Mspl/Hpall isoschizomers, although one or both of these have been replaced by
other restriction enzymes. For instance, detection of the methylation state of the FMRI gene promoter used analysis of
FcoR1 and Eagl digests of DNA from fragile X patients to distinguish the normal genotype, the premutation, and the
full mutation.®® Bisulfite sequencing is straightforward and efficient and in the event that a site is only partially
methylated, it has the added advantage of enabling determination of the proportion of cells that are methylated.
Bisulfite sequencing has been combined with other methodologies such as ‘combined bisulfite restriction analysis and
amplification’ (COBRA).®® COBRA is easy to use, quantitatively accurate, and compatible with paraffin sections.
Another method using bisulfite sequencing is ‘methylation-sensitive single nucleotide primer extension’ (MS-SNuPE).
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This approach uses very small amounts of DNA, can be used with microdissected material, and avoids the use of
restriction enzymes.

The MS-SNuPE technique has also been adapted to semiautomatic detection of DNA methylation at CpG
islands.”

1.04.4.1.3 Immunological methods

Pfarr ez a/. have recently described a technique that renders possible immunodetection of 5-methylcytosine on human
chromosome metaphase spreads.®® A monoclonal antibody tagged with fluorescent dye is used to image the
chromosomes after they have been previously stained by the Giemsa method. The technique can be used to obtain a
fast and global overview of changes in genomic methylation patterns during the development of various types of cancer.
Potential applications of the technique include characterization of disease-related methylation patterns on a genomic
scale for diagnostic purposes and monitoring of patient responsiveness to therapy.

1.04.4.1.4 Microarrays

Many genes and signaling pathways controlling cell proliferation, death, and differentiation, as well as genomic integrity
are implicated in the development of cancer and other diseases. New techniques that can measure the expression of
thousands of genes simultaneously are needed to establish the diagnostic, prognostic, and therapeutic importance of
each emergent cancer gene candidate. The development of microarrays for DNA methylation analysis may afford a
potential solution to this problem.

Several microarray methods have been developed to map methyleytosine patterns in genomes of interest.®” One set of
methods uses methylation-sensitive restriction enzymes. For example, Shi and colleagues have devised an
oligonucleotide-based microarray technique that measures hypermethylation in defined regjons of the genome.*® DNA
samples from various tumor types were first treated with bisulfite and specific genomic regions are then PCR-amplified
converting the modified UG to T'G and conserving the originally methylated dinucleotide as CG. Primers were designed
so that they contained no CpG dinucleotides and were complementary to the flanking sequences of a 200-300 bp DNA
target. This permitted unbiased amplification of both methylated and unmethylated alleles by PCR. PCR amplified
target DNAs were subsequently purified and labeled with fluorescent dyes (Cy5 or Cy3) for hybridization to the
microarray. The fluorescently labeled PCR products were hybridized to arrayed oligonucleotides (affixed to
solid supports, e.g., microscope slides) that could discriminate between methylated and unmethylated alleles in regions
of interest. Shi ¢z /. employed their technique to distinguish two clinical subtypes of non-Hodgkin’s lymphomas, mantle
cell lymphoma, and grades I/II follicular lymphoma based on the differential methylation profiles of several gene
promoters.

This oligonucleotide technique for profiling methylation patterns® could also afford an alternative approach to
predict and discover new classes of cancer in a manner similar to that pioneered by Golub®*®’ and other
investigators.”*~** Additionally, this technology might be used to monitor the effects of new pharmacological agents in
patients under treatment and provide valuable information regarding the outcome of epigenetic therapies.

Chen and associates have developed another, somewhat different, microarray technique for analysis of
hypermethylation.®! This approach, which they called methylation target array (MTA), is similar to that
developed by Kononen er a/. for tissue microarrays.*> Chen affixed methylation targets to a solid support and
hybridized different CpG island probes to the array one at a time. The technique can interrogate hypermethylation
of CpG islands in hundreds of clinical samples simultaneously. Its applicability to cancer-related problems was
demonstrated by determining hypermethylation profiles of 10 promoter CpG islands in 93 breast tumors, 4
breast cancer cell lines, and 20 normal breast tissues. A panel of 468 MTA amplicons, which represented the whole
repertoire of methylated CpG islands in these tissues and cell lines, was arrayed on nylon membrane for probe
hybridization. Positive hybridization signals, indicative of DNA methylation, were detected in tumor amplicons, but not
in normal amplicons indicating aberrant hypermethylation in tumor samples. The frequencies of hypermethylation
were found to correlate significantly with the patient’s hormone receptor status, clinical stage, and age at diagnosis.
The fact that a single nylon membrane can be used repeatedly for probing with many CpG island loci may be
advantageous clinically for rapid assessment of potential methylation markers that may be useful in predicting
treatment outcome.

Transcription factors, nucleosomes, chromatin-modifying proteins and epigenetic markers together form ex-
tremely complex regulatory networks. Recently, two microarray approaches have been developed for genome-wide
mapping of the binding sites of regulatory proteins and the distributions of methylation patterns and histone
modifications.?” In one of these, chromatin immunoprecipitation (ChIP) is combined with microarray detection. Cells
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are treated with a cross-linking reagent such as formaldehyde, the chromatin is isolated and fragmented, and
immunoprecipitation is used to identify the protein of interest along with the attached DNA fragments. To identify the
DNA fragments, the cross-links are reversed and the DNA fragments are labeled with a fluorescent dye and hybridized
to microarrays with probes corresponding to regions of interest. The other method, called the DamlD utilizes a
different principle. In this case, a transcription factor or chromatin-binding protein of interest is fused to DNA adenine
methyl transferase (Dam). When this fusion protein is expressed, Dam will be targeted to binding sites of its fusion
partner resulting in methylation of adenines in DNA nearby the binding sites. To identify these sites, the methylated
regions are either purified or selectively amplified from genomic DNA, fluorescently labeled, and hybridized to a
microarray. Because adenine methylation does not occur endogenously in mammals, the binding sites of targeted
methylation can be derived from the microarray signals. So far, only limited comparisons are available, but studies of one
regulatory protein, the GAGA factor, indicate the two methods can yield similar results. However, ChIP-chip requires a
highly specific antibody against the protein of interest, while DamID does not. On the other hand, DamlD is suited for
detection of histone or other posttranslational modifications. Additional merits and drawbacks of the two methods are

considered elsewhere.®’

1.04.4.2 Germline Mutations and Faulty Genomic Imprinting

1.04.4.2.1 Germline mutations

Germline mutations in genes that encode parts of the methylation machinery have been associated with two human
diseases, ICF syndrome, the salient features of which are immunodeficiency, centromere instability, and facial anomalies,
and Rett syndrome (Table 3). ICF is a recessive disorder of childhood that is associated with mutation in the DNA
methyltransferase gene, DNM73B. The mutations are largely confined to satellite DNA at the centromeric regions of
chromosomes 1, 9, and 16. Normally, these satellites are heavily methylated, but in ICF syndrome they are almost
completely unmethylated in all tissues.”* Most affected patients succumb to infectious disease before adulthood.

Rett syndrome is a neurodevelopmental disorder that occurs almost exclusively in girls.”*?® It is one of the commonest
forms of intellectual disability in young girls and it is characterized by a period of early normal growth and development
followed by regression, loss of speech and acquired motor skills, stereotypical hand movements, and seizures. Slowing of
brain growth and growth failure frequently accompany the sporadic disorder. This disorder is associated with both
nonsense and missense mutations of the X-linked gene encoding the methyl-CpG-binding protein MeCP2.

Recently, Shigematsu and colleagues have shown loss of silent chromatin looping and impaired imprinting of DLX5
in individuals with Rett syndrome.”” They identified D/.X5, a maternally expressed gene, as a direct target of MeCP2.
Its importance lies in production of y-amino-butyric acid (GABA). In a Mecp2 null mouse model, they showed that
repressive histone modification at Lys-9 and formation of a higher order chromatin loop structure was mediated by
Mecp?2 and specifically associated with silent chromatin at D/x5-D/x6. Because loss of imprinting of DLX5 may alter
GABAergic neuron activity, Shigematsu’s finding suggests that dysregulation of D/X5 by mutation of MeCP2 might
contribute to some of the phenotypes of this syndrome.””

1.04.4.2.2 Faulty genomic imprinting

More than 25 imprinted genes have been identified in humans, and estimates based on mouse models indicate that as
many as 100-200 may exist.”® They are involved in many aspects of development including fetal and placental growth,
cell proliferation, and adult behavior.”” Several inherited disorders have been shown to be due to faulty genomic
imprinting. Certain aberrations of human pregnancy show that faulty imprinting (i.e., loss of genomic imprinting, LOI)
plays an important role in embryogenesis (Table 3). For example, ovarian dermoid cysts arise from LOI, which results
in benign cystic tumors that contain two maternal chromosomes and no paternal chromosome. In contrast, the
hydatidiform mole is characterized by a completely androgenic genome that arises from LOI so that these tumors
contain two paternal chromosomes and no maternal chromosome.

More recently, numerous additional human genetic diseases and cancers (listed in Table 3) have been ascribed to
faulty genomic imprinting. In 1991, the molecular basis of fragile X syndrome, a common form of heritable mental
retardation, was shown to be associated with a massive expansion of CGG triplet repeats located in the 5'-untranslated
region upstream of the FMRI (fragile X mental retardation) gene.”®'° The fragile X site is located at Xq27.3. This was
one of the first of about a dozen identified human disorders that are caused by unstable trinucleotide repeat
expansions. In normal individuals, FMR/ is a highly conserved gene that contains about 30 (range 7 to ~60) CGG
repeats while over 230 repeats occur in most affected persons. In the normal transcript the repeats are unmethylated
but in affected persons they are hypermethylated, which silences the FMRI gene and causes the absence of the FMR1
protein. Mental retardation is attributed to lack of proper protein expression in neurons during development. Owing to
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Table 3 Epigenetics in human disease

Human disorder Salient features Associated molecular pathology Reference
ICF syndrome Recessive disorder of children with Almost completely unmethylated 94,169
immunodeficiency, centromere satellite DNA in centromeric
instability, and mild facial anomalies regions of chromosomes 1, 9, and 16
causing most ICF patients to attributed to mutations in
succumb to infectious disease DMNT3B
before adulthood
Rett syndrome Neurodevelopmental disorder in Various germline MeCP2 mutations 95-97,150
postnatal development of infant may affect the role of MeCP2 in
girls with variable clinical higher order chromatin organization
phenotype including loss of motor and imprinting
and communication skills,
microcephaly, and stereotypic hand
movements
Fragile X syndrome Mental retardation affecting males Silencing of FMRI gene at Xq27.3 76
primarily. Other diagnostic criteria: containing highly polymorphic,
long face, large everted ears, autism, abnormally lengthy CCG repeats in
hand biting, hyperactivity, and the 5’ region; plus aberrant de novo
macroorchidism [large testicles] methylation and histone
deacetylation of the CpG island
upstream of FIMRI
Benign dermoid ovarian Tumors contain many tissue types but LOI results in tumors with two 99
teratomas no placental trophoblast maternal chromosomes and no
paternal contribution
Hydatidiform moles Placental-derived extraembryonic LOI causes tumors with two paternal 170
tumors chromosomes with no maternal
contribution
Wilms’ tumors Nephroblastoma of childhood LOI causes preferential loss of 101,102
maternal alleles on chromosome
11p15 in both Wilms’ tumors and
embryonal rhadomyosarcomas
Embryonal Tumors of striated muscle 103
rhabdomyosarcoma
Prader-Willi syndrome Deficiencies in sexual development PWS and AS are neurogenic disorders 104,105
(PWS) and growth, behavioral and mental caused by loss of function of
retardation. Major diagnostic imprinted genes at chromosome
criteria: hypotonia, hyperphagia and 15q11-q13. Approximately 70% of
obesity, hypogonadism, and PWS and AS individuals have a 3—4
developmental delay megabase deletion in their maternal
or paternal chromosome 15q11-q13
Angelman syndrome Deficiencies in sexual development 104,105
(AS) and growth, behavioral and mental
retardation. Major diagnostic
criteria: ataxia, tremulousness, sleep
disorders, seizures, and
hyperactivity
Beckwith—-Wiedemann Pre- and postnatal overgrowth, LOI results in biallelic expression of 106,148

syndrome

macroglossia and other
organomegaly, childhood tumors
such as Wilms’ tumor of the kidney,
hypoglycemia, hemihypertrophy,
and other minor complications

IGF2 (80%), silencing or mutation
of H19 (35%), and silencing of
CDKNIC (12%)

X-linkage affected males have more severe phenotypes than affected females, whose phenotype is modulated by the
presence of the normal X chromosome.

