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PREFATORY REMARKS ON THE STYLE OF THIS BOOK

In four previous monographs, The Mast Cells (Butterworth, Washington, 1965),
Thrombohemorrhagic Phenomena (Thomas, Springfield, 1966), Anaphylactoid Edema
(Green, St. Louis, 1968) and Experimental Cardiovascular Diseases (Springer-Verlag,
Berlin-Heidelberg-New York, 1970), I have tested the practicality of what might be
called the “analytico-synthetic style.” In essence, it attempts to facilitate fact-
finding by strictly separating: 1. the analysis of previous publications in search of
facts, which must be objective, and 2. the author’s evaluation and synthesis which,
being guided by his personal experience, is largely subjective.

The lessons learned in compiling these earlier monographs are incorporated in the
present volume and, since no major changes have been made, the rationale of the
analytico-synthetic style may be described here in essentially the same terms.

Conventionally, the preparation of a monograph progresses in two stages:

1. The author surveys the literature and makes brief abstracts of each publication
pertinent to his subject.

2. In writing the successive chapters of his book, the author transforms these
abstracts into a current narrative.

In theory, this seems to be a perfectly logical procedure, and undoubtedly it can
be successfully applied in some cases. However, the second phase of the work usually
meets with virtually insurmountable difficulties. Whenever numerous data are
accumulated by many investigators who used different techniques, the interpretations
may be consonant, contradictory or unrelated, so that a unified, concise report of all
relevant facts and views is hardly possible without confusing distortions or over-
simplifications.

Take a sentence such as “Allegedly, it is possible to produce thrombohemorrhagic
phenomena by a single intravenous injection of substance X in the rabbit (Smith and
Johnson, 1943; Jones, 1944; Jackson, 1952) but not in the mouse (Simpson, 1961;
Walker, 1964), however, these claims have been challenged by several investigators
(McKay, 1963; Dow, 1963 ; Fisher, 1964), who have obtained positive results in both
these species.” Did all these investigators use exactly the same technique ? Did all of
them use the same criteria for a ‘“positive result 2’ Were the animals used of the same
age and weight ? Were the animals invariably killed after the same length of time
following the injection, so as to give them an equal chance to develop the lesions ?
Only in the rarest instances would the answers to all these questions be affirmative.
In other words, the sentence designed to combine the three reports has made them
quite meaningless.

But why stoop to the customary practice of verbal acrobatics to give the un-
unifiable the appearance of unity ? To make sense, the incongruous monster sentences
painfully synthesized by the author must later be mentally broken down into their
constituent parts by the reader. What the author has coded, the reader must decode.
Statements must be very diplomatically worded to fit several papers because different
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authors bracketed after one remark have rarely, if ever, said exactly the same thing.
Hence, such texts are difficult to read and, in the final analysis, they accomplish little
more than to act as indices to the literature, which still has to be procured and read in
the original before it can serve as a reliable guide to further work. The essential
weakness of this conventional style is that the author must formulate his remarks
very vaguely whenever he wants to cite several related, but of course never identical,
papers in support of a statement. This procedure is necessary for unification, but the
result is uninformative or misleading, usually both.

I have learned these facts by bitter experience while writing sixteen earlier medical
texts in the conventional style. Could the usual drawbacks of monographs be avoided
by a totally different approach ¢ In compiling a scientific treatise, it was undoubtedly
necessary first to peruse all pertinent publications and to prepare concise abstracts
of them. (Incidentally, I never minded this part of the work, which was instructive
and pleasant; it gave me a broad panoramic view of the observations and reflections
of others, the very basis for any correlative scientific study.) But then came the deadly
and uninstructive task of modifying and paraphrasing portions of my summaries so
that they could be squeezed into more or less cohesive, current prose. Why bother ?
All that was accomplished in this second stage was to conform with the style sanctified
by common usage, but in the process the practical value of my abstract collection
was largely lost. I must admit that even after the book appeared in print, I usually
still preferred to look up my original résumés. After all, the book contained only
portions of these, and even they were not expressed as clearly as in the abstracts
mainly for three reasons:

1. Whenever several references are cited to document a statement, certain details
have to be eliminated or put vaguely to make the text fit all the publications quoted
in support of it.

2. Transitional sentences are needed to connect one idea with another and these
are only confusing ballast which does no real work.

3. Many circumlocutions are necessary to distinguish tactfully between data
which are fully, partly, or not at all, acceptable.

In other words, the first part of the work, the reading and abstracting, is pleasant,
instructive and comparatively easy, while the second part, the paraphrasing into
current narrative, is tedious and largely spoils the earlier accomplishments.

Of course, a collection of abstracts is not a monograph; it does not possess any
overall structure or continuity and, even with the aid of an extensive index, it cannot
act as a handy guide to a new field. Such a compendium is also necessarily unecritical
and devoid of originality. It gives none of the interpretations and personal findings
of the reviewer.

How could we devise a style which would combine concise, objective reporting
with original interpretations without creating any confusion between the two ? How
could we simplify the writing of scientific monographs sufficiently so that even a large
field may be covered by a single author who could give it unity instead of resorting
to the current practice of writing “‘monographs” which, in reality, are only a series of
independent reviews by many authors who deal with more or less related topics ? This
is what I have tried to accomplish here and it may be worthwhile to describe the
technique in detail for those interested in the compilation of extensive monographs.
We proceeded as follows:
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1. Collection of Literature. A list comprising
most of the literature on hormones and
resistance was compiled from abstract journals,
the Index Medicus and the bibliographies given
by previous authors who wrote on this subject.
The corresponding original articles were then
obtained in the form of reprints or as photo-
reproductions. These came mostly from the
journals in our two local university libraries
(Université de Montréal and McGill Uni-
versity) and from the National Medical
Library in Washington, D.C. More than
15,000 articles thus became available for study
in original form and, of these about 5,000 were
finally selected as being sufficiently relevant
to warrant inclusion in the bibliography of
this volume. There (pp. 865—1051) they are
listed in alphabetic order, with the accession
number they carry in our library. These same
numbers, followed by a stroke and the year of
publication, are also used in the text for iden-
tification (e.g., Remmer G66,542/62).

2. Abstracting. Every abstract was dictated
on magnetic tape with the original source
material before me. I had to quote at second
hand only a few quite unavailable Doctors’
Theses, remarks made at congresses which
published no proceedings, and ‘‘personal
communications™ cited by others. To avoid
constant spelling out and to facilitate the
task of transcription, key words, names,
numbers, and complex technical terms were
underlined in the original texts for the guidance
of our typists.

In preparing the abstracts, we tried to
incorporate all the essentials, including the
species on which an observation was made, the
route of administration of drugs, the techniques
of determination, etc., wherever these facts
may have significantly influenced the findings.
However, equal care was taken to eliminate
all irrelevant data in order to make the
abstracts concise and readable.

Whenever an author summarized a salient
point concisely or expressed a particularly
unexpected view, his own wording was quoted.
Each abstract was preceded by a brief title
[using the Symbolic Shorthand System (SSS)
for Physiology and Medicine (Selye & Ember
E?24,113/64)] identifying its subject matter.
Articles which contained data pertaining to
several chapters of this monograph were
separately abstracted for each section. How-
ever, the same summary could often be used
for this purpose, changing only the title. For
example, let us take an article concerned with
the prevention by spironolactone of the adrenal
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necrosis produced by dimethylbenzanthracene
and the inhibition of this protection by
ethionine. Here I first dictated my abstract
with the title:

“DMBA <« SNL”

meaning (in SSS) toxic manifestations produced
by dimethylbenzanthracene (DMBA) as in-
fluenced by (<) spironolactone (SNL). Then
I merely added: repeat the same abstract also
with the title:

“Pharmacology/Blockers/Ethionine”

Thus, the same abstract was made avail-
able for the corresponding sections on: 1. the
detoxication of carcinogens by steroids (spirono-
lactone) and 2. the general pharmacology of
blockers (ethionine) that interfere with steroid-
induced hepatic microsomal enzyme activity.

When typed out, this abstract with its two
titles looked like this:

2 Titles fDMBA < SNL
Pharm/Blockers/Ethionine

Kovacs & Somogy: G60,060/69:
In rats, the adrenal necrosis pro-
duced by DMBA is prevented by
pretreatment with spironolactone
and this protection is in turn
blocked by ethionine.

Once carefully proof-read, a Xerox copy
was prepared, in addition to the original, in
order to avoid possible errors that may slip in
by retyping the abstract. When — as in this
case — the same abstract was supposed to be
used in several connections, a corresponding
number of Xerox copies was prepared and on
each of these, a different title was marked with
a hook to indicate the section of the manu-
seript where it should go. In this manner, with
a minimum of effort, the article can be called
to the attention of those interested in any of the
topics on which it contains information.

Finally, the pages containing these ab-
stracts were cut up into slips and taped into
proper position — according to the ‘“‘rail paper
technique” (Selye E24,140/64 p.350) — on
a master copy provided with index tabs.

Throughout this phase of the work, my
main concern was to reflect the authors’
statements objectively whether I agreed with
them or not. Only in a few instances (e.g., when
the statements were contradictory or the
technique faulty) was it necessary to point out
possible sources of confusion, but this was
done after the reference in separate, initialed
comments.

Abstract
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The resulting classified abstract collection
corresponds to the double column, small print
in this volume.

3. Critique and Personal Observations. We
now had a classified collection of concise
abstracts which served as a convenient guide
to the literature on hormones and resistance.
However, precisely because of its strict
objectivity and the absence of any connecting
sentences between the abstracts, this text
completely lacked both originality and con-
tinuity. It was useful for the experienced
specialist who only wants to look up the
literature on a certain point, but it gave no
guidance to the beginner and contributed no
unpublished new thoughts or observations.

The published data of our group were
handled in the usual manner, by preparing
objective abstracts of them for the small print
sections. However, my own interpretation of
the literature and our hitherto unpublished
observations were reported in an entirely
different, current narrative form; this text is
clearly separated from the rest by being
printed in a single column of large type. Here,
there are no references, it being tacitly under-
stood that the conclusions are my own, based
on a critical interpretation of the literature
and my personal experience. In addition,
numerous photographs and tables were pre-
pared to make the report informative.

Thus, we end up having a book within a
book: the small-print sections represent
concise and impersonal abstracts of published
and unpublished data, formulated in telegraphic
style, to be looked up but not to be read
through from cover to cover; the large-print
text, on the other hand, is a critical evaluation
of the literature and an illustrated description
of unpublished observations. The reader who
only wishes to get an overall view of the
present status of knowledge on hormones and
resistance can do so without getting lost in
detail and confusing contradictory statements
by reading only the large-type sections. The
investigator who wants to verify a special point
quickly will find it without having to wade
through much text by merely consulting the
classified abstracts in the corresponding
section.

This “analytico-synthetic style” would not
lend itself to the writing of textbooks for
students, nor would it be suitable for mono-
graphs on entirely new subjects on which there
is virtually no earlier literature; however, 1
think it could be profitably employed in the
compilation of any review, monograph or
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handbook which is to combine an extensive
literature survey with personal observations
and critical interpretations.

4. Tables and Previously Unpublished Data.
In view of the very large number of facts that
have come to light of late concerning the
possibility of influencing the toxicity of the
most diverse agents by catatoxic compounds,
it was not posgible to publish all of our pertinent
observations in the form of original articles.
Hence, the results of these studies will be
presented in this monograph in the form of
standardized tables or brief summaries inserted
in the text under each of the toxicants
examined.

Otherwise unpublished observations are
referred to by their protocol numbers (e.g.:
“Selye PROT. 27645”). Thus, if interested
readers wish to obtain further information,
they can get it by writing us. In the case of
previously published data, reference is made
to the original papers, although often additional
data are included in our tables.

The term “Standard Conditioners” always
refers to PCN, CS-1, ethylestrenol, spirono-
lactone, norbolethone, oxandrolone, predni-
solone- Ac, progesterone, triamcinolone, DOC
Ac, hydroxydione, estradiol, thyroxine and
phenobarbital administered under the standard
conditions as described here. Unless otherwise
stated in the tables themselves, all steroids to
be assayed for possible protective effects have
been given in 1 ml water by stomach tube
(p. 0.) twice daily, as pretreatment and treat-
ment, usually from the first day (4th day
before toxicant) until the termination of the
experiment. Steroids poorly soluble in water
were given in the form of microcrystal suspen-
sions, prepared with the addition of a trace of
Tween 80. Thyroxine was administered at the
dose of 200 pug in 0.2 ml water (traces of
Tween 80 and NaOH added to facilitate
solubilization) once daily s.c. Only when
steroids were not given p.o., or not at the
10 mg dose level, is this indicated in the tables.
Phenobarbital sodium (a typical nonsteroidal
catatoxic drug) was administered at the 6 mg
dose level in 1 ml water p. o. twice daily on the
same days as the steroids.

In addition to these tables concerning
individual toxicants, Tables 135—137 present
the “Protective Spectra’ of some steroidal and
nonsteroidal agents respectively, in a synoptic
manner and according to a procedure which is
outlined on pp. 770 ff.

Unless otherwise specified, all experiments
were performed on female 90— 110 g Holtzman
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or ARS/Sprague-Dawley strain rats kept on
Purina Fox Chow and tap water ad lib.

With each toxicant we registered the
characteristic functional (motor disturbances)
or structural (intestinal ulcers, cardiac necrosis,
calcinosis) changes in terms of an arbitrary
scale in which 0= no change, 1= just
detectable, 2 = moderate, 3 = maximal change,
as previously described (Selye G70,421/70,
G60,083/70).

However, for statistical evaluation we
recognized only two grades: minor and some-
times dubious degrees of lesions (between 0"
and “1” in our scale) were rated as negative,
all others as positive. In the exceptional
groups comprising less than 10 rats, these data
as well as the mortality rates were then
arranged in a 2 X 2 contingency table, and their
statistical significance was determined by the
‘“Exact Probability Test” of Fisher and Yates
(Finney D31,291/48 and Siegel G67,296/56).
In all the other groups, comprising 10 rats or
more, we used the same procedure of grading,
but the statistical evaluation was performed by
the Chi-square test using the 2x2 table. The
severity of all functional disturbances was
listed at the time, when the difference between
the pretreated and not pretreated animals was
most evident.

Only in the case of anesthesia or paralysis
did we assess the results by the time (in
minutes) necessary to regain the righting reflex.
Here, the significance of the apparent differences
between the sleeping or paralysis time of the
controls and the experimental animals was
computed by Student’s t-test. When one of the
two results was “0”’, we calculated the statis-
tical significance on the basis of confidence
limits.

In all tables: *** =— P < 0.005, ** =
P < 0.01, * =P < 0.05, NS = Not Signifi-
cant. Only in the evaluation of the Synoptic
Tables 135—137 did we follow another proce-
dure as outlined on pp. 770. Plain asterisks (¥*)
indicate inhibition, underlined asterisks (*)
aggravation of toxicity.

The results of completely negative experi-
ments are not tabulated but merely mentioned
under the corresponding toxicants, indicating
the technique of administering the latter and
adding the sentence “the ‘Standard Condi-
tioners’ (p. VIII) showed no noteworthy change
in activity.”

Enzymologic References. The principal
purpose of this book was to discuss the effect
of hormones upon resistance, irrespective of
the underlying mechanisms involved. However,

since hormones usually regulate resistance to
toxicants through the induction of drug-
metabolizing enzymes, we also wished to
provide at least a key to the most pertinent
references concerning purely enzymologic
studies in this field. Dr. Jiirgen Werringloer
of our Biochemistry Department and Mr.
Antonio Rodriguez, our Chief-Documentalist,
are preparing an extensive reference list of
defensive enzyme induction which will be
published at a later date. However, they have
kindly supplied me with those sections of their
index that are particularly pertinent to the
subject of this monograph. Thus the readers
will have easy access to references on enzymic
studies, concerning the action of an inducer
upon the biotransformation of a toxicant,
immediately after our discussion of the
associated morphologic or functional changes.

These references to observations on the
induction of potentially defensive enzymes are
listed without comments, indicating only the
substrate, the agent used to influence its
metabolism and the reference. For details, the
reader will invariably have to consult the
original publications listed in the bibliography.

Among the agents influencing drug metabo-
lism, hormones have received the greatest
attention, but stress, sex, age and various
interventions considered to be of potential
endocrinologic interest have also been included.
On the other hand, excluded from the enzymo-
logic references are: 1. Substrates (e.g., amino
acids, fatty acids) that are primarily involved
in general metabolism and participate only very
indirectly, if at all, in detoxication processes
and resistance. 2. Purely endocrinologic or
physiologic interactions between hormones
and/or drugs, as well as pharmacologic test
methods. 3. Spontaneous diseases of man, be
they targets or agents. 4. The metabolism of
endogenous hormones or metabolites, with the
exception of bilirubin, which is of special
interest in the treatment of hyperbilirubin-
emias by enzyme inducers.

In the mechanics of indexing, we observed
the following rules:

1. Since most pertinent experiments were
performed on the rat, this species is not
specifically mentioned. Otherwise, the name
of the experimental animal is given but, for the
sake of brevity, in the case of the commonly
employed rabbit (Rb), guinea pig (Gp), and
monkey (Mky), in abridged form.

“In vitro” experiments are defined as those
in which the entire metabolic study was
carried out with tissue slices, homogenates or
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fractions, independently of whether the
induction took place in the living animal or in
the test tube. The accession numbers of these
experiments are italicized (e.g. G74,673/59).
All other types of observations (e.g., dis-
appearance rates of substrates from body
fluids and tissues, rates of drug elimination in
urine or bile) are considered ‘““in vivo” and
especially marked by an asterisk following the
accession number which is printed in ordinary
roman numerals (e.g. G74,673/59%). When
both types of observations were combined, the
accession number is italicized and followed by
an asterisk (e.g. G74,673/59*).

If a Target “T” (drug or substrate) is
influenced by an Agent “A” (drug), this is
indicated, thus: T <- A.

The enzymologic references dealing with a
given substrate are listed in a distinctive small

type (immediately after the abstracts concern-
ing the same substrate), thus:

Hexobarbital < Luteoids: Juchau et al.
G40,275/66; Blackham et al. G69,913/69%;
Riumke et al. H14,039/69*

Ethylmorphine «<- Ovariectomy: Davies
et al. H22,054/68

3-Methylcholanthrene < Estradiol,
Mouse: Kirschbaum et al. H27,666/53*

Carisoprodol < Ovariectomy + 4-Chlor-
testosterone, Testosterone: Kato et al. G66,
023/61*

If the same substrate is simultaneously
affected by two or more inducers and/or
antagonists, these are listed in arbitrary order,
but the first position is assigned preferably to
agents of endocrine importance.

In our era, in which interest and material support for research has reached un-
precedented proportions, one of the greatest handicaps to the further development
of science is the growing difficulty of keeping track of the ever expanding mass of
literature. Hence, a generally acceptable, simplified style of reporting could be of
immeasurable value. Of course, many laboratory men will say that they lack the
time, money, library facilities, or the knowledge of foreign languages necessary for a
thorough personal search of the original literature in an extensive field. Yet, any
competent scientist must master his own subject. The breadth of his investigations
may be very limited by lack of documentation, but in his restricted field he will
eventually gather valuable, expert knowledge which should be made available to
others as well. It is hoped that the extreme simplicity of reporting in the style recom-
mended here will encourage the writing of surveys by authors who would not have
ventured to do so in the more time-consuming conventional form. Should this be the
case, correlative investigations would certainly receive a welcome stimulus at a time
when mass production threatens to discourage the integration of knowledge. H.S.
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GLOSSARY

This glossary furnishes succinet descriptions of some of the technical terms and
abbreviations most commonly used. For additional data of this kind (especially
synonyms, code numbers and pharmacologic actions of chemical compounds) consult
the corresponding sections of the text, through the subject index at the end of the

volume.

AAF. See N-2-fluorenylacetamide.

AAN. Acetoaminonitrile, a lathyrogenic
compound.

ACTH. Adrenocorticotrophic hormone of
the pituitary.

Actinomyein. Unless otherwise specified,
this term is used for actinomycin D, recently
given the official designation dactinomycin. An
antineoplastic agent, especially for Wilms’
tumor, which blocks the effect of several
microsomal enzyme inducers presumably at the
level of the DNA-dependent RNA polymerase
reaction (transcription).

Adaptive hormones. Hormones which in-
crease resistance and facilitate adaptive pro-
cesses.

ADH (antidiuretic hormone). Vasopressin;
a hormone of the posterior pituitary, which
influences reabsorption of water by the renal
tubule.

ADH (enzyme). Alcohol dehydrogenase
(Ec 1.1.1.1). Substrates: ethanol and other
alcohols, also: aldehyde dehydrogenase (EC
1.2.1.3). Substrates: aldehydes.

ADP (adenosine diphosphate). A nucleotide
which participates in high-energy phosphate
transfer.

AF. See aminoflucrene.

Aminofluorene. AF, a carcinogenic hydro-
carbon.

AMP (adenosine monophosphate). A nuc-
leotide which participates in high-energy
phosphate transfer.

Antagonists (of enzymes). Substances
which inhibit enzyme actions through hitherto
unspecified mechanisms.

Antifolliculoid. Blocking the effect of
folliculoids (e.g., MER-25). Term first intro-

duced for
(A60,638/44).

Antimineralocorticoid. Blocking the effect
of mineralocorticoids, e.g., spironolactone.

Antitestoid. Blocking the effect of testoids
(e.g., cyproterone).

ANTU. 1-(1-Naphthyl)-2-thiourea.

APN. Aminopropionitrile, a lathyrogenic
compound.

ATP (adenosine triphosphate). A nuclectide
which is an important source of high-energy
phosphate.

ATPase (adenosine triphosphatase). An
enzyme which catalyzes the dephosphorylation
of ATP.

Blockers (of enzymes). Substances which
impede the synthesis of enzymes by interfering
with the production of RNA or proteins (e.g.,
actinomyecin, puromyecin, ethionine).

BMR. Basal metabolic rate.

BSP (Bromsulphalein®, sulfobromophthale-
in). A dye used in tests of liver function.

Catatoxic actions. Increased metabolic
degradation and/or excretion of potentially
toxic substances. Usually, catatoxic substances
result in detoxication, but if the metabolites
formed are more poisonous than the parent
compounds, the reverse may be true.

certain androstanes by Selye

CNS. Central nervous system.

Co A.SH (free [uncombined] coenzyme A).
A pantothenic acid-containing nucleotide which
functions in the metabolism of fatty acids,
ketone bodies, acetate, and amino acids.
0
Il
Co A.S.C.CH3 (acetyl-Co A, ““active acetate”).
The form in which acetate is “activated” by
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combination with coenzyme A for participation
in various reactions.

Co X (coenzyme I). Now called NAD (q. v.).

Co II (eoenzyme II), Now called NADP
(q. v.).

Co III (coenzyme III). A nicotinamide-
containing nucleotide which functions in the
oxidation of cysteine.

Competitors. Substances which act by
competitively inhibiting the actions of enzymes
upon their substrates.

Conditioning Aetions. Actions which prepare
the organism for a special type of response. In
this volume, the term is mainly used for the
induction of changes in resistance through
catatoxic or syntoxic compounds, irrespective
of the underlying mechanisms and of whether
the change in reactivity is advantageous or
disadvantageous.

C8-1.9«-Fluoro-11 §,17-dihydroxy-3-oxo-4-
androstene-17 «-propionic acid potassium salt,
the first catatoxic steroid to be identified as
such. Manufacturer’s code number is SC-11927.

CTP (eytidine triphosphate). A source of
high-energy phosphate in phospholipid syn-
thesis.

Cytochrome ¢P-450”. A heme protein
capable of binding CO to yield a pigment with
a characteristic absorption peak at 450 my.
The “active oxygen” produced in the reaction
of reduced P-450 cytochrome with molecular
oxygen is thought to be a hydroxylating inter-
mediate, possibly a peroxide.

DAB. See p-diethylaminoazobenzene.

Dactinomyein. New official name for
actinomycin D,

p,p’-DDD. 1,1-Dichloro-2,2-bis(p-chloro-
phenyl)ethane, insecticide related to DDT.

DDT.1,1-Trichloro-2,2-bis(p-chlorophenyl)-
ethane, pesticide.

DHT. Dihydrotachysterol, a vitamin-D
derivative which at high doses causes tissue
calcification.

Dicoumarol. Bishydroxycoumarin.

p-Diethylaminoazobenzene. DAB, Butter
Yellow, a carcinogenic hydrocarbon.

Dioxathion. The new generic name for the
pesticide previously known as navadel or
Delnav.

