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INTRODUCTORY REMARKS

James A. Shannon, M.D.

Rockefeller University
New York, N.Y.

It was a great pleasure for many of us to participate in the conference that is
the basis of this voilume. The pleasure was derived from many circumstances
that surrounded the occasion, not the least of which was the quality of the pre-
sentations and their relevance to contemporary problems in pharmacology. But
there are additional geasons.

First, I suppose, is that such a conference could not have taken place as short
a time ago as a decade.

During the fifties, too few brilliant young people were entering the field for a
critical mass of information to be available for the presentations and the discus-
sions that would characterize such a meeting. More importantly, the substantive
content of the investigations of the fifties, despite the large number of therapeu-
tic agents that were evolving by empirical methods, carried much too little scien-
tific interest to attract the attention of scientists in collateral fields such as
would permit the definitive examination of the interaction of chemicals and
biological systems. Too many of the activities of pharmacologists then address-
ing themselves to the development of therapeutic agents were viewed as the shal-
low efforts of a group of “drug testers,” a damning but probably well-earned
accolade in reverse. : : : Lot

Second, -despite this rather unauspicious scientific beginning, the field of
drug development itself was generally characterized by highly productive work.
But the productivity of the field was the result of highly ingenious organic chem-
ists who developed a variety of chemicals with quite novel biological activities.
The rapid decay in the development of new therapeutic agents in the sixties
must, at least in part, reflect the self-sterilizing influence of the lack of balanced
attention to the two components of the system; i.e., the chemical substances and
the biological systems. But this deficiency is now obviously being remedied, for
there have now evolved a number of broad fields of biological endeavor that,
contrary to the fifties, are self-sustaining, that are increasingly characterized by
scientific excellence, and that provide a striking increase in scientific breadth
and depth of penetration in the substantive aspects of both biological and chem-
ical studies.

The general field is no longer self-limiting. Rather, it is one out of which new
approaches to an understanding of the interaction of chemical substances and
biological systems are proving to be intriguing, exciting, and intellectually
rewarding, as well as highly productive of information with great utility in the
satisfaction of needful information directly applicable to important medical
problems. These form the combination of characteristics that will no doubt
sustain the growth of these fields during the coming decade. Fortunately, it is a
field that now clearly spans the fundamental, the applied, and the develop-
mental. It further has the potential to develop its own general principles which
will facilitate the more rational evolution of therapeutic agents—with much
firmer information on both their utility and their limitations. It is quite clear,
too, that pursuit of these types of studies will greatly clarify the fundamental
nature of a number of important biological systems.

But for this to come about—and indeed for the field of pharmacology to come

: 9



10 Annals New York Academy of Sciences

fully of age—it is important that more scientists concern themselves with the
establishment of sets of the broad biological generalizations that are now only
becoming visible. This will not be easy, although the feasibility of developing
such generalizations seems quite predictable: in part because of the information
already available, even though much of this is qualitative in nature, and in part
because of the availability of tools, which will permit the conversion of qualita-
tive to quantitative information.

This comment on the past accomplxshments of pharmacology, its achieve-
ment of scientific respectability, and its capability for even more definitive
contributions in the future is quite pertinent to the career of jthe scientist to
whom this volume is dedicated, Bernard B. Brodie.

Dr. Brodie reflects in his own career the progress of these sciences. He has
indeed been responsible for a surprising amount of the progress, and his con-
cepts for the future development of pharmacology are, as always, intriguing.

Starting his career with a Ph.D. in organic chemistry from New York Uni-
versity in the thirties, Dr. Brodie moved into biology through quantitative stud-
ies on the physiological handling of halogens. He expanded his views on the
interaction of chemicals with complex biological systems incidental to his stud-
ies, which provided a quantitative base for the rational development of antima-
larials during World War 11. He has moved through a series of subspecialties in
pharmacology and related physiology in a highly productive fashion since that
time. These included the fields of analgesics, antiarthritic and antiarrythmic
agents, and the explorations of drugs with actions on the CNS and the explora-
tion of the control of CNS function, to mention a few. His activities have resulted
in a profound increase in our understanding of drug action, but, more impor-
tantly, have modified our views on what could or indeed should be done to clar-
ify the complexities of a broad field of concern common to all of us. But then Dr.
Brodie’s contributions to medicine, and its scientific base, is reflected less in
his direct contributions than in the careers of the many scientists who have
been affected by his work.