Several other diseases that are due to faulty imprinting are also listed in Table 3. For example, Pal ¢z @/. observed
preferential loss of the maternal alleles on chromosome 11 in 9 of 11 cases of Wilms’ tumor where the parental origin of
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alleles could be followed.'®" Similar observations on five additional cases of Wilms’ tumor were made by Schroeder
et al.'** Scrable and colleagues have found that embryonal rhabdomyosarcomas (malignant pediatric tumors of striated
muscle origin) could arise from cells that were clonally isodisomic for paternal loci on chromosome 11.1%%

Glenn and associates demonstrated that the SNRPN gene, which encodes a small nuclear ribonucleoprotein subunit
SmN thought to be involved in splicing of pre-mRNA, is expressed only from the paternally derived chromosome
15q11-q13 in humans with Prader—Willi syndrome.'® More recently, Horsthemke and colleagues performed a molecular
analysis at the SNURF-SNRPN locus in 51 patients with Prader—Willi syndrome and 85 patients with Angelman
syndrome, which revealed the vast majority of these defects were epimutations. Seven patients with Prader-Willi
syndrome (14%) and eight patients with Angelman syndrome (9%) had an imprinting center deletion. Sequence analysis
of 32 Prader-Willi syndrome patients with no imprinting center deletion and 66 Angelman syndrome patients with no
imprinting center deletion did not reveal any point mutation in imprinting center elements. In patients with Angelman
syndrome, they found the imprinting defect occurred on the chromosome that was of maternal grandparental origin
whereas in the patients with Prader-Willi syndrome and no imprinting center deletion, the imprinting defect occurred
on the chromosome inherited from the paternal grandmother.'”® The fact that epimutations on the maternal
chromosome were often present in a mosaic form suggested that in patients with Angelman syndrome and no imprinting
center deletion, aberrant DNA methylation responsible for the imprinting defect occurred after fertilization.

Mannens ¢z @l. carried out cytogenetic and DNA analyses on patients with Beckwith-Wiedemann syndrome.'*® They
localized the syndrome at chromosome 11p15.3-pter to two regions, BWSCR1 and BWSCR2. They found that LOI was
involved in the etiology of the Beckwith-Wiedemann syndrome with BWSCR2 since all balanced chromosomal
abnormalities observed at this region were maternally transmitted. Loss of imprinting can cause either biallelic
expression (such as IGF2) or silencing (such as CDKNIC), which is found in most sporadic cases of Beckwith—
Wiedemann syndrome (Table 3).

Another interesting aspect of imprinting is that imprinted genes tend to be clustered in the genome. In humans, the
two major clusters are associated with the two major imprinting disorders (Table 3). The cluster on chromosome
15q11-13 is linked to the Prader-Willi and Angelman syndromes, and the one on 11p15.5 is linked to the Beckwith—
Wiedemann syndrome.

1.04.4.3 Cancer

Cancer develops through a combination of genetic instability and selection, which results in clonal expansion of cells
that have accumulated an advantageous set of genetic aberrations. Instability of genetic origin may occur as a result of
point mutations, chromosomal rearrangements, DNA dosage abnormalities, and perturbed microsatellite sequences,
while epigenetic instability may result from faulty imprinting as previously discussed, or from aberrant patterns of DNA
or histone methylation. The abnormalities may act alone or in concert to alter the functions or expression of cellular
components. Occasionally, cancers retain a history of their development but this may be difficult to decipher because
some aberrations may be lost or obscured by subsequent events.

1.04.4.3.1 Epigenetic hallmarks of cancer

Salser’s observation in 1977 that 5-methyl-cytosine was responsible for mutation of CpG dinucleotides prompted
investigators to determine whether the natural patterns of methylation were disturbed in human neoplasia.?’ The first
change to be reported for a number of cancers was loss of methylation at both the individual gene and globally.'”1%® In
four of five patients, representing two different types of cancer, Southern blots revealed substantial hypomethylation in
genes of cancer cells compared to their normal counterparts; in one of these patients hypomethylation was progressive
in a metastasis.'”” Such a loss appeared to be ubiquitous for human neoplasms, and in benign neoplasms
hypomethylation appeared to be the only type of change found. It was also noted that a generalized decrease in
genomic methylation occurs as cells age, and this gradual loss could result in aberrant gene activation.

The second notable change observed in many human cancers was hypermethylation, particularly of CpG islands at
gene promoters.'? A very recent study has shown that promoter hypermethylation of genes involving important cellular
pathways in tumorigenesis is a prominent feature of many major human tumor types.''® Hypermethylation, which is
often accompanied by global hypomethylation, could act as an alternative to mutations that inactivate tumor suppressor
genes and it also could predispose to genetic alterations through inactivation of DNA repair genes.

The third important change is LOI. In cancer, LOI can lead to activation of growth-promoting genes, such as /GF2,
and silencing of tumor suppressor genes'''™''* as already noted above.

The full range of epigenetic change that occurs in human cancers is not known, but hypomethylation,
hypermethylation at CpG islands, and LOI occur most frequently.'™* An early study of p53 illustrates what might be
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learned from a study of 5-methylcytosine mutations in human tissues.'' p53 is a well-known tumor suppressor gene
that has been studied intensively. Normally in a cell, the expression of p53 is kept at very low levels but DNA damage
results in a rapid increase in levels and its activation as a transcription factor. As a transcription factor, p53 either arrests
the cells in the G1 phase of the cell cycle or triggers apoptosis.''® More than 4500 mutations have been identified in
the p53 gene, and p53 mutations are found in 50-55% of all human cancers. Three codons in p53 (175, 273, and 248) are
of particular interest because they are hot spots for point mutations that impair p53 function in cancer. Sequencing
indicates that all three of these codons contain 5-methylcytosine, and that they are mutated in various tumors. Rideout
et al. found that as many as 43% (9 of 21) of the p53 somatic mutations at these sites are due to 5-methylcytosine. There
are 82 CpGs in the 2362 nucleotides of the double-stranded coding sequence of p53. The relevance of methylation to
mutations in p53 is brought out more clearly by the fact that no more than ~3.5% (82/2362) of the sequence
contributed 33-43% of the point mutations, each of which was a transition from 5-methylcytosine to thymine (or a
corresponding G to A (Figure 1).

1.04.4.3.2 Significance of faulty imprinting in cancer

Feinberg and colleagues believed that there was special significance attached to LLOI in cancer and they initiated a
search for the mechanism by which this epigenetic change might enhance the risk to these disorders. In the first of two
papers, Cui ez @/. found that LOI of the insulin-like growth factor II (/GF2) gene, a feature of many human cancers,
occurred in about 10% of the normal human population.'’” LOT in this segment of the population increased the risk of
colorectal cancer 3.5-5-fold suggesting that faulty imprinting was related to the risk of cancer.

In the second paper, Sakatani ¢z @/. created a mouse model to investigate the mechanism by which LOI of /gf2
"8 They knew from work of others that imprinting of [gf2 was regulated by a
differentially methylated region (DMR) upstream of the nearby untranslated H79 gene, and that deletion of the DMR
would lead to biallelic expression (LOI) of /gf2 in the offspring. To model intestinal neoplasia, they used Min mice with

contributed to intestinal cancer.

an Apc mutation with or without a maternally inherited deletion, i.e., with or without LLOI, and they designed the model
to mimic closely the human situation where LOI caused only a modest increase in /GF2 expression. They created their
model of /gf2 LOI by crossing female heterozygous carriers of deletion (79" ~) with male heterozygous carriers of the
Apct™in Their results showed that LOI mice developed twice as many intestinal tumors as control littermates, and
they also showed a shift toward a less differentiated normal intestinal epithelium. In a comparative study of human
tissues, a similar shift in differentiation was seen in the normal colonic mucosa of humans with LOI. These observations
suggested that impairment of normal parental imprinting might interfere with cellular differentiation and thereby
increase the risk of cancer. In more general terms, the results suggested that mutation of a cancer gene (4PC) and an

epigenetically imposed delay in cell maturation may act synergistically to initiate tumor development.'

1.04.4.3.3 Cytosine guanine dinucleotide island methylator phenotype

Despite their frequent occurrence in human cancers, the causes and global patterns of aberrant methylation remain
poorly defined. To understand these patterns better, Toyota and colleagues examined the methylation status of CpG
islands in a panel of 50 primary colorectal cancers and 15 adenomas.''” A previous study had indicated that methylation
of CpG islands of normal colonic mucosa was gradually lost as age advanced, and that aberrant methylation was
associated with microsatellite instability. They found a majority of CpG islands methylated in colon cancer was also
methylated in a subset of normal colonic cells as an age-related consequence of incremental hypermethylation. In
contrast, methylation of the cancer-specific clones was found exclusively in a subset of colorectal cancers, which
appeared to exhibit a CpG island methylator phenotype (CIMP). The CIMP™" tumors included the majority of
sporadic colorectal cancers with microsatellite instability related to methylation of the mismatch repair gene hMLHI.
The data suggested the existence of a pathway in colorectal cancer that was responsible for the risk of mismatch repair-

positive sporadic tumors.'!’

1.04.4.3.4 Histone modifications of cancer cells

Considerable effort has been devoted to understanding the relevance of aberrant DNA methylation patterns to human
cancer, but much less attention has been focused on histone modifications of cancer cells among many other layers of
epigenetic control. Recently, Fraga and colleagues'?® characterized the profile of posttranslational modifications of one
of the nucleosome core histones of chromatin, histone H4, in a comprehensive panel of normal tissues, cancer cell lines,
and primary tumors. Using immunodetection, high-performance capillary chromatography, and mass spectrometry,
Fraga found that cancer cells overall lost monoacetylation at H4-Lys16 and trimethylation of histone H4-Lys20. These
are widely regarded as epigenetic markers of malignant transformation, like global hypomethylation and CpG island
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hypermethylation. In a mouse model of multistage carcinogenesis, these changes appeared early and accumulated
during the tumorigenic process. They were also associated with hypomethylation of DNA repetitive sequences, a well-
known feature of cancer cells. The data of Fraga e a/. suggest that the global loss of monoacetylation and trimethylation
of histone 4 might be another common hallmark of human cancer cells.

1.04.4.4 Therapeutic Potential for Epigenetic Disease

Silencing of key nonmutated genes such as tumor suppressor genes and mismatch repair genes is a common event in

119-128 including hematological disorders.'?*~"*! Methylation of CpG islands located in promoter

cancer progression
regions of cancer cell genes and conformational changes in chromatin involving histone acetylation are two processes
that are associated with transcriptional silencing. Reversal of these processes and upregulation of genes important in

preventing or reversing the malignant phenotype has thus become a therapeutic target in cancer treatment.'?

1.04.4.4.1 Methyltransferase inhibitors and demethylating agents

One possible approach to promote expression of genes abnormally silenced by methylation is through inhibition of
DNA methyltransferases or, alternatively, by agents capable of demethylating DNA.'*? This approach has been studied
in hematological and myeloid disorders, although the data are limited. For example, in 1982 Ley er a/. reported that the
treatment of a patient with severe B-thalassemia with 5-azacytidine as a demethylating agent resulted in selective
increases in y-globin synthesis and in hemoglobin E Measurement of pretreatment methylation levels compared to
posttreatment levels revealed hypomethylation of bone marrow DNA in regions near the y-globin and the &-globin
genes.'?® Subsequently, several studies examined the use of demethylating agents such as 5-aza-2’-deoxycytidine
(decitabine) in the treatment of another heritable hemoglobinopathy, sickle cell anemia. Treatment of this disorder
with 2-deoxy 5-azacytidine led to significant increases in hemoglobin Fand y-globin, which attained a maximum after 4
weeks of treatment and persisted for 2 weeks before falling below 90% of the maximum.'** The mechanism of the
therapeutic effect was not entirely clear but may have been caused by low pretreatment levels of methylation of the
v-globin gene and altered differentiation of stem cells induced by 2-deoxy 5-azacytidine.

Evidence also points to hypermethylation in the pathogenesis of the myelodysplastic syndromes. Patients with
these disorders usually die from bone marrow failure or transformation to acute leukemia. Standard care for this disorder
is supportive care. In one reported study, the cyclin-dependent kinase inhibitor p75™VK#
hypermethylated and silenced in high-grade myelodysplasias, and treatment with 2-deoxy-5-azacytidine resulted in a

was progressively

decrease in p75 promoter methylation and a positive clinical response in 9 of 12 myelodysplastic patients.'®® In another
reported study involving 191 patients with high-risk myelodysplastic syndromes treated with 5-azacytidine (dose 75 mg
m~?day ") for 7 days every 4 weeks, statistically significant differences seen in the azacytidine group favored im-
proved response rates, quality of life, reduced risk of leukemic transformation, and improved survival compared to
supportive care.'*®

The potential reversal of epigenetic silencing by altering methylation levels with methyltransferase in-
hibitors or DNA demethylating agents has shown promise as a mode of therapy. In 2004, azacytidine was the first
agent to receive FDA approval for treatment of several myelodysplastic syndrome subtypes. Cytidine analogs, such as
5-azacytidine and 5-aza-2'-deoxycytidine, achieve their therapeutic effects after a series of biochemical transforma-
tions. First, these agents are phosphorylated by a series of kinases to azacytidine triphosphate, which is incorporated
into RNA, disrupting RNA metabolism and protein synthesis. Azacytidine diphosphate is reduced by ribonucleotide
reductase to 5-aza-2’-deoxycytidine diphosphate, which is phosphorylated to triphosphate and incorporated into DNA.
There it binds stoichiometrically DNA methyltransferases and causes hypomethylation of replicating DNA.*® Most
methyltransferase inhibitors are, however, not specific for a particular methyltransferase, and several of them have
unfavorable toxicity profiles including severe nausea and vomiting. There are newer agents under development that
may improve the targeting of methylation. Among these, for example, is MG98, an antisense oligonucleotide
methyltransferase inhibitor that is specific for DNMT1. MG98 produces dose-dependent reduction of DNMT'1 and
demethylation of the p/6 gene promoter and re-expression of p16 protein in tumor cell lines. MG98 is currently in trial
in patients with solid tumors. The drug is said to be well tolerated, but a decision on its efficacy awaits additional

information.'*?