DMBA. 7,12-Dimethylbenz(a)anthracene, a
carcinogenic hydrocarbon.

DMP. Dimethyl phthalate.

DMSO. Dimethyl sulfoxide.

DNA (deoxyribonueleic acid). The charac-
teristic nucleic acid of the nucleus.

DOC. Desoxycorticosterone.

Glossary

DOPA. Dioxyphenylalanine or dihydroxy-
phenylalanine.

DPN. See NAD.

ECG. Electrocardiogram.

EEG. Electroencephalogram.

EFA (essential fatty acids). Polyunsatura-
ted fatty acids, essential for nutrition.

EPB. N-Ethyl-3-piperidyl benzilate, an
antagonist of drug-metabolizing enzyme induc-
tion.

EPDA. N-Ethyl-3-piperidyl diphenylace-
tate, an antagonist of drug-metabolizing
enzyme induction.

EPN. Phenylphosphonothioic acid O-ethyl
O-p-nitrophenyl ester, pesticide.

ESCN. Electrolyte-Steroid-Cardiopathy
with Necrosis.

ESR. Electron spin resonance.

EST. Electroshock threshold.

FAD (flavin adenine dinucleotide). A
riboflavin-containing nucleotide which parti-
cipates as a coenzyme in oxidation-reduction
reactions.

F-COL. 9«-Fluorocortisol, a gluco-mine-
ralocorticoid.

ff. This sign indicates continuation of
treatment, e.g., ‘“First day, ff.” means treat-
ment was started on the first day and continued
until termination of the experiment.

FFA. Unesterified free fatty acid (also
called NEFA, UFA).

Fisher-Yates test. Statistical procedure as
described by Finney D31,291/48 and Siegel
G67,296/56.

N-2-Fluorenylacetamide. 2-Acetylamino-
fluorene or AAF, a carcinogenic hydrocarbon.

FMN (flavin mononucleotide). A riboflavin-
containing cofactor in cellular oxidation-
reduction systems.

Folliculoid. Follicle-hormone-like, estro-
genic, gynecogenic or estromimetic, e.g.,
estradiol.

FSH (follicle-stimulating hormone). A
gonadotrophic hormone of the anterior pitui-
tary.

Glucocorticoid. Possessing the effects of the
carbohydrate active hormones of the adrenal
cortex, e.g., cortisol, triamcinolone.

G-6-P-ase. Glucose-6-phosphatase (EC
3.1.3.9). Substrate: D-glucose-6-phosphate.

GOT. Glutamic-oxalacetic transaminase;
aspartate aminotransferase (EC 2.6.1.1). Sub-
strate: L-aspartate.

aGPDH. o-Glycerolphosphate dehydro-
genase; glycerol-3-phosphate dehydrogenase
(EC 1.1.1.8). Substrate: L-glycerol-3-phos-
phate).
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GPT. Glutamic-pyruvic transaminase; ala-
nine aminotransferase (EC 2.6.1.2). Substrate:
L-alanine.

Hepatectomy (partial). The term, if applied
to the rat and not otherwise qualified, refers
to the usual procedure which removes about
65—709, of the liver tissue (Waelsch and
Selye 3972/31).

HMP shunt (hexose monophosphate shunt).
An alternate pathway of carbohydrate me-
tabolism.

IDP (inosine diphosphate). A hypoxan-
thine-containing nucleotide which participates
in high-energy phosphate transfer.

IDPN. B,f-Iminodipropionitrile, a com-
pound producing neurolathyrism.

Induction. Selective stimulation of enzyme
synthesis.

Inhibitors (of enzymes). Substances which
antagonize the enzymes themselves (e.g., SKF
525-A), in contradistinction to blockers of
enzyme synthesis and to substances which act
by competition for substrates.

ITP (inosine triphosphate). A deamination
product of ATP, functioning similarly to ATP,
as a source of high-energy phosphate.

IU, International unit(s).

Lathyrogens. Compound producing either
osteo- or neurolathyrism, e.g., aminopropio-
nitrile, or ‘“APN”, iminodipropionitrile, or
“IDPN”.

LDH (lactic acid dehydrogenase). (EC
1.1.1.27). An enzyme whose activity may be
measured in serum for diagnosis of certain
acute diseases, e.g., acute myocardial infarc-
tion.

LH (luteinizing hormone). A gonadotrophic
hormone of the anterior pituitary.

LTH (luteotrophic hormone). A hormone
of the anterior pituitary possibly identical
with the lactogenic hormone.

Luteoid. Corpus luteum hormone-like,
progestational, gestagenic, progestagenic, e.g.,
progesterone.

MAD. Methylandrostenediol, 17«-methyl-
5-androstene-38,17-diol, an anabolic testoid.

MAO. Monoamine oxidase.

MAT. Methionine adenosyltransferase (EC
2.5.1.6). Substrate: L-methionine.

8-MC. See 3-methylcholanthrene.

8-Methylcholanthrene, 3-MC, same as
20-methylcholanthrene. A carcinogenic hydro-
carbon.

Mineralocorticoid. Possessing the effects of
the salt metabolism regulating hormones of the
adrenal cortex, e.g., aldosterone, DOC.
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MPDC. N-Methyl-3-piperidyl diphenyl-
carbamate, an antagonist of drug-metabolizing
enzyme induction.

MSH (melanocyte-stimulating hormone).
A hormone of the pituitary which increases
deposition of melanin by the melanocytes.

NAD (nicotinamide adenine dinucleotide).
Formerly termed DPN (diphosphopyridine
nucleotide). A nicotinamide-containing nuc-
leotide which functions in electron and hydro-
gen transfer in oxidation-reduction reactions.
Coenzyme I.

NADH. Reduced form of NAD.

NADP (nicotinamide adenine dinucleotide
phosphate). Formerly termed TPN (triphospho-
phyridine nucleotide). A nucleotide with func-
tions and structure similar to those of NAD.
Coenzyme II.

NADPH. Reduced form of NADP.

Navadel. A pesticide now known as
dioxathion.

NEFA (nonesterified fatly aeids). The
major form of circulating lipid used for energy
(= UFA).

NPN. Nonprotein nitrogen.

OKT. Ornithine-ketoacid aminotransferase
(EC 2.6.1.13). Substrate: L-ornithine.

OMPA. Octamethyl pyrophosphoramide.
An anticholinergic insecticide.

PABA (para-aminobenzoic aeid). A factor
among the B vitamins.

PCN. 3f-Hydroxy-20-0x0-5-pregnene-16a-
carbonitrile, SC-4674. A synthetic steroid
carbonitrile with strong catatoxic activity.

Repression. Selective inhibition of enzyme
synthesis.

RER. Rough endoplasmic reticulum.

RES. Reticulo-endothelial system.

Reversal. The phenomenon of the inverse
response to a catatoxic agent which causes the
latter to aggravate the same lesion which it
normally prevents (e.g., aggravation of digi-
toxin convulsions by spironolactone, when the
latter is administered a few hours after digi-
toxin).

RNA (ribonueleic aeid). The characteristic
nucleic acid of cytoplasm involved in protein
synthesis.

mRNA. Messenger RNA.

SER. Smooth endoplasmic reticulum.

SRNA. Soluble RNA (same as tRNA
[transfer RNAJ).

§€-11927. The manufacturer’s code number
for CS-1.

SDH. L-Serine dehydratase (EC 4.2.1.13).
Substrate: L-serine.
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SGOT (serum glutamic oxaloacetic trans-
aminase). An enzyme often measured in serum
for diagnosis of acute myocardial infarction or
liver diseases.

SGPT (serum glutamie pyruvie trans-
aminase). An enzyme which may be measured
in serum for diagnosis of certain types of liver
disease.

Spermatogenic. Having the ability to
stimulate the spermatogenic epithelium and
mainly to protect it against atrophy caused by
deficiency in gonadotrophic hypophyseal hor-
mones, e.g., pregnenolone, androstenediol.

STH. Somatotrophic hormone of the
pituitary (growth hormone).

Syntoxic actions. Stimulation of biologic
responses which permit coexistence with
potential pathogens by altering the irritability
of the host’s tissues without attacking the
pathogen.

T8. Triiodothyronine.

T4. Tetraiodothyronine, thyroxine.

TDH. Threonine dehydratase (EC 4.2.1.16).
Substrate: L-threonine.

TEA. Tetraethylammonium, a ganglionic
blocking agent usually given as the bromide or
chloride.

Testoid. Male-hormone-like,
andromimetic, e.g., testosterone.

TKT. Tyrosine-a-ketoglutarate transamin-
ase; tyrosine aminotransferase (EC 2.6.1.5).
Substrate: L-tyrosine.

TMACN. 17 8-Hydroxy-4,4,17-trimethyl-3-
oxoandrost-5-ene-2a-carbonitrile, trimethyl-
androstenolone carbonitrile, also designated as
2a-cyano-4,4,17 a-trimethylandrost-5-ene,17 §-
ol,3-one. A highly potent catatoxic steroid
carbonitrile which causes a syndrome of
adrenocortical hyperplasia with sexual ano-
malies in the newborn, when given to pregnant
rats. The effect is presumably due to presistent
inhibition of fetal 3 8-hydroxysteroid dehydro-
genase and A5-4-isomerase. The compound is
often referred to as ““‘cyanoketosteroid.”

TPN. See NADP.

androgenic,

Glossary

TPO. Tryptophan oxygenase (EC 1.13.1.12).
Substrate: L-tryptophan.

TPP (thiamine pyrophosphate). The thi-
amine-containing coenzyme which is cofactor
in decarboxylation.

Transecription. Readout of genetic infor-
mation to form an RNA template.

Translation. Readout of the RNA-coded
information in the process of enzyme synthesis.

TSH (thyroid-stimulating hormone). A hor-
mone of the anterior pituitary which influen-
ces the activity of the thyroid.

TTH (thyrotrophic hormone). Same as
TSH.

UDPG (uridine diphosphoglucose). An
intermediary in glycogen synthesis.

UDPGal. Uridine diphosphogalactose.

UDPGlue. Uridine diphosphoglucuronic
acid.
UFA. TUnesterified free fatty acids

(= NEFA).

UTP. Uridine triphosphate.

Xenobiochemistry. Term recommended for
the “biochemistry of foreign organic com-
pounds” in the preface of the monograph
“Detoxication Mechanisms” (Williams E906/
59).

Xenobioties. The authors recommend the
term ‘‘xenobiotics” (from the Greek ‘“‘xenos”
and “bios” for “stranger to life”’) for com-
pounds which ‘“‘are foreign to the metabolic
network of the organism.” It is clearly re-
cognized that the mixed function oxidases
responsible for the degradation of many
xenobiotic compounds are also participating
in the metabolism of steroids, lipids and other
normal components of the body and food
(Mason et al. F51,528/65). Substrates for
NADPH oxygen and cytochrome P-450
dependent microsomal enzymes (Leibman
G 66,210/69). Also defined as substrates which
“are metabolized by mixed function oxidases
localized in the endoplasmic reticulum of the
liver” (Gillette et al. E8,216/69).
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REVIEWS

This book attempts to abstract and discuss the literature directly concerned with
the effect of hormones and hormone derivatives upon resistance. The theoretic in-
terpretation of the underlying mechanisms, in particular the mobilization of enzymic
mechanisms for defense, are still quite incompletely understood and will conse-
quently receive much less meticulous attention. However, the true understanding
of hormone-dependent resistance phenomena can only come through further explo-
ration and clarification of the basic chemical mechanisms which in many cases are
similar to, if not identical with, those underlying hepatic microsomal drug-metaboli-
zing enzyme inductions by nonhormonal agents.

In the following pages special emphasis is layed therefore upon review articles
covering those fields which are less completely discussed in the body of this
monograph. Foremost among these are generalities about enzyme induction
especially by hormones and hormone-like substances, particularly by catatoxic
steroids, as well as the concept of adaptive enzymes in general. Additional review
articles specifically dealing with certain aspects of the role of hormones in

resistance will be found in the corresponding sections of the text.

Enzyme Induction in General

Dorfmann B76,671/52: Review (40 pp.,
about 70 refs.) on “Steroids and Tissue Oxi-
dation,” with special reference to the activa-
tion of enzyme systems but not particularly
those involved in detoxication.

Knox et al. E83,471/56: Review (90 pp.,
752 refs.) on “Enzymatic and Metabolic
Adaptations in Animals” with special reference
to hormonal, sex-dependent and diet-induced
adaptive enzymic changes, but without
special reference to hepatic microsomes.

Brodie et al. E92,717/58: Review (27 pp.,
148 refs.) on the enzymic metabolism of drugs
with special reference to the kind of enzyme
systems that can be induced.

Knox G67,799/58: Review (17 pp., 35 refs.)
on “Adaptive Enzymes in the Regulation of
Animal Metabolism” mainly concerned with
factors inducing hepatic TPO activity.

Williams E906/59: Monograph (796 pp.,
numerous refs.) on “Detoxication Mecha-
nisms—The Metabolism and Detoxication of
Drugs, Toxic Substances and Other Organic
Compounds.”

1 Selye, Hormones and Resistance

Azelrod G66,350/62: Review on the deme-
thylation and methylation of drugs and
physiologically active compounds by hepatic
microsomes.

Brodie G55,013/62: Review (22 pp., 26 refs.)
on drug metabolism with special reference to
subcellular mechanisms in hepatic micro-
somes.

Bousquet H11,613/62: Review (12 pp.,
135 refs.) on the pharmacology and bioche-
mistry of drug metabolism with special refe-
rence to microsomal enzymes.

Conney & Burns G67,166/62: Review on
factors influencing drug metabolism with
special emphasis upon microsomal enzyme
induction.

Gillette E 52,874/62: Review (16 pp., 51 refs.)
on “Oxidation and Reduction by Microsomal
Enzymes.”

Remmer G67,788/62: Review (21 pp.,
22 refs.) on drugs which induce drug-meta-
bolizing enzymes in the liver. ‘“Administration
of these drugs results in (1) accelerated
metabolism of steroids such as testosterone
and A4*-androstene-3,17-dione by liver micro-
somes, (2) accelerated metabolism of TPNH by
liver microsomes, and (3) accelerated in vivo
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metabolism of D-glucose and D-galactose to
D-glucuronic acid, L-gulonic acid and L-ascor-
bic acid.”

Remmer G66,542/62: Review (21 pp.,
34 refs.) on drug tolerance with special refe-
rence to barbiturates.

Gillette G51,908/63: Review (62 pp., nume-
rous refs.) on “Metabolism of Drugs and Other
Foreign Compounds by Enzymatic Mecha-
nisms.”

Gillette 366,248/63: Review (8 pp., 14 refs.)
on the induction of hepatic microsomal en-
zymes by various drugs and hormones.

Rosen & Nichol E 3,837[63: Review (38 pp.,
about 170 refs.) on the effect of corticoids
and adrenalectomy upon enzyme activity
mainly in the liver, but also in other
tissues, in vivo and in vitro.

Burns G41,546/64: Editorial on the impli-
cations of enzyme induection for drug therapy.

Burns & Conney G71,448/64: Review
(25 pp., 57 refs.) on the therapeutic implications
of drug metabolism in man.

Shuster F38,675/64: Review (25 pp.,
173 refs.) on the “Metabolism of Drugs and
Toxic Substances.”

Burns & Conney F 56,503/65: Brief review
on the role of enzyme induction in the
metabolism of drugs.

Conney G41,879/65: Review (20 pp.,
104 refs.) on the role of enzyme induction in
drug toxicity.

Gillette (166,246/65: Review on factors
influencing the toxicity of drugs, with a brief
section on hepatic microsomal enzymes.

Gillette E7,538/66: Review (42 pp., about
200 refs.) on the biochemistry of drug oxida-
tion and reduction by enzymes in hepatic
endoplasmic reticulum.

Jayle & Pasqualini G67,284/66: Review
(36 pp., 267 refs.) on glucuronic acid conjuga-
tion of steroids and thyroxine. Literature is
cited to show that glucuroconjugation of
thyroid hormones occurs also in eviscerated
rats and hepatectomized dogs, whereas steroid
glucuronides are not formed in hepatectomiz-
ed and eviscerated mice. This suggests that
glucuroconjugation of thyroid hormones, un-
like that of steroids, can occur in extrahepatic
tissue.

Chiancone F85,259/67: Review of the
mechanisms regulating hepatic TPO activity.

Conney F88,649/67: Review (49 pp.,
379 refs.) on the ‘“‘Pharmacological Implica-
tions of Microsomal Enzyme Induction.”

Gillette G67,333/67: Review (25 pp., about
150 refs.) on drug detoxication by hepatic
microsomal enzymes.

King & Burgard G46,498/67: Review (6 pp.,
40 refs.) on the induction of drug-metabolizing
enzymes.

Goldstein et al. E165/68 (p. 274): Review
on the age factor in the induction of
microsomal drug-metabolizing enzymes.

Mannering G71,818/68: Review (68 pp.,
325 refs.) on the “Significance of Stimulation
and Inhibition of Drug Metabolism in
Pharmacological Testing.” Most of the indu-
cing agents and substrates tested are tabulated
with references to the corresponding literature.
Special emphasis is laid upon the existence
of several mechanisms of induction (pheno-
barbital type, polycyclic hydrocarbon type),
the chemistry of microsomal drug metabolism,
tests for enzyme induction, and clinical
applications.

Mannering G75,980/68: Review (26 pp.,
89 refs.) on stimulation and inhibition of drug
metabolism.

Brodie G72,492/69: Review (4 pp., no refs.)
on ‘“Some Prospects in Toxicology” with
special reference to drug-metabolizing en-
zZymes.

Conney H 8,988/69: Review (7 pp., 28 refs.)
on drug metabolism with special reference to
its application in therapeutics.

Filner et al. H15,309/69: Review of the
literature on enzyme induction in plants. An
extensive Table lists the plants examined
with the enzymes, cofactors, or inhibitors
involved.

Gillette et al. E8,216/69: Proceedings of a
symposium (547 pp., numerous refs.) on
“Microsomes and Drug Oxidations” held
with the participation of 52 internationally
known specialists, in Bethesda, Maryland,
February 1968.

Hayaishi H13,776/69: Review (23 pp.,
201 refs.) on enzymic hydroxylation with a
special section on microsomal monooxyge-
nases.

Kunizman (64,989/69: Review (35 pp.,
109 refs.) on “Drugs and Enzyme Induction.”

Staudinger et al. H20,267/69: Review (7pp.,
40 refs.) on oxidative drug metabolism with
special reference to the underlying mechanism.

Various authorsG68,203/69: Review (27 pp.,
42 refs.) on “Application of Metabolic Data
to the Evaluation of Drugs. A Report
Prepared by the Committee on Problems
of Drug Safety of the Drug Research Board,
National Academy of Sciences—National
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Research Council.” A large section of this
report is devoted to the inactivation of drugs
by microsomal enzymes. It is emphasized that
“it is difficult to predict from in vitro data
alone whether inhibitors of the cytochrome
P-450 enzymes will significantly block the
metabolism of drugs in laboratory animals and
in patients.” Furthermore, ‘‘phenobarbital
administration leads to an increase in virtually
all known enzymatic pathways by causing an
increase in both NADPH cytochrome C
reductase and cytochrome P-450. Although
phenobarbital is known to act by increasing
the synthesis of enzyme protein, it may also
act by slowing the turnover of the various
components of the endoplasmic reticulum.”

Aldrete & Weber G75,396/70: Review
(17 pp., 96 refs.) on the role of the liver in the
detoxication of anesthetics and muscle re-
laxants.

Conney (70,316/70: Review on environ-
mental factors influencing drug metabolism
with special reference to hepatic microsomal
enzyme induaction. .

Conney & Kuntzman G70,640/70: Review
on the metabolism of normal body consti-
tuents by drug-metabolizing enzymes in
hepatic microsomes; special chapters deal
with the metabolism of steroid hormones,
cholesterol, fatty acids, thyroxine, bilirubin,
indoles, sympathomimetic amines, heme, me-
thylated purines, kynurenine and anthranilic
acid.

Fouts G76,868/70: Review on the effects
of various insecticides, both as inducers and
as substrates for hepatic microsomal enzymes.

Fouts G79,537]70: Review (6 pp., 19 refs.)
on the influence of various factors, especially
environmental contaminants, upon hepatic
microsomal drug-metabolizing enzymes.

Greim HJ32,018/70: Brief review (4 pp.,
18 refs.) on microsomal enzymes and their
possible clinical implications (German).

Schimke & Doyle G75,997[70: Review
(44 pp., 307 refs.) on the “Control of Enzyme
Levels in Animal Tissues,” with a special
section on the regulation of enzyme levels by
hormones.

Schreiber G73,639/70: Review (22 pp.,
77 refs.) on “The Metabolic Alteration of
Drugs.” Special chapters deal with epine-
phrine, norepinephrine, mescaline, diethyl-
propion, pronethalol, phenothiazine, diazepam
and chlordiazepoxide.

Schmidt & Schmidt G73,170/70: Review
(62 pp., 272 refs.) on “Enzyme Activities in
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I. INTRODUCTION, TERMINOLOGY
AND CLASSIFICATION, METHODS

A. INTRODUCTION

The purpose of this book is to examine how hormones can influence the
resistance of the body to changes in its environment.

We became interested in this matter when we began to realize the decisive role
played by hormones in the “General Adaptation Syndrome’ (G.A.S.), the stereotyped
response to stress as such, which develops whenever exposure to any kind of
stimulus requires acute or chronic adaptive readjustment.

In the earlier stages of the (.A.S., the instantly acting epinephrine and
norepinephrine, later the corticoids, appear to be more important for defense. Among
the latter, the glucocorticoids play a particularly crucial part in the regulation of
nonspecific resistance. They are secreted under the influence of ACTH, whose
discharge from the pituitary is in turn regulated by a hypothalamic releasing factor.
These observations showed that a whole chain of endocrine messengers is
concerned with the maintenance of resistance to environmental changes.

It is not yet clear to what extent hormones, other than those of the
hypothalamus-pituitary-adrenal axis, influence adaptability to stress in general,
but numerous accidental observations have suggested that resistance to many
pathogens can also be greatly enhanced or diminished by an excess or deficiency of
thyroid, gonadal and pancreatic hormones. These may be secreted in response to a
need, or they may modify reactivity merely through their continuous presence in the
body, irrespective of requirements.

Originally, the principal functions of hormones were seen in the regulation of sex,
growth, differentiation and metabolism in general. Analysis of the mechanism of the
G.A.S. called attention to the fact that at least the pituitary and adrenal hormones
participate in a natural adaptive mechanism. Occasional observations on changes
in resistance to certain agents, caused by other hormones, were usually brushed off
as mere curiosities or incidental ‘‘pharmacologic actions” having no fundamental
biologic importance.

The time has come to question this view. Resistance to many drugs is influenced
by the removal of endocrine glands or the administration of physiologic amounts of
their hormones which could hardly be said to act as “‘drugs.” In order to facilitate
work on the role of endocrine factors in resistance, this book was designed to
accomplish a dual task: 1. To describe numerous (partly unpublished) personal
observations on the effect of various hormones upon adaptation to exogenous stimuli;
2. to review and correlate the relevant observations scattered throughout the lite-
rature, many of which are hard to find, since they are often recorded incidentally in
publications on other topics.
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At this stage, it is still not easy to detect much lawfulness in the hormonal
control of nonspecific resistance, apart from the G.A.S.; yet it is now, when pertinent
systematic studies are just beginning, that an inventory of the established facts is
most urgently needed.

Meanwhile, it is even difficult to see how this kind of research should be planned.
In the past, relevant facts were obtained mainly by chance, but we are not likely to
succeed in unravelling the complex hormonal regulatory system of resistance by mere
empiricism.

Of course, the great question is: Through what mechanisms do hormones affect
resistance ? We have learned that some of them, the predominantly “syntoxic
hormones,” merely adjust the body’s response, so that it tolerates pathogens without
attacking them; others, the predominantly ‘“‘catatoxic hormones,” actually destroy
the aggressor, mostly through the induction of drug-metabolizing enzymes. That
much has been found more or less by chance.