It is quite appropriate, then, that the initial presentation at the conference
and the first contribution in this volume is by Dr. Bernard B. Brodie, Head of
The Laboratory of Chemical Pharmacology, National Heart and Lung Insti-
tute, The National Institutes of Health. It is also appropriate that this con- -
tribution is concerned with yet another novel concept.



PARTI. FACTORS AFFECTING:DRUG METABOLISM IN MAN

DRUG METABOLISM IN MAN: PAST, PRESENT,
AND FUTURE

B. B. Brodie, Ph.D., A. K. Cho, Ph.D., G. Krishna, Ph.D.,
and W. D. Reid, M.D.

Laboratory of Chemical Pharmacology, National Heart and
. Lung Institute, Bethesda, Md.

Dr. Shannon neglected to state that he is really the father of clinical phar-
macology. During the war, I had the privilege of working on the clinical
screening of antimalarials at Goldwater Memorial Hospital, New York,
headed by this gifted investigator. I advise clinical pharmacologists to read his
concepts on clinical pharmacology, published in the Harvey Lectures, 1945
46, Vol. 42. Despite the emergency nature of the antimalarial project, Dr.
Shannon realized how quickly:a screening program could becom® sterile unless
it was associated with problems of a fundamental nature. As a matter of fact,
the important discoveries in this program were not the development of new
compounds, but the development of new principles in drug screening. Actual-
ly, the mest important single finding was the development of an effective
dosage schedule for an old drug, atabrine.

In these studies, Dr. Shannon insisted that responses to drugs should be re-
lated to the plasma level. His arguments were simple. First, there was a short-
age of patients and time, hence an inactive drug must be discarded as quickly
and with as few patients as possible. Second; once a drug showed promising
activity in man, a thorough study of its physiological disposition was essential
in order to obtain information that could be used in devising a rational regime
of therapy. These studies provided insight into the large variability in drug
metabolism, which is recognized today as one of the most important factors in
the clinical pharmacology of lipid-soluble drugs.

‘I shall not discuss the past any further, neither shall I dwell on the present
status of clinical pharmacology, since this will be thoroughly reviewed by the
many distinguished participants of this conference. Instead, I should like to
discuss the future—a new kind of drug metabolism that may be of consider-
able importance—the formation of small amounts of toxic metabolites that
produce pathological changes in liver, kidney, and other tissues.

During a recent trip to Australia, I traveled throughout the country to see
the various species of marsupials. As a side trip, I visited a sheep station, a
name given to a vast expanse of inhospitable territory containing as many as
100,000 or more sheep. There I became aware of a problem of some concern to
the sheep ranchers. At various times, the sheep are dewormed by administer
ing CCls in amounts nontoxic to the majority of the animals. Occasionally,
however, a group of sheep would succumb to the drug On autopsy, these
sheep were found to have suffered massive liver necrosis. I was well aware of
the toxic effects of CCl, on the liver and kidney, but for the first time it
struck me that CCl is actually exceedingly inert in the test tube, reacting with
other chemicals only under very extreme conditions. I met Dr. A. A. Sea-
wright, a pathologist from Brisbane, who described his studies showing that
pretreatment of sheep with phenobarbital greatly increased the liver toxwlty
of CCL so that “therapeutic” doses of CCl almost invariably produce massive
liver damage,' thus suggesting that CCl, is converted by hepatlc mxcrommal
enzymes to a toxic metabolite. Similar results have been obtained in rats.”

11



12 Annals New York Academy of Sciences

Discussion of these incidents with my co-workers triggered a thought. We
recollected that a considerable number of compounds, especially halogenated
aromatic hydrocarbons used as industrial solvents or chemical intermediates,
were even more chemically inert than CCl, in the test tube but were also rela-
tively specific in producing hepatic and renal necrosis.