1.04.4.4.2 Histone deacetylase inhibitors

Acetylation of DNA-associated histones is linked to activation of gene transcription, whereas histone deacety-
lation is associated with transcriptional repression. Acute promyelocytic leukemia (APL) provides an excellent model to
illustrate the modulation of gene transcription by acetylation and the therapeutic potential of histone deacetylase
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inhibitors. APL is a hematopoietic cancer that involves the retinoic acid receptor alpha (RARa) gene, which
maps to the long arm of chromosome 17q21. Ninety-five per cent of cases arise from a translocation between
chromosomes 15 and 17 (t15:17.q21), which leads to the formation of the fusion protein PML-RARa. PML-RAR«
results in a transcriptional block of the normal granulocytic differentiation pathway. RARa is a member of the nuclear
hormone receptor family that acts as a ligand-inducible transcriptional activation factor by binding to retinoic acid
response clements (RAREs) in a heterodimer with RXR, a related family of nuclear receptors. In the pre-
sence of a ligand (all-z7ans retinoic acid), the complex promotes transcription of retinoic acid-responsive genes. In the
absence of ligand, transcription is silenced by a multistep process involving recruitment of transcriptional regu-
lators, corepressors, and nuclear receptor core repressors such as Sin3 into a complex. Sin3 in turn recruits a
histone deacetylase that causes condensation of chromatin and prevents accessibility of transcriptional machinery to
target genes. The presence of ligand (all-#rans retinoic acid) induces a conformational change in RAR enabling the
dissociation of repressor complex and recruitment of coactivators (such as the p/60 family members). The
coactivator molecules possess intrinsic histone acetylase activity that causes unwinding of DNA thereby facilitating
transcription and promoting granulocyte differentiation. In an APL patient with a transcriptional block and
refractoriness to all-z7ans retinoic acid resulting in a highly resistant form of APL, Warrell and colleagues showed that
treatment with sodium butyrate, a histone deacetylase inhibitor, restored sensitivity to the antileukemic effects of all-
trans retinoic acid.'®

Evaluation of sodium phenyl butyrate (buphenyl) has demonstrated its beneficial effect in the treatment of other
disorders including the hemoglobinopathy B-thalassemia, acute myelogenous leukemia, and prostate cancer. Phenyl
butyrate is one of the older generation of histone deacetylase inhibitors and presently additional inhibitors are being
tested in clinical trials.'** Among these, the inhibitory agent suberoylanilide hydroxamic acid has shown differentiating
effects in a bladder cancer cell line. A depsipeptide isolated from Chrombacterium violaceum has been demonstrated to
have potent cytotoxic activity through several different mechanisms including histone deacetylase inhibition. This
agent demonstrated activity against chronic myelogenous leukemia cells resulting in acetylation of histones H3 and N4

as well as expression of apoptotic proteins involving caspase pathways.'*?

1.04.4.4.3 Hypermethylation and histone deacetylation

The combined manipulation of histone acetylation and cytosine methylation in chromatin presents another strategy for
gene-targeted therapy through epigenetic modification. These two epigenetic processes are linked as was shown by
Nan ¢z /> and Jones ez al.*® (see Section 1.04.3.4.2) who showed that the repressive chromatin structure associated
with dense methylation was also associated with histone deacetylation. Methylated DNA binds the transcriptional
repressor, MeCP2, at the MBD, which recruits the Sin 3A/histone deacetylase complex to form the transcriptionally
repressive chromatin. This process was reversed by trichostatin A, a specific inhibitor of histone deacetylase.

Since little was known about the importance of methylation relative to histone deacetylation in the inhibition of
gene transcription, Cameron ¢# /. examined this question.’®” They found that trichostatin alone did not reactivate
several hypermethylated genes (MLHI, TIMP3, CDKN2B (INK4B, p15), and CDKN2A (INK4, p16)) under conditions
that allowed reactivation of nonmethylated genes. These findings suggested that dense CpG island methylation in
gene promoter regions was dominant over histone deacetylation in maintaining gene repression. They then induced
partial CpG island demethylation by treatment with the demethylating agent 5-aza-2’-deoxycytidine, in the presence
or absence of histone deacetylase inhibition. They observed robust expression (fourfold increase) of the genes tested
by combined drug treatment (trichostatin plus 5-aza-2’-deoxycytidine) in an experiment in which low-level reactivation
was seen with 5-aza-deoxycytidine treatment alone. These results indicated that histone deacetylation may not be
needed to maintain a silenced transcriptional state, but histone deacetylase has a role in silencing when levels of DNA
methylation are reduced. Bisulfite sequencing showed that the increase in gene expression brought about by the
combination of the two drugs occurred with retention of extensive methylation in the genes tested. They also found
that inhibition of deacetylase activity could induce gene expression without a large-scale change from repressive to
accessible chromatin in agreement with the work of others. Taken together the data suggested that decreased
methylation is a prerequisite for transcription following histone deacetylase inhibition.

In experiments similar to those of Cameron ¢ a/., Chiurazzi and colleagues examined the relative roles of
methylation and histone deacetylation in silencing the FMRI gene in fragile X syndrome.!*®1% Hypermethylation of
CGG repeats in this disorder silences the FMRI gene to cause the absence of the FMR1 protein that subsequently
leads to mental retardation (see Section 1.04.4.2). In their first paper, Chiurazzi ez a/. found that the demethylating
agent 5-aza-2’-deoxycytidine partially restored FMR1 protein expression in B-lymphblastoid cell lines obtained from
fragile X patients confirming the role of FMRI promoter hypermethylation in the pathogenesis of fragile
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X syndrome."*® In their second paper, they found that combining the 5-aza-2'-deoxycytidine with histone deacetylase
inhibitors such as 4-phenylbutyrate, sodium butyrate, or trichostatin resulted in a two- to fivefold increase in FMR1
mRNA levels over that obtained with 5-aza-2'-deoxycytidine alone. The marked synergistic effect observed revealed

that both histone hyperacetylation and DNA demethylation participate in regulating FMRI activity. These results may

help pave the way for future attempts at pharmacologically restoring mutant FMR/ activity in vivo.'*"

Methylation and histone deacetylation thus appear to act as layers for epigenetic silencing. Cameron ¢z @/. believe
that one function of DNA methylation may be to firmly ‘lock’ genes into a silenced chromatin state.'”” They suggested
that this effect may be involved in transcriptional repression of methylated inactive X chromosomal genes and
imprinted alleles. They proposed that to achieve maximal gene reactivation, it might be necessary to block
simultaneously both DNA methylation and histone deacetylation, both of which are essential to the formation and
maintenance of repressive chromatin.

The application of drugs to the treatment of cancer and other diseases of epigenetic interest is a new area of clinical
investigation. Studies to date involve older members of the first generation of methyltransferase inhibitors such as
5-azacytidine and sodium phenylbutyrate. In vitro studies and small clinical studies of these drugs have demonstrated
intriguing results while several second generation drugs are in development or in the early stages of clinical trials.
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1.05.1 Introduction: What is Personalized Medicine?

The term ‘personalized medicine,” sometimes also called ‘individualized medicine,” seems to include an inherent
contradiction. Medicine, after all, is intended by definition to be individualized for each patient so that the cure can be
fitted to her or his specific disease conditions. In the words attributed to Hippocrates, ““The art [medicine] has three
factors, the disease, the patient, the physician.” In this famous quotation, Hippocrates was also alluding to the fact,
well known to old scholars, that each patient is unique, the disease can be differently expressed for each patient, and as
such, has to be treated in a special way individually matched for the particular patient. However, while no one doubts
that each individual patient is unique, and his or her treatment must therefore take into account that individual’s
personal particulars, medicine has traditionally tended to view patients as groups rather than individuals, stratifying
treatment protocols according to disease subtypes. Some claim that this fault lies with the pharmaceutical industry,
which prefers selling “one size fits all” drugs, so that each drug enjoys the widest market possible, and profits are
maximized. Pharmacotherapy is typically prescribed at certain doses for adults, at smaller doses for children (when
applicable), and without additional dosage considerations (with the exception of patient’s weight for some drugs that
have a small therapeutic window). Other considerations, such as lifestyle and patient diet, are sometimes taken into
account, but physicians are not always aware enough of the role played by such factors in patients’ responses to drugs.
In this context, it is notable to reflect on the words of E Hafter, written about 30 years ago: “Medical art, a notion
difficult to define, is in danger of disappearing. It means a harmony of knowledge, skill experience, intuition and the
predominant desire to help the patient. This means individualized medicine, which is only possible by sympathetic
dialogue with the patient — not only by specialists in psychiatry or psychosomatics, but by every doctor. Will it be able to
preserve medicine from inhumanity in spite of technology, rationalization and the computer?”! These insightful words
seem as fitting today as they were a generation ago and maybe even more.

The term ‘personalized medicine’ in its newer sense covers the science and technologies of individualizing
pharmacotherapy choices (both drug and dosage) according to each patient’s genomics and proteomics information.
The term was first featured in the scientific literature in its modern sense in a 1999 review article by Langreth
and Waldholz,?> who envisaged the use of patient genetic profiling for individualizing pharmacotherapy. In the same
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year, ] C Stephens® delineated ‘personalized medicine’ as follows: “Recognition that there is a vast quantity of human
genetic variation has had a pervasive impact on modern medicine, facilitating the identification of scores of genes that
underlie monogenic clinical disorders, as well as genes involved in complex disease processes. The next logical step for
human genetics is the exploration and elucidation of genes involved in differential pharmacological response:
responders, nonresponders, and those with adverse side effects.” With these words, indeed, individualized medicine, or
personalized medicine, can be best defined: it represents the quest to tailor the best pharmacotherapy for each patient,
so that adverse drug reactions (ADRs) are minimized, and drug efficacy is maximized. Thus, in other words,
personalized medicine is about maximizing both drug safety and drug efficacy, by taking into consideration the
uniqueness of the individual patient. This uniqueness is not necessarily encrypted in the patient’s genome. However,
as we shall see in this chapter, most interest in recent years has focused on the prospects of using genetic information
and tools for individualizing patient care, as it currently seems to be able to offer the best prospects for individualizing
healthcare.

Indeed, the website of the Personalized Medicine Coalition (PMC)® defines ‘personalized medicine’ as follows:
“Personalized medicine uses new methods of molecular analysis to better manage a patient’s disease or predisposition
toward a disease. It aims to achieve optimal medical outcomes by helping physicians and patients choose the disease
management approaches likely to work best in the context of a patient’s genetic and environmental profile. Such
approaches may include genetic screening programs that more precisely diagnose diseases and their sub-types, or help
physicians select the type and dose of medication best suited to a certain group of patients.” Remarkably, the 2005
British Royal Society Report entitled “Personalised Medicines: Hopes and Realities™ does not define the term itself,
and instead defines pharmacogenetics and pharmacogenomics, which are widely perceived as the cornerstones for
personalized medicine.

Hence, genetic information is often mentioned as the key for personalized medicine. Yet, we should bear in mind
that many nongenomic factors also affect patients’ response to drugs. These factors include environmental and lifestyle
factors, such as exposure to environmental toxic agents; diet; physical activity; smoking; alcohol and drug abuse; stress;
and family support. In addition, there are factors related to the patient life history, such as gender, age, presence, and
history of concurrent diseases or injuries. Therefore, even though most of this chapter is focused on genetic factors,
nongenetic factors are nonetheless important. Yet, genetic factors affecting pharmacotherapy have several advantages
that make them more attractive for basic and applied research. Primarily, while environmental and lifestyle factors
affecting the safety and efficacy of pharmacotherapy are difficult to study and interpret, and can dramatically change
over a person’s lifetime or even during the course of disease treatment in the scope of just few weeks or months,
genetic information is stable (with the exception of malignant disease) and remains precisely the same throughout the
patient’s life. Thus, a single analysis can be useful for an entire lifetime. Moreover, due to the availability of molecular
genetics tools, such information is highly accurate, unambiguous, and reliable, unlike the equivocal nature of some
epigenetic (nongenetic) information related to drug safety and efficacy.

The US Food and Drug Administration (FDA) has long recognized the potential of genetic information for
improving drug safety and efficacy, and has accordingly geared up toward the use of genetic information in the drug
development process. As the FDA website states: ““The use of genomic information, accelerated by the sequencing of
the human genome and the advent of new tools and technologies, has opened new possibilities in drug discovery and
development ... The FDA also engages in several applied research projects to support and promote the translation of
pharmacogenomics from basic research, drug discovery and development into clinical practice, focused on ensuring its
proper employment to protect public health.”®!