Because of their antistress effect, the glucocorticoids proved to be highly efficient
in normalizing the otherwise low resistance of adrenalectomized animals to virtually
all types of damage. However, our hopes of raising stress resistance above normal did
not materialize. Neither treatment with corticoids, nor with any other hormones
succeeded in increasing nonspecific resistance much above the level assured by a
normally functioning endocrine system. Yet, the experiments which established this
disappointing fact, quite unexpectedly showed that certain hormones or hormone
derivatives possess also an extraordinary protective effect, at least against certain
types of intoxications. Thus, we saw that thyroxine protects against such diverse
lesions as the nephrocalcinosis produced by dietary excess of NaH,PO,, the skeletal
changes elicited by lathyrogenic amines and intoxication with elementary yellow
phosphorus. Later, we found that ethylestrenol prevents digitoxin poisoning and
shortens the anesthetic effect of various barbiturates and steroid hormone derivatives.
It also became evident that the antimineralocorticoid compound CS-1 protects
against acute intoxication by dihydrotachysterol and the infarctoid cardiac necroses
produced by various combinations of corticoids, electrolytes, lipids and stress.
Conversely, thyroxine proved to increase sensitivity to various insecticides,
anticoagulants and indomethacin. These, and many other observations cited in this
volume, clearly showed that resistance to many agents is decisively influenced by the
endocrine system, but we still had no way of predicting which hormones would
raise or decrease the effect of a given drug.

It was at this point that we decided to initiate systematic investigations on
the possible resistance-modifying effect of a carefully selected series of hormones
and hormone derivatives, with vastly different endocrine properties. These
compounds were tested against numerous drugs chosen more or less at random; yet,
the toxicity of most of them was decisively influenced by one or the other compound
in our series. Random fact gathering is not a very elegant way of scientific investi-
gation; yet, in the beginning, all we could do was to test many hormones for their
possible protective effect against many agents. At this stage, our work was not
guided by any logically conceived theory concerning the underlying mechanisms; it
rested merely on the hope that the adaptive hormones could be properly classified
on the basis of their defensive actions as manifested by simple observations in vivo.
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If so, the individual members of each class thus identified could then be subjected
to a more profound pharmacokinetic analysis.

In other words, we had to determine first which hormone protects against which
drug, before we could explore how it did this. We had to know first that a hormone
has adaptive value before we could ask whether this is due to a syntoxic or a catatoxic
mechanism. Such observations, as the fact that an indomethacin-induced intestinal
ulcer can be prevented by ethylestrenol, or that cortisol aggravates certain infections,
reveal nothing about how these hormones work; but only findings of this type can
tell us where further research would be rewarding.

Of course, scientists can rarely identify by direct observation the things that they
are looking for; most of the time they have to be guided by indirect indices. The
chemist often first detects a compound, or even a particular functional group in its
molecule, by inference from a color reaction, a revealing X.ray diffraction pattern or
the formation of a characteristic precipitate. The physician must first suspect the
presence of a microbe through certain clinical signs and symptoms before he can
verify his diagnosis by looking for a particular organism. It is perhaps not too daring
to hope that in our first efforts to clarify the role of hormones in resistance, simple,
directly visible indicators might also serve us best.

These thoughts have guided the experimental investigations and the selection of
the literature discussed in this book. Therefore, major emphasis will be placed on
such immediately detectable manifestations of activity as morphologic and functional
changes or mortality rates, these being most suitable for the large-scale experimenta-
tion on many compounds, which is required to obtain material for meaningful
generalizations. Unfortunately, it will not be possible to present an equally complete
picture of the much more fundamental biochemical changes that are responsible for
the observed phenomena. Besides, in most cases, these have not yet been elucidated ;
but where such information is available, key references will be given, especially to the
most important data on enzyme induction.

It would have been redundant to burden the Abstract Section and the
bibliography of this volume by the repetition of literature surveys on related pheno-
mena already published in other monographs. These earlier data helped us
considerably in the evaluation of the topics presented here and will be incorporated
in the discussions, but without specific reference to individual papers. In particular,
it would have served no useful purpose to dilute our account with the voluminous
literature on the antistress, antiphlogistic, immunosuppressive, ulcerogenic and
other well-known actions of corticoids, or the specific interactions between various
sex hormones. The same is true of the bibliographies on the restoration of resistance
by corticoids in adrenal insufficiency and the hormonal control of various
“pluricausal lesions.” For details on all of these subjects, the reader is referred to the
corresponding sections of the monographs listed below:

Selye, H.: Textbook of Endocrinology.
Second Edition. Montreal: Acta Inc., Med.
Publ,, 1949.

Selye, H.: Stress. Montreal: Acta Ine.,
Med. Publ., 1950.

Selye et al.: Annual Reports on Stress.
Montreal : Acta Inc., Med. Publ., 1951—1955/56.

Selye, H.: The Chemical Prevention of
Cardiac Necroses. New York: The Ronald
Press Co., 1958.

Selye, H.: The Pluricausal Cardiopathies,
Springfield: Charles C Thomas Publ., 1961.

Selye, H.: Calciphylaxis. Chicago: The
University of Chicago Press, 1962.
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Selye, H.: The Mast Cells. Washington: Selye, H.: Anaphylactoid Edema. St. Louis:
Butterworths, 1965. Warren H. Green, Inc., 1968.

Selye, H.: Thrombohemorrhagic Pheno- Selye, H.: Experimental Cardiovascular
mena. Springfield: Charles C Thomas Publ, Diseases. Berlin — Heidelberg — New York:
1966. Springer-Verlag, 1970.

B. TERMINOLOGY AND CLASSIFICATION

PRINCIPLES GUIDING THE CLASSIFICATION OF
HORMONE ACTIONS IN GENERAL

Before attempting to present a system for the classification of the adaptive
hormones let us say a few words about the justification for the distinction of such
pharmacologic categories in general. We shall use the steroids as our example, not
only because many of them have adaptive value, but also because in this field of
endocrinology, systematization has been most necessary and most feasible. Organic
chemistry has furnished the pharmacologist with several thousands of steroids for
bioassay, and the complexity of the interrelations between chemical structure and
pharmacologic potency, as well as between the various pharmacologic actions of the
same compound, appeared to defy all attempts to define circumscribable groups of
biologic actions. Yet, without the recognition of classes which can be distinguished
from each other on the basis of such criteria, science could not progress.

In biology, classifications invariably lack precision, because all vital processes are
more or less interdependent, and the transitions between the different manifestations
of life are gradual. A dog is obviously an animal, an apple tree a plant, but no matter
how we define these two classes, there will always remain some primitive organisms
which fit both equally well. A horse is a living being, a rock an inanimate object, but
although in certain viruses the distinction is virtually impossible, biology could not
get along without the concept of “life.”

The same difficulties exist in every type of pharmacologic classification. The
study of drug actions would be impossible without such concepts as anesthetics,
diuretics, hepatotoxic substances, or antiphlogistics; yet, no drug exhibits a single
action selectively. We would be hard put to define a “poison,” but the science of
toxicology could not exist without this concept.

No one would quarrel with these truisms but, in practice, we tend to forget them
and make desperate efforts to find non-overlapping classifications. This is impossible.
The typical members of any group are easy to place, but there always remain inter-
mediates which fit two or more classes. Yet, science could not exist without systema-
tization, that is the creation of classes, imperfect as they may be. The point is not
to avoid such imperfections, which would be a futile effort, but to define them as
clearly as possible. The singular biologic polyvalence of the steroid molecule makes
the classification of its manifold actions particularly difficult, but some degree of
precision is attainable.

The basic principle according to which the pharmacologic activities of steroids
are classified, is that certain actions are independent of each other, while others are
merely subordinate manifestations of such independent actions, and hence,
dependent upon them. It must be clearly understood that independent steroid-



Terminology and Classification 9

hormone actions are characterized by the fact that each of them can be exhibited
independently of any of the others; that is to say, there is no direct parallelism be-
tween the degree to which a compound exhibits its various independent actions. In
this sense, we recognize the independent nature of the following pharmacologic
properties:

1. Folliculoid (follicle-hormone-like, estrogenic, gynecogenic or estromimetic);
e.g., estradiol.

2. Testoid (male-hormone-like, virilizing, androgenic, andromimetic); e.g.,
testosterone.

3. Luteoid (corpus luteum-hormone-like, progestational, gestogenic, gestagenic,
progestagenic); e.g., progesterone.

4. Glucocorticoid (possessing the effects of the carbohydrate-active hormones of
the adrenal cortex); e.g., cortisol, triamecinolone.

5. Mineralocorticoid (possessing the effects of the salt metabolism-regulating
hormones of the adrenal cortex); e.g., aldosterone, DOC.

6. Spermatogenic (having the ability to stimulate the spermatogenic epithelium
and mainly to protect it against atrophy caused by deficiency in gonadotrophic
hypophyseal hormones); e.g., pregnenolone, androstenediol.

7. Anabolic (stimulating protein anabolism). This effect is usually combined with
testoid activity, but does not necessarily run parallel with it. The renotrophie action
(enlargement of kidney size due to tubular hypertrophy) of certain steroids parallels
their anabolic actions more closely and may be dependent upoa the latter; e.g.,
ethylestrenol, norbolethone.

8. Antimineralocorticoid (blocking the effect of mineralocorticoids); e.g., spirono-
lactone.

9. Anesthetic (production of general anesthesia); e.g., pregnanedione, hydroxy-
dione.

10. Catatoxic (ability to enhance the metabolic inactivation and/or excretion of
toxic substances); e.g., spironolactone, ethylestrenol. (As far as can be judged from
presently available evidence, syntoxie activity is inseparably linked with corticoid
actions and hence cannot be regarded as an independent hormone effect.)

Probably this list could be considerably prolonged if we had enough evidence to
prove the independent nature of several additional steroid-hormone effects which,
on the basis of available data, may well be independent; e.g., the antifolliculoid,
antitestoid, antigonadotrophic and nephrocalcinotic actions. The distinction is often
difficult; for example, some steroids produce excitation and convulsions instead of
anesthesia, but it would be hazardous to regard the two effects as truly independent,
since even the sleep induced by typical steroid anesthetics is often preceded by a
state of excitation.

While some steroid-hormone actions are completely independent (e.g., the anesthe-
tic effect), many are preferentially associated with certain other effects (e.g., the
thymolytic action). The latter is characteristic of glucocorticoids, folliculoids and
testoids, but not of mineralocorticoids, anesthetics or luteoids. Similarly, the cata-
toxic effect may be associated with antimineralocorticoid, anabolic, or even gluco-
corticoid properties but, as far as we know, never with folliculoid or mineralocorti-
coid actions.
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A dependent steroid-hormone action is merely an individual manifestation of one
of the independent action groups just enumerated (e.g., the vaginal, uterine and
behavioral estrus changes characteristic of folliculoids, or the stimulation of the
different male accessory sex organs by testoids). Even here, the interdependence of
the various manifestations subordinate to the same independent effect is not absolute ;
certain sex hormones may stimulate different sex organs preferentially, though never
quite selectively.

It is of fundamental importance to know that certain steroid actions can, whereas
others cannot, be obtained selectively; however, the distinction between totally
independent effects and those preferentially associated with certain other actions
is not sharp. Some steroid-hormone actions appear to be quite incompatible (e.g.,
corticoid and folliculoid), whereas others show a more or less pronounced tendency
to be combined (e.g., anabolic and catatoxic).

We still know virtually nothing about the molecular properties responsible for the
various steroid-hormone actions. However, if we are to analyze these, we must
first attempt to formulate concepts which —no matter how speculative they may
be — could give us some idea of the physico-chemical properties that might account
for the observed, virtually innumerable, combinations of the biologic effects that can
be elicited by the steroid molecule. We know that concurrent treatment with two
steroids may lead simultaneously to synergisms between some, and antagonisms
between others of their pharmacologic actions; hence, we must first consider the
possibility of intramolecular pharmacologic interactions between different properties
of the same molecule.

Certain effects, thought to be subordinate to an independent action with which
they are usually associated, may be inhibited either by additional repressor properties
of the evocative steroid itself or by concurrent treatment with a second agent. How-
ever, if they can be selectively blocked by any means, they are not obligatory
consequences of the main independent effect, and must act through a distinct
mechanism. These are the actions which we regard as independent, but preferentially
associated with certain other pharmacologic activities. Their interrelations may be
schematically illustrated as follows:
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“Steroid I’ possesses two groupings “*” and ‘“+-,” responsible respectively for
actions “A” and “B.” Without further evidence, the possible independence of these
actions cannot be ascertained. However, if a “Steroid II" exhibits only action “A”
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and ‘“Steroid III” only action “B,” the separability of the two properties is
established.

“Steroid IV” also exhibits two properties, “C” and “D,” but these are due to the
same molecular characteristic (white circle), and hence are interdependent. For
example, they may merely represent different effects of an intermediate “i.”” However,
this basic interdependence may be overcome by a selective blockade of action “D.”
In “Steroid V,” the molecule itself possesses an appropriate D-repressive grouping
(black circle), but a selective C-type of effect can also be obtained with Steroid IV if a
separate D-inhibitor substance is concurrently applied.

Intramolecular antagonisms make it difficult to distinguish with certainty,
dependent from independent hormone actions. But this distinction would be only
theoretic in any case, because the end result is the same, whether a compound has
only one effect or two potentially interdependent actions, one of which is suppressed.
It is immaterial whether an effect is selective because it is caused by a single molecular
property, or because other potentialities are masked by additional features of the
same molecule.

The study of pharmaco-chemical interrelations within a steroid molecule is not
concerned with the feasibility of blocking one of two interdependent actions by other
compounds. However, it is very important to explore this possibility, when only one
of two interdependent actions is desirable. In addition, such studies on intermole-
cular antagonisms show us which actions are incompatible and may therefore be
expected to be also suppressed by intramolecular antagonisms.

For example, the observation that steroids with strong folliculoid activity are
usually devoid of catatoxic actions has lead to experiments showing that the effects
of typical catatoxic steroids can be blocked by concurrent treatment with folliculoids.
This finding strongly suggests that chemical characteristics, adequate for the induc-
tion of catatoxic effects, might likewise be blocked through intramolecular antago-
nisms in compounds possessing also strong folliculoid actions.

It is not our purpose to discuss every theoretically possible intramolecular
antagonism, but one additional common source of confusion should be mentioned.
As previously stated, it is generally agreed that the thymolytic activity is a subordi-
nate effect of glucocorticoids, invariably associated with their other actions; yet, it is
also an obligatory subordinate effect of folliculoids. It may be tempting to assume
therefore that this effect is dependent upon either glucocorticoid or folliculoid acti-
vity. Still, in folliculoids it occurs independently of glucocorticoid, and in
glucocorticoids independently of folliculoid activity; hence, it is not necessarily
dependent upon either one of these.

Glucocorticoid Folliculoid
Thymolysis Carbohydrate Lite maintenance Vaginal Thymolysis
metabolism after adrenalectomy estrus

As shown here, in addition to their thymolytic effect, glucocorticoids act (among
other things) on carbohydrate metabolism and they maintain life after adrenalec-
tomy, whereas folliculoids cause vaginal estrus and block the life-maintaining action
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of glucocorticoids. The thymolytic effect is not wholly independent, it is associated
with either glucocorticoid or folliculoid activity, but it is not necessarily dependent
upon either one of these. If this type of antagonistic interaction could also occur
within a single molecule, it would explain why among the numerous steroids proven
to possess life maintenance activity in adrenalectomized animals, none exhibits
appreciable folliculoid actions; if it did, its life-maintaining corticoid effect would be
blocked. For the same reason, no active folliculoid has ever been found to prolong
the life of adrenalectomized animals. On the other hand, the thymolytic effect of
folliculoids would not be blocked (and might even be expected to be increased) by
the concurrent possession of a latent glucocorticoid potency.

The many gradations that exist between totally independent and completely
interdependent actions may create the impression that an attempt to distinguish the
two is fruitless; yet, we could hardly explore this field if we did not have such concepts
as “‘corticoid,” “testoid,” “folliculoid,” or “catatoxic’’ activity. Such distinctions are
indispensable. They imply that: 1. in practice, the activities of each of these classes
are largely independent of each other; 2. the many effects characteristic of each
member of any one class are largely interdependent.

In fact, without the formulation of this fundamental distinction between indepen-
dent and subordinate actions, a planned systematic study of steroid pharmacology
would hardly have been possible. The usual attempt of simply ascribing certain
pharmacologic actions to the presence of one or the other functional group has been
singularly unsuccessful. Specific chemical characteristics of a molecule can be
effective only if other features do not block them through opposing pharmacologic
effects or by altering absorption, membrane permeability, metabolic degradation, ete.

These considerations will also have to guide our attempts to correlate the
adaptive manifestations of hormones.

THE ADAPTIVE HORMONES

It is useful to distinguish adaptive hormone actions from those responsible for
growth, reproduction and general metabolism. The adaptive hormones help to
adjust the organism to life under unusual conditions, although they do have nonadap-
tive functions as well. Here we shall use the adaptive steroids (both natural and
synthetic) as a basis for the discussion of terminology and classification, because these
have been most extensively studied; yet the nonsteroidal hormones (e.g.,
catecholamines, thyroxine) likewise play an important role in adaptation. The
adaptive steroids (like other hormones and even drugs that regulate resistance)
appear to fall naturally into two main groups which control essentially different
adaptive processes:

1. The syntoxic steroids (e.g., cortisol, triamecinolone, aldosterone, desoxycorti-
costerone) initiate changes which permit adjustment to topical or systemic injury
without directly attacking the aggressor. They create conditions for coexistence
with toxic agents, either through passive indolence to them (e.g., antiphlogistics),
or by actively stimulating the formation of a granulomatous barricade, which tends
to isolate the irritant from the surrounding tissue (e.g., prophlogistics). Through simi-
lar mechanisms, the syntoxic steroids also promote repair (e.g., cicatrization).
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The systemic action of the syntoxic steroids is mainly of the ‘life-maintaining
corticoid” type; it is highly efficient in restoring the nonspecific resistance of adrenal-
deficient organisms to normal, but then, it reaches a plateau above which tolerance
is not easily raised. Only in a few instances (e.g., damage due to endotoxins, inflam-
matory irritants, immune reactions, lathyrogenic compounds) can syntoxic steroids
increase tolerance far above normal because here, the “disease” is primarily due to
active morbid reactions of the tissues, not to passive, direct tissue damage by the
exogenous aggressor. Thus, endotoxin shock is thought to be caused mainly by the
liberation of enzymes normally sequestered in lysosomes, whereas inflammation,
various pathogenic immune reactions (allergies, anaphylaxis, homograft rejection)
and osteolathyrism represent excessive responses of the body to different types of
irritation. In all these cases, homeostasis is achieved by adjusting the body’s reaction
to the damaging agent, not by destroying the latter.

2. The ecatatoxic steroids (e.g., ethylestrenol, spironolactone, certain cyanoste-
roids) act primarily by stimulating aggressive reactions which destroy toxic substan-
ces (e.g., by accelerating their metabolic degradation). They do not merely restore a
deficient resistance to normal (as the glucocorticoids do after adrenalectomy), but
are capable of raising it far above the norm. Sometimes this reaction defeats its
purpose, because the products of metabolic degradation are more toxic than the
original drug which was to be inactivated. Yet, the response is still catatoxic since
it attacks the aggressor. For similar reasons we speak of allergy and anaphylaxis
as “immune reactions,” although they actually produce damage.

There are many overlaps between syntoxic and catatoxic steroid actions, for exam-
ple, the stimulation of inflammation may lead to topical degradation of the irritant
by enzyme activation in the inflammatory focus; or under certain circumstances, the
primarily syntoxic glucocorticoids may enhance the hepatic detoxication of barbi-
turates. Yet, the distinction between the two categories is justified because, usually,
individual hormones act predominantly by eliciting one or the other reaction form.
Furthermore, available evidence suggests that the two types of defense are mediated
through essentially distinct mechanisms. For example, as stated above, homeostatic
reactions to endotoxins or inflammatory irritants appear to depend upon the
stabilization of membranes which isolate toxic enzymes preformed within the cell.
Thereby they protect against damage resulting from a kind of autointoxication by
natural substances liberated under the influence of an aggressor. Conversely, many
catatoxic hormones have been shown to induce NADPH-dependent hepatic micro-
somal enzymes which destroy endogenous or exogenous toxic substances. Yet,
without further evidence, it would be hazardous to equate this mechanism with the
catatoxic action. It is already evident that not all catatoxic steroids inactivate the
same set of substrates and it will be necessary in each case to determine whether the
detoxication occurs: 1. in the liver, 2. in the microsomal fraction, 3. as a consequence
of NADPH-dependent enzymes, and 4. by enzymes that have been induced ‘“‘de
novo” and not merely activated. Hence, it is more prudent, meanwhile, to recognize
the possibility of other catatoxic mechanisms, and to ascribe detoxication reactions
to the induction of NADPH-dependent hepatic microsomal enzymes only whenever
this has been definitely proven.

The following diagram will help to illustrate the classification used in this review:
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Steroids

Growth Reproduction  Metabolism Adaptation

Syntoxic Catatoxic
Passive coexistence Active coexistence Induction of NADPH  Other mechanims
with pathogen with pathogen -dependent hepatic (e.g.,detoxication by
{antiphlogistics) (prophtogistics, microsomat enzymes extramicrosomati or
specitic pharma - extrahepatic enzymes)

cologic antagonists)

In addition to the typical syntoxic and catatoxic effects, a few hormonal defense
mechanisms should also be mentioned which appear to represent special types,
although they might as well be regarded as particular variants of the above mentioned
actions (cf. also pp. 7681f.).

One of these is the increased elimination of poisonous substances (e.g., through the
kidney, bile, intestine or skin) which for lack of pertinent information can not be
discussed here at length. Although some hormones undoubtedly do influence drug
excretion, the endocrine regulation of this detoxicating mechanism has not yet been
shown to play a particularly important role in defense.

Similarly, we shall mention only in passing that the distribution of toxic substances
at a distance from the site of application (e.g., in the RES, adipose tissue, bones),
as well as the regulation of their passage through the hemato-encephalic barrier,
may also affect their toxicity. Obviously, the formation of a temporary depot in
tissues will prevent toxicants from flooding the blood; thereby time is gained for
their metabolic degradation. Variations in the permeability of the hematoencephalic
barrier will especially affect the toxicity of compounds influencing the central ner-
vous system.

Finally, changes in the absorption rate (e.g., from the intestine, skin, or
connective tissue) may likewise play a decisive role in determining the amount of a
toxicant which can reach its receptor site within a critical period.

Hormones can thus influence toxicity by their actions upon the excretion, distri-
bution and absorption of potential pathogens, but in all these cases, the end result
is a change in the tolerance for toxic compounds, not in their destruction. Hence, all
these hormone actions may be regarded as essentially syntoxic. In some instances,
the products of an altered drug metabolism are more readily excreted, but here the
primary process is catatoxic, a chemical alteration of the toxicant, not merely a
change in the excretion rate of the unaltered poison.
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Finally, we should mention specifie drug antagonisms, such as interactions between
hormones and pathogens which happen to have opposite specific effects (e.g., the
influence of mineralocorticoids upon potassium tolerance, or the effect of epinephrine
upon hypotensive agents). These so-called ‘‘physiologic antagonisms” need not
receive special attention here.

Any one adaptive hormone can be conveniently classified according to its predo-
minant activity, although it may act through several of the above mentioned mecha-
nisms. Yet, because of this overlap, it is more correct to speak of syntoxic or cata-
toxic “actions” rather than of “hormones.” However, in common parlance, it would
be awkward always to make such a distinction; we refer to syntoxic or catatoxic
hormones as we speak of vasopressors, anabolic or folliculoid compounds, although
individual members of each group may exhibit several additional effects. Defensive
responses that are mainly due to catabolic (e.g., glucocorticoids, thyroxine,
folliculoids) or anabolic (e.g., STH, anabolic steroids) stimuli may be considered to
be syntoxic when they act mainly by permitting life despite the continued presence
of a pathogen. However, when antimineralocorticoids are used merely to protect
against the effects of mineralocorticoids, the resistance is evidently due to specific
antagonisms.

The fact that many hormones have multiple adaptive effects has encouraged
attempts to classify them according to their “activity spectrums.”

Thus, among the hepatic microsomal enzyme inducers, the “‘phenobarbital type”
stimulates many pathways of metabolism by liver microsomes, including oxidation,
reduction, glucuronide formation and de-esterification. In contrast, the polycyelic
“aromatic hydrocarbon type” exemplified by 3-methylcholanthreue, stimulates a
much more limited group of reactions. The hormonal enzyme inducers are more
difficult to fit into groups because of the great variety of their actions. Yet, as we
shall see in later sections of this book, some such categories are beginning to emerge
as regards the type of drug against which protection can be provided. For
example, the antimineralocorticoid (CS-1) and the anabolic steroids (e.g., ethylestre-
nol, norbolethone) generally protect against indomethacin, digitoxin and barbi-
turates; the glucocorticoids (e.g., cortisol, triamcinolone) protect against lathyrogens
and the hexamethonium type of ganglioplegic drugs; the thioacetyl-containing
steroids (e.g., spironolactone, emdabol, spiroxasone) protect against mercuric
chloride. Of course, here again there is a considerable overlap between the classes
and we shall have to learn much more about the underlying chemical mechanisms
before arriving at a truly satisfactory classification.