This led us to the question “Why do many therapeutic agents that are
chemically relatively inactive produce in the occasional patient tissue lesions
including liver and kidney damage, bone marrow depression, and various
kinds of skin disorders, some of which are ascribed to allergic responses?” This
laboratory had previously postulated that in order for a drug to produce cel-
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Ficurk 1. Paraffin sections from livers of Sprague-Dawley rats (male, 180 g); PAS
stain; x 30. Left: Normal liver 'of control animal killed 24 hours after injection of 1 ml
sesame oil. Right: Extensive centrolobular necrosis in‘'rat killed 24 hours after adminis-
tration of 1 ml/kg bromobenzene in sesame oil, i.p. 1

lular damage it must first form a covalent linkage with various cellular com-
ponents, either directly or through a metabolite.”"" To test this view, Reid and
co-workers'' studied a series of halogenated hydrocarbons, many of which

reproducibly cause hepatic necrosis in various animal species.' By disclosing
" the toxic mechanisms of these compounds, we hoped to obtain some insight
into the tissue lesions caused by therapeutic drugs.

Single doses of chloro-, bromo-, or iodobenzene (1 ml/kg, intraperitoneally,
in sesame oil) were administered to rats, and within 24 hours produced mas-
sive necrosis in the centrolobular regions of the liver. For example, FIGURE 1
contrasts the histology of a normal liver (left) with that of a necrotic liver
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(right) from a rat treated with bromobenzene. Similar results were obtained
with the «- and B-chlorinated naphthalenes. The effects of all these agents
were markedly potentiated by pretreatment of the rats for three days with
phenobarbital (80 mg/kg, i.p.), a drug known to stimulate markedly the mi-
crosomal drug-metabolizing enzymes in the lLiver. For example, doses of
bromobenzene (0.15 ml/kg, i.p.) that produced minimal changes in the livers
of control rats (FIGURE 2, left) elicited massive necrosis in livers of animals
. pretreated with phenobarbital (right). These studies suggested that micro-
somal enzymes convert aromatic hydrocarbons to‘a toxic derivative responsi-

FiGURrE 2. Paraffin sections of liver; PAS stain; x 30. Left: Liver from rat 24 hours
after administration of 0.15 ml/kg bromobenzene. The centrolobular areas are de-
creased in glycogen and have some small patches of round cell infiltration but relatively
little necrosis of hepatocyties. Right: Extensive centrolobular necrosis 24 hours after
administration of bromobenzene (0.15 ml/kg) in rats pretreated with phenobarbital
(80 mg/kg, i.p., for three days) in order to induce hepatic microsomal enzymes.

ble for the hepatic necrosis. The centrolobular distribution of the lesions may
be explained by the observation that phenobarbital-induced changes in the
smooth endoplasmic reticulum (that is known to contain microsomal enzymes)
are localized to the central zone of the liver lobules.’

In other experiments," we administered allyl alcohol and allyl formate
(0.05°ml/kg, i.p.), which produced liver necrosis mainly in the periportal re-
gion. This region contains high concentrations of the enzyme alcohol dehydro-
genase, which converts these.compounds’ to the aldehyde acrolein, a very
reactive alkylating agent.® From these experiments, it could be presumed that
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the pattern of cellular necrosis was determined by the distribution of the en-
zymes responsible for forming the toxic metabolite acrolein.® As might be
expected, phenobarbital administration did not enhance the hepatoxicity of
these compounds."

The exclusively centrolobular damage produced by the halogenated aro-
matic hydrocarbons suggested that these compounds were converted to highly
reactive intermediates by cells in the centrolobular region, where they de-
stroyed the very cells that formed them. Since the toxicity was potentiated
by phenobarbital, the possibility was entertained that the conversion was
mediated by the NADPH-dependent drug-metabolizing enzymes in liver
microsomes.

The question then arose about the nature of the active intermediates
formed from the halogenated hydrocarbons, presumably highly electro-
philic or alkylating agents. If these intermediates were very reactive, it would
be impossible to isolate them directly. To circuamvent this difficulty, in vitro
experiments were carried out in which the active nucleophile glutathione
(GSH) was added to liver homogenates to react covalently with any alkylat-
ing agent that might be formed.’

For these experiments, rat liver homogenates were spun at 100,000 x g to
isolate liver microsomes that contain the drug-metabolizing enzymes. To the
dialyzed 100,000 g supernate were added bromobenzene and GSH. Nothing
happened to the GSH until the microsomes and an NADPH generating sys-
tem were added. A sizable amount of the GSH now rapidly formed a complex
with the hydrocarbon. The formation of the GSH hydrocarbon complex be-
came considerably larger when the microsomes were taken from rats pre-
treated with phenobarbital. Similar results were obtained with a number of
other halogenated hydrocarbons, including chloro- and iodobenzene, o-
dichlorobenzene, and with «a- and 3-chloronaphthalene.