1.05.2 Why do we Need Personalized Medicine and What Should our
Priorities be?

A short answer to this question is: because we must improve medical care, and in particular the safety of
pharmacotherapy. In other words, we need to develop personalized medicine, so that the safety and efficacy of drugs,
which are far from being satisfactory, may be improved; and the best way to improve drug safety and efficacy presently
seems to be via the use of genomics and proteomics knowledge about the individual patient. That is, personalized
medicine should not oppose the use of other types of data for improving healthcare. However, the availability of
knowledge about human genome variation, and the relation of such variation to drug pharmacokinetics and
pharmacodynamics, has created a unique opportunity for utilizing such data for improving healthcare. New
pharmacogenomics knowledge would allow the incorporation of personalized medicine to the clinic, most likely starting
with reductions in the alarmingly high rates of ADRs, currently estimated to account for about 6.5% of new hospital
admissions to internal medicine wards, and about 4% of total bed occupancy.”™’ A US study by Ernst and Grizzle® has
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estimated that overall, the cost of drug-related morbidity and mortality exceeded $177 billion in 2000. Hospital
admissions accounted for nearly 70% ($121 billion) of total costs, followed by long-term care admissions, which
accounted for 18% ($33 billion). Very likely, these alarming figures must have further increased since 2000; however at
the time of writing this chapter, no updated figures were available (D Bates, personal communication). Such staggering
figures clarify the urgent need to reduce ADRs rates. The money saved via reduced hospitalizations following ADRs
could potentially be used to improve healthcare.

1.05.3 Brief History of Pharmacogenetics and Pharmacogenomics

The term ‘pharmacogenetics’ was first coined by Friedrich Vogel in 1959 in a review article’ in German. It first appeared
in the English scientific literature in 1961, in a well-cited review by Evans and Clarke.!® A year later, a book entitled
" However, the field of
pharmacogenetics was delineated a few years earlier, when Arno Motulsky published his landmark review on “Drug
reactions enzymes, and biochemical genetics.”!? In this review, Motulsky stated that “idiosyncratic drugs reactions
might be caused by otherwise innocuous genetic traits and enzyme deficiencies.” Indeed, it would be fit to view the

Pharmacogenetics — Heredity and the Response to Drugs was published by Werner Kalow.

year 1957 as the birthmark of modern pharmacogenetics, meaning that it is almost 50 years old at the time of writing
this chapter.

Pharmacogenetics is often confused with the newer term, pharmacogenomics, coined in 1997."° The American
Medical Association (AMA) website® defines pharmacogenomics as the discipline which ‘examines how genetic
makeup affects response to drugs.” This simple definition covers a very wide scope, as it is not only related to hereditary
effects on drug pharmacokinetics, but also includes genomic aspects of drug development, such as identifying new drug
targets using genomic tools. In recent years the term ‘pharmacogenomics’ has entered the scientific discussion more
frequently, sometimes replacing the older term of pharmacogenetics, which has created some confusion about the
extent of this discipline, and its relation with the older discipline of pharmacogenetics. The change has coincided with
the completion of the Human Genome Project in 2003, and the coining of additional terms carrying the ‘omics’ ending,
such as proteomics, toxicogenomics, neurogenomics, metabolomics, and immunogenomics. Indeed, some have claimed
that the term ‘pharmacogenomics’ carries ‘too much hype’ and is ‘being oversold’ by commercial entities.'*

The notion of individual variation in drug response was well known to old-time scholars. For example, in 510 BCE
Pythagoras noted that some, but not all, individuals develop hemolytic anemia in response to fava bean ingestion. Today
we know that the phenotype of hereditary toxicity from fava beans, known as favism, reflects a genetic deficiency in
glucose-6-phosphate dehydrogenase.

Human variation was known already long ago to affect response to medical treatment. In 1892, the British physician
Sir William Osler wrote that “if it were not for the great variability among individuals, medicine might as well be a
science and not an art.”'> A few years later, Gorrod and Oxon'® suggested that hereditary differences in biochemical
processes were the cause of ADRs and interindividual differences in toxicity were due to enzyme deficiencies. Thirty
years later, a noteworthy observation was made when for the first time Snyder!” described an ethnic variation in a
pharmacogenetic trait, i.e., the inability to taste phenylthiocarbamate. Such variability across different ethnic groups is
now widely recognized as a common property of most pharmacogenetic traits.'® However, it was the realization of
genetic variation among individuals, rather than among ethnic groups, that would play the major part in accomplishing
individualized pharmacotherapy. The reason being, that the scope of genetic variations among individuals is much
larger than differences among ethnic groups.

During the 1960s and 1970s numerous further examples of ADRs related to inherited defects in metabolic enzymes
were discovered. For example, it was realized that ADRs caused by debrisoquine, an agent used to treat hypertension,
and sparteine, used to treat cardiac arrhythmia, are both related to an inherited deficiency in the liver enzyme CYP2D6,
belonging to the cytochrome P450 (CYP) monooxygenase family (Table 1). Notably, this enzyme is involved in the
metabolism of many drugs, including antidepressants, antipsychotics, beta-blockers, and opioids such as morphine,
hydromorphine, and codeine.'® Pharmacogenetic studies performed until the mid-1980s were done at the protein level,
as they depended on analysis of the enzyme activities responsible for drug metabolism. However, toward the 1990s
methods were becoming available for cloning and sequencing of human genes, and pharmacogenetics moved from the
protein to the DNA era. Indeed, today most studies on inherited human variations are done at the DNA rather than the
protein level.

When discussing the historic perspectives of pharmacogenetics, it is noteworthy to recall that blood transfusions
according to blood groups have already been introduced in the clinical setting since the early years of the twentieth
century. The first documented clinical matching of blood transfusion according to patient blood typing was reported in
1907 by Reuben Ottenberg.®® Recipient-matched blood transfusions constitute a fine example of the successful
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Table 1 Selected examples of human drug-metabolizing enzymes (DME) whose genes exhibit genetic polymorphisms with
pharmacokinetic consequences

Enzyme Polymorphism Examples of consequences

CYP2C9 Low activity Low-dose requirement for warfarin

CYP2C19 Low activity Increased ADR risks from antiepileptic drugs
CYP2D6 Low activity Increased side effects from antihypertensive and

antidepressant drugs

CYP2D6 Very high activity Lack of efficacy at normal dosage range with
antihypertensive and antidepressant drugs; enhanced
risk of toxicity from codeine due to faster metabolism
to morphine

CYP2C8 Low activity ADRs from antimalaria drugs

ALDH2 Null variant More robust effects of alcohol; reduced risk of
alcoholism

NAT?2 Low activity Increased side effects from antitubercular drug isoniazid

(peripheral neuropathy); increased susceptibility to
human bladder carcinogen 4-aminobiphenyl

TPMT Low activity Increased risk for 6-MP-induced myelosuppression
UGT1A Low activity Increased ADR risk of irinotecan

CYP, cytochrome P450; ALDH, aldehyde dehydrogenase; NAT, N-acetyltransferase; TPMT, thiopurine methyltransferase;
UGT, UDP-glucuronosyltransferase.

practice of personalized medicine. The transfused blood can be viewed as a medicine, which is tailored for individual
patients according to their own blood group. Obviously, the patient’s blood group is identified with proteomics tools
(antibodies) but is determined exclusively by her or his genes. Without such ‘personalization,” as we all know, blood
transfusion would be extremely dangerous rather than life-saving. It is important to keep this example in mind, because
society tends to view new technologies with great suspicion and even fear (several examples come to mind here: x-rays;
ultrasound imaging; nuclear magnetic resonance imaging; in vitro fertilization; and also nonmedical disciplines,
including bioengineered plants; cellular phones). It is thus imperative, when discussing the prospects of personalized
medicine with policy-makers and representatives of the public, to recall the life-saving capacity of personalized
medicine as exemplified by the century-old technique of individualized blood transfusions.

It would be fitting to conclude this section on the history of pharmacogenetics and pharmacogenomics with an
estimate on the timeframe needed for its implementation in the clinical setting. Various estimates have been given, but
presently it seems premature to give a timescale, as there are too many barriers (see Section 1.05.9). Most novel clinical
technologies had to wait 17 years on average before being incorporated into the clinical arena.?! Thus, if we count this
average time from the completion of the Human Genome Project, we can assume that personalized medicine would be
widely implemented in the clinic by the year 2020. However, it is likely that some applications would arrive much
sooner, following the availability of commercial diagnostic tests, such as CYP2D6 and CYP2C19, offered by the Roche
AmiliChip P450, introduced to the market during 2004-2005,%* and the Invader test for UGT1A1 polymorphisms
(see Table 3).

1.054 The Scope of Human Genome Variation

The current estimate is that the human genome, composed of about 3.2 billion basepairs of DNA arranged in 23
chromosome pairs, contains between 20 000 and 25 000 genes (International Human Genome Sequencing Consortium
2004).%” Current thinking is that virtually all the functional relevance of an organism is encoded within genes and
within the various regulatory regions between genes, although we still know very little about the roles of DNA regions
outside genes. Of note, humans have many more proteins than genes — as many as 10-fold more proteins by some
estimates. This is due to complex alternative splicing mechanisms, as well as posttranslational modifications. Thus, one
gene can encode and regulate the synthesis of several proteins, sometimes having different functions.

Soon after the completion of the Human Genome Project in April 2003, efforts were made for realization of the
scope of human genome variation. In the first years of the twenty-first century it has become apparent that this
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variation is much larger than previously envisaged. We now know that our 3.2 billion base genetic code harbors about
11 million sites where a nucleotide present in most people is replaced by another one in at least 1% of the human
population. Thus, on average, every 300th nucleotide in our genetic code can harbor such a polymorphic site where a
single nucleotide is different in at least 1% of individuals in the population. Such polymorphic sites are known as single
nucleotide polymorphisms (SNPs), and are the most common type of polymorphic alleles. If the definition of SNP was
changed so that the cutoff is set, for example, at 0.5% of the population rather than the current definition of 1%, the
number of SNPs in the genome would become much higher. Some experts have estimated that, in effect, any place in
the genome where a SNP is not lethal when present in a single copy of the genome is likely present in few individuals
on earth (as the number of individuals presently alive is about twice the number of nucleotides in our genome; and
moreover, each individual has two complete sets of the human genome). In other words, although human DNA
sequences are about 99.7% identical to each other, the remaining 0.3% of variation, mostly represented by SNPs, is the
major biological reason that each one of us is a unique individual at the DNA level.

Unlike mutations, SNPs are very seldom linked with specific phenotypes. Yet, some SNPs can affect the individual
phenotypic response to drugs. This could happen, for example, when the SNP occurs in an exonic region of a gene, and
leads to a change in the amino acid sequence of the gene product. Such SNPs are known as ‘coding SNPs,” unlike the
‘silent SNPs’ which can be outside genes, or in nonexonic regions of a gene, or even in exonic regions, but not affecting
the protein’s amino acid sequence (which often happens for many three-letter amino acid codes, when the third letter
of the code is changed).

1.05.5 Human Genome Variation can Affect Drug Pharmacokinetics and
Pharmacodynamics

1.05.5.1 Drug Pharmacokinetics

How is this large extent of human genome polymorphism linked to personalized medicine? If the coding SNP results
in a change in the active site of a drug-metabolizing enzyme (DME) it could lead to less active enzyme, and hence to a
phenotype of ‘intermediate metabolizer” When both gene copies contain SNPs (or more extensive polymorphic
alleles leading to major alterations, such as deletions) affecting enzyme activity or expression levels, the consequence
might be a ‘poor metabolizer’ phenotype for that gene product. Thus, certain polymorphic alleles in DMEs can
dramatically affect drug pharmacokinetics. However, not only SNPs, but also larger polymorphic alterations, can affect
the activity of DME. Other forms of genetic polymorphism include insertions and deletions of nucleotides, and
repetitive sequences (microsatellites). For example, changes such as deletions or insertions in the intron/exon
boundary region of a gene can lead to alternative splicing (exon skipping) so that a shorter enzyme protein is formed.
The smaller protein might show reduced or zero activity, or lower affinity toward its substrates. Polymorphisms in other
regions of the gene, most notably the promoter region, can also have a dramatic effect on drug metabolism, via lower
levels of expression. Changes might also occur in transcriptional control regions located upstream of a gene; in such
cases, the gene product could be normally produced under basal conditions, but inappropriately regulated by
endogenous hormonal control.

Table 1 lists a few examples of genes whose polymorphism is related to drug pharmacokinetics. These genes code
for human DME:s. It is beyond the scope of this chapter to supply extensive descriptions of such enzyme reactions, so
here we will present only a few examples in detail and the reader is referred to several comprehensive reviews of the
subject.?#7%

The first example is the liver enzyme CYP2D6, belonging to the CYP gene family. Enzymes of this family are
implicated in the phase I reactions of most drugs, in which drugs are oxidized as a first step toward their excretion by
the kidneys. Excretion requires that drugs, which are typically lipophilic compounds, become more hydrophilic; this
also requires phase II reactions, which follow drug oxidation, such as glucuronidation and sulfation (addition of glucose
or sulfate groups, respectively), to render them more water-soluble for excretion. These enzymes have primarily
evolved for detoxifying xenobiotics present in foods from plant origin, and some are also involved in the catabolism of
steroid hormones. Indeed, it is believed that most natural drugs in plants have evolved as a means of plants to protect
themselves from being eaten; in parallel, animals have developed P450 enzymes as a detoxification means, so that they
can consume plants. Drugs, being xenobiotics, and often being closely similar to plant-derived natural compounds, are
also oxidized by these enzymes. As most drugs are taken orally, a large part of their metabolism occurs during the first
pass through the liver, following ingestion and absorption through the intestine walls. Humans have 57 different P450
genes, each of which codes for a protein that modifies a different subset of drugs. Different polymorphic alleles have
been implicated in increased, decreased, or completely absent levels of metabolism of certain drug classes. Thus, both
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the use of the drug and its optimal dose may be affected by the individual’s genotype for P450 enzymes.?> Among the
diverse range of genes that make up the CYP family, several have been identified as being particularly important in
oxidative metabolism, including CYP2D6, CYP2C9, CYP2C19, and CYP3A4/A5.