Independently of these attempts to classify the inducers or “conditioning agents,”
it is customary to differentiate two types of substrates on the basis of the types of
difference spectra they give by binding to hepatic microsomal P-450. We shall
hiscuss this matter at greater length in the section on ‘“Toxicants,” suffice it to say
dere that hexobarbital is a characteristic “Type I” compound, whereas aniline is
“Type II” in this sense. However, the distinctive spectrographic characteristics of
drugs combining with microsomal cytochrome P-450 do not change from one type
to the other under the influence of enzyme-inducers and there is no clear-cut connec-
tion between the various classes of inducers mentioned above and their ability to
metabolize Type I or Type II substrates preferentially.
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Classification of Steroid Hormone Actions
in General

Selye A37,822[42: Review (53 pp., 227 refs.)
on “The Pharmacology of Steroid Hormones
and Their Derivatives.”” First distinction bet-
ween dependent and independent steroid
hormone actions, with a detailed discussion of
the principles which permit the classification
of these properties.

Selye A57,606/43: A treatise (4 volumes)
which represents a ‘“‘Classified Index of the
Steroid Hormones and Related Compounds”
as far as these were known in 1943. A special
section on the ‘“‘Pharmacological Nomencla-
ture and System of Classification” distin-
guishes between independent subordinate, and
potentially subordinate steroid hormone ac-
tions.

Selye 94,572/47: A “Textbook of Endo-
crinology” (914 pp.) with a special extensive
section (39 pp.) on the chemistry and pharma-
cologic classification of steroid hormones and
their derivatives.

Syntoxic vs. Catatoxic Actions

Selye B76,060/53: In rats, cortisol inhibits
inflammation in granuloma pouches produced
by croton oil. However, the croton oil removed
after 14 days of sojourn in the pouch still
retains the ability to produce inflammatory
changes when injected into other rats. Appa-
rently, the glucocorticoid acts by depressing
the inflammatory potential of the tissues, not
by destroying the irritant.

Kass D35,079/60: “In only two situations
have adrenocortical hormones been shown to
be protective to the host: the replacement of
hormone in hypoadrenalism, and the protec-
tive action against the lethal toxicity of bac-
terial lipopolysaccharides The antien-
dotoxic activity of corticosteroids seems to be
sufficiently different from the anti-inflamma-
tory activity to offer the possibility that these
two activities may be structurally separable.
The anti-inflammatory action of corticosteroids
is apparently related largely to an effect on
vascular permeability, whereas the antien-
dotoxic activity in some way involves the
reticuloendothelial system.”

Selye G60,070[70: For the classification of
a catatoxic steroid effect as due to “‘induction
of NADPH-dependent hepatic microsomal
enzymes,” it is essential to ascertain that the
action depends upon: 1. the liver; 2. enzymes

in the liver; 3. microsomal enzymes; 4. NADP-
dependent microsomal hepatic enzymes. In
each case, it has to be shown that the activity
is not significantly dependent upon non-
enzymic mechanisms or extra-hepatic enzymic
mechanisms.

Activity Spectrums of Enzyme Inducers

Gillette G66,248/63: A review of the lite-
rature on the induction of hepatic microsomal
drug-metabolizing enzymes is summarized
as follows: “These studies provide evidence
that the administration of foreign com-
pounds enhances the activity of the drug
metabolizing enzymes through at least three
different mechanisms: one evoked by anabolic
steroids, another by polycyclic hydrocarbons,
and a third by phenobarbital. It seems likely
that further studies will reveal still other
mechanisms through which foreign compounds
alter the activity of liver microsomal enzymes
that metabolize foreign compounds.” It is
emphasized furthermore that according to
available evidence “the barbiturates and the
steroids act through different mechanisms.
For example, the levator ani muscle in castra-
ted rats is enlarged by the administration of
19-nortestosterone and other anabolic steroids
but not by the injection of phenobarbital or
3,4-benzpyrene; ascorbic acid synthesis is
enhanced by pretreating rats with barbital
and 3-methylcholanthrene but not with the
anabolic steroids; finally, phenobarbital pro-
duces its stimulatory effects within 1-4 days
after administration whereas methyltestoste-
rone elicits its effects only after prolonged
administration.”

Conney F88,649/67: A review of the lite-
rature on enzyme induction leads to the
conclusion that “inducers are of at least two
types, exemplified by phenobarbital and 3-
methylcholanthrene. Many compounds are
like phenobarbital in stimulating varied
pathways of metabolism by liver microsomes,
including oxidation and reduction reactions,
glucuronide formation, and de-esterification.
In contrast, polycyclic aromatic hydrocarbons,
typified by 3-methylcholanthrene and 3,4-
benzpyrene, stimulate a more limited group of
reactions.”

Mannering G71,818/68 (p. 82): The
inducible hepatic microsomal enzymes may
be classified into two distinet categories, the
“phenobarbital type” and the ‘“polycyclic
hydrocarbon type.”



Methods 17

Ghllette H34,126(71: The inducers of drug
metabolism are classified into: 1. ‘Pheno-
barbital-like”” agents which increase NADPH-
cytochrome c reductase and cytochrome P-450
thus augmenting the amount of cytochrome
P-450-substrate complex and its rate of re-
duction; 2. polycyeclic hydrocarbons (e.g. me-
thylcholanthrene) which form a variant of
cytochrome P-450 that differs from the usual
form in its affinity to various drugs. This kind
of inducer does not increase either NADPH-
cytochrome ¢ reductase or the rate of cyto-
chrome P-450 reduction; 3. spironolactone and
other catatoxic steroids which increase
NADPH-cytochrome ¢ reductase activity and
the rate of cytochrome P-450 substrate re-
duction, but have little if any effect upon the
amount of cytochrome P-450. The relationship
between the electron flux and hepatic micro-
somal drug metabolism largely depends upon
the substrate.

Solymoss et al. G79,023/71: In rats, pre-
treatment with PCN or spironolactone in-
creases liver weight, glutathione S-aryltrans-
ferase activity and bile flow. At the same time,
the plasma clearance and biliary excretion of
BSP and its conjugated metabolites are en-
hanced. Ethylestrenol likewise increases liver
weight but does not alter the other parameters
mentioned above. Spiroxasone, SC-9376 and
CS-1 (antimineralocorticoids), unlike norbole-
thone and oxandrolone (anabolics), also en-
hance plasma clearance of BSP, probably
through the same mechanism. In contrast to
these effects of pretreatment, administration
of spironolactone, ethylestrenol or estradiol
immediately before BSP delays plasma clear-
ance of the dye, probably through competitive
inhibition of biliary excretion. SKF 525-A does
not suppress the enhanced BSP clearance
induced either by spironolactone or by pheno-
barbital. [Although the authors did not eva-
luate their data from this point of view, these
observations clearly show that the catatoxic
activity of steroids is not merely the result of
hepatic microsomal drug metabolizing enzyme
induction. It may also be mediated through

extramicrosomal enzyme mechanisms or even
through enhanced biliary excretion (H.S.).]

Specific Antagonisms

Weil & Allen D7,883/61: A review on the
protection offered by various glucocorticoids
against endotoxin shock in the mouse, rat and
dog. The rate of removal and organ
distribution of radioactive E. coli endotoxin is
unaltered by cortisone; the steroids are as-
sumed to protect the tissues‘ by their physical
presence.” This view is allegedly supported
by the suppression of increased serum trans-
aminase by cortisol. In any event, the corticoids
do not protect in a ‘‘nonspecific manner”
against insults, since prednisolone phosphate
i.p. protects against the lethal effects of endo-
toxin but not against that of mecamylamine,
chlorpromazine, metaraminol or dibenzyline
(as judged by experiments on intact mice).
The protective effect of glucocorticoids admi-
nistered i.p. at 15 min and again at 4 hrs after
E. coli endotoxin i.p. decreases in the following
order: cortisol sodium succinate, prednisolone
phosphate, methyl prednisolone sodium succi-
nate, and dexamethasone phosphate.

Competitive Inhibition

Kagawa et al. D88,974/59: In the rat,
spironolactone blocks the hypertensive action
of aldosterone by competitive inhibition.

Kagawa E4,5693/64: A review of the litera-
ture revealed several observations suggesting
that spironolactone possesses certain extra-
renal effects, for example, on Na- and K-trans-
port across the membrane of human erythro-
cytes, or the toad bladder in vitro, as well as
the Na- and water-influx across the ciliary
epithelium of the rabbit’s eye.

Kagawa et al. D88,974/59; Liddle
D14,432/61; Mudge E4,490/65: According to
current opinion, the pharmacologic actions of
spironolactone are due to competitive inhibi-
tion of the action of mineralocorticoids upon
urinary electrolyte excretion.

C. METHODS

Research on hormones and resistance actually has no specific methodology of its
own. Hence, it will suffice here to give a few key references to the literature on the
chemical and surgical techniques most commonly employed in this type of study.
The special methods for the screening and characterization of new hormonal agents
that increase resistance, and of the toxicants whose actions are particularly amenable

2 Selye, Hormones and Resistance
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to this type of conditioning, is only now beginning to take concrete shape. Indeed
it was only while compiling material for this treatise that we began to develop
methods specifically designed for the bioassay of the many, ever more active, steroids
exhibiting protective actions of possible clinical significance. For this type of study
we need simple, rapid and highly sensitive bioassay techniques enabling us to test
many compounds, even if available only in minute amounts.

In addition, it has become essential to perfect procedures for the statistical
evaluation and presentation of large numbers of data in the form of ‘“Diagram
Tables’” which permit the rapid overview and correlation of the numerous facts that
have come to light recently in this general field.

Most of the relevant procedures were elaborated while trying to obtain material for
the documentation of this monograph and will be presented in Chapter XI. There,
we shall deal with the very practical problem of the most economic “Three-Step
Procedure” for the identification of new protective hormones.

Chemical Methodology

It would be beyond the scope of this treatise to discuss the chemical methods
employed for the study of changes in resistance induced by hormones. Most of the
pertinent investigations were concerned with the neosynthesis or activation of enzyme
systems which helped in the detoxication of various substrates and the pertinent
literature has been quoted in the reviews listed on p. 1—3.

Surgical Methodology

Since the liver is the principal organ of detoxication, most of the surgical techni-
ques employed in the study of catatoxic steroids were concerned with the
elimination of certain, or all, hepatic functions.

The most commonly used techniques are briefly listed below and more extensively
discussed in the following Abstract Section.

Partial hepatectomy was employed since the 19th century for the study of hepatic
regeneration, but not until 1931 was this operation perfected as a means of estimating
hepatic participation in drug detoxication. In mice and rats the median and left
lateral lobes have a narrow pedicle; hence they can be removed without difficulty by
a single ligature, thus depriving the animal of about 709, of its hepatic tissue. This
operation greatly reduces resistance to drugs which are predominantly inactivated in
the liver but the intervention causes little or no shock and does not significantly
interfere with resistance to agents which are not subject to hepatic inactivation.

Subtotal hepatectomy can be employed to remove 85%, or more of the hepatic
tissue, but since this operation causes considerable nonspecific damage it is less
suitable for hepatic detoxication studies in general. Through repeated partial hepa-
tectomies, performed at sufficient intervals to permit considerable regeneration, it
can be shown that the regenerative power of the liver is truly enormous.

Complete hepatectomy is of course the only procedure that totally deprives an
animal of hepatic tissue, but it causes severe shock and can be employed only for
very acute detoxication studies.
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There are various techniques for the production of bile fistulas and bile duct
ligatures which permit the collection of bile for the determination of materials excreted
in it or the interruption of the enterohepatic circulation of compounds. Choledochus
ligature has also been found useful in examining the role played by the bile in the
absorption of ingested materials from the gut.

Ligature of hepatic vessels, which may be complete or limited to a mere
constriction of the lumen, has been employed to study the effect of selective inter-
ference with the arterial or venous circulation of the liver.

Among other hepatic interventions recommended for detoxication studies let us
merely mention here the techniques for perfusion of the liver (in situ or after its
isolation in vitro), the Eck fistula, and hepatic denervation.

Of the renal interventions employed in detoxication studies the most common
are complete or partial nephrectomy, ureter ligature or ligature of the penis to prevent
the urinary elimination of toxicants. The effect of partial nephrectomy upon resist-
ance may be due to interference with the urinary elimination of toxicants, their
chemical inactivation by renal tissues or interactions between the toxicants and the
renin-angiotensin system. We have first used this intervention in the study of renal
participation in corticoid-hypertension, having observed that uninephrectomy greatly
enhances the susceptibility of the rat to the production of hypertensive cardiovas-
cular disease by DOC. If, in addition to one kidney, two-thirds of the other are
likewise removed, the remaining fragment, which represents approximately 209, of
the kidney tissue, suffices for life-maintenance in the rat, but greatly enhances
sensitivity for a variety of drugs whose detoxication depends upon renal tissue. This
“809,” nephrectomy is now currently used for detoxication studies in our Institute.

Chemical Methodology

Goldstein et al. E165/68 (p. 210): Review
on the methodology of studies concerning the
elucidation of the manner in which various
inducers alter the metabolism of drugs.

Surgical Methodology in General

Priestley et al. 9,158/31: The following six
methods have been tested for the study of
hepatic detoxication using strychnine as a
substrate.

1. Comparison of dogs with Eck fistula and
normal dogs.

2. Comparison of the effectiveness of strych-
nine injected into the peripheral vascular
system, and injection into the portal vein.

3. The ability of incubated pulp of liver to
destroy strychnine.

4. Estimation of strychnine introduced
into the circulation of a heart-lung-liver
perfusion, compared with that introduced
into a heart-lung-limb preparation.

5. Susceptibility of normal and dehepatized
dogs to strychnine.

2%

6. Rate of disappearance of strychnine
from the blood stream of normal and dehe-
patized dogs.

Among these six methods ‘“‘the study of the
dehepatized dog and the perfused liver
appears to have yielded the most conclusive
and accurate data. The exclusive use of any
single method is not recommended. However,
by the combined use of the analytic and the
synthetic methods (organism without a liver
and surviving liver without the organism),
respectively, definite evidence concerning the
liver as a detoxicating organ can be
obtained.” The canine liver possesses a highly
specialized ability to immediately arrest and
subsequently destroy strychnine.

Partial Hepatectomy. Ponfick 424,568/1889:
Extensive description (41 pp.) of the technique
and consequences of partial hepatectomy in
the rabbit. As much as 2/3 of the hepatic
parenchyme can be removed without causing
serious functional disturbances. Complete
hepatectomy is incompatible with life. If
performed in several stages, enormous amounts
of liver tissue can be removed. Earlier, mostly
unsuccessful attempts at complete removal
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of the liver in frogs and birds are reviewed.
[No effort was made as yet to examine hepatic
regeneration following partial hepatectomy
(H.8.).]

von Meister A25,263/1894: Monograph
(116 pp., 54 refs.) on the history of research
on the regenerative power of the liver after
various forms of mutilations. Personal obser-
vations on rabbits revealed the histologic
details of regeneration in the hepatic paren-
chyme and bile duct as they develop at
various intervals of time after extensive
partial hepatectomy. Following two months,
regeneration is virtually complete. Similar
regenerative phenomena occurred in partially
hepatectomized rats and dogs, although the lat-
ter do not tolerate extensive removal of hepatic
tissue as well as rodents do. In rats, the
operation consisted in removing 1 to 3 “he-
patic lobes” (not otherwise identified).

Waelsch & Selye 3,972/31: First description
of a technique for the removal of about 709,
of the liver in mice, which lends itself for the
detection of drugs that are detoxified in the
liver. Thus, in such partial hepatectomized
mice, tribromoethanol (Avertin) causes much
more prolonged anesthesia than in intact
controls, whereas magnesium anesthesia is not
significantly affected by this hepatic insuffi-
ciency; presumably because tribromoethanol
is, while MgCl, is not, detoxified by the liver.

Higgins & Anderson 597|31: Description
of a technique for the removal of the median
and left lateral lobes of the rat’s liver which
correspond to 709, of the hepatic tissue.
Regeneration begins almost immediately and
is virtually complete after 2 weeks. The
mortality rate was 259,. [No attempt was
made to determine the functional consequences
of this intervention (H.S.).]

Marchal & Benichoux D37,672[62: Historic
review of partial hepatectomy as a means for
the study of hepatic regeneration in animals.
The first operations of this type were perform-
ed by von Podwyssozki (1886), Ponfick
(1887—1895), Hess (1890) and Meister (1894).

Leduc G79,104/64: Review (26 pp., about
130 refs.) on “Regeneration of the Liver”
after various types of surgical or chemical
injuries. Special attention is given to regene-
ration after superficial wounds, lobectomies
and bile duct obstruction.

Hordk et al. @71,097/68: In rats, partial
hepatectomy diminishes the blood volume only
to an extent corresponding approximately to
the amount of blood removed with the resect-
ed liver segment.

Bruckner et al. H34,704/69: “Abrasive
ablation” is a new experimental method de-
signated to induce localized hepatic regene-
ration in guinea pigs, rabbits, dogs and Rhesus
monkeys.

Figueroa & Ydnez HI18,495/69: A two
stage intervention for partial hepatectomy in
the dog and rat is recommended in which,
first portal branches are ligated to induce
atrophy of the lobes that are subsequently
to be removed. [No controls demonstrating
the usefulness of preliminary portal vein
occlusion. The authors appear to be unaware
of earlier relevant literature (H.S.).]

Porto & Donato H34,703/69: Description
of the technique of partial hepatectomy and
of the resulting hepatic regeneration in guinea
pigs.

Tavassoli & Crosby G73,038/70: In rats,
liver fragments implanted into ectopic sites
do not survive even if a regenerative stimulus
is activated by partial hepatectomy.

Subtotal Hepateetomy. Selye & Dosne
A30,702/40: Description of a technique for the
removal of 859, of the rat liver by ablation
of the median, left lateral, and right lateral
lobes. The operation produces severe hypo-
glycemia and hypochloremia. Complete hepa-
tectomy (with evisceration) induces an even
more rapid fall in blood sugar unaccompa-
nied by hypochloremia, during the short
period of survival after this operation.

Ingle & Baker C40,980/57: “The capacity
of liver to regenerate was maintained in rats
which were subjected to partial hepatectomy
12 times within a period of one year. At the end
of the experiment, only minor cytological
changes were observed in the regenerated liver
and there was no neoplasia.”

Dagradi & Galanti D62,332/62: In rats, a
technique for the successive removal of several
hepatic lobes has been employed to study the
regenerative phenomena in the remnant.

Honjo & Kozaka E51,472(65: Description
of a technique for extensive hepatectomy in
the rabbit. Following ligation of the portal
branches to the lobes which are to be resected,
these undergo atrophy, whereas the remaining
parenchyma hypertrophies. Under these con-
ditions, resection of the atrophic lobes is well
tolerated in a second operation.

Complete Hepatectomy. Biedl & Winterberg
47,485/01: Extensive studies on the role of the
liver in the synthesis of uric acid from ammonia
in the dog, using various methods for the
elimination of the liver (e.g., destruction of the
parenchyma by injection of acids into the
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choledochus, Eck fistula). A 19th-century
literature on complete extirpation of the liver
in the goose, and in vitro perfusion of the
liver with ammonia determinations in the
afferent and efferent blood, etc. is reviewed.

Selye A 8,052/38: Description of a technique
for the total evisceration of the rat. Since this
operation causes thymus atrophy and adreno-
cortical hyperplasia, the liver and other
visceral organs cannot be indispensable for the
production of an alarm reaction. -

Ingle et al. B2,737[47: In completely
hepatectomized and eviscerated rats (with
kidneys and adrenals intact) receiving conti-
nuous i.v. infusions of glucose + insulin, the
adrenocortical extract caused a rise in blood
sugar.

Ingle & Nezamis B28,601/48: In rats,
survival time after complete evisceration is
more effectively prolonged by insulin + glu-
cose than by glucose alone.

Ingle B39,012/49: Description of a tech-
nique of total hepatectomy with evisceration
in the rat.

Ingle & Nezamis B37,742{49: In rats given
insulin -} glucose, survival is particularly
prolonged after evisceration if aseptic opera-
tive conditions are observed.

Cheng @71,450/51: Description of a two-
stage technique for total hepatectomy in the
rat.

Ingle & Nezamis B65,286/51: In rats,
survival after evisceration is most effectively
prolonged by combined treatment with
glucose, insulin and various antibiotics.

Bile Fistulas, Bile Duct Ligatures. Ferguson
et al. G71,628/49: In rats, hepatic regeneration
following partial hepatectomy is not signifi-
cantly impaired by bile duct ligature.

Hyde & Williams C40,540/57: The entero-
hepatic circulation of radio-cortisol can be
readily studied in rats with hepatic duct
fistulae.

Weber et al. G71,819/60: In rats, the
higtologic features of hepatic regeneration
following partial hepatectomy performed si-
multaneously with, or several days after, bile
duct ligature are described in detail.

Leduc G79,104/64: Review (26 pp., about
130 refs.) on “Regeneration of the Liver”
after various types of surgical or chemical
injuries. Special attention is given to regene-
ration after superficial wounds, lobectomies
and bile duct obstruction.

Plaa & Becker G76,082/65: Description of
a technique for bile duct cannulation in the
mouse. The results regarding bile flow corre-

late well with those obtained by the indirect
technique which is based on fluorescein ex-
cretion into the bile duct, as revealed by direct
inspection under ultraviolet light.

Gibson & Becker E65,709/67: In mice, the
role played by drug excretion in determining
the toxicity of digitalis alkaloids was tested
following the production of cholestasis by bile
duct ligature or cholestatic aryl isothiocya-
nates such as phenylisothiocyanate (PIT) and
a-naphthylisothiocyanate (ANIT). The part
played by anuria was examined after ligature
of the penis. Subsequent to ouabain i.p.,
mortality was enhanced by diminution or
stoppage of bile flow. Digoxin and digitoxin
enhanced lethality in anuric mice. ‘“Lanato-
side-C was not more toxic to hypoexcretory
mice. The use of hypoexcretory mice in toxi-
cologic evaluations of pharmacologic agents
is suggested.”

Chenderovitch G80,0569/68: Technique for
stop-flow analysis of bile secretion in anesthe-
tized rabbits after catheterization of the com-
mon bile duct, the accessory lateral ducts,
and the cystic duct being ligated.

Plaa G73,820{70: Review on biliary and
other routes of excretion of drugs with special
attention to cannulation techniques, hepatic
slice techniques, isolated liver perfusion pro-
cedures and available information on biliary,
salivary, mammary, and sweat gland, as well
as on other routes of drug excretion.

Ligature of Hepatic Vessels. Rous & Lari-
more D 88,911/20: In rabbits, ligature of portal
vein branches of the liver produced atrophy in
the corresponding lobes. ‘“‘The conditional
character of the atrophy is proven by its
failure to occur to any similar degree in the
absence of a compensating parenchyma, as
when the portal stream is diverted from the
whole liver by way of an Eck fistula.”

Cameron A48,168/35: In rats, choledochus
ligature inhibits the growth of liver cells in
autotransplanted small hepatic segments,
but leaves the bile ducts unaffected.

Raffucci & Wangensteen G33,029/51: Dogs
tolerate continuous occlusion of the hepatic
artery and portal vein for no longer than
20 min, without showing evidence of hepatic
necrosis. Necrosis is less likely to occur
following treatment with aureomycin, and
after intermittent anoxia.

Raffucci B83,148/53: Dogs tolerate repeat-
ed temporary occlusion of the hepatic artery
and portal vein much better than continuous
occlusion. ACTH in combination with anti-
biotics greatly enhances tolerance for discon-
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tinued occlusion of the afferent hepatic vessels.

Hines & Roncoroni G72,976/56: In dogs,
total temporary interruption of the afferent
hepatic blood flow for one hour is almost
invariably fatal; even an interruption for
15 min killed 2 out of 6 dogs.

Andrews D94,471/57: Review on the
changes in hepatic morphology and blood
flow, induced by obstruction of the hepatic
artery, and the hepatic vein or portal vein,
in various animal species.

Hines & Roncoroni C40,870{57: In dogs,
the hepatic damage produced by ligature of
all the afferent vessels of the liver during one
hour is diminished by ACTH, and survival
is improved.