To our surprise, CCl, incubated with liver supernate, NADPH, and O, was
activated to a substance that readily ‘oxidized GSH in the presence of liver
microsomes. This reaction was also augmented when the microsomes were
taken from rats pretreated with phenobarbital. However, CCl; did not form
a complex with GSH.

Evidence for the formation of a complex in the in vitro system was ob-
tained by using *’S-labeled GSH and '‘C-bromobenzene in parallel experi-
ments and identifying the labeled GSH-hydrocarbon complexes on paper
chromatograms.’” The R; of the ’S-GSH-hydrocarbon complex was the same
. with use of either **S-GSH or '‘C-bromobenzene and was formed only in the
presence of liver microsomes. In the case of compounds unavailable in the
labeled form, the appearance of a complex with **S-GSH was also evident in
the presence of liver microsomes. These results indicate that microsomal en-
zymes can convert the above-mentioned aromatic halogenated hydrocarbons
to chemically reactive intermediates capable of forming a complex with GSH.*
However, the substrate-dependent alkylation of GSH was not stoichiometric
with the substrate-dependent disappearance of GSH. The GSH that did not
form a complex with the substrate was apparently oxidized, and the mecha-
nism of this oxidation is currently under investigation: By contrast with the
aromatic compounds, CCl, did not form a complex with GSH. - ¢

Perhaps the most definite evidence that the bromobenzene formed a co-
valent bond with macromole ‘ules in liver parenchymal cells was provided by
radioautographs of mouse liver prepared 40 hours after the administration of
“C-bromobenzene." FicURE 3 shows the presence of large amounts of "“C in
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FiGure 3. Autoradiogram ( x 100) of a paraffin section from liver of an NIH white
mouse (30 g; male) 40 hours after administration of ‘C-bromobenzene (0.685 ml/kg;
250 uc). The sections were stained with PAS, coated with-Kodak NTB-2 emulsion,
developed after two weeks and counterstained with haematoxylin. The '“C, which is
represented by the large number of very small black grains, is localized mainly in the
necrotic tissue of the centrolobular region.

the necrotic centrolobular zone relative to the periportal region, where the
hepatocytes appeared normal. Since the histologic slides of the liver were pre-
pared under conditions that would probably remove most of the water-soluble
and liposoluble substances, it may be presumed that the “C represents a co-
valent bond between bromobenzene metabolites and macromolecules of the
liver cells.

On the Biochemical Mechanism

Work discussed in this monograph by Dr. Gillette shows the central role
of the enzyme cytochrome P-450 in drug oxidatien. THis enzyme.actiyates
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atmospheric O: so that it reacts directly with various aromatic substrates. As
described by Udenfriend in this monograph, the reaction of‘activated O, with
benzene can be pictured as follows:

. Q !
@, activated 02> z l @ OH

The epoxide is transient, and in the presence of protein immediately rear-
ranges to yield phenol. However, various epoxides differ in stability, from
those that explode violently to those such as heptachlor that are almost com-
pletely inert.

We postulate that the epoxides formed from halogenated benzenes are suf-
ficiently stable to do considerable damage by reacting covalently with various
nucleophilic groups in proteins and nucleic acids. In accord with this view is
the well-known fact that a major metabolite of bromobenzene is the acetylated
cysteinyl derivative known as a mercapturic acid:

H

H
Br S—CHZ-C]-I-COOH

COCH3

Convincing evidence now exists that this is a breakdown product of the sub-
stance formed by the interaction of bromobenzene epoxide and glutathione’as
follows: !

H H
OH
glutath ione
Br H + GSH Br H
epoxytrans e | sc

The resulting GSH conjugate loses two of its amino acids and water and gains
an acetyl group to yield finally mercapturic acid.”..

Additional evidence that bromobenzene is metabolized to an epoxide stems
from the finding that a metabolite of bromobenzene is the dihydrodiol deriva-
tive.

{ H
epox:.de -
——3 Br Br H
hydrase .

This compound is probably formed by the reaction of the bromobenzene with
water in the presence of epoxide hydrase."