The CYP2D6 gene is part of a cluster of three genes arranged in tandem on chromosome 22q13.1. The CYP2D gene
cluster is composed of two pseudogenes, CYP2D8P and CYP2D7P, as well as the CYP2D6 gene. The only functional
gene present in the human CYP2D gene locus is inactive in nearly 5% of Caucasian individuals because of detrimental
mutations. More than 45 major polymorphic CYP2D6 alleles have been described. The frequencies for these alleles
vary depending on the ethnicity of the individual.”® The CYP2D6 enzyme is apparently the most crucial DME, being
involved in the metabolism of about 25% of all prescribed medicines, including some beta-blockers used in the
treatment of heart disease and high blood pressure, tricyclic antidepressants, some second-generation antidepressants,
such as fluoxetine, paroxetine, venlafaxine, as well as several antipsychotic drugs. Therefore, identifying individuals
who are ‘poor metabolizers’ for CYP2D6 would allow physicians to prescribe for them alternative drugs, metabolized by
other routes, or to prescribe the same drugs but at much lower dosages, so that the occurrence of ADRs related to drugs
metabolized by CYP2D6 would be substantially reduced.?’

In the case of CYP2DG6, it is crucial also to identify those individuals who are ‘ultrarapid metabolizers.” Such
individuals have extra intact copies of the CYP2D6 gene (an inherited phenomenon called ‘gene duplication,” which is
common in particular for this P450 enzyme) and hence, metabolize some drugs much faster than normally. Therefore,
many drugs from the above-mentioned classes would not be effective in such individuals, because the therapeutic
blood concentrations are unlikely to be reached at regular dosage. However, ultra-rapid metabolizers for CYP2D6 are
not only at risk of having poor drug efficacy for many drugs: they are also at risk of a life-threatening ADR, namely,
impaired breathing from the pain-relief drug codeine. Codeine is a prodrug that must first be converted from an
inactive form to the active form, morphine, by CYP2D6. Thus, ultrarapid metabolizers of CYP2D6 would have too high
blood levels of morphine soon after ingestion of the regular prescribed dose of codeine, along with the severe risks
associated with morphine overdose. In contrast, poor metabolizers of CYP2D6 would not be at increased risk from
codeine; rather, for them standard doses of codeine are unlikely to offer pain relief, due to the insignificant blood
concentrations of morphine that are endogenously formed.

Another notable phase I metabolic enzyme whose polymorphism affects drug safety and efficacy is the cyto-
chrome P450 2C9 (CYP2C9). CYP2C9 is a genetically polymorphic enzyme that is involved in the metabolism
of phenytoin, S§-warfarin, tolbutamide, losartan, torasemide, and many nonsteroidal antiinflammatory drugs, in-
cluding diclofenac, ibuprofen, and flurbiprofen.”® The CYP2C9 gene is located at chromosomal region 1024, span-
ning approximately 55kb with nine exons and encodes a protein of 490 amino acid residues. CYP2C9 is 92%
homologous to CYP2C19, the expressed product of its neighboring gene (CYP2C19), differing by only 43 of 490 amino
acids. However, the two enzymes have completely different substrate specificity. Within a 2.2kb 5 flanking region of
the CYP2C9 gene, there are several consensus sequences for glucocorticoid response elements (GREs), and putative
binding sites for transcription factors.?? More than 50 SNPs have been described in the regulatory and coding regions of
the CYP2C9 gene.‘w Two amino acid variants, Arg;44Cys, which result from a Cy3 to T nucleotide substitution in exon
3 (CYP2C9*2), and lle;zsoleu, produced by an Ajg75 to C substitution in exon 7 (CYP2C9*3), have reduced catalytic
activity compared with the wild-type CYP2C9*1 and are rather common, with allelic frequencies of around 11% (*2)
and 7% (*3) in Caucasians, and significantly lower frequencies in Africans and Asians.>’ The catalytic activity of the
CYP2C9*3-encoded enzyme is much lower than those of CYP2C9*1 and CYP2C9*2. These two variants are known to
reduce the metabolism of warfarin, for CYP2C9*2 by 30-50% and for CYP2C9*3 by around 90%.”” The highest
potential clinical impact of these polymorphisms has so far been related to the use of warfarin, a drug commonly used
for the prevention of arterial and venous thromboembolism. Warfarin pharmacotherapy is extremely difficult to manage
due to its very narrow therapeutic index and the seriousness of the bleeding complications it can cause. Several studies
have provided evidence for a correlation of CYP2C9 gene variants and clinical outcomes. A recent meta-analysis of nine
such primary clinical studies with data from 2775 patients solidified the idea that patients with CYP2C9*2 and
CYP2C9*3 alleles have lower mean daily warfarin doses and a greater risk for bleeding.*® The authors suggested that
testing for gene variants of CYP2C9 could potentially alter clinical management in patients commencing warfarin
treatment. However, many nongenetic factors, in particular diet, play a crucial role in the safety and efficacy of warfarin
pharmacotherapy (see Section 1.05.6).

The third example concerns thiopurine S-methyltransferase (TPMT, EC2.1.1.67), which is a cytoplasmic enzyme
that preferentially catalyzes the S-methylation of aromatic and heterocyclic sulfydryl compounds. This enzyme inacti-
vates the drugs belonging to the thiopurine family such as 6-mercaptopurine, 6-thioguanine, and azathioprine. These
drugs have been widely used in the treatment of leukemia, autoimmune disorders, and for immune suppression in
organ transplant recipients.
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Oral 6-mercaptopurine is routinely used in the maintenance treatment of acute lymphoblastic leukemia in children,
which contributes to the remarkably high cure rates achieved for this type of malignancy. Azathioprine is widely used
for the treatment of inflammatory bowel disease, autoimmune hepatitis, systemic lupus erythematosus, rheumatoid
arthritis, dermatologic conditions, and organ transplantation. Individual differences in thiopurine drug metabolism,
response, and toxicity in humans have been correlated with common polymorphism of the TPMT gene. TPMT is
encoded by a 34-kb gene consisting of 10 exons that encodes for a 245-amino acid peptide with a molecular mass of
35kDa. TPMT activity is inherited as an autosomal codominant trait with genetic polymorphism in all large
populations studied to date.

Patients with intermediate activity are heterozygous at the TPMT gene locus and the TPM'I-deficient subjects are
homozygous for low-activity alleles. Altered TPMT activity predominantly results from SNPs. Patients with inherited
very low levels of TPMT activity are at greatly increased risk for thiopurine-induced toxicity, which is often expressed
by myelosuppression when treated with standard doses of these drugs. On the other extreme of the spectrum,
thiopurine drugs might fail to show efficacy in subjects with very high TPMT activity. The wild-type allele is
designated as TPMT*1 and, to date, at least 18 variant alleles of the TPMT gene have been reported. Based on the
population phenotype—genotype studies performed to date, assays for the molecular diagnosis of TPMT deficiency
have focused on the alleles named TPMT*2 (G238C), TPMT*3A (G460A/A719G), TPMT*3B (G460A), and
TPMT*3C (A719G). These four mutant alleles together account for 80-95% of low-activity alleles in all studied
human populations.>*** As seen for numerous other genes, the pattern and frequency of mutant TPMT alleles are
different among various ethnic populations. The most prevalent low-activity TPMT allele in Caucasians is TPMT*3A,
whereas TPMT*3C is the predominant low-activity allele in Chinese people, Egyptians, and African-Americans. Of
note, at time of writing of this chapter, no commercial tests for TPMT genotyping are available, and testing for TMPT
is not widespread, or is performed with biochemical tools, measuring erythrocytes’ TPMT activity. However, leukemia
patients often receive blood transfusions, which could mask the true TPMT phenotype in cases of poor TPMT
metabolizers.

The final example of pharmacogenetic variation in molecules involved in drug pharmacokinetics also comes from
oncology. It concerns the phase II metabolic enzymes UDP-glucuronosyltransferases which catalyze the glucuronida-
tion of various lipophilic substances including drugs and environmental toxicants. UDP-glucuronosyltransferase 1A1
(UGT1AL1) is a member of the UGT1A family and it inactivates 7-ethyl-10-hydroxycamptothecin (SN-38), the active
metabolite of the anticancer drug irinotecan (Camptosar), to form SN-38 glucuronide (SN-38G). Irinotecan has potent
antitumor activity against a wide range of tumors, and is one of the most commonly prescribed chemotherapy agents.
SN-38 has been associated with severe diarrhea and myelosuppression, which are the main dose-limiting toxicities of
irinotecan.* Variations in UGT1A1 activity most commonly arise from polymorphisms in the UGT1A1 promoter region
that contains several repeating TA elements. The presence of 7 TA repeats (referred to as UGT1A1%*28), instead of the
wild-type number of 6, results in reduced UGT1A1 expression and activity.’® Accordingly, UGT1A1*28 has been shown
to be associated with reduced glucuronidation of SN-38, and increased clinical toxicity for patients treated with
irinotecan.>” The frequencies of UGT1A1*28 alleles vary significantly among different ethnic groups and they can be as
high as 35% in Caucasians and African-Americans but much lower in Asians. It has been suggested that prospective
screening of patients prior to chemotherapy selection may reduce the frequency of severe toxicities by allowing
alternate-therapy selections for patients carrying the UGT1A1*28 polymorphism. Recently, the Invader UGT1A1 test
has been approved by the FDA for use to identify patients who may be at increased risk of adverse reactions to
irinotecan (Camptosar). In addition, Camptosar’s package insert was recently relabeled to include dosing
recommendations based on a patient’s genetic profile.

1.06.56.2 Drug Pharmacodynamics

In addition to pharmacogenetic variations of DMEs, there are increasing numbers of examples of striking
pharmacogenomic variations that influence drug pharmacodynamics as a result of inherited polymorphic alleles in
drug target genes. In the long run, the importance of uncovering such variations is expected to increase because, even
though it might be possible to minimize the impact of genetic variation on drug pharmacokinetics (by avoiding the
development of drugs that are primarily metabolized by polymorphic enzymes), it will be much more difficult to avoid
inherited variation in drug targets.*®

The best-known example, which is already widely implemented in the clinic, is the selective application of the drug
trastuzumab (Herceptin) for the targeted therapy of metastatic breast cancer. Trastuzumab is a humanized monoclonal
antibody specific for HER-1/neu oncogene. This molecule is located on chromosome 17q, it encodes a transmembrane
glycoprotein with intracellular tyrosine kinase activity, and it is overexpressed by 25-30% of breast cancers. These
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HER-1/neu-overexpressing breast cancers define a subset of breast tumors that are characteristically more aggressive,
and women who develop them have a shorter survival. Trastuzumab given alone to HER-1/neu-overexpressing breast
tumors produces response rates similar to those of many single-agent chemotherapeutic agents and has limited toxicity,
while in combination with standard chemotherapy, it can produce greater response rates and prolong the survival of
women with advanced breast cancer.®® Therefore, screening breast cancer patients for HER-2 is a prerequisite for
treatment with trastuzumab. This drug is documented to benefit only patients whose tumors express high levels of the
HER-2 gene product, which is the drug target for trastuzumab.

Asthma represents another area with hopes for meaningful exploration of polymorphisms of drug targets for
improvement of drug efficacy. Pharmacogenetic studies of drugs used in the treatment of asthma have resulted in the
identification of several situations of reduced response in patients carrying specific genotypes in genes involved in the
action of all major classes of antiasthmatic drugs, including B,-agonists, leukotriene modulators, and corticosteroids.***!
The B,-agonists represent the most important bronchodilator drugs used in asthma treatment, and are at the same time
the most commonly prescribed asthma medications. The P,-adrenergic receptors (f,-ARs) belong to the group of
G protein-coupled receptors, and are present on many airway cells, including smooth-muscle cells, which are
hyperreactive in asthma. At least 13 polymorphisms have been described in the gene, which is located on chromosome
5q31-32. From those, three coding polymorphisms have been most studied, located at amino acid positions 16, 27, 34,
and 164. These functional polymorphisms appear to influence both disease susceptibility and treatment response in
asthma. Several studies have shown that the B,-AR SNPs Argl6Gly and GIn27Glu have significant effects in
modulating responses to f,-agonist therapy in asthma. Examples of the reported effects include a decrease in morning
peak expiratory flow in patients with mild asthma who were Arg/Arg homozygotes at position 16 and who regularly use
albuterol™ and reduced responsiveness to salbutamol administration in position 16 Gly/Gly homozygotes in a study
performed in 269 asthmatic children.*® In addition, the conclusion of the large Beta-Agonist Response by Genotype
study* indicated that Arg/Arg asthmatic patients might experience adverse effects from regular use of regular
B-agonists rather than benefiting from the treatment. Unfortunately, despite all these reported associations with drug
effects, there are two major drawbacks delaying translation of these findings into general clinical practice: (1) for every
association that emerges from several studies, there also exists one or more published reports failing to replicate the
observations; and (2) findings of studies have sometimes been inconclusive and contradictory. Even though clinical
applications based on the pharmacogenetics of asthma are clearly not ripe for general clinical use, it is believed that the
pharmacogenetic approach will eventually help clinicians to optimize and personalize antiasthmatic treatment, and will
also provide useful information with regard to pre- and postmarketing evaluation of both effectiveness and side effects
of newly introduced drugs.*’

5-Hydroxytriptamine (SH'IT; serotonin) has been linked to the control of feeding behavior. Weight gain, a common
consequence of treatment with antipsychotic drugs, appears to be related to the action of these drugs on SHT
receptors. The SHT2C-receptor is of particular interest in this respect due to the obesity and increased feeding
observed in the SHT2C-knockout mouse. Interestingly, the SHT2C-receptor gene has several SNPs and a C—T'
substitution at position -759 of the promoter region is found near the regulatory and transcription binding sites, which
may alter gene expression. It has been shown in several studies that carriers of the T allele are relatively protected from
weight gain following treatment with antipsychotics such as clozapine, risperidone, and chlorpromazine.*® Additional
examples for drug targets whose genes exhibit genetic polymorphisms with direct drug pharmacodynamics
consequences are shown in Table 2. Some examples for FDA-approved diagnostic tests with potential use for
personalized medicine are shown in Table 3.