Steiner & Martinez D40,903/61: In rats,
ligature of the portal vein branches to two-
thirds of the liver is followed by great
atrophy of the affected lobes, and compen-
satory hypertrophy of the others. Concurrent
ligation of the hepatic artery and lobar portal
veins causes massive infarction of the lobes
totally deprived of blood circulation. Lobar
necrosis also occurs if lobar portal vein liga-
tion is combined with lobar bile duct ligation.
Occlusion of the main hepatic artery or its
lobar branches is relatively harmless, although
associated with histologic degenerative chan-
ges and duct hyperplasia.

Carroll G71,190/63; G71,191/63: Technique
for the temporary ligature of the “hilar
pedicle” (portal branch, hepatic artery branch,
bile duct) to certain lobes of the liver in
rabbits. Ischemia lasting up to 3 hrs produces
degenerative and necrotic changes detectable
in animals killed three days later. Permanent
morphologic changes or functional distur-
bances have not been examined.

Eckhardt & Armstrong F79,670/67: In
rats, a liver bypass can be established by
ligature of the hepatic artery combined with a
deviation of the portal vein into the femoral
vein through a cannula. Under these condi-
tions, bromsulphalein (BSP) disappears much
more slowly from the plasma than after partial
hepatectomy or intoxication with CCl,.

Bengmark et al. G71,689/69: In rats,
various chemical changes occurring in the
liver after partial hepatectomy are modified
by concurrent ligature of the hepatic artery.

Yanagimoto G71,660/69: Chemical and
histochemical studies on the glycogen content
of the liver following ligature of the blood
vessels supplying individual lobes.

Yanagimoto et al. G71,328/69: In rats,
ligature of the blood vessels supplying indivi-

dual lobes of the liver is used as a technique
for the study of morphologic and biochemical
changes induced by interference with hepatic
circulation.

Mizuwmoto et al. H28,787[70: Studies on the
effect of hepatic artery inflow upon regenera-
tion, hypertrophy and portal pressure of the
liver after 509, hepatectomy in the dog.

Hepatic Denervation. Makino H 19,101/68:
In dogs, hepatic periarterial neurectomy
increases hepatic arterial flow without decreas-
ing blood flow through the portal vein.
Regeneration of the liver following partial
hepatectomy is not significantly affected by
hepatic periarterial neurectomy.

Perfusion of the Liver. Israel et al.
A16,424/37: Estrone ‘““is not inactivated by
dog blood in vitro or by the circulation in a
heart-lung perfusion system. It is rapidly
inactivated by circulation in a heart-lung-
liver perfusion system.”

Evans et al. G65,279/63: Description of a
technique for the study of detoxication in
isolated rat liver preparations, by determin-
ing the concentration of a drug (here ethanol,
pentobarbital, morphine or lead) in the per-
fusate (donor rat blood), bile, and hepatic
tissue at different intervals. The technique is
used to examine detoxication in the livers of
rats which were treated in vivo with hepato-
toxic substances (here CCl, or allyl alcohol).

Poser & Jahns F90,235/67: Description
of a technique for functional hepatectomy in
rats in which the portal vein blood is transferred
to the jugular vein by a polyethylene tube
and the liver thereby excluded from the cir-
culation. After this operation the rats are unable
to maintain a normal blood-sugar level and
fail to eliminate pentobarbital or detoxicate
ammonia.

Liver Slices. Heller A32,137/40: In vitro
studies on tissue slices and tissue mince of
rats and rabbits indicate that ‘“‘estradiol is
inactivated by liver and kidney and not by
the other tissues studied. This inactivation
of estradiol is, in all probability, not due to
conjugation or conversion to a less active
form, but due to enzymatic destruction of an
oxidative nature. This is indicated by the
relative inactivity of the treated estradiol, the
inability of hydrolysis procedures to increase
activity and the effect of tissue poisons upon
inhibiting the estradiol-destroying enzyme
system. Estrone isincreased 20 times in potency
by incubation with minced uterine tissue.
Spleen, lung, heart and kidney tissues also
caused estrone to be converted to a more
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active substance. The suggestion is made that
this conversion is accomplished by enzymatic
reduction of estrone to estradiol.”

Crevier et al. B54,151/50: Pentobarbital
anesthesia is shorter in male than in female
rats as judged by the linguo-maxillary reflex.
Castration abolishes the high resistance of the
male, but testosterone restores it to the
normal level. In ovariectomized rats, estradiol
has virtually no effect but testosterone raises
resistance to the male level. These in vivo
effects run parallel to the in vitro pentobarbital
detoxifying power of the liver.

Renal Interventions. Gibson & Becker
E65,709/67: In mice, the role played by drug
excretion in determining the toxicity of digi-
talis alkaloids was tested following the pro-
duction of cholestasis by bile duct ligature
or cholestatic aryl isothiocyanates such as

phenylisothiocyanate (PIT) and a-naphthyl-
isothiocyanate (ANIT). The part played by
anuria was examined after ligature of the
penis. Subsequent to ouabain i.p., mortality
was enhanced by diminution or stoppage of
bile flow. Digoxin and digitoxin enhanced
lethality in anuric mice. “Lanatoside-C was not
more toxic to hypoexcretory mice. The use of
hypoexcretory mice in toxicologic evaluations
of pharmacologic agents is suggested.”

Selye G60,083/70: Description of a techni-
que for the “809,” partial nephrectomy in
rats. Following ablation of the right kidney,
the upper and lower poles of the left kidney
are tied off and removed by constricting
ligatures. This leaves a wedge-shaped central
segment, corresponding to 209, of the organ
and oriented with the tip of the wedge next
to the renal pelvis.



II. HISTORY

The idea that the body possesses inherent mechanisms for the restoration of
health after exposure to pathogens is very old; it was clearly recognized by
Hippocrates (460—377 B.C.) as the remarkable “vis medicatrix naturae.” However,
this concept gained much in precision when Claude Bernard (E 719/1879) pointed
out that the internal medium of living organisms is not merely a vehicle for carrying
nourishment to cells far removed from contact with the outside world, but that “it
is the fixity of the ‘milien intérieur’ which is the condition of free and independent
life.”” The English physiologist J. S. Haldane (E715/22) said of this phrase that “no
more pregnant sentence was ever framed by a physiologist.” Certainly, few if any
statements about life have been more frequently quoted, but one wonders whether
its great impact was not largely due to what has been intuitively read into it.
Naturally, the fixity of any system is what makes it independent of changes in its
surroundings —indeed the independence, the resistance of any system is what we
call its fixity — but many inanimate objects are more independent of their atmosphere
than living beings. The salient feature of life, the secret of its resistance, is adaptability
to change, not rigid fixity.

A much greater merit by Bernard was to call attention to the importance of the
mechanisms safeguarding the immutability of the “milieu intérieur.”” Thereby he
stimulated innumerable investigators throughout the world to follow him in his
classic investigations on the adaptive changes responsible for the “‘steady state.”

In Germany, Pfliiger (A4,877/1877) pointed to the relationship between active
adaptation (the ‘“vis medicatrix naturae”) and the “steady state’’ by his famous
dictum : “The cause of every need of a living being is also the cause of the satisfaction
of that need.”

A similar thought was expressed by the Belgian physiologist Léon Fredericq
(A5,288/1885) when he said: “The living being is an agency of such sort that each
disturbing influence induces by itself the calling forth of compensatory activity to
neutralize or repair the disturbance.”

In France, Charles Richet (E1,101/00) wrote as a commentary about the
steady state that: “By an apparent contradiction it (living matter) maintains its
stability only if it is exitable and capable of modifying itself according to external
stimuli and adjusting its response to the stimulation. In a sense it is stable because it
is modifiable — the slight instability is the necessary condition for the true stability
of the organism.

The great American physiologist, Walter B. Cannon (B14,905/39) has spent
some 20 years of his life studying various mechanisms that help the organism to
maintain its steady state which he first called “homeostasis.” Cannon’s most
important contribution was to show that there exist numerous highly specific
homeostatic mechanisms for protection against hunger, thirst, hemorrhage, or
against agents which tend to disturb the normal body temperature, the blood pH
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or the plasma level of sugar, protein, fat, or calcium. He placed special emphasis
upon the stimulation of the sympathetic nervous system, and the resulting cate-
cholamine discharge, which occur during acute emergencies such as pain or rage.

He taught us that this autonomic response induces metabolic and cardiovascular
changes that prepare the body for fight or flight. Cannon’s classic studies revealed many
valuable facts about the mechanism through which the steady state of the “milieu
intérieur” can be maintained in the face of agents that tend to alter one or the other
of its constituents selectively. It soon became evident also that, in addition to the
nervous system, hormones play an important part in such specific adaptive responses,
e.g.: adrenal medullary catecholamines and pancreatic hormones in the maintenance
of carbohydrate metabolism, parathyroid hormone in calcium homeostasis, thyroid
hormones in temperature regulation.

Stimulated by all these earlier findings, we became interested in the possible
nonspecific adaptive function of hormones against what we called “biologic stress,”
that is, the nonspecific response of the organism to any demand made upon it. In
1936, we observed ‘“‘a syndrome produced by diverse nocuous agents” (Selye
36,031/36), which was essentially the same irrespective of the evocative agent, and
later became known as the ‘“‘stress syndrome.” It was characterized, among other
things, by manifestations of adrenocortical hypertrophy and increased production of
those steroids for which I recommended the terms ““‘glucocorticoids’” or “antiphlogistic
corticoids” because of their characteristic effects on sugar metabolism and on in-
flammation. As outlined in the section on Terminology and Classification, the
principal antistress and antiphlogistic actions of these adrenocortical hormones de-
pend upon their syntoxic effects; they help to tolerate pathogens, not to destroy
them.

As time went by, it became evident that many of the manifestations of
“nonspecific resistance” (or “‘cross-resistance”) induced by stress, especially those
which offer protection against inflammatory lesions, are due to the activation of the
hypothalamus-pituitary-adrenocortical axis. However, by 1961, we had seen that
“certain typesof cross-resistance are demonstrable even in adrenalectomized animals,
and in some cases, increased thyroid-hormone activity appears to be the cause of the
induced tolerance. The bulk of evidence now available suggests that all forms of
cross-resistance cannot be attributed to any single biochemical mechanism. This is
true even of those very nonspecific types that are induced by stress itself. We must
remember that, although the response to stress is essentially stereotyped and largely
independent of the evocative agent, it represents a mosaic of numerous local and
systemic, humoral and nervous reactions, some of which may protect against one
pathogen, others against another” (Selye €95,972/61).

Thus, it became clear that there exist adaptive mechanisms that are nonspecific
both as regards their causation and their effects: they can be activated by, and
protect against, many agents. Some of these nonspecific adaptive phenomena are
undoubtedly regulated through the hypothalamus-pituitary-adrenocortical axis;
these largely depend upon the resulting suppression of inflammatory lesions by an
excessive production of glucocorticoids. However, we had to conclude that there must
exist additional mechanisms which raise nonspecific resistance through other means,
since they are manifest even following removal of the adrenals. Little was known at
that time about the nature of these additional resistance phenomena, except
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that: 1. Unlike glucocorticoid-dependent reactions, they are not directed particularly
against stress or inflammatory changes, 2. their protective effect, although not
specifically aimed against any one agent, is not as general as that of glucocorticoids,
3. they often raise resistance far above normal and do not merely restore the low
stress resistance of hypocorticoid individuals towards the norm.

The effects of stress and of the hormones produced during stress have been exten-
sively discussed in several earlier monographs (Selye B71,000/42; B58,650/51;
B87,000/52; B90,100/53; C1,001/54; C9,000/55—56). Here we shall place major
emphasis upon those adaptive hormones which act either by accelerating the meta-
bolic degradation of pathogens, or through unknown mechanisms, as long as they
increase resistance, nonspecifically, to many agents and do not merely rectify one
particular homeostatic derangement.

For many among these adaptive hormones, it has not yet been clearly shown that
they can be secreted in response to a need; but they undoubtedly represent decisive
factors in disease susceptibility, since their concentration in the “milieu intérieur” can
determine whether a stimulus will or will not be pathogenic.

Apparently, animals are endowed with a complex hormonal defense system
comparable in its scope to those based upon nervous or immunologic reaction. When
faced with situations that require adaptation, the organism can respond essentially
in three distinct ways:

1. The nervous system: through conscious planning of defense, the development of
appropriate conditioned reflexes (Pavlov) and autonomic “emergency reactions”
(Cannon).

2. Immunologic reactions: immunity (Pasteur), including even such derailed,
actually pathogenic, defensive responses as anaphylaxis (Richet) or allergy
(v. Pirquet).

3. The adaptive hormonal system: through the syntoxic hormones which permit
tolerance of the pathogen and through the catatoxic substances that eliminate the
aggressor.

These were the main facts and speculations which guided our research on the
hormonal regulation of resistance. However, in addition to this concise introductory
sketch which was essential to emphasize the outlines of our approach, a historic
survey of our field should mention some independently-made findings which, un-
doubtedly, have also influenced our thinking and are likely to stimulate further
research in this domain.

The thyroid gland was probably the first endocrine organ whose role in detoxication
could be shown by objective animal experiments. At the beginning of this century,
Hunt (60,064/05) demonstrated that mice given thyroid powder in their food become
unusually resistant to acetonitrile; this increased drug tolerance has even been used
as a basis for the bioassay of thyroid preparations.

The role of the adrenals as organs of detoxication has been suspected for a long
time, but at first only on the basis of very indirect evidence. There was much
discussion about whether poisonous substances brought to the glands by the blood
are destroyed locally, or whether the adrenals increase resistance by remote action
through their hormones. Either interpretation appeared to be equally compatible
with the striking diminution of drug resistance seen in adrenalectomized animals
and in patients with Addison’s disease (Lewis 12,272/21; 61,803/23). This question
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was subsequently settled when numerous investigators showed that after
adrenalectomy, resistance to various drugs can be restored by adrenal extracts. In
this respect, adrenocortical preparations proved to be much more efficient than
medullary catecholamines. Still later, the extraction, followed by the synthesis, of
pure corticoids made it possible to establish certain relationships between the
resistance-increasing effect of these compounds and their chemical structure.

By 1940 it became evident that whereas cortical extracts are highly efficient in
elevating the low stress resistance of adrenalectomized animals, they rarely raise
it above the normal level in the presence or in the absence of the adrenals. Indeed,
even as late as 1960, it had been claimed that “in only two situations have
adrenocortical hormones been shown to be protective to the host: the replacement
of hormone in hypoadrenalism, and the protective action against the lethal toxicity
of bacterial lipopolysaccharides™ (Kass D35,079/60). Yet, as early as 1940, it had been
noted that the great sensitivity to surgical shock and other stressors, that is induced
by partial hepatectomy even in not adrenalectomized rats, could be combated by
cortical extracts; hence, at least in this condition, endogenous corticoids were not
optimally efficacious (Selye et al. A32,768/40). These findings called attention to the
existence of close relationships between the liver and the resistance-increasing
effect of corticoids. The subsequent observation that desoxycorticosterone could
not, whereas corticosterone could, replace the adrenocortical extracts, first demon-
strated the importance of an 11-oxygen for antistress activity.

The claim that specific defensive enzymes (“Abwehrfermente”) are produced
against various compounds and tissues, including endocrine organs following their
parenteral administration, could not be substantiated by the techniques available
to Abderhalden (67,622/33) who first enunciated this concept. On the other hand,
there can be no doubt that protein extracts of heterologous endocrine glands can
gradually induce resistance through the development of antihormenes (Collip et al.,
A32,156/40; Thomson et al., A35,782/41).

However, it seemed unlikely that the body could become insensitive to its own
hormones, since this type of resistance would be expected to interfere with the
physiologic activity of endocrine glands. Still, the observation that partial hepatec-
tomy sensitizes to the anesthetic effect of natural steroid hormones suggested that
the liver does possess a mechanism for the inactivation of these compounds. The
question arose whether this defensive activity could be stimulated by very large
amounts of those substrates which the inactivating mechanism is designed to
metabolize.

Experiments performed in rats to check this possibility revealed that, following
repeated massive overdosage with progesterone, desoxycorticosterone or testosterone,
the anesthetic effect of these hormones gradually diminishes. In fact, this type of
resistance is not substrate specific, since pretreatment with any one of these natural
steroids also induced resistance to the others (Selye A35,410/41).

Apparently, at near-physiologic dose levels, the natural steroids do not markedly
activate this defense mechanism (a phenomenon which would interfere with their
normal function); yet, they may accelerate their own degradation more intensely
when given in abnormally high and potentially pathogenic amounts. It is difficult to
explain this dose dependence of the inactivating mechanism, and available data do
not justify far-reaching speculations. However, it may be pertinent that at near-
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physiologic concentrations, the steroid hormones circulate mainly as protein com-
plexes, which are perhaps unable to reach the inactivating receptors; conversely, after
sudden flooding of the body with very large amounts of them, a certain portion of the
injected steroid may enter the inactivating sites (e.g., the SER) before being thus
protected from it by coupling to large carrier molecules (Selye G60,070/70).

Still, even at physiologic concentrations, gonadal steroid hormones do appear to
affect drug sensitivity to some extent, as shown by sex differences in the susceptibi-
lity to various intoxications. It remained to be seen, however, whether this physiologic
difference in sensitivity, and the induction of resistance by excessive amounts of
exogenous steroids depend upon the same mechanism.

Several earlier observers noted sex differences in drug sensitivity, which are
apparently due to steroid hormones produced by the gonads, and not to genetically
determined resistance factors inherent in the somatic cells. Thus, it was found that
adult male rats are less sensitive to barbiturates than females. This difference
disappears after gonadectomy, but the resistance characteristic of intact males can be
induced by treatment with testosterone and related compounds, in females and in
gonadectomized rats of either sex (Holck et al. A8,011/37; Holck & Mathieson
B644/44; Buchel G67,326/54; Robillard et al. G67,325/54). Furthermore, female
rats proved to be more sensitive than males to progesterone anesthesia, but this sex
difference became obvious only after maturity. We concluded that the ‘“normal
endocrine activity of the testis is largely, if not entirely, responsible for this compara-
tive resistance of the male, since castration increases sensitivity in males but is
without effect in female rats. Conversely, the resistance of castrate males and females
may be raised by methyltestosterone administration” (Winter & Selye A35,658/41;
Winter A36,333/41).

A similar sex difference in susceptibility has also been noted with regard to
cardiovascular calcification elicited in rats by overdosage with DHT. This form of
calcinosis was aggravated by orchidectomy; hence, we concluded that “some testi-
cular factor exerts a protective effect against this type of intoxication”
(Selye ©27,682/57).

These findings were the first to suggest that, like the steroids of the adrenal
cortex, those of the gonads can increase resistance, although not necessarily against
the same agents and through the same mechanism.

The liver, as the “central laboratory of the body,” has long been suspected of
playing an important part in the inactivation of exogenous and endogenous toxic
substances. However, large-scale systematic studies, designed to identify the com-
pounds subject to hepatic detoxication, were virtually impossible because of the lack
of appropriate techniques. Comparisons between the drug resistance of intact and
hepatectomized animals were difficult to interpret, since complete removal of the
liver causes severe shock rapidly terminating in death, especially when toxic
substances are given, irrespective of whether or not these are amenable to hepatic
detoxication. Animals in which partial hepatic insufficiency was created (e.g., by
ligature of the bile duct, hepatotoxic drugs, or the establishment of an Eck fistula)
likewise yielded variable results, often complicated by damage to extrahepatic
tissues. Finally, the search for presumed drug metabolites in hepatic vein blood,
in vivo, did not lend itself to the screening of many drugs, whereas similar studies
on liver perfusates, in vitro, often failed to reflect in vivo conditions.



History 29

In order to test hepatic participation in the detoxication of numerous
compounds, a screening test became necessary. It was to answer this need that we
devised a simple surgical technique for the ablation of the left lateral and median
lobes of the liver in mice (Waelsch & Selye 3,972/31). This operation removes
about 70 percent of the hepatic tissue and markedly reduces resistance only with
respect to drugs detoxified by the liver. For such tests it is best to use the animals
about 24 hrs after the intervention, when they have recovered from the surgical
insult, but hepatic regeneration is still negligible. With this technique we showed,
for example, that the partially hepatectomized mouse is extremely sensitive to the
anesthetic effect of tribromoethanol (Avertin), which is detoxified by the liver, but
not to that of an equally anesthetic dose of MgCl,, which is not subject to hepatic
detoxication. Almost at the same time, Higgins and Anderson (597/31) recommended
an essentially similar operation for the stimulation of hepatic regeneration in the rat;
yet, like many earlier investigators, they did not attempt to use partial hepatectomy
for detoxication studies.

About ten years later, the site of steroid hormone detoxication became a major
subject of controversy, difficult to solve with the chemical methods then available.
However, in the meantime, we had observed that sudden overdosage with steroid
hormones and their derivatives produces profound anesthesia in the rat
(Selye A35,003/41). This indication of activity was clear-cut, common to virtually
all steroid hormones, not particularly damaging, and immediately evident; thus, it
was applicable to acute experiments on partially hepatectomized rats before regene-
ration could become important. Hence, we injected threshold doses of DOC, progeste-
rone, testosterone, and estradiol into intact and partially hepatectomized rats. The
latter proved to be unusually sensitive to all these steroids, whereas their resistance
to several other anesthetics remained uninfluenced. Even overdosage with the non-
steroidal folliculoid, stilbestrol (which normally causes only a very mild hypnotic
effect), produced prolonged narcosis after partial hepatectomy. These observations
lead us to conclude that ““it appears most probable that the liver is the site at which
all the above-mentioned compounds are normally detoxified” (Selye A35,150/41).

Subsequent investigations have amply confirmed the importance of the liver as
the organ principally responsible for the detoxication of steroid hormones, and the
value of partial hepatectomy as a simple screening test for compounds whose actions
largely depend upon the speed of their hepatic detoxication. Furthermore, we have
recently seen (in agreement with our expectations) that following partial resection of
the liver, drugs, against which catatoxic steroids can offer protection through hepatic
microsomal enzyme induction, become particularly toxic. However, the steroidal
enzyme inducers themselves are also subject to hepatic detoxication, and consequently
their catatoxic activity likewise increases when their metabolic degradation is imped-
ed by partial hepatectomy. Thus, in the rat, this operation facilitates both the
production of perforating intestinal ulcers by indomethacin (a substrate for hepatic
detoxication) and the prevention of these lesions by small doses of a catatoxic
steroid such as spironolactone (Selye (360,058/69).

In evaluating the results of partial hepatectomy upon drug toxicity it must be
kept in mind, however, that the liver may also participate in the defense against
toxic substances, through mechanisms unrelated to the induction of microsomal
enzymes (e.g., synthesis of energy yielding metabolites or hormone- and drug-binding
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proteins, elimination of pathogens through the bile or their storage in the RES).
Hence, in any one case, aggravation of drug toxicity by partial hepatectomy merely
suggests, but does not prove, that resistance may be increased by catatoxic steroids.

Some of the earliest work on the hepatic detoxication of steroids was performed in
vitro by incubation with liver slices or fractions. Soon after it had been observed that
partial hepatectomy increases sensitivity to the anesthetic action of steroid hormones,
Zondek et al. (A74,477/43) showed that both estrone and stilbestrol can be inactiva-
ted by rat liver pulp in vitro, and that “in rats treated with large amounts of stil-
bestrol, the capacity of the liver to inactivate stilbestrol is increased.”

Subsequently, a group of investigators at our school undertook an extensive study
of the relationship between sex differences in barbiturate resistance and the inacti-
vation of barbiturates by liver tissue. They noted that pentobarbital anesthesia lasts
much longer in female than in male rats, and that the high resistance of the male is
abolished by castration but restored to normal by testosterone. In ovariectomized
rats, estradiol was virtually ineffective, but testosterone raised resistance to the
male level. All these in vivo effects were found to run parallel with the pentobarbital
detoxifying power of hepatic tissues in vitro (Crevier et al. B54,151/50). Liver
homogenates of intact adult male rats destroyed pentobarbital in vitro more
rapidly than those of castrate males. Furthermore, pretreatment of the castrates
with testosterone enhanced the detoxication process, whereas estradiol pretreat-
ment had an opposite effect (Robillard et al. G67,325/54).

The most recent development in the field of hormonal regulation of resistance
is the recognition that hepatic microsomal enzyme induction may play a decisive
role here. The fact that many drugs and certain hormones can induce hepatic enzymes
has been well established by the fundamental biochemical observations of J. Axel-
rod, W. F. Bousquet, B. B. Brodie, A. H. Conney, K. P. DuBois, R. W. Estabrook,
J. R. Fouts, H. V. Gelboin, R. J. Gillette, R. Kato, F. T. Kenney, W. E. Knox,
R. Kuntzman, G. J. Mannering, E. C. and J. A. Miller, H. Remmer and many others.
For example, it was found that the liver of the mouse and rat possesses an enzyme
system which N-demethylates 3-methyl-4-monomethylaminoazobenzene. The activity
of this system depends upon the diet, being highest on aged or otherwise treated
animal products, such as an old cholesterol preparation, liver extracts, and peptones.
A variety of pure sterols were inactive but could be activated by peroxidation
(Brown et al. G57,030/54).

There followed a large number of publications suggesting that the induction
of this type of resistance depends upon corticoid (Lin & Xnox C73,824/58;
Remmer D86,728/58; Rosen et al. C47,568/58; Sulman et al. C79,823/59;
Maickel & Brodie €83,071/60; Tomkins et al. G49,588/66), folliculoid (Grinnel &
Smith C31,428/57), testoid or anabolic (Axelrod D28,544/56; Brodie C12,157/56;
Booth & Gillette D34,656/62; Kato et al. G64,325/62; Novick et al. F63,768/66;
Conney F88,649/67; Kalyanpur et al. G66,147/69) activity.

It was not until quite recently that the independence of this enzyme-inducing
capacity from all known steroid hormone actions could be demonstrated
(Selye G60,039/69). It was found that in the rat, pretreatment with a variety of
catatoxic steroids, such as spironolactone, norbolethone, and ethylestrenol,
increases the oxidation of pentobarbital by hepatic microsomes and enhances its
disappearance from the blood proportionally to their ability to shorten the depth of



History 31

anesthesia in vivo (Solymoss et al. G60,053/70). Norbolethone and ethylestrenol
possess strong anabolic properties but little or no antimineralocorticoid effect,
whereas spironolactone is a strong antimineralocorticoid devoid of anabolic actions.
Since none of these steroids exhibits glucocorticoid, mineralocorticoid, or folliculoid
effects, the catatoxic enzyme-inducing property appears to be independent of the
former.

Another early approach to the problem of hepatic hormone metabolism was based
on the demonstration that the portal route of administration is unfavorable for the
obtention of various physiologic effects by steroids. For example, the implantation
of functional ovaries or of pellets of folliculoid and testoid compounds into the spleen
or mesenteries of gonadectomized rats produces much less stimulation of the
accessory sex organs than if the same hormone sources are introduced subcutaneously
or elsewhere into the systemic circulation. These findings, and the fact that many
steroids are more active when given parenterally than enterally, strongly suggested
that sex steroids are presumably inactivated by hepatocytes when brought directly
to the liver through the portal vein. Of course, such observations do not distinguish
between hepatic degradation, storage or biliary excretion of hormones, and in any
event, are not concerned with the hormonal stimulation of resistance but merely
with the site of hormone inactivation.

Essentially the same is true of what is perhaps the first clear-cut demonstration
of hepatic inactivation of a steroid, in which a liver perfusion technique was used
(Israel et al. A16,424/37).

Many investigators believe that the induction of hepatic microsomal enzymes
by various drugs and steroids is associated with a marked proliferation of the smooth
endoplasmie reticulum (SER) in hepatocytes (Conney F 88,649/67; Claude E8,217/69;
Remmer & Merker E36,389/63, D61,064/63; Burger & Herdson (66,499/66;
Fouts & Rogers F29,497/65). This effect is also independent of the known steroid
hormone actions and can be demonstrated in rats after treatment with such
typical catatoxic steroids as spironolactone (Kovacs et al. (G60,045/70) or
norbolethone (Gardell et al. G60,062/70). However, more recent investigations show
that the relationship between catatoxic activity and the proliferation of the SER
is much less constant than had been originally thought (Horvath et al. G70,408/70).

Our attempts to distinguish between syntoxic and catatoxic actions go back to the
earliest studies on the role of corticoids in inflammatory responses, such as the acute
anaphylactoid reaction (Selye 38,798/37) and the myocarditis, nephritis, periarteritis
and arthritis that are elicited under certain conditions by mineralocorticoids (Selye
et al. A72,284/44). The fact that the antiphlogistics, or glucocorticoids, are truly
syntoxic was first demonstrated in rats, using the granuloma pouch technique.
Cortisol inhibits inflammation produced by croton oil in this test. However, if this
irritant is removed after 14 days of sojourn in the pouch of a cortisol treated animal,
and injected into the paw of an untreated control, it still produces an intense in-
flammatory response in the latter. It was concluded that glucocorticoids act by
depressing the inflammatory potential of tissues, not by destroying the irritant. By
contrast, typical catatoxic steroids such as PCN, ethylestrenol, norbolethone or
spironolactone, do not significantly modify the direct response of tissues to potential
pathogens, but attack the latter, usually through enzymic degradation. Numerous
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observations have subsequently shown that the catatoxic effect of steroids is inde-
pendent of all their previously known effects.

Clinical implications of treatment with glucocorticoids have been reviewed in the
first monograph on stress (Selye A40,000/50) and it would be far beyond the scope
of this volume to discuss the extensive literature on their manifold uses in inflamma-
tory diseases, allergies as immunosuppressants, adjuncts in cancer therapy, etc. The
initial enthusiasm for systemic glucocorticoid therapy, especially in chronic rheumatic
diseases, has been greatly dampened by their undesirable side-effects, but never-
theless these hormones have come to represent a very important group of therapeutic
agents.

As this book goes to press, we are just beginning to explore the possible clinical
applications of catatoxic steroids. There is no doubt that hepatic microsomal enzyme
induction can be useful in the treatment of certain spontaneous diseases of man.
This had first been shown in 1966. In an infant with congenital unconjugated hyper-
bilirubinemia, a considerable lowering of serum bilirubin was produced by
phenobarbital (Yaffe et al. G67,125/66), presumably as a result of the
induction of a glucuronide-conjugating enzyme system. Subsequently, the value of
barbiturate treatment in similar cases has been well established by many investi-
gators. Since we now know that man possesses the same mechanisms for enzyme
induction by catatoxic drugs as do experimental animals, we infer that he would
presumably also respond to catatoxic steroids in a similar manner. If so, we may
hope to obtain favorable results by pretreatment with catatoxic steroids in patients
suffering from the most varied forms of endogenous or exogenous intoxications with
steroids, digitalis compounds, pesticides and carcinogens.

It is more debatable whether this type of steroid would also be effective in treating
an already established acute morbid condition, since the induction of defensive
enzymes often takes several days. In mice and rats however, under certain circum-
stances, enzyme induction has been demonstrated within hours, and the speed of its
development appears to depend upon genetic predisposition, the type of inducer
used, the route of its administration, ete. To what extent such factors would limit the
practical applicability of catatoxic steroids as therapeutic agents remains to be seen.
In any event, beneficial results may be expected in patients suffering from chronic
diseases in which even the gradual activation of defensive mechanisms over several
days would be useful.

It has long been known that glucocorticoids, folliculoids and thyroxine can
protect the rabbit against cholesterol atheromatosis (Lit. in Selye (60,083/70).
Recently, it has been shown that pretreatment with phenobarbital diminishes
hypercholesterolemia and atheromatosis in cholesterol-fed rabbits (Salvador et al.
(G68,113/67), although this barbiturate also augments the synthesis of cholesterol
from 4C-acetate in rats and hamsters (Orrenius E8,231/69). Furthermore, several
catatoxic steroids are highly potent in protecting the rat against various types of
cardiovascular disease (Selye (60,083/70). Yet, only clinical trials will be able to
show whether any of these agents exerts comparable effects in the spontaneous
cardiovascular diseases of man.
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Evolution of the Concept: Hormones and
Resistance

Pfliger A4,877/1877: Essay entitled “The
Teleological Mechanics of Living Nature.”

Bernard E719/1879: Monograph entitled
“Legons sur les Phénoménes de la Vie
Communs aux Animaux et aux Végétaux.”
(vol. 1, 404 pp.; vol. 2, 564 pp., published
respectively in 1878 and 1879) based largely
on lectures given at the Museum of Paris
during 1859 and 1860. It is in these lectures
that Bernard first developed his concept of the
fixity of the “milieu intérieur.”

Fredericq A5,288/1885: Essay on the
influence of the external medium upon the
composition of blood in aquatic animals.

Richet £1,101/00: A dictionary of physio-
logy with general considerations upon mecha-
nisms of adaptation.

Haldane E715/22: Monograph (427 pp.)
on respiration with many interesting specula-
tive passages on the nature of homeostasis.

Selye 36,031/36: A letter to the editor of
NATURE, entitled “A Syndrome Produced by
Diverse Nocuous Agents,” in which the
nonspecific response of the body to biologic
stress was first described.

Selye 38,798/37: “A reaction is described
under the name of ‘alarm reaction’ which
represents a non-specific response of the
organism to damage as such. Its main symp-
toms are: adrenal enlargement, involution of
the lymphatic organs, degeneration and death
of cells in various tissues, ulcer formation in
the digestive tract, and edema formation.
These symptoms are the same whatever the
specific nature of the damaging agent may be.
Drugs, surgical injuries, spinal shock, excessive
muscular exercise, all elicit this same reaction.”
It is in this paper also that the anaphylactoid
reaction was first described on the basis of
experiments on rats given egg-white i.p. ‘““The
significance of this peculiar reaction to egg-
white is not clear, but it seems evident that
in this case an alarm reaction, elicited by
another drug, exerted a protective influence.”
On the other hand, adrenalectomy aggravated
the course of the anaphylactoid inflammation.
These facts suggested that this inflammatory
response is adrenal dependent and amenable
to prevention by corticoids in amounts that
can be secreted during stress.

Cannon B14,905/39: A monograph entitled
“The Wisdom of the Body” (333 pp.) in which
the author summarizes his work on “homeosta-
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sis” and on the many mechanisms involved
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in the maintenance of a steady state despite
exposure to hunger, thirst, hemorrhage or to
factors which specifically tend to alter certain
blood constituents.

Stortebecker 76,398/39: Review of the
early literature (from 1896 to the discovery of
the alarm reaction in 1936) on the effect of
adrenalectomy and crude adrenal extracts
upon resistance to drugs.

Selye B40,000/50: Monograph (822 pp.,
about 6,000 refs.) summarizing the literature
on the General Adaptation Syndrome (G.A.8S.),
the Local Adaptation Syndrome (L.A.S.) as
well as the pathogenic and protective actions
of stress.

Selye B568,650{61: “First Annual Report
on Stress” (644 pp., about 4,000 refs.).

Selye B71,000[52: Monograph (225 pp.) on
“The Story of the Adaptation Syndrome.”

Selye & Horava B87,000/52: “Second
Annual Report on Stress” (526 pp., about
5,300 refs.).

Selye & Horava B90,100/53: “Third Annual
Report on Stress” (637 pp., about 5,700 refs.).

Selye & Heuser C1,001/54: “Fourth Annual
Report on Stress” (749 pp., about 4,300 refs.).

Selye & Heuser C9,000/56: “Fifth Annual
Report on Stress’ (815 pp., about 6,200 refs.).

Selye €95,972/61: Review (32 pp., 85 refs.)
on ‘“Nonspecific Resistance,” with special
reference to the local and general adaptation
syndrome, as well as to resistance phenomena
that are not mediated through the hypothala-
mus-pituitary-adrenocortical axis.

Thyroid

Hunt 60,064/05: In mice, thyroid feeding
greatly increases resistance to acetonitrile,
but not to various other cyanides, such as
hydrocyanic acid or sodium ferricyanide.

Blum 38,401]00; 38,405/06: Studies on the
effect of thyroidectomy upon the resistance
of dogs, rabbits and sheep to various diets
led to the conclusion that the thyroid is not an
organ of internal secretion, but acts by
accumulating and destroying toxic substances,
especially those derived from meat diets.

Scarborough 34,971/36: In rats, feeding of
thyroid extract diminishes the anesthetic
effect of pentobarbital.

Adrenals

Lewis 12,272[21; 61,803/23: Adrenalecto-
mized rats are unusually sensitive to intoxi-
cation with cobra venom, curare, veratrine,
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morphine, digitoxin and diphtheria toxin.
On the other hand, adrenalectomy does not
appreciably alter the susceptibility of the rat
to strychnine or picrotoxin. The protective
effect of the adrenals is thought to be due
either to topical detoxication of the drugs
within the gland, or to ‘‘general metabolic
changes” induced by adrenal principles. The
earlier literature on the increased sensi-
tivity of adrenalectomized animals to various
toxic substances is reviewed.

Scott 16,870/23: Review of the early litera-
ture on the relationship between the adrenals
and resistance to drugs. Personal observations
confirm the high morphine sensitivityof adrenal-
ectomized rats.

Scott  17,400/24: Adrenalectomized rats
are unusually susceptible to killed strepto-
cocci and staphylococei.

Rogoff & DeNecker 63,527/25: The increase
in morphine sensitivity observed by Lewis
(12,272/21) after bilateral adrenalectomy in the
rat is ascribed to the nonspecific damage of
the operation. Most deaths occur during the
first ten days after adrenalectomy, but the
animals that recover are not particularly
gensitive to morphine, “there is indeed, no
evidence that any significant change in toler-
ance occurs.” [In the light of our subsequent
work, it is highly probable that many of the
rats used by these investigators had accessory
adrenals, or that the adrenalectomy was
incomplete, so that upon compensatory hyper-
trophy of the cortical remnants, resistance
returned towards normal (H.S.).]

Selye et al. A32,768/40: Review of the
earlier literature on the ability of epinephrine
and “cortin” to raise resistance against
various stressors. Attention is called to the
fact that whereas cortin is very effective in
this respect in adrenalectomized animals, it
rarely raises resistance above normal in the
presence of the adrenals. The slight effect that
cortical extracts do possess during severe shock
is presumably due to the fact that “a condition
of ‘relative adrenal insufficiency’ exists in orga-
nisms exposed to nonspecific damage.” Follow-
ing extensive partial hepatectomy in rats,
“suitable cortin therapy prevents the hypo-
chloremia, and the decrease in blood volume
and in blood sugar which are usually
elicited by this intervention.” In rats damaged
by repeated s.c. injections of formaldehyde,
cortical extract prevented the hypoglycemia
and hypochloremia of severe shock, whereas
DOC was virtually ineffective; in fact, it aggra-
vated the s.c. edema caused by formaldehyde.

Chronic pretreatment with cortical hormones
causes adrenal atrophy which counteracts
their beneficial effect in protecting against
stress. “These experiments should be inter-
preted as a warning against prolonged pre-
treatment with this substance in preparation
for a surgical intervention.” The best protec-
tive effect was obtained in rats with surgical
shock produced by crushing of the intestines,
if given repeated injections of cortical extract
s.c. during the subsequent 24 hrs. An
“Addendum” reports on similar experiments
performed with corticosterone prepared for
this purpose by E. C. Kendall. This compound,
which differs from DOC only in that it
possesses an 118-hydroxyl group, proved to be
especially effective in protecting the rat
against traumatic shock caused by crushing
of the intestines. [This was the first
observation showing that 1l-oxygenation of
corticoids is required to endow them with
antistress activity (H.S.).]

Kass D35,079/60: “In only two situations
have adrenocortical hormones been shown to be
protective to the host: the replacement of
hormone in hypoadrenalism, and the protective
action against the lethal toxicity of bacterial
lipopolysaccharides ...”

Adaptation to Hormones

Abderhalden 67,622/33: Defensive enzymes
(Abwehrfermente) are produced by the paren-
teral administration not only of complex
proteins but also of polypeptides, cane sugar
or galactose. The induced enzyme activity, as
manifested in the blood or urine, is highly
specific for the substrate used to induce it.
Even specific products of internal (particularly
endocrine) organs or cancer tissue may generate
such defensive enzymes whose demonstration
is often of diagnostic value.

Collip et al. A32,156/40: Review (34 pp.,
about 200 refs.) on ‘“The Antihormones.”

Selye A35,410[41: In rats, pretreatment
with anesthetic doses of certain steroid
hormones induces resistance not only to the
same but also to other anesthetic steroids.

Thomson et al. A35,782/41: Review (13 pp.,
78 refs.) on “The Antihormones.”

Sex Differences

Holck & Kanan 31,302/35: Female rats are
more sensitive than males to various barbitu-
rate anesthetics. No such sex difference could
be detected in the dog, cat, rabbit, guinea pig,
mouse, turtle or frog.
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Falk A337/36: In mice, the anesthetic
effect of certain barbiturates is inhibited by
crude testicular extracts. [It is unlikely that
these preparations antagonized barbiturates
by virtue of their negligible testoid content
(H.S.).]

Holck et al. A8,011/37: Female rats are
more sensitive than males to various barbitu-
rates and nicotine. Orchidectomy abolishes
this increased resistance to barbiturates.
Pretreatment with a testoid urinary extract
shortens the anesthesia produced by hexo-
barbital in intact or spayed females. Andro-
sterone is ineffective.

Winter & Selye A35,658/41; Winter
A36,333/41: Female rats are more sensitive
than males to the anesthetic action of pro-
gesterone but this sex difference is obvious
only after maturity. “The normal endocrine
activity of the testis is largely, if not entirely,
responsible for this comparative resistance of
the males since castration increases sensitivity
in males but is without effect in female rats.
Conversely, the resistance of castrate males
and females may be raised by methyl-
testosterone administration.”

Holck & Mathieson B644/44: In rats, the
development of tolerance to pentobarbital
was determined by injecting increasing doses
every 90 min, day and night, for periods up to
5 days. Practically all 1-2 month-old rats de-
veloped tolerance, as did adult males in
contrast to females. Castration lowered the
ability of adult males to develop tolerance,
but did not do so in 2 month-old males.
Ovariectomy of 2 month-old females increased
their ability to detoxify pentobarbital, once
tolerance had developed.

Buchel G67,326/64: Testosterone decreases
hexobarbital sleeping time in adult intact or
ovariectomized female rats. Estradiol has an
inverse effect in normal or castrate males.
Indirect evidence suggests that the changes
in hexobarbital sleeping time are associated
with its reduced or prolonged presence in the
body.

Selye C27,682/57: In rats, the production
of cardiovascular -calcification by DHT is
facilitated, and the loss of weight increased,
by orchidectomy. Presumably, “some testi-
cular factor exerts a protective effect against
this type of intoxication.”

Hepatectomy, Hepatotoxins

Gluck 45,289/1883: Rabbits tolerate extir-
pation of 1/3, but not of 2/3 of the liver.
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Ponfick A24,668/1889: Extensive descrip-
tion (41 pp.) of the technique and consequences
of partial hepatectomy in the rabbit. As much
as 2/3 of the hepatic parenchyme can be
removed without causing serious functional
disturbances. Complete hepatectomy is in-
compatible with life. If performed in several
stages, enormous amounts of liver tissue can
be removed. Earlier, mostly unsuccessful,
attempts at complete removal of the liver in
frogs and birds are reviewed. No effort was
made as yet to examine hepatic regeneration
following partial hepatectomy (H.S.).]

Podwyssozki E77,767[1885; Hess E 74,646/
1890: Description of the early literature on the
regenerative phenomena in the liver, follow-
ing trauma in experimental animals, and
man.

von Meister A25,263/1894: Monograph
(116 pp., 54 refs.) on the history of
research on the regenerative power of the
liver after various forms of mutilations.
Personal observations on rabbits revealed the
histologic details of hepatic regeneration in the
parenchyme and bile duct at various intervals
of time, after extensive partial hepatectomy.
Two months later regeneration is virtually
complete. Similar regenerative phenomena
occurred in partially hepatectomized rats
and dogs, although the latter do not tolerate
extensive removal of hepatic tissue as well as
rodents do. In rats, the operation consisted in
removing 1 to 3 “hepatic lobes™ (not otherwise
identified).

Biedl & Winterberg 47,485/01: Extensive
studies on the role of the liver in the
synthesis of uric acid from ammonia in the dog,
using various methods for the elimination of
the liver (e.g., destruction of the parenchyme
by injection of acids into the choledochus,
Eck fistula). A 19th-century literature on
complete extirpation of the liver in the goose,
and in vitro perfusion of the liver with ammonia
determinations in the afferent and efferent
blood, etc. is reviewed.

Higgins & Anderson 597(31: Description
of a technique for the removal of the median
and left lateral lobes of the rat’s liver which
correspond to 709, of the hepatic tissue.
Regeneration begins almost immediately and
is virtually complete after 2 weeks. The
mortality rate was 259%. [No attempt was
made to determine the functional consequences
of this intervention (H.S.).]

Waelsch & Selye 3,972/31: First description
of a technique for the removal of about 709,
of the liver in mice, which lends itself for the
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detection of drugs that are detoxified in the
liver. Thus, in such partial hepatectomized
mice, tribromoethanol (Avertin) causes much
more prolonged anesthesia than in intact
controls, whereas magnesium anesthesia is
not significantly affected by this hepatic
insufficiency; presumably because tribromo-
ethanol is, whereas MgCl, is not detoxified by
the liver.

Pincus & Martin A34,939/40: Following
liver damage induced by CCl,, threshold
doses of estrone become more efficacious in
producing vaginal estrus in ovariectomized
rats. Although the results were inconstant
and not very pronounced, they suggest “that
liver damage by CCl, results in a decreased
inactivation of administered estrone.”

Selye A 35,150/41; 4 35,003/41; A 36,447 [42:
In rats, partial hepatectomy increases sensi-
tivity to the anesthetic effect of various
steroids, presumably because most if not all
steroid hormones and their derivatives are
largely detoxified in the liver. Consequently,
the prolongation of anesthesia in the rat
by partial hepatectomy is a suitable test
object for the assays of potential steroid
anesthetics of which only small amounts are
available.

Selye (60,058/69: In the rat, partial
hepatectomy facilitates the production of
perforating intestinal ulcers by indomethacin.
Comparatively small doses of spironolactone
readily inhibit this form of indomethacin
intoxication even in the presence of surgically
induced hepatic insufficiency. ‘“These results
are compatible with the assumption that both
indomethacin and spironolactone are subject
to hepatic detoxication, and hence, their respec-
tive pathogenic and prophylactic actions are
enhanced after extensive resection of liver
tissue.”

Liver Slices or Fractions

Heller A432,137[40: In vitro studies on
tissue slices and tissue mince of rats and
rabbits indicate that “estradiol is inactivated
by liver and kidney, and not by the other
tissues studied. This inactivation of estradiol
is, in all probability, not due to conjugation
or conversion to a less active form, but due to
enzymatic destruction of an oxidative nature.
This is indicated by the relative inactivity of
the treated estradiol, the inability of hydrolysis
procedures to increase activity and the effect
of tissue poisons upon inhibiting the estradiol-
destroying enzyme system. Estrone is increased

20 times in potency by incubation with minced
uterine tissue. Spleen, lung, heart and kidney
tissues also caused estrone to be converted
to a more active substance. The suggestion is
made that this conversion is accomplished by
enzymatic reduction of estrone to estradiol.”

Zondek et al. A74,477/43: Stilbestrol is
inactivated by rat liver pulp in vitro, though
less rapidly than estrone. “In rats treated with
large amounts of stilbestrol, the capacity of
the liver to inactivate stilbestrol is increased.”

Crevier & d’Iorio B54,151/50: Pentobarbi-
tal anesthesia lasts longer in female than in
male rats as judged by the linguo-maxillary
reflex. Castration abolishes the high resistance
of the male, but testosterone restores it to the
normal level. In ovariectomized rats, estradiol
has virtually no effect, but testosterone raises
resistance to the male level. These in vivo
effects run parallel to the in vitro pentobarbital
detoxifying power of liver slices.

Robillard et al. B51,110/50: Male rats are
more resistant than females to the narcotic
effect of pentobarbital. Gonadectomized rats
of both sexes exhibit high pentobarbital re-
gistance after treatment with testosterone,
presumably as a consequence of accelerated
hepatic detoxication of the barbiturates,
gince incubation of pentobarbital with liver
slices of normal males or testosterone-treated
castrates exhibit accelerated pentobarbital
detoxication in vitro.

Robillard et al. G67,325[54: Live homoge-
nates of adult male rats destroy pentobarbital
in vitro (spectrophotocolorimetric determina-
tion) more rapidly than those of castrate
males. In vivo, pretreatment of the castrates,
with testosterone, increases the detoxication
process, whereas estradiol pretreatment has an
opposite effect.

Hepatic Microsomal Enzyme Induction

Brown et al. G57,030/54: “The activity of
an enzyme system in mouse and rat liver
which N-demethylates 3-methyl-4-monome-
thylaminoazobenzene has been found to depend
on the nature of the diet. The lowest activity
occurred when a grain or purified diet was fed.
The activity of mouse liver approximately
doubled when any of several commercial
chows was fed ; the activity of rat liver increas-
ed about 30 per cent. The factor was also
contained in a number of aged or otherwise
treated animal products, such as an old chole-
sterol preparation, liver extracts, and peptones.
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A variety of pure sterols were inactive, but
could be made active by peroxidation.”