1.05.6 Nongenomic Effects on Drug Metabolism

When discussing personalized medicine and its relation to pharmacogenetics and pharmacogenomics, it is important to
bear in mind that many nongenetic variables contribute to drug metabolism and disposition and can often be related to
ADREs or to lack of efficacy of drugs. These factors include environmental influences such as diet, alcohol consumption,
cigarette smoking, use of illegal drugs, and exposure to environmental toxicants in air or water. In addition, lifestyle
factors such as physical activity and stress can affect drug metabolism. For example, athletes tend to have higher liver
enzyme activities, and hence are more likely to metabolize drugs faster; thus, the likelihood of nonefficacy of drugs due
to insufficient blood levels could be more common in such individuals.

Drug metabolism and disposition are highly affected by diseases, in particular liver and kidney disorders. For this
reason, drugs should often be prescribed at lower doses for aged individuals, for whom liver and kidney disorders are
much more common. In addition, drug metabolism can be drastically affected by interactions with other drugs, as many
drugs can inhibit the activity of certain liver enzymes, most notably, members of the CYP450 family. A well-known
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Table 2 Selected examples of human drug targets whose genes exhibit genetic polymorphisms with pharmacodynamic
consequences

Drug rarger Polymorphism Examples of consequences

B;-AR Argl6Gly and GIn27Glu Efficacy of beta-agonists for asthma

EGFR Gene copy number Efficacy of some anticancer drugs

ER Gene copy number Efficacy of tamoxifen for breast and ovarian cancers

HER2 Gene copy number Efficacy of trastuzumab (Herceptin) for recurrent breast cancer
5-HTT Promoter length Efficacy of SSRI antidepressant drugs

TS Gene copy number Efficacy of 5-fluorouracil for colorectal cancers

VDR Bsml splice site Efficacy of alendronate for treating osteoporosis

B.o-AR, B»-adrenergic receptor; EGFR, epidermal growth factor receptor; ER, estrogen receptor; SHTT, 5HT (serotonin)
transporter; TS, thymidylate synthase; VDR, vitamin D receptor.

Table 3 FDA-approved diagnostic tests with potential use for personalized medicine (October 2005)

Test (maker; date approved by the Gene polymorphism tested Examples of use
FDA)
AmpliChip P450 (Roche CYP2D6 and CYP2C19 Identification of individuals at increased ADR risk
Diagnostics; Dec. 2004) from antidepressant, antipsychotic, and
antihypertensive drugs
Invader (Third Wave UGT1A1 Identification of individuals at increased risk from
Technologies; Aug. 2005) ADRs by irinotecan

example is the over-the-counter herbal drug, St John’s wort (Hypericum perforatum 1..), used extensively for the
treatment of mild to moderate clinical depression (in particular in Europe). The active ingredients of this extract,
hypericin, pseudohypericin, and hyperforin, were shown to inhibit CYP2C6 and, upon prolonged use, also induce higher
expression levels of CYP3A4, CYP2D2, and CYP3A2.*” Thus, it can increase the risk of ADRs from drugs metabolized
by CYP2C6, such as tolbutamide, and reduce the efficacy of drugs metabolized by CYP3A4, CYP2D2, or CYP3AZ2, such
as dextromethorphan and midazolam, respectively. St John’s wort use was also reported to lower the efficacy of oral
contraceptives.*® The reason is that it causes an induction of ethinylestradiol-norethindrone metabolism due to the
induced increase of CYP3A activity. Women taking oral contraceptives are therefore advised to consider adding a barrier
method of contraception when taking St John’s wort for depression.

In conclusion, it is crucial to remember that genetic variations among individuals cannot explain the entire range of
ADRs or lack of efficacy of drugs. As is the case in most other areas of medicine, the phenotype is determined by a
combination of heritable and environmental factors. Thus, pharmacogenetics and pharmacogenomics will never be able
to eliminate ADRs entirely, but only reduce them. Protection from ADRs should include both genomics and
nongenomic tools and considerations. Physicians and patients alike must be alert to these facts, not expect too much
from genetic information, and yet be aware that in many cases genetic information can provide safer and more effective
healthcare.

1.05.7 Unique Value of Personalized Medicine for Psychiatry

As became obvious from some of the previously mentioned examples, one field where personalized medicine is rapidly
becoming a true success story is oncology, where measures are already being initiated to achieve the best chemotherapy
for each patient. This is primarily based on genotyping, or rather, proteomics profiling of tumor biopsies rather than the
patient’s germline genetic make-up. Tumor genes mutate rapidly, allowing cancer cells to evade the immune system as
well as chemotherapy, and identifying the new mutations helps in devising the most effective chemotherapy for many
patients.

However, genetic profiling of the patients themselves will be required for potential therapeutic applications of
pharmacogenomics in virtually all other medical disciplines. Among these, the most obvious discipline that is expected
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to benefit from the implementation of personalized medicine is psychiatry. This view reflects the many difficulties of
current psychiatric practice, as compared with other medical disciplines.

On top of its well-known problems as a separate medical discipline, including stigmatization of practicing healthcare
professionals, psychiatry lingers behind other medical disciplines with its limited understanding of disease biology. This
is especially frustrating in view of the huge investment in neuroscience research during the 1990s, declared ‘the decade
of the brain.”*’ This paucity of knowledge about the biology of psychiatric illness is likely to remain a typical feature of
psychiatry, given that the brain is definitely the most complex human organ, possibly too complex for humans ever to
comprehend. This is illustrated by the fact that, although there are numerous clues for complex interrelations between
mood and immune disorders, not a single immune system marker — or any other blood marker — is presently applied in
the practice of psychiatry.

Limited new insight into genetic factors of psychiatric disorders, most notably schizophrenia, is coming from
recent studies. Most notably, certain genes, including neuregulin, D-amino acid oxidase, p72, dysbindin, and
catechol-O-methyltransferase, have been identified as contributing to disease risk, albeit with minute statistical effects
for each risk allele.’®! Yet, the identification of such genes has not yet contributed to understanding of schizophrenia
etiology and the mode of action of the antipsychotic medications. For example, it is by now evident that deficient
glutamate signaling might be more crucial for schizophrenia etiology than previously recognized. The poor
comprehension of schizophrenia biology is reflected by observations that, while most antipsychotic agents are
primarily dopamine D,-blockers, with some newer antipsychotic drugs also being potent SHTZ2A-blockers, genes coding
for various dopamine and serotonin receptors are unlikely to be among the major schizophrenia risk genes. Notably,
the biological basis for major depression, the most frequent psychiatric disease, with estimated lifetime prevalence
of between 10% and 20%, remains even more enigmatic than schizophrenia. Almost no genetic clues for the bio-
logical background of affective disorders are known although, like schizophrenia, they are also affected by genetic
susceptibility.*?

Another noteworthy difficulty for modern psychiatry, compared with other disciplines, is the lack of reliable and
objective diagnostic tools. Indeed, diagnosis in psychiatry has barely changed in the last four decades, a striking fact
when considering the huge advances in diagnostic tools, most notably computerized imaging technologies, which have
entered the clinic in other medical disciplines. To date, diagnosis and follow-up in psychiatry continue to be based on
clinician impressions from patient interviews and the physician subjective assessment, although some advance has been
made following the introduction of the Diagnostic and Statistical Manua!/ (DSM-IV-TR) criteria in 2000. This situation
necessitates ‘trial and error’ therapeutic decisions, far more than is typical for other disciplines where, even when the
arsenal of available drugs is at times insufficient, at least the diagnosis is more likely to be accurate, being based on
objective biological markers. Unequivocal biological markers are also available, in most other disciplines, for following
the efficacy of pharmacotherapy, and again this is with the distinct exception of psychiatry, where treatment efficacy
must be determined by frequent clinician—patient interactions rather than by objective laboratory tests.

Collectively, these factors underlie the large ongoing difficulties in the practice of psychiatry. On the one hand, an
impressive repertoire of new antipsychotic and antidepressant drugs has been introduced in recent years. Nonetheless,
no tools for individualizing psychiatric treatment have emerged. Individualization of patient care in psychiatry largely
remains a matter of trial-and-error decision process, with the first line of therapy choices often determined by local
expertise and preferences in each hospital.

A notable example for the potential of genotyping-based personalized psychiatry is the treatment of major
depression. Poor efficacy, estimated to affect up to 60% of depressed patients, typifies the treatment with current
antidepressant drugs. Efficacy of a major class of these drugs, the selective serotonin reuptake inhibitors (SSRIs), has
been shown in numerous independent trials to be strongly associated with a promoter-length polymorphism of the
SSRI drug target gene, the serotonin transporter (SH'T'T). Presence of at least one copy of the longer promoter allele,

53 and this somehow allows

containing 44 extra nucleotides, dictates higher expression levels for the transporter protein
SSRIs to be more effective. In contrast, depressed individuals carrying two copies of the shorter promoter allele are
unlikely to benefit from SSRI treatment. It remains to be seen if these patients would be more likely to benefit from
other classes of antidepressant drugs, such as the classical tricyclic antidepressants, or the newer selective
norepinephrine, or mixed norepinephrine/serotonin reuptake inhibitors, such as venlafaxine. Apparently, SHTT
promoter genotyping, possibly combined with genotyping of other yet-to-be determined genes, could be an effective
tool for choosing the best therapy, e.g., choosing between SSRI or non-SSRI antidepressants, for depressed patients.

Personalized psychiatry may minimize adverse effects associated with some antipsychotics and antidepressants,
most notably, those related to poor metabolizer alleles for CYP2D6, implicated in the metabolism of most current
antipsychotic drugs, as well as most current antidepressants. Definitely, this aspect of personalized psychiatry is much
closer to genuine implementation in the clinic compared with pharmacodynamic aspects of drug individualization.
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Some researchers have taken the step of calculating specific dose recommendations for several antidepressant drugs,
based on the patient CYP2D6 and CYP2C19 genotype.”*

The need for genotyping-based treatment decision-making in schizophrenia is expected to increase alongside
continued discovery of risk genes, and the projected discovery of newer drug targets following better comprehension of
disease biology, including amino acid neurotransmitter and peptide hormone receptors. Choosing among a large
projected repertoire of new drugs will likely require genotyping for identification of the specific disease risk or ‘adverse
event’ risk gene alleles for each individual patient, allowing pharmacotherapy tailored for the individual psychiatric
patient.

All told, it is evident that psychiatry is in great need of molecular tools to aid in the pharmacotherapy decision-
making process for the individual patient. Together, the notions on the apparent weaknesses of psychiatry, with respect
to both patient diagnosis and treatment, could be the foremost incentives for trying to improve its effectiveness by
using pharmacogenomics techniques. In other words, the present tools for patient diagnosis, treatment, and follow-up
decisions are so lacking that the potential for improvement in patient care based on genetic profiling is truly huge.

1.05.8 Regulatory Aspects Related to Drug Development of Individualized
Medicines

Soon after the emergence of the concept of pharmacogenomics-based personalized medicine in the early years of the
twenty-first century, strong expectations began to be voiced in the general media about the potential for using
pharmacogenomics in the drug development process. New notions were mostly along the lines that the drug
development process was soon about to undergo a transformation, so that drugs would be tested in clinical trials along
with the collection and analysis of patients’ genotypes. The notion was that, during new phase 11 clinical trials, the early
data would be analyzed, to identify which patients are most likely to benefit from the new drug. Later on, during phase
III trials, it would be possible to select only those patients whose genotypes predict them to be ‘favorable responders’
to the tested drug. Thus, it would be possible to show good drug safety and efficacy profiles using much smaller
numbers of patients, thereby dramatically reducing the high costs of phase III trials, which play a major part in the
continually rising drug costs.>® Experts estimate that it might be sufficient to enlist a few hundreds of patients, instead
of the typical 2000-3000 patients recruited for phase IIT trials.®>” Of course, this trend would also mean that later on,
once the new drug is approved and on the market, it would only be prescribed for those patients whose genotypes ‘fit’
for the newly registered drug, along with an appropriate test. This would be expected to minimize adverse effects,
improve efficacy, and thereby also improve patient compliance and reduce costs for healthcare providers. Thus, analysts
have estimated that pharmaceutical companies would be able to charge higher costs for such ‘genotype-tailored’ drugs,
owing to their favorable safety and efficacy profiles, and thereby averting some of the worries about smaller profits due
to smaller market size expected when treating only a subpopulation of the patients who would otherwise be treated
with similar drugs.’’ ™

However, such scenarios require that the drug regulatory authorities are geared up toward pharmacogenomics data
submission, so that a new drug can be approved along with a genetic or proteomics-based test. Without such
modifications in the drug review process, the vision of personalized medicine cannot succeed. Indeed, in the US the
FDA has realized this fact, and has accordingly issued recommendations for pharmacogenomics data submissions; first
as a draft, in November 2003, and later on as a final document, in March 2005. Issuing these new regulations was widely
welcomed by the scientific community and drug industry alike, and heralded by many as “giving industry a strong
political signal in favor of personalized medicines.”®® The main challenge for the FDA remains, however, to encourage
industry to submit voluntary data to help refine the pharmacogenomics approval process and speed up the arrival of the
next wave of such products to the market. At the time of writing of this chapter, this has only happened for a small
number of drugs. The FDA guidelines outline the circumstances under which companies are required to submit
pharmacogenomics data and the procedures for submitting them. Pharmacogenomics data must be submitted when
they are based on valid biomarkers that have been rigorously tested by the scientific community and explicitly affect
how trials for a product are designed. Using a number of examples, the document also defines a second category of data
related to exploratory research. Data in this latter category do not have to be submitted; instead, the agency encourages
companies to submit data voluntarily and in turn promises not to use it to make regulatory decisions. In addition to
the document on pharmacogenomics data submission, in March 2005 the FDA issued a draft concept paper on
co-developing gene-based diagnostics and therapeutics. A finalized document on this issue is expected to be published
during 2006.°°-%?