Azxelrod E40,270[55: “An enzyme system
in rabbit liver microsomes catalyzes the
deamination of amphetamine to yield phenyl-
acetone and ammonia. The enzyme system
requires reduced triphosphopyridine nucleo-
tide and oxygen. The TPN-dependent dehy-
drogenases in the soluble supernatant fraction
of the liver serve to maintain a reservoir of
reduced triphosphopyridine nucleotide.”

Brodie et al. G66,772/55: Both the micro-
somes and soluble fractions of rabbit liver are
required for drug metabolism. The activity
of the microsomal enzyme systems that
demethylate monomethyl-4-aminoantipyrine
necessitate both NADPH and oxygen which
are provided here by the soluble fraction.
It is unusual for enzyme systems to require
both reduced NADPH and oxygen but the
common step in the various microsomal
reactions could involve the production of
hydrogen peroxide by the oxidation of NADPH.
The generated peroxide might then be utilized
to catalyze the transformation of various
foreign compounds. “It is likely that the
number of these enzymes is relatively small
and that they are unusually nonspecific ...
one can speculate that these systems are not
essential to the normal economy of the body,
but operate primarily against the toxic
influences of foreign compounds that gain
access to the body from the alimentary tract.”

Axelrod D28,644/56: First description of
enzyme systems which N-demethylate mor-
phine and its congeners to the corresponding
norderivatives and formaldehyde. “The enzyme
systems are located in the liver microsomes of
a number of mammalian species and they
require reduced triphosphopyridine nucleotide,
oxygen, and other cofactors. ... There are
marked sex differences in the enzymatic
demethylation of narcotic drugs in the rat.
Administration of estradiol to male rats
results in a decrease in enzyme activity,
while treatment of female rats with testo-
sterone enhances enzyme activity.”

Brodie C12,157[56: The hexobarbital sleep-
ing time of female rats is about four times that
of males; correspondingly, the plasma levels
of hexobarbital drop much more rapidly in
males, whose hepatic microsomes also inacti-
vate the drug more markedly in vitro than
those of females. Male rats, pretreated with
estradiol, sleep as long as females and their
hepatic microsomes lose much of their ability
to metabolize hexobarbital. Females, pretreat-

ed with testosterone, assume the character-
istics of males in all these respects. No sex
differences were seen in mice, guinea pigs,
rabbits and dogs, and their ability to handle
hexobarbital is not influenced by estradiol or
testosterone.

Conney et al. D87,867/56: In rats, 3-methyl-
cholanthrene i.p. considerably increased the
ability of fortified liver homogenates to
N-demethylate 3-methyl-4-monomethylamino-
azobenzene (demethylase activity) and to
reduce the azo linkage of 4-demethylamino-
azobenzene (reductase activity) within
24 hrs. Significant demethylase activity was
obtained even after 6 hrs. A number of other
polycyeclic hydrocarbons caused similar increa-
ses in demethylase activity but there was no
relationship between carcinogenicity and en-
zyme induction. None of these compounds was
active in vitro and their effect could be
inhibited in vivo by ethionine. This inhibition
was in turn prevented by methionine.

Lin & Knox C73,824/58: In rats, the hepatic
TKT activity increased following treatment
with cortisone, cortisol or corticosterone and
L-tyrosine. This effect was observed also after
adrenalectomy. On the other hand, a compa-
rable effect of other aminoacids was probably
due to stress. “That a nonspecific stress-
producing agent could actually increase the
level of tyrosine-a-ketoglutarate transaminase
was further supported by the results obtained
with a compound which is unrelated to tyro-
sine metabolism. Injections of propylene
glycol in doses of 0.5 ml per 100 gm of body
weight caused the level of this enzyme to
increase to an average of 1390 units in three
intact rats.” Adrenalectomized rats did not
support this dose of propylene glycol.

Remmer D86,728/58: In rats, 3 days
pretreatment with cortisone or prednisolone
diminishes the anesthetic effect of hexobarbital
and increases the degradation of the anesthetic
by liver slices. Adrenalectomy inhibits the
degradation of hexobarbital by liver slices of
male rats, an effect which can be counteracted
by pretreatment with cortisone. Mention of
unpublished experiments indicating that corti-
sone and prednisolone accelerate the detoxi-
cation of meperidine in the rat, exclusively
through demethylation and not through
hydrolysis.

Rosen et al. C47,668/58: Cortisol, cortisone
and prednisone increase the GPT activity of
the rat liver. GOT activity is not similarly
influenced. “These facts, added to the obser-
vation that a substantial rise in hepatic GPT
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occurs in rats treated with hydrocortisone, in
contrast to treatment with deoxycorticoste-
rone, strongly suggests that the control of
hepatic levels of GPT by glucocorticosteroids
is importantly related to the mechanism
whereby these compounds exert their gluco-
neogenic activity.”

Sulman et al. C79,823/59: In rats injected
for 4 months with prednisone or prednisolone,
anincreasein the hepatic content of the enzymes
which decompose these steroids could be de-
monstrated in vitro. Various histologic stains
failed to reveal any associated light-micro-
scopic change in the hepatocytes. Addition of
SKF 525-A to the homogenate of activated
livers blocked their enzymic activity.

Maickel & Brodie C83,071/60: TPO in
rat liver is increased by ACTH, cortisone, or
cortisol, as well as by various stressors and
barbiturates. Hypophysectomy prevents the
effect of stressors and barbiturates, suggesting
that the latter act through the pituitary-
adrenal system.

Kato et al. G64,325/62: Adult male rats
are more resistant than females to pentobar-
bital anesthesia, carisoprodol paralysis and
strychnine convulsions. Conversely, the lethal
effect of OMPA is greater in the male. The
sex difference is ascribed to the increased
production of anabolic testoids that enhance the
decomposition of these substrates, the first
three of which being inactivated whereas the
last activated in the process. The differences
were also demonstrated in vitro, using liver
slices or microsomal fractions. The high
microsomal activity of the male could be
abolished by castration, and restored by
several anabolic testoids.

Booth & Gillette D34,6566/62: Testosterone
propionate, 19-nortestosterone, 4-androstene-3,
17-dione and 4-chloro-19-nortestosterone ace-
tate (SKF 6611) were tested for their ability
to induce hepatic microsomal enzymes in
female rats. “All of the steroids produced 2-
to 3-fold increases in the activity of the
enzyme systems that metabolize hexobarbital,
demethylate monomethyl-4-aminoantipyrine
and hydroxylate naphthalene, but only 19-
nortestosterone, testosterone propionate and
methyltestosterone increased the activity of
microsomal TPNH oxidase. ... The increase
in microsomal enzyme activity is more
closely related to the anabolic activity than
to the androgenic activity of the steroid.”

Novick Jr. et al. F63,768/66: “Subcuta-
neous administration of several 19-nortesto-
sterone derivatives produced an increased

hepatic microsomal metabolism of hexobar-
bital and decreased zoxazolamine prostration
time in mice. Testosterone and methyltesto-
sterone produced an increased hexobarbital
sleep time and testosterone decreased the rate
of hepatic microsomal metabolism of hexo-
barbital. Although the ability of norethan-
drolone and SK&F 6612 (4-chloro-17a-methyl-
19-nortestosterone) to shorten hexobarbital
sleep time occurs within 6 to 12 hr. after a
single dose in mice, this effect of testosterone
derivatives in rats occurs only after prolonged
treatment.”

Tomkins et al. (G49,588/66: Glucocorti-
coids stimulate TKT induction in rat hepatoma
cells, in vitro. Inhibitor and immunochemical
experiments indicate that the corticoids do
not activate a precursor but increase the
number of enzyme protein molecules. Appa-
rently, the hormones exert some control at the
level of translation of the transaminase
messenger by antagonizing a repressor of
messenger function. “It cannot yet be deter-
mined whether the presumed increase in mes-
senger concentration occurs as a secondary
response to the stimulation of translation, or
whether there is a direct effect of the hormone
on gene transcription.”

Conney F88,649/67: A review of the lite-
rature on more than 200 drugs leads to the
conclusion that ‘“‘there is no apparent rela-
tionship between either their actions or
structure and their ability to induce enzymes.
It is of interest that most of the inducers are
soluble in lipid at a physiological pH.”

Mannering G71,818/68 (p. 53): Review of
the early history of studies on hepatic micro-
somal drug metabolism.

Kalyanpur et al. G66,147/69: In mice,
various anabolic steroids (methandienone,
4-chlorotestosterone acetate, nandrolone, phen-
propionate) given i.p. 90 min before pentylene-
tetrazol, inhibit convulsions. The protective
effect is compared to that produced by various
anesthetic steroids. [A relationship to enzyme
induction is not suggested, nor is it probable
in view of the shortness of the necessary
pretreatment (H.S.).}

Solymoss et al. G60,054/69: “In the rat,
pretreatment with spironolactone, norbole-
thone or ethylestrenol increased the oxidation
of pentobarbital by liver microsomes, enhanced
its disappearance from blood and proportion-
ally decreased the depth of anesthesia.”
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Portal Route of Administration

Golden & Sevringhaus A37,808/38: In
ovariectomized rats, ovarian homotransplants
placed into the mesenteries failed to maintain
the sexual cycle, whereas retransplantation of
the gonads into the axillary region reinitiated
estrus. Apparently, folliculoids are detoxified
during their passage through the liver.

Biskind & Mark A31,656/39: “Pellets of
testosterone propionate and estrone do not
exert their specific effect on the appropriate
castrate rats when implanted in the spleen.
The specific effect returns when the spleens
containing the pellets are transplanted and the
splenic artery and vein are ligated.” Possibly,
both testosterone and estrone are inactivated
during their passage through the liver.

Biskind A31,848{40: Both testosterone and
methyltestosterone, when implanted in pellet-
form into the spleen of the castrate rat, failed
to stimulate the accessory sex organs. When
the pellet-containing spleen is transplanted
subcutaneously, with the splenic vessels ligat-
ed, the testoid effect returns. “The differences
in the specific effects of these two substances
when administered orally may be due to
different routes of absorption from the
intestinal tract (e.g., via the lymphatics),
rather than different sites of inactivation.”

Burrill & Greene A32,956/40: In immature
orchidectomized rats, autotransplants of testi-
cular tissue stimulated the growth of the
accessory sex organs when placed subcuta-
neously but not when inserted into the portal
circulation. Presumably, testoids are detoxi-
cated during their passage through the liver.

Eversole et al. 78,679/40: In adrenalecto-
mized rats “autoplastic cortical grafts placed
on the kidney, ovary or mesentery are of ap-
proximately equal functional capacity.” Hence
it is concluded that ‘“unlike ovarian trans-
plants, the function of cortical tissue is not
impaired by having a site (intestinal mesen-
tery) with hepatic portal drainage.”

Biskind A435,907(41: Female rats become
anestrus upon s.c. implantation of a testo-
sterone pellet. The estrus cycle remains normal
if the pellet is implanted into the spleen but if
subsequently this spleen is transplanted
subcutaneously and its vessels ligated, the
estrus cycle is resumed. Presumably intra-
splenically-located testosterone is detoxified
during its passage through the liver.

Biskind A36,315{41: Pellets of estradiol
benzoate implanted into the spleens of adult
ovariectomized rats produce only a short

period of estrus. However, if these spleens are
transposed (pedicle transplant) s.c., their
estrogenic action reappears. Apparently, estra-
diol is inactivated in the liver, as had previ-
ously been shown for estrone.

Biskind A36,481/41: Estrone pellets im-
planted into the spleen do not cause such
marked testicular atrophy in adult rats, as
do similar pellets placed s.c. If the pellet-
bearing spleens are transplanted s.c., and their
hilum ligated (to prevent drainage of splenic
blood into the portal circulation), then severe
testicular atrophy develops, suggesting that
estrone is inactivated during its passage
through the liver.

Biskind & Biskind A38,221/42: The
anestrus condition of ovariectomized rats with
splenic implants of estrone pellets gives way
to constant estrus under the influence of
vitamin-B complex deficiency. Administration
of brewers yeast restores anestrus. Presumably
the hepatic detoxication of folliculoids depends
upon vitamin-B factors.

Burrill & Greene A38,214/42: In rats,
pellets of testosterone or methyltestosterone
implanted s.c. stimulated the growth of the
accessory sex organs after orchidectomy.
Upon implantation into the spleen, methyl-
testosterone was, but testosterone was not
active. Presumably, the latter is more subject
to hepatic detoxication.

Eversole & Gaunt A56,551/43: In rats,
DOC pellets placed into the portal circulation
are less effective in maintaining life after
adrenalectomy than those implanted else-
where. Apparently, DOC is partly inactivated
during its passage through the liver.

Green B28,239/48: In rats kept on a high
NaCl intake the disturbances in fluid exchange,
cardiac and renal hypertrophy, hypertension
and mortality induced by DOC implantation
s.c. are all diminished or absent if the same type
of DOC pellet is implanted into the spleen. It
is concluded that DOC is detoxified in the liver.

Shipley et al. B50,163/50: In ovariecto-
mized rats maintained on a hypolipotropic
diet supplemented with methionine, estrone
pellets protected against the development of
hepatic steatosis if implanted s.c. but not if
placed in the spleen.

Moller-Christensen B56,243/51: In rabbits
and cats, a greater increase in blood pressure is
obtained by vasopressin injected into a peri-
pheral vein than if the same amount is injected
into the spleen. It is concluded that vaso-
pressin is detoxified by the liver.
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Liver Perfusion

Israel et al. A16,424/37: Estrone “is not
inactivated by dog blood in vitro or by the
circulation in a heart-lung perfusion system.
It is rapidly inactivated by circulation in a
heart-lung-liver perfusion system.”

Smooth Endoplasmic Reticulum (SER)

Fouts G79,654/61: When SER and RER
particles of rabbit liver are separated by
ultracentrifugation in various sucrose gradients,
the NADPH oxidase and drug-metabolizing
enzyme activity can be shown to be higher in
the SER than in the RER.

Remmer & Merker D61,064/63: In the rat,
hepatic microsomal enzyme induction by
phenobarbital is associated with a proliferation
of the hepatic SER.

Fouts & Rogers F29,497/65: In the rat,
‘“phenobarbital and chlordane stimulate a
variety of microsomal drug metabolisms and
also appear to cause a marked proliferation of
smooth-surfaced endoplasmic reticulum (SER)
in the hepatic cell. Benzpyrene and methyl-
cholanthrene stimulate only a few microsomal
drug metabolizing enzymes and do not
appear to cause any pronounced increase in
hepatic cell SER.”

Burger & Herdson G66,499/66: In the rat,
phenobarbital causes liver enlargement and
ultrastructural changes characterized by “pro-
liferation of smooth endoplasmic reticulum
with concomitant shortening and dispersion
of rough endoplasmic cisternae, mitochondrial
abnormalities, and the development of myelin
figures. The morphologic abnormalities at
first affect only central cells, but progressively
involve cells further out in the lobule so that
after medication for 10 days most of the lobule
is involved. Nevertheless, a peripheral zone of
normal-looking cells is always present.”
Concurrent treatment with SKF 525-A further
aggravates these changes, but SKF 525-A
itself causes no detectable abnormalities in the
liver.

Claude E 8,217[69: Review on “Microsomes,
Endoplasmic Reticulum and Interactions of
Cytoplasmic Membranes.”

Gardell et al. G60,062/70: In the rat,
norbolethone—an active catatoxic steroid—
produces pronounced proliferation of the SER
in hepatocytes, presumably a morphologic
reflection of increased microsomal enzyme
production.

Horvath et al. @70,408/70: In rats “treat-
ment with the most active catatoxic steroids

(spironolactone,  norbolethone, SC-11927,
ethylestrenol) invariably induced marked
proliferation of the SER. Progesterone and
testosterone had a less pronounced effect.
However, alterations of the endoplasmic
reticulum can also be produced by some
non-catatoxic steroids (estradiol) or non-
steroidal compounds (stilbestrol). Thus it can
be concluded that there is no close correlation
between the catatoxic potency and the
proliferation of the SER although all the
catatoxic compounds tested lead to a marked
transformation of the endoplasmic reticulum
in the hepatocytes.”

Kovics et al. G60,045[70: In the rat,
spironolactone given in amounts suitable to
produce a catatoxic effect causes marked
proliferation of the SER in hepatocytes. This
change presumably reflects an induction of
drug-metabolizing microsomal enzymes, and
may explain why spironolactone protects
against the injurious effects of different
compounds.

Syntoxic vs. Catatoxic Actions

Selye et al. A72,284/44: Demonstration of
a relationship between the adrenal cortex and
inflammatory lesions. In rats, DOC can
produce carditis, periarteritis and sometimes
arthritis under appropriate experimental con-
ditions.

Selye B76,060/53: In rats, cortisol inhibits
inflammation in granuloma pouches produced
by croton oil. However, the croton oil removed
after 14 days of sojourn in the pouch still
retains the ability to produce inflammatory
changes when injected into other rats. Appa-
rently, the glucocorticoid acts by depressing
the inflammatory potential of the tissues,
not by destroying the irritant.

Selye G60,039/69: First description of the
concept of ‘‘catatoxic steroids.” The term
refers to steroid hormones and their derivatives
which increase resistance to various toxic
agents above normal. Corticoids, which merely
restore normal resistance in adrenal insuffi-
ciency, are not included in this concept, nor
is the antiphlogistic effect that is not directed
against toxic agents but suppresses a parti-
cular somatic response to them, namely
inflammation which may be harmful or bene-
ficial depending upon circumstances. Many,
if not all, catatoxic steroid hormone actions
depend upon increased detoxication of noxious
compounds, through the induction of adaptive
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microsomal enzymes in the liver, not upon
suppression of specific morbid reactions to them.

Selye G60,070{70: First detailed review
(21 pp., 65 refs.) on “Adaptive Steroids”
with special emphasis upon their classification
and the history of research on their role as
regulators of nonspecific resistance.

Selye (60,087/70: Brief review on the
history of adaptive hormones with special
reference to catatoxic steroids.

Solymoss et al. G79,023/71:In rats, pre-
treatment with PCN or spironolactone in-
creases liver weight, glutathione S-aryltrans-
ferase activity and bile flow. At the same time,
the plasma clearance and biliary excretion of
BSP and its conjugated metabolites are en-
hanced. Ethylestrenol likewise increases liver
weight but does not alter the other parameters
mentioned above. Spiroxasone, SC-9376 and
CS-1 (antimineralocorticoids), unlike norbol-
ethone and oxandrolone (anabolics), also en-
hance plasma clearance of BSP, probably
through the same mechanism. In contrast to
these effects of pretreatment, administration
of spironolactone, ethylestrenol or estradiol
immediately before BSP delays plasma clear-
ance of the dye, probably through competi-
tive inhibition of biliary excretion. SKF 525-A
does not suppress the enhanced BSP clearance
induced either by spironolactone or by pheno-
barbital. [Although the authors did not eva-
luate their data from this point of view, these
observations clearly show that the catatoxic
activity of steroids is not merely the result of
hepatic microsomal drug metabolizing enzyme
induction. It may also be mediated through
extra-microsomal enzyme mechanisms or even
through enhanced biliary excretion (H.S.).]

Solymoss PROT. 42234: As judged by the
Kagawa test, PCN is practically devoid of
antimineralocorticoid activity. In male adrenal-
ectomized adult rats, 6 pg of DOC s.c. produced
a pronounced decrease in the urinary Na/K
excretion, which could not be counteracted by
1 mg of PCN.

Clinical Implications

Yaffe et al. G67,125/66: In a female infant
with congenital unconjugated hyperbilirubin-
emia, phenobarbital lowered the serum bili-
rubin concentration. ‘“This constitutes the first
indication of the apparent induction of a
glucuronide-conjugating enzyme system by
phenobarbital in man and therefore may also
represent the first therapeutic application of
enzyme induction.”

Salvador et al. G68,113/67: Pretreatment

with phenobarbital diminished hypercholester-
olemia and atherosclerosis in cholesterol-fed
rabbits. The cholesterol content of the aorta
was likewise diminished.

Crigler & Gold H7,119/69: In a male infant
with congenital, nonhemolytic, unconjugated
hyperbilirubinemia and severe kernicterus,
phenobarbital decreased serum Dbilirubin,
whereas L-trilodothyronine, STH, and testo-
sterone had little or no effect. During pheno-
barbital treatment, liver specimens obtained
by biopsy showed proliferation of the SER
and increased in vitro capacity to conjugate
p-nitrophenol.

Mowat & Arias G74,246/69: “Oral contra-
ceptive agents cause a predictable and rever-
sible fall in hepatic excretory function in all
subjects appropriately tested.” At the same
time, there is induction of hepatic drug-meta-
bolizing enzymes which may alter the respon-
siveness of women to various drugs, and
conversely, others have shown that the
uterotrophic effect of oral contraceptives is
reduced by phenobarbital at least in rats.
“We can only speculate as to what this may
mean for the insomniac on phenobarbitone
who relies on the pill for contraception.”

Orrenius et al. E8,231/69: Review of the
literature and personal observations on the
increase in the synthesis of cholesterol from
14(.acetate obtained by phenobarbital pre-
treatment in rats and hamsters.

Powell et al. H17,195/69: It had previ-
ously been noted that pre-eclamptic toxemia
(P.E.T.) is associated with a reduction in the
incidence and severity of nonhemolytic jaun-
dice in the neonate. Reexamination of these
data now showed ‘“that for nontoxaemic
mothers receiving any barbiturate at any
time there was a slight but statistically
insignificant reduction (11.39%,) in incidence
of jaundice in their infants. Toxaemic mothers
not receiving barbiturate had a similar
insignificant reduction (10.49%). When both
P.E.T. and barbiturate were present together,
however, the reduction was 30.79, and this
was statistically significant (P < 0.01).”

Temple Jr. etal. H17,091/69: In patients
with Cushing’s disease, 0,p’DDD diminished
cortisol secretion. Since adrenal responsiveness
to ACTH infusion was reduced and the adrenals
showed electron-microscopic changes in the
mitochondria of the fasciculata, the effect was
ascribed to the adrenolytic action of the drug.

Selye (360,083/70: Experimental Cardio-
vascular Diseases. Berlin— Heidelberg—New
York: Springer Verlag, 1970.
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It is not within the scope of this monograph to discuss the chemical basis of drug
metabolism in detail. This subject has been adequately covered by others in several
excellent reviews (listed at the end of this chapter). Here we shall merely present a
very sucecinct outline, followed by abstracts of key papers on enzymic reactions
likely to participate in the metabolism of substrates that are influenced by
adaptive hormones.

Most drugs undergo some metabolic transformation in the body. The same is
true of hormones and of other physiologic constituents of the organism. The
majority of these chemical changes takes place in the liver as a result of enzymic
activity, but many metabolic transformations occur in extrahepatic tissues, and not
all are the direct consequences of enzymic degradation or synthesis. Since we are
concerned primarily with all aspects of the humoral regulation of tolerance to toxic
agents, we must remember that hormones can increase resistance through entirely
different mechanisms, e.g., by enhancing the excretion of toxicants through the
urine, bile, etc., or by stimulating their uptake into the RES. Indeed, the entire
group of syntoxic hormones acts by influencing the body’s response to aggressors,
without necessarily having any direct effect upon the latter. Furthermore, we
shall see that some steroids act merely as particularly efficient carriers of active
groups (e.g., of the thioacetyl radical) which bind and inactivate toxic materials
(e.g., mercury).

Here we shall speak mainly about the most common biochemical mechanisms for
the inactivation of toxic substrates which, in general, are characterized by the
production of metabolites more polar than the parent ecompounds. This transformation
is a useful preparation for renal and biliary excretion because substances with a high
lipid/water partition coefficient pass readily across membranes; hence they are
easily reabsorbed from the tubular urine, a process which interferes with their
elimination. In addition, the specific secretory mechanisms for anions and cations
in the proximal renal tubules and in the hepatic parenchyme act upon highly polar
substances. For example, the oxidation of a methyl group to carboxyl can prepare
a compound for renal or biliary excretion, thereby reducing its biologic half-life
from many hours to a few minutes. The same effect is achieved by conjugation of a
relatively nonpolar drug with sulfate. However, decreased lipid solubility is useful
in this connection only if combined with increased water solubility.