Of note, while in the US the FDA has been increasingly proactive toward issuing regulations favoring pharmaco-
genomics data submission, this has not been the case in Europe. The European Medicines Agency (EMEA), the European
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equivalent of the FDA, has been rather cautious on these issues, seen by many experts as favoring the attitude of ‘sit and
wait’ and, at the time of writing, the EMEA has not issued specific guidelines concerning the use of pharmacogenomics data

64 although a draft of such guidelines has been released for external consultation from all interested

in drug development,
parties in March 2005.%° Indeed, the 2005 Royal Society report on personalized medicine® stated that an appropriate
regulatory framework at a national and European level should be established by the UK Medicines and Healthcare Products
Regulatory Agency and the EMEA. The report also suggested that these regulatory changes must include mandating some
form of enforced postmarketing monitoring beyond phase III clinical trials. Such monitoring should explore links between
genetic variability and clinical outcomes (with respect to both drug safety and drug efficacy).

Meanwhile the Council for International Organizations of Medical Sciences (CIOMS), affiliated with the World
Health Organization (WHO), has set a working group on this issue, which has published its recommendations in
2005.% In addition, the European Commission, together with the European Society of Human Genetics, has issued a
background paper on ‘Polymorphic sequence variants in medicine: technical, social, legal and ethical issues.

. 6
Pharmacogenetics as an example.”®’

1.05.9 Current Barriers, Ethical Concerns, and Future Prospects for
Individualized Medicine

Although pharmacogenetics is not a new discipline, as explained above, being nearly 50 years old, and although the
entire human genome sequence has been available since 2003 (with a draft available since 2001), the high expectations
of personalized medicine have not materialized so far, and are unlikely to be widely implemented in the clinic before
2020. What are the key barriers to the implementation of personalized medicine in the clinical setting? It seems that
there are five key concerns that hinder its progress, as summarized in Table 4.

The prime barrier is definitely lack of sufficient knowledge about the clinical significance of human genetic
variation and its effects on drug safety and efficacy. The solution to this key barrier must come from allocating
more public funds for clinical studies on the utility of pharmacogenetics tests for reducing ADRs and improving drug
efficacy.

A second concern is the lack of appropriate and affordable genotyping tools: as long as such tools are not widely
available and approved by the appropriate authorities, pharmacogenetics testing is unlikely to be widely implemented.
However, the pioneering tests are entering the market at the time of writing of this chapter, the first one being the
Roche AmpliChip P450 (Table 3). Hopefully, additional tests will be approved in coming years. Their implementation
would require National Health Service financing, and this in turn might stimulate public awareness and pressure,
requiring decision-makers to make such tests widely available, as has been the case with certain drugs, most notably
Herceptin for breast cancer.

Education in pharmacogenetics for health professionals is another key barrier to its successful clinical
implementation. Most physicians who graduated before 1995 had very little formal education in molecular genetics,
and are not familiar with the scope of human genome variation or with its clinical consequences. Thus, efforts to
educate physicians, pharmacists, lab personnel, and nurses would be crucial so that there would be qualified healthcare
personnel to apply pharmacogenetics diagnostic tests once they arrive in hospitals and community clinics. In the UK,

04

the Royal Society report on “Personalised medicines: hopes and realities”™ recommended to expend professional

education in pharmacogenetics. Such efforts to educate the coming generation of physicians and health professionals

Table 4 Current barriers for clinical implementation of personalized medicine, and potential solutions

Barrier Potential solutions

Knowledge Allocating more public funds for clinical studies on the utility of
pharmacogenetics tests for reducing ADRs and improving drug efficacy

Tools Incentives for industry to develop genotyping tools; National Health Service
financing for available tools

Education Education in pharmacogenetics for health professionals; also for the general
public via media efforts (public TV, etc.)

Regulatory Regulations allowing co-development of drugs and genotyping tests; measures to
allow similar developments for already marketed drugs

Ethical concerns Legislation prohibiting genetic discrimination; developing tools to protect
genetic information
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are already being made at some medical schools, for example, at Tel-Aviv University, where pharmacogenomics has been
taught since 2001 as part of the basic pharmacology class.®® A dedicated graduate program was initiated at University of
California San Francisco.®* However, according to a recent global survey, most medical schools have not incorporated
pharmacogenomics in their teaching curricula. Thus, the International Society for Pharmacogenomics® has recently
issued a consensus article calling upon deans of education in medical, pharmaceutical, and health sciences schools to
incorporate the teaching of pharmacogenomics to their school’s curricula.®” Hopefully, this call will soon be heard. If
not, personalized medicine may join the long list of novel clinical technologies that had to wait 17 years on average
before being incorporated into the clinical arena.?! However, it can be expected that more widespread professional
education will hasten this process, thereby reducing the alarmingly high costs to society of ADRs.

Educational efforts will also be needed for society, so that the general public becomes aware of the benefits of
pharmacogenetics testing, and not fear the new technologies of genotyping as part of the drug prescription process. Public
education would also help to ensure participation in clinical trials involving pharmacogenetics information. Such
educational programs might involve media efforts, including public TV series, science museum exhibits, and health fairs.?’

Regulatory aspects would also have a key role in the rate that personalized medicine is implemented. As discussed
above, the FDA has already geared up for the co-development of drugs along with an associated genotyping test. Similar
measures are likely to follow in other countries. However, to allow improvement in the individualized treatments with
existing drugs, new regulations and international agreements might be required, so that patenting would become
possible for co-development of drugs along with genotyping tests for drugs already on the market, even if their original
patents have already expired. In the most constructive scenario, companies would be allowed to prolong patent lives for
existing drugs, by issuing a new patent for the same drug when prescribed along with a genotyping test, and used
according to the test results. This would create an incentive to drug-makers to study the genotyping information
related to drug safety and efficacy, and thereby also improve the quality of healthcare. It is expected that such trends
would further increase drug costs, as renewed patents would mean a license to charge more money for such drugs.
However, very likely the extra costs would be justified in terms of money saved from reduced rates of ADRs; these are
currently estimated to cost up to US$180 billion annually for the US.®

Ethical concerns related to the development of personalized medicine have been the focus of several group efforts.
Discussions are well under way regarding medical, ethical, societal, and regulatory aspects of pharmacogenomics and its
expected implementation into the clinic.!*7%"

aspects of pharmacogenomics, including special working parties such as those set by the Nuffield Council on
77

75 Entire public conferences have been devoted to bioethics and societal
Bioethics’® and the European Commission.”” Global legislation prohibiting genetic discrimination, according to the
model set forth by the Isracli Genetic Information Law,”® which prohibits transfer of genetic data for any purpose other
than treating the patient, and strictly prohibits use of such data by employers, financial or insurance companies, seems
to be a key prerequisite for the successful implementation of pharmacogenetics.

In a July 2005 editorial of the Boston Globe,” Francis Collins, the leader of the concluded Human Genome Project
and current head of the National Human Genome Research Institute, wrote as follows: ““To realize the full potential of
personalized medicine, we must venture beyond the fields of science and medicine and into the ethical, legal, and
social arenas. For example, without legislative protections against genetic discrimination in health insurance and the
workplace, many people will be reluctant to undergo potentially life-saving genetic tests or to participate in the clinical
trials needed to develop genetically targeted therapies. Given that more than 800 genetic tests are now available and
hundreds more are on the horizon, we need this legislation.”

In summary, pharmacogenetics will not replace, but enhance, existing good medical practice. A deliberate approach
starts with investing more in studies aimed at clarifying relations between genotypes and drug response phenotypes
(both safety and efficacy); educating healthcare professionals by illustrating the benefits of pharmacogenomics; and
educating society about the potential benefits for healthcare from the new genomics and proteomics technologies. As
more knowledge is gained on genetic effects on drug safety, and more genotyping-based diagnostic tools for avoiding
ADRs become available, better-educated societies would push for the inclusion of such tools in the National Health
Service. In the long run, it may be the concern of health providers about potential lawsuits by patients harmed by ADRs
that will push forward the accomplishment of personalized medicine tools in the clinical setting.

Many other open questions remain about how personalized medicine can be reconciled with equity in public
healthcare. In a 2005 workshop on personalized medicine held at Tel-Aviv university, entitled “Personalized Medicine
Europe: Health, Genes and Society,”®® the following key questions were discussed:

® Should we oblige industry to do ‘something’ for people who do not have the right genotype for their drug? What
should this ‘something’ include?
® Equality in access to new health technologies: who pays for genetic diagnostics?
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® How far will individualized medicine change the interrelation of individual and public health, especially with regard
to concepts of health responsibility?
® How can society ensure better equality in healthcare, along with individualization of pharmacotherapy?

Will personalized genetic medicine be driven by the pharmaceutical industry in the future?
® What should our priorities be for incorporating personalized medicine into the clinical setting?

No consensus was reached in these discussions, and it seems that there will not be a clear-cut solution, but rather,
solutions that keep evolving hand in hand with emerging pharmacogenetics knowledge, development of new
diagnostics technologies, and the availability of new diagnostics tests. Clearly, further discussion on these key questions
must continue, and being able to formulate these tough questions is an essential key step toward formulating the best
answers.

In the words of Francis Collins,”® “Other tough questions that we as a society need to ask ourselves are: Will access
to genomic technologies be equitable? Will knowledge of human genetic variation reduce prejudice or increase it? What
boundaries will need to be placed on this technology, particularly when applied to enhancement of traits rather than
prevention or treatment of disease? Will we succumb to genetic determinism, neglecting the role of the environment
and undervaluing the power of the human spirit?”

It is clear that the answers to these tough questions are still lacking, and many will remain so for quite some time.
Fears that personalized medicine would obstruct equity in healthcare will continue, and must be addressed by proper
regulation and legislation, to ensure that basic human rights are maintained.

It is nearly impossible to forecast at this time what direction will be taken by medicine by the middle of the twenty-
first century. However, it is very likely that, by this time, many of the causes of ADRs would be largely eliminated
thanks to genetic tests able to preidentify susceptible individuals. It remains to be seen if genetic information would
also be able to allow better, more efficacious drugs that would be ‘tailored’ for patients, and to what extent this would
change the practice of medicine globally. As these words are written (October 2005) we can only express hopes that
personalized medicine will live up to its promises, and wonder whether it will lead to an improvement or a decline in
equity of healthcare. Hopefully, personalized medicine will allow the establishment of better healthcare equity not only
between individuals, but also between nations.
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1.06.1 Introduction

While many readers may wonder whether gene therapy deserves a place in the medicinal chemistry pantheon, it is
hoped that this chapter will show that gene therapy is a potentially enormously valuable technology that still needs
the input of creative medicinal chemists in order to fulfill its potential. Negative impressions about gene therapy are
everywhere, even within the learned societies that exist to promote gene therapy! So, why should this chapter be
written at all? The simple answer is that, surprising though it may seem, gene therapy may have troubles but it is
probably here to stay. In other words, gene therapy is slowly emerging as a fully mature therapeutic modality in spite of
setbacks. Only time will tell if this particular therapeutic modality will be sufficiently strong in the future to challenge
other major branches of medicinal chemistry for supremacy, but the reader should be in no doubt that gene therapy is
starting to make a serious contribution to therapy today, and seems not only able to provide treatments of disease
complementary to existing treatments but may even be able to provide treatments for orphan diseases that are
otherwise untreatable.
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1.06.1.1 Gene Therapy Definitions

Gene therapy may be described as the use of genes as medicines to treat disease, or, more precisely, as the delivery of
nucleic acids by means of a vector to patients for some therapeutic purpose. The vector is crucial for gene therapy. The
vector represents the means of carriage of the therapeutic nucleic acids from their site of administration to their
desired site of action in cells of interest within the target organ(s) of choice. Identifying the appropriate means of
carriage for any gene therapy is the key rate-limiting step in the development of most promising gene therapy strategies
for disease treatment. Viral vectors (adenovirus and retrovirus derived) have proved to be the most popular means of
carriage in clinical trials (Figure 1), but physical nonviral approaches (such as direct injection, biolistics (‘gene gun’), or
electroporation) (see below) used in conjunction with naked plasmid deoxyribonucleic acid (pDNA) have become
substantially more popular, followed by synthetic nonviral approaches using cationic liposome-based vectors (see
below) to deliver pDNA to cells (lipofection) (Figure 1). Synthetic nonviral approaches using polymer-based vector
systems to deliver pDNA have also begun to emerge in a few clinical trials. There is now even one adenoviral-based p53
gene therapy product on the market (Gendicine) licensed for use in China for the treatment of certain head and neck
squamous cell cancers and applied to other later indications as well.'*?

Viral vectors deliver either ribonucleic acid (RNA) or DNA to cells depending upon whether the virus is an RNA or
DNA virus, respectively. In either event, delivered nucleic acids enter transcription that results in mRNA for translation
into a therapeutically active protein, or nonoding RNAs (ncRNAs). These ncRNAs can be either micro-RNAs

01 Retrovirus 25%
02 Adenovirus 25%
m3 PpDNA 16%
H 4 Lipofection 8.60%
O5 Pox virus 7.10%
O 6 Vaccinia virus 6.30%

B 7 Herpes simplex virus  3.30%
0O 8 Adeno-associated virus 3.10%

B 9 RNA transfer 1.20%
@ 10 Others 2.10%
B 11 Not confirmed 2.30%
O1 Phasel 63%
02 Phasel/ll 20%
H 3 Phasell 14%
B 4 Phase I/l 1.10%
m 5 Phaselll 1.90%
n=1076

o1 Cancer 66%

o2 Monogenic 8.80%
m 3 Cardiovascular 8.60%
m 4 Infectious 6.70%
m5 Others 3.10%
m 6 Gene marking 4.80%

O 7 Healthy people 1.20%

n=1076

(c)

Figure 1 Summary of salient clinical trial data to September 2005. Clinical trial data has been analyzed according to (a) vector
use, (b) clinical phase, and (c) disease indication. Data were derived from the Journal of Gene Medicine website."
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Figure 2 Summary of the siRNA mechanism of action. siRNA is derived from long double-stranded RNA (dsRNA) through the
action of the DICER enzyme system. Interaction of siRNA molecules with the RISC enzyme system results in sense (S)/antisense
(AS) strand separation, and the probable capture of individual AS strands by RISC. So activated, RISC recognizes mRNA
molecules with Watson—-Crick base pair complementary to bound AS strands. Once recognized and bound, mRNA is cleaved
and then degraded.® (Reproduced with permission of Royal Society of Chemistry from Kostarelos, K.; Miller, A. D. Chem. Soc.
Rev. 2005, 34, 970-994.)

(miRNAs) that are able to control gene transcription—translational processes, or small interfering/small interference
RNAs (siRNAs) that target specific mRNA molecules for destruction (Figure 2). Both miRNAs and siRNAs are capable
of therapeutic gene knockdown, leading to selective protein downregulation (see later).”™ By contrast with viral
vectors, physical and synthetic vectors typically deliver pDNA-expressing therapeutic genes to cells. However, in
principle these vectors can also mediate the delivery of many other types of nucleic acids such as artificial chromosomes,
mRNA, or even actual ncRNAs themselves.

1.06.1.2 Gene Therapy Mechanisms

The putative mechanism of any given gene therapy depends upon the disease concerned and the nature of the nucleic
acid delivered. Where monogenic disorders are concerned, gene therapy strategies for treatment that are now in various
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stages of clinical trials are either gene supplementation or replacement strategies. In other words, the gene therapy
aims to supplement or replace existing, non- or partially functional mutant genes with normal wild-type genes able to
express sufficient wild-type protein in cells for therapeutic correction. In the case of cancers, current clinical gene
therapy strategies are designed to promote cellular destruction either by introducing genes for immunostimulation
(cytokine and/or antigen genes) or genes for programmed cell death or necrosis (tumor suppressor, replication inhibitor,
or suicide genes). Gene knockdown represents an alternative form of gene therapy, particularly for degenerative
diseases and viral infections. In this context, the use of ncRNAs, particularly siRNA, could be particularly interesting
and significant (see below).

1.06.1.3 Historical Background, Successes, and Failures

Gene therapy is a therapeutic modality with enormous promise, but one that is considered to have failed to deliver much
of therapeutic significance in spite of all the apparent clinical interest (see Figure 1; the total number of gene therapy
clinical trials approved worldwide is currently 1076, comprising only 12 Phase II/I1I trials and 20 Phase I1I trials). Clinical
trial activity in gene therapy began in 1989, peaked in 1999, and is now currently declining. This decline has been
marked by a number of clinical trial problems, including a death (Jesse Gelsinger), from toxic liver shock during an
adenovirus-based clinical trial in 1999,” the anomalous appearance of a transgene in the gonads during adeno-associated
"' and the
development of leukemia in retrovirus-based clinical trials for ex vivo treatment of X-linked severe combined immune-
deficiency (X-linked SCID).'*!% Rurthermore, pioneer monogenic diseases such as cystic fibrosis (CF) have proved
refractory to gene therapy strategies in spite of the fact that proof of concept data was obtained at least as far back as

virus-based preclinical trials in 2001,'° signs of hypertension in lipofection clinical trials in 2005 (Pro-1),

1993'* that demonstrated effective treatment of the disease by gene therapy in transgenic CF animal models. These
failures may look dismal, but they can be balanced by some notable successes as well. For instance, Gendicine in China
has been administered to tumors in over 1000 patients to date without apparent side effects. Also, although X-linked
SCID gene therapy trials have proved controversial owing to the appearance of leukemia in some patients, other patients
have actually shown spectacular recovery to full health for over a year from a condition that is otherwise untreatable.!>!®

Expect more positive news as current research and development activity feeds into clinical trials in the future!

1.06.2 Current Genetic Therapies
1.06.2.1 Overview of Current Clinical Trials

Unsurprisingly, cancer diseases are by far the largest indication (66%) addressed by gene therapy in clinical trials,
followed by monogenic disorders (8.8%), vascular diseases (8.6%), and infectious diseases (6.7%) in almost equal
measure (see Figure 1). Clinical trials in cancer have largely been restricted to the development of recombinant
anticancer cellular vaccines, ex vivo delivery of nucleic acids with viral vectors, or intratumoral administration of
therapeutic nucleic acids using simple viral, synthetic, or physical vectors. There have been only a handful of more
adventurous systemic administration protocols, none of which have progressed far to date.'”

In the case of monogenic disorders, clinical trials in CF dominate, but trials with adenosine deaminase (ADA)
deficiency and X-linked SCID have been more successful. Of these, CF gene therapy trials have required topical
administration of nucleic acids to lungs using both simple viral and synthetic vectors.?>?? In contrast, gene therapy
clinical trials for the treatment of both ADA deficiency and X-linked SCID have only required ex vivo protocols using
retrovirus to deliver nucleic acids to hemopoietic stem cells.'*!® Where infectious disease gene therapy is concerned,
trials have been largely focused around HIV treatment involving vaccination, although siRINA strategies are certain to
lead to increasing gene therapy clinical trial activities aiming at the treatment of other viral diseases by siRNA
mediated gene knockdown (see later).

1.06.2.2 Main Obstacles for Gene Therapies

In spite of the relatively undemanding nature of many of the selected routes of administration in clinical trials, results
from many early stage clinical trials have been frequently disappointing due to the inadequacy of the vectors
(see above). Arguably, researchers were seduced by the apparent simplicity of gene therapy approaches to treatment,
leading to a drive for clinical applications before vector technologies had been adequately developed or understood.**=%>
For instance, current clinical data now suggest that virus-based vectors may be highly effective for nucleic acid delivery
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but suffer from a variety of problems, including immunogenicity, toxicity, and oncogenicity. By contrast, preclinical and
current clinical trial data also suggest that synthetic nonviral vector systems are much less affected by immunogenicity,
toxicity, and oncogenicity, but lack delivery efficacy. Hence, there is a consensus that virus-based vectors need to be
engineered for improved safety profiles while synthetic nonviral vector systems should be engineered for improved
efficacy. In consequence, a heavy burden of innovation has now been placed on the design of new and better vectors to
bring about successful gene therapies.?®

However, there is another way to frame this ‘vector problem.” There can and should be an essential pragmatism to
gene therapy if we seek to combine the very best of medical and surgical practice with the vector delivery of
therapeutic nucleic acids. If each intended gene therapy can be adequately defined in terms of not just its molecular
target but also in terms of the anatomical location of the target cells of interest within the organ(s) of choice, then that
provides the critical starting point. From there, a rationally designed combination of appropriate surgical techniques and
the selection of vectors whose delivery capabilities most closely match the requirements made of them by the process
of migration from the point of administration to the site(s) of action should create opportunities for many gene
therapies, assuming that there are no further problems created by the choice of therapeutic nucleic acid as well.
Arguably, the extent of the invasive methods of administration required should then vary inversely with improvements
in vector technologies (e.g., biological stability), allowing for greater and greater targeted access to the site(s) of action
from less and less surgically demanding methods of administration.

The ‘nucleic acid problem’ in gene therapy can be broken down into fears over transgene biodistribution to the
gonads and oncogenesis. Gene therapy should be seen as a somatic medicine that seeks to treat disease at a more
fundamental level than most other therapeutic modalities are capable of. However, the delivery of nucleic acids by
whatever vector is perceived to carry a finite risk of gene transfer to the gonads and genetic modification of gametes,
placing future generations at risk from deleterious mutations. Viral vectors probably present a much greater risk of
oncogenicity, particularly retroviral vectors that mediate insertion into actively expressing gene loci, thereby creating a
high risk of oncogenesis. Adeno-associated virus (AAV) was widely thought to mediate site-selective chromosomal
integration so avoiding the oncogenesis risk altogether, but this now no longer appears to be the case.?”*® Importantly,
oncogenesis risk may be avoided all together using synthetic or physical vectors that deliver pPDNAs to cells. The reason
for this is that in synthetic vectors pDNA typically expresses in an epichromosomal manner. However, in general, where
chromosomal integration does not take place irrespective of whether a viral, synthetic, or physical vector is used for
delivery, attenuation of gene expression is readily observed with increasing time and cumulative dose of nucleic acid.
Accordingly, an ideal situation to minimize the oncogenicity risk should be to effect site-selective chromosomal
integration of pDNA that has been delivered by either a synthetic or physical vector.?’ Certainly, technologies are
advancing rapidly to open up this possibility (see below). Alternatively, pPDNA could be modified in a number of ways to
maintain long-term gene expression, as expression longevity still remains a problem. The only potentially serious
problem as far as mRNA or ncRNA delivery is concerned appears to be the control of ncRNA specificity. Having written
this, at least as far as siRNA is concerned, siRNA sequences may be designed that are both specific and effective for the
target mRNA, but cross-react free with respect to alternate mRNAs (i.e., no off-target effects) (see below).

1.06.3 Viral Vectors

From 1989 to 2005, just over two-thirds of the reported 1076 clinical trials have involved viral vectors.*® Six major types
of virus vector have been used in these clinical trials, as summarized alongside data concerning the frequency of use of
each virus vector in clinical trials and data concerning their frequency of use as cited in PubMed (Table 1). Adenovirus
and retrovirus vectors clearly predominate, followed by AAV) lentivirus, pox virus, and herpes simplex virus (HSV)
(Figures 3 and 4). Although the principal application of all six main virus vectors has been in cancer gene therapy, if we
normalize the frequency of use across application and vector type, then viral vectors appear to have different use
profiles in particular applications, commensurate with their different properties.

Without exception, no single viral vector used in clinical trials is a wild-type viral serotype. However, the extent to
which viral vectors differ from their wild-type progenitors depends upon the specific application. Most wild-type
viruses possess all the proteins and genetic material to result in infection of the host cell, replication of the viral
genome, synthesis of the viral capsid, packaging of the viral genome, and release of viral particles from the cell. Viral
vectors are genetically engineered to carry an expression cassette containing the desired gene. Although they are
structurally similar to the wild-type progenitor virus, they generally lack some or all of the viral genes. Hence, their
ability to replicate is frequently impeded or obliterated. Lately, conditional replicating viruses have appeared that do
replicate, but only specifically within malignant tissue.®!
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Table 1 Viral vector usage in different therapeutic categories. The number and categorization of clinical trials (1989-2005) for
the six most common viral vectors is shown. By comparison with values normalized across application and vector type, biases
for certain vectors to specific applications have been calculated and marked (*). The number of citations from PubMed for each
viral vector in a gene therapy context are also included

Vector Monogenic disease  Vascular disease  Cancer  Infectious disease  Gene marking 1otal  PubMed citations
Adenovirus 17 39* 205 3 1 265 5726
Retrovirus 41 1 140 39 47* 268 4123
Adeno-associated virus  18* 0 6 2 0 26 1418
Herpes simplex virus 0 0 35* 0 0 35 1525
Lentivirus 0 0 0 3* 0 3 1230
Pox virus 0 0 163* 17* 0 180 284
Other viruses 0 0 5 4 0 9 133
Total 76 40 554 68 48 786 14439

100 nm

Figure 3 Relative sizes of viral vectors: (a) HSV, (b) retrovirus, (c) adenovirus, and (d) AAV. AAV vectors are among the smallest
known (& 20nm) whereas pox virus vectors are the largest (x 100 x 200 x 300 nm), and are visible by light microscopy.
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