The reactions undergone by drugs in the body are: oxidation, reduction,
hydrolysis and synthesis (conjugation). The most important oxidative reactions
include aliphatic oxidation, aromatic hydroxylation, N-dealkylation, O-dealkylation,
S-demethylation, deamination, sulfoxide formation, desulfuration, N-oxidation and
N-hydroxylation.
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OXIDATIONS MEDIATED BY HEPATIC MICROSOMAL ENZYMES

The microsomal organization of redox components by which reducing equivalents
are brought into reaction is of interest, since mixed-function oxidations require
reducing equivalents. Such redox components occur in the endoplasmic reticulum
of various tissues. The components identified in hepatic microsomes are
summarized as follows (Mason et al. ¥51,528/65):

Inhibition by
—SH binding reagents
) Cytochrome ¢
Flavoprotein (FAD) —— Cytochrome 4 — ] Xenobiotic substances
Metabolites
\

Unknown functions
i Ferricyanide
| lindigotetrasulfonate , etc.

NADH

Flavoprotein {FMN) - Cytochrome ¢

i\ | TPNH -acceptor !
0, Metabolic reductions

P_is0 )
Microsomal Fey ™Mixed function oxidases

/

NADPH—Flavoprotein (FAD)

\ Ferricyanide
Cytochrome ¢
I Lete.

Inhibition by metal-binding
reagents,detergents, cholate,
lipases,—SH reagents

Here, NADH reduces cytochrome b, through the FAD-containing flavoprotein,
NADH-cytochrome b, reductase; the reduced cytochrome by transfers reducing
equivalents to acceptors with E;’ above about 0 volts at pH 7; the reductase itself
transfers reducing equivalents to dyestuffs but not to cytochrome ¢. NADH may
likewise reduce cytochrome ¢ through an FMN-containing microsomal flavoprotein,
NADH cytochrome ¢ reductase, but no cytochrome ¢ occurs in carefully prepared
microsomes. NADH also reduces a CO-binding cytochrome pigment P-450 (so called
from the position of absorption of the CO complex). This P-450 appears to be the
functional site of several microsomal mixed-function oxidases. NADH reduces also a
hemoprotein-like component of hepatic microsomes, which is detectable by electron-
spin resonance spectroscopy. Its reduced form, known as “microsomal Fey,” is
extremely autoxidizable. A much more active enzyme toward P-450 and microsomal
Fex reduction is NADPH-cytochrome ¢ reductase, an FAD-containing flavoprotein
which reduces a NADPH-acceptor with a b-type cytochrome spectrum probably
related to P-450 and microsomal Feyx. NADPH-cytochrome c¢ reductase also
catalyzes the reduction of dyestuffs and other nonspecific acceptors. In addition
to these redox-active components, the hepatic microsomes contain non-heme iron,
copper, manganese, and coenzyme X, whose functions are unknown.
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A graphic representation of the interactions between these microsomal compo-
nents is given in the graph below in which the FAD-containing liver protein is indi-
cated as “Fp” and its reduced form as “Fp*”’ (Mannering G75,980/68):

RN, + HCHO

[R- NH CH,OH]
Fett
NADPH rotein 13450{
X X R-NH-CH,3
NADP+ Fettt
Protein

O,

The relative nonspecificity of microsomal drug-metabolizing systems has been
ascribed to the function of a single oxidase system involving cytochrome P-450, or
at least a limited number of oxidase systems involving one or more eytochromes.
Even if drugs are structurally unrelated, they would compete with each other for
metabolism, assuming that the latter depends upon a single enzyme system or a
single rate-limiting component common to the systems involved in the metabolic
degradation of the defense substrates. In fact, it could be shown that many sub-
strates acted as competitive inhibitors mutually inhibiting one another.

The important initial hydroxylation reactions are written as follows [Goldstein
et al. 165/68 (p. 231)]:

P,
Rr-cH,—220l | g-cron

Aliphatic Oxidation

0 o)
Bl il 7\
CHsc-NH-Q» CH,C-NH: OH

Aromatic Hydroxylation
R-NH-CH; —> [R-NH-CH,0H] —> R-NH,+HCHO
N-Dealkylation
R-0-CH; —> [R-O-CH,0H] —> R-OH+HCHO

O-Dealkylation

R-5-CH; —> [R-S-CH,0H] —> R-SH+HCHO
S-Demethylation
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OIH
n
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Sulfoxide Formation

(CHy )N > [(CH, );N-OH]+ —> (CHj))N=0 +H*
‘N-Oxidation

(I)H
R-NH-R'—> R-N-R'
N-Hydroxylation

In the oxidative desulfuration reactions, the oxygen atom replaces sulfur
which later appears as sulfate.

Table 1 (p. 46) represents a compilation from the literature of enzyme activities
that could be traced to the hepatic microsomal fractions of mammals, mainly of the rat.

OXIDATIONS NOT MEDIATED BY HEPATIC MICROSOMES

These include aromatization of cyclohexane derivatives (mitochondrial enzymes)

Aleohol and aldehyde oxidation (cytosol enzymes)

Purine oxidation

Monoamine oxidase (MAQ) and diamine oxidase (DAQ). MAO is a particularly
important mitochondrial enzyme (found in liver, kidney, intestine and nervous
tissue) because its substrates include physiologic substances such as: phenylethyl-
amine, tyramine, dopamine, norepinephrine, epinephrine, tryptamine and 5-HT.
DAO also converts amines to aldehydes in the presence of oxygen; its substrate
specificity overlaps with that of MAO.

Dehalogenation (e.g., of halogenated insecticides).

REDUCTIVE DETOXIFYING REACTIONS

Azo and nitro reduction, first thought to occur in the cytosol, but later shown to
depend upon a class of light microsomes that sediment very slowly. In
contrast to the oxidizing microsomal enzymes, these reductases are found also in
extra-hepatic tissues.

Alcohol dehydrogenase can function as a reductase, e.g. when it catalyzes the
conversion of chloral hydrate to trichloroethanol.



Table 1. Enzymic activities of liver microsomal fractions. (Simplified after an extensive com-
pilation by Reid (G71,333/67) where references to the original articles may be found)

% in 9, in
Enzyme or enzyme system microsomal | Enzyme or enzyme system microsomal

fractiona fraction®
Ouxidoreductases Hydrolases
L-Amino-acid oxidase (1.4.3.2) Alkaline phosphatase (3.1.3.1) 429,
Aryl-4-hydroxylase (1.14.1.1) ~1009, Amylase (3.2.1.1) 52%
Ascorbate-forming system (1.1.1.19) Arginase (3.5.3.1) 419,
Azo-dye reductase (1.6.6.7) Arylsulphatase C (3.1.6.1) 629,

Catalase (1.11.1.6) 149,
Cystine reductase (1.6.4.1)
Desmosterol reductase (1.3.1. ) 35%

Diaphorases—NAD,, NADH,
(1.6.99)

Glucuronolactone reductase
(1.1.1.20)

f-Hydroxy-f-methylglutaryl-CoA
reductase (1.1.1.34)

Lipid-peroxidation system (ADP-
activated ; coupled to NADPH,
oxidase)

Malate dehydrogenase (1.1.1.37)  low

NADH,-cytochrome by reductase
(1.6.2.2)

NADH,-cytochrome ¢ reductase
(1.6.99.3)

NADPH,-cytochrome c reductase

NADPH, peroxidase (NADPH,
oxidase) (1.11.1.2)

Stearate-dehydrogenating system
(— oleate)

Steroid reductase (— 5a isomer)

Sulphite oxidase (1-8-3-1)

629

649,

75%,

Transferases

3-Acylglycerophosphorylcholine
acyltransferase (from acyl-CoA)
(2.3.1. )

deCDPcholine: 1,2-diglyceride
cholinephosphotransferase (2.7.8)

CDPcholine: 1,2-diglyceride
cholinephosphotransferase
(2.7.8.2)

Diglyceride acyltransferase
(2.3.1.20)

Glycerolphosphate acyltransferase
(2.3.1.15)

Phenylphosphate: cytidine
phosphotransferase

Phosphatidylinositol kinase (2.7.1. )

Pyrophosphate: glucose
phosphotransferase

Ribonuclease (“alkaline”) (2.7.7. ) low

Transmethylases, to phosphatides
or other acceptors (2.1.1. )

UDPglucose: glycogen glucosyl-
transferase (2.4.1.11)

UDP glucuronyltransferase
(2.4.1.17)

50%

979%

84%

high

ATPase (ATP pyrophosphohy- low
drolase ; Mg2+ ions in assay)
(3.6.1.4)

N-Deacylase (“esterase”) (3.5.1. )

Acetylcholinesterase {46%
(“true cholinesterase’’) 1629,
(3.1.1.7) o
589,
Arylesterase (3.1.1.2) { 67%
185%,
1 o,
Esterases - (];?il.zlcfg;chohnesterase 469,
Carboxylesterase
(3.1.1.1)
Cholesterol esterase 1129,
(3.1.1.13)
Vitamin A esterase
(3.1.1.12)
Glucose-6-phosphatase (3.1.3.9)¢ 749,
B-Glucuronidase (3.2.1.31) {40%
37%
Inorganic pyrophosphatase (3.6.1.1) 809,
Lipoprotein lipase (3.1.1. ) 409,
Lysophospholipase (lysolecithi- 619,
nase) (3.1.1.5)
NAD nucleosidase (3.2.2.5) 93%
NAD pyrophosphatase (3.6.1.9) 63%
NADP pyrophosphatase (3.6.1. ) 529,
Nicotinamide deamidase (3.5.1. )
ADPase
(=CDPase ?)
Nucleoside (3.6.1. )
diphosphatases } GDP/IDP/ > 509,
UDPase {7 19.-IDP
(3.6.1.6)

5’-Nucleotidase (nucleoside-5- 35—409,
monophosphatase) (3.1.3.5) {47%
Nucleoside triphosphatase (3.6.1.4) 239,-ITP
Phosphodiesterase I (3.1.4.1) 299%,
Thiamine pyrophosphatase ~509,
(3.6.1. )
Uronolactonase (3.1.1.19)
Other enzymes or enzyme systems
Acyl-CoA synthetase (6.2.1.3)
Cholyl-CoA synthetase (6.2.1.7)
Demethylase (azo-dye)
Epoxysteroid lyase
Ether(aromatic)-cleaving system
Fumarase (fumarate hydratase)
4.2.1.2)
Glutamine synthetase (6.3.1.2)
Prothrombin-forming system

949,

28%

479,
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DRUG METABOLISM BY HYDROLYSIS

This is essentially restricted to esterases and amidases found in plasma, liver
and other tissues, usually in the cytosol fraction. A pertinent example is the
hydrolysis of procaine by plasma choline esterase to p-aminobenzoic acid and
diethylaminoethanol.

CONJUGATION REACTIONS

Synthesis of glucuronides, e.g., of steroid alcohols, thyroxine, bilirubin and
various substances foreign to the body, can be achieved by hepatic enzymes.
Those catalyzing the synthesis of uridine diphosphate-glucuronic acid (UDPGA)
serve as a glucuronic acid donor to the various receptors in the cytosol. Transfer-
ases in hepatic microsomes and other tissues mediate this latter process.

Synthesis of ribosides and riboside phosphates shows that carbohydrates other
than glucuronic acid can participate in synthetic drug metabolism. Ribonucleosides
and ribonucleotides are formed with purine and pyrimidine analogues by a soluble
enzyme system of the hepatic cytosol. This type of reaction participates in the
metabolism of histamine and of various carcinolytic agents, e.g., in the conversion
of 6-mercaptopurine to a ribonucleotide.

Acylation reactions are mediated by enzymes of the hepatic cytosol fraction.
Here, coenzyme-A through its free-SH group reacts with an activated form of carbox-
ylic acid to form acyl-CoA. The acyl group is then transferred to an appropriate
acceptor, e.g., an aromatic amine.

Mercapturic acid formation occurs in preparation for the urinary excretion of
aromatic hydrocarbons, halogenated aromatic hydrocarbons and halogenated nitro-
benzenes. A “glutathiokinase,” found in the hepatic cytosol, is thought to activate
glutathione; the conjugation then proceeds in the microsomal fraction in the presence
of NADPH and oxygen. The glutathione conjugate is subsequently hydrolyzed to an
arylcysteine intermediate, the cysteine amino group of which is acetylated to
mercapturic acid.

Sulfuric acid esters or “ethereal sulfates’ are formed by the reaction of
aromatic or aliphatic —OH groups and certain —NH, groups with an activated form
of sulfate. Hepatic cytosol enzymes mediate the sulfate activation and the
transfer of sulfate to the acceptor.

N-, 0-, and S-methylation can be achieved with S-adenosylmethionine as a methyl
donor. Catechol O-methyltransferase (found in hepatic cytosol but also in many other
tissues) catalyzes the transfer of —CHgs to a phenolic —OH, e.g., in epinephrine,

Footnote to Table 1

a O/ ._values are given only where there were reasonably quantitative results, and the
recovery ot homogenate activity in the fractions was satisfactory. Where low 9-values
have been included, the homogenate may have contained at least two enzymes one of
which was truly associated with the microsomal fraction. On the other hand, some fairly
high values in the literature have been excluded because, for example, the enzyme is

really lysosomal.
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norepinephrine, dihydroxyphenylethylamine and dihydroxybenzoic acid. This
enzyme may be responsible for the physiologic inactivation of norepinephrine.

N-methylation is involved in the methylation of histamine, phenylethanolamine
and the conversion of norepinephrine to epinephrine. The reaction occurs in the
cytosol of the adrenal medulla and other tissues. This is not strictly speaking a
detoxication reaction but nicotine, nicotinamide, quinoline, etc. can also be
methylated through a similar pathway.

S-methylation appears to be limited to lipid-soluble substrates which have access
to microsomal enzymes. Various exogenous -——SH compounds are methylated in this
manner, but physiologic substrates (homocysteine, cysteine, glutathione) are not.

Transsulfuration and cyanide metabolism are also important for detoxication.
In cyanide poisoning, CN becomes bound to the Fe in cytochromes destroying their
electron transport capacity. The immediate removal of CN is achieved by
promoting its binding to methemoglobin. This process is followed by the conversion
of cyanide to the nontoxic thiocyanate by furnishing thiosulfate or mercaptopyruvate
as substrates. Normally cyanide is metabolized in the body by sulfur transferase
(“rhodanese”), a mitochondrial enzyme found in liver, kidney and other tissues.

Enzymes and Resistance in General

Rubin et al. G58,057]64: Discussion of
factors which may explain the relative
nonspecificity of microsomal enzymes by affect-
ing pathways common to many detoxicating
reactions.

Reid G71,333/67: A chapter on “Membrane
Systems” (86 pp., numerous refs.) with a
tabular compilation of the literature on mi-
crosomal enzyme systems.

Goldstein et al. E165/68 (p. 218): Review
on the effect of various inducers upon the
pathways of drug metabolism.

Gillette H 34,126/71: The principal oxidative reactions catalyzed by hepatic microsomal mixed

function oxygenases are tabulated as follows:

Reaction Substrate Product

Deamination amphetamine phenylacetone
O-dealkylation phenacetin p-hydroxyacetanilide
Aliphatic hydroxylation pentobarbital 3-hydroxypentobarbital
Aromatic hydroxylation aniline p-hydroxyaniline
Epoxidation aldrin aldrin epoxide
N-dealkylation aminopyrine 4-aminoantipyrine
Alkylol formation schradan hydroxymethyl schradan
N-oxide formation dimethylaniline dimethylaniline N-oxide
N-oxidation aniline phenylhydroxylamine
S-demethylation 6-methylmercaptopurine mercaptopurine

S-oxidation

Phosphothionate oxidation

Desulfuration

Dehalogenation

Dealkylations of metallo alkanes

chlorpromazine
parathion
thiobarbital
halothane
tetraethyl tin

chlorpromazine sulfoxide
paraoxon

barbital

trifluoroacetic acid
triethyl tin
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The mechanism of drug oxidations is graphically illustrated as follows:

Substrate
__Cyt.C
NADPH—>3
Oxid
',.-"'REd Cytochrome
705 P 450
NADH Cyt.bz

Steroidases in General

Tomkins C32,626]57: Characterization of
the hepatic enzymes responsible for the in
vitro reduction of 4*-3-ketosteroids.

McGQuire & Tomkins E91,679/59: In the
rat, thyroxine causes a pronounced increase
in the microsomal 5a-reductase activity of
the liver, but the rate of reduction of some
steroid substrates is increased more than that of
others. Furthermore, when microsomes are
“aged” at 0—b5°C for several weeks, the
decline in activity varies with different steroid
substrates. ‘‘Further evidence for the substrate
specificity of the BJa-hydrogenases was the
observation that 4-androstene-3,17-dione
strongly inhibited the reduction of cortisone,
while the converse was not true.” These and
other observations suggest that each series
of A*-3-ketosteroid hydrogenases, 5a and 58,
contains multiple enzymes capable of discern-
ing small variations in the steroid molecule.

Kuntzman et al. E55,528/65: “The Kn
values for the hydroxylation of progesterone,
testosterone, and estradiol are about 10 times
lower than the K., values for several drug
oxidations, thereby suggesting that the steroid
hormones are better than drugs as substrates
for the TPNH-dependent oxidative enzymes.”
These K i values are in the same range as those
reported for the reduction of the A ring of
A4-3-ketosteroids by enzymes of liver micro-
somes. These findings ‘‘suggest that these
enzymes can also play a physiological role in
the metabolism of steroids in the body.”

Conney et al. F79,331/67: Hepatic micro-
somes of adult rats metabolize testosterone,
estradiol, progesterone and DOC to polar
hydroxylated metabolites in the presence of
an NADPH-generating system. CO inhibits
the hepatic metabolism of all four steroids.

Koerner G64,718/69: 118-Hydroxysteroid
dehydrogenase activity of rat liver micro-

4 Selye, Hormones and Resistance

Hydroxylated
substrate

somes has been assayed by a quantative
spectrophotometric method. “Several 115-hy-
droxysteroids are substrates of the enzyme but
thereis no activity towards 115-hydroxysterone
or 118-hydroxysteroids with a C-21 sulfate,
phosphate, acetate or hemisuccinate group.”

Corticoidases

Forchielli & Dorfman (66,498/56: “With
11-deoxycortisol as a substrate, it has been
demonstrated that rat liver contains both the
A%-5a-hydrogenase and A44.58-hydrogenase
systems, which yield, after incubation, the
5a (androstane and allopregnane) and 58
(etiocholane and pregnane) stereoisomers.”
The 5a system is associated with the
particulate fraction, whereas the 58 system is
in the supernatant fluid produced by centrifu-
gation at 78,000 X g.

McGuire Jr. & Tomkins D5,722/60: In
the microsomal fraction of rat liver, there
appear to be at least 5 A*3-ketosteroid
reductases (5a). When rats are treated with
thyroxine, the reductase activity for corti-
sone, cortisol, DOC, 4-androstene-3,17-dione
and 11-desoxycortisol (Cpd. S) increases, but
the increment is different for each of these
substrates. were

Starnes G68,434/69: Rat liver slices
incubated in vitro in the presence of
3H-dexamethasone. The steroid was meta-
bolized to glucuronides and sulfates.

Testoidases

Conney et al. G67,773/68: The metabolism
of testosterone to 68-, 7a-, and 16a-hydroxy-
testosterone by rat liver microsomes, is diffe-
rently inhibited by CO in vitro. Apparently,
“one or more CO-binding cytochromes func-
tion in the hydroxylation of testosterone by
rat liver microsomes.”
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Folliculoidases

Graubard & Pincus 80,931/41: In the
Barcroft-Warburg respirometer, estriol, estra-
diol and estrone are oxidized by mushroom
laccase and form precipitates whose nature
has not been established. No oxidation of any
of these substrates was observed with potato
tyrosinase.

Mueller & Rumney C30,708/57: Formation
of 68-hydroxy and 6-keto derivatives of estra-
diol-16-14C by the hepatic microsomes of the
mouse.

Lehmann & Schiitz H 14,215/69: The micro-
somal fraction of the liver of the mature
human fetus metabolizes 4-'*C-estrone twice
as fast as that of the 12-week-old fetus.
The highest rate of metabolism was found in
the microsomal fraction of the liver of an
adult man. “By paperchromatography, micro-
chemical reactions and crystallization to
constant specific activity, the following
metabolites were identified: 6a-, 68-, 7a-, 15a-
and 16a-hydroxyoestrone, 6a-, 68- and T7a-
hydroxyoestradiol-178 and oestriol.”

Cholesterolase

Bucher & McGarrahan G67,470/56: For the
biosynthesis of cholesterol from acetate in
vitro, both microsomes and soluble cell
constituents of the rat liver are required. In
vivo, over 909, of newly formed cholesterol,
obtained shortly after the injection of labeled
acetate, is in the microsomal fraction.

Olson et al. G61,438/57: The metabolism
of labeled lanosterol in rat liver homogenates
yields cholesterol and CO, as the principal
products. The demethylation of lanosterol
requires both the particulate and the soluble
fraction of liver homogenates, but the latter
can be partially replaced by NADH.

Tchen & Bloch (G66,130/57: Hog-liver
homogenate can convert squalene only to
lanosterol and not to cholesterol. Rat-liver
homogenate converts squalene to either
lanosterol or cholesterol according to the
method of preparation of the homogenates.
Separated mitochondria and microsomes were
both active if supplemented with supernatant
fluid.

Thyroxinase

Stanbury et al. €90,693/60: Description of
the microsomal enzyme system which de-
iodinates thyroxine in the presence of Fe**
and oxygen.

Wynn et al. G67,767/62: The microsomes
are the most active thyroxine-degrading
subcellular fraction of rat liver. The optimal
reaction conditions for this degradation are
described.

Cytochrome P-450, NADPH Cytochrome ¢
Reductase, Cytochrome bs

Omura et al. F51,629/65: Studies on the
participation of cytochrome P-450 in “mixed
function oxidase” reactions.

Lu & Coon G71,879/68: Studies on the role
of hemoprotein P-450 in fatty acid w-hydroxy-
lation in the soluble enzyme system from liver
microsomes.

Hildebrandt et al. G69,992/69: From experi-
ments on the interaction of metyrapone with
hepatic microsomal cytochrome P-450 in rats
treated with phenobarbital, “it is concluded
that metyrapone changes the equilibrium
between two functionally different forms of
cytochrome P-450 which exists in microsomes.
The decrease of one form of cytochrome P-450
appears as an ‘inhibition’ of aminopyrine or
hexobarbital metabolism; the concomitant
increase of the other form of cytochrome P-450
results in a ‘stimulation’ of other types of
hydroxylation reactions, for example, the ring
hydroxylation of acetanilide.”

Lu et al. G67,623/69: Resolution of the
cytochrome P-450-containing w-hydroxylation
system of liver microsomes into three
components.

Netter et al. G71,785/69: In mouse liver
microsomes, the inhibition by metyrapone of
p-nitroanisole and N-monomethyl-p-nitroani-
line were shown to be competitive. The
degree of inhibition was correlated to the
amount of metyrapone bound to cytochrome
P-450. On the other hand, metyrapone does
not seem to displace naphthalene from its
binding to P-450. Possibly, simultaneous
binding of substrate and inhibitor may occur
at different binding sites of the same enzyme.

Wada et al. H19,993/69: Studies on rat
liver microsomes using radioactive cholesterol
led to the assumption “‘that the microsomal
electron transport system, involving cyto-
chrome P-450, functions in 7a-hydroxylation of
cholesterol. The existence of a specific cyto-
chrome P-450 for T7a-hydroxylation, i.e.,
multiplicity of cytochrome P-450, is suggested.”

Bidleman & Mannering G80,042{70: In
rats, treatment with 3-MC causes the formation
of P,-450, a variant of cytochrome P-450. It
has been claimed that P,-450 is formed when
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3-MC, or one of its metabolites combines
irreversibly with the type I binding site of
pre-existing P-450. However, the authors
present evidence that P,-450 is synthesized
independently of P-450 and probably does not
contain 3-MC or any of its metabolites.

Kato & Onada G75,544[/70: In rats, pre-
treated in vivo with various testoids, the
affinity of P-450 for binding with numerous
substrates is increased. Folliculoids counteract
this effect.

Kato et al. H27,934/70: “The administra-
tion of morphine significantly decreased the
content of cytochrome P-450 in male rats, but
not in female rats. Progesterone and testo-
sterone hydroxylation is markedly decreased
in morphine-treated male rats, but not in the
females. . . . The magnitude of spectral change
induced by progesterone or testosterone per
unit of P-450 content was decreased in mor-
phine-treated male rats, but not in the
females. Since the binding capacity of P-450
with progesterone or testosterone is dependent
on the action of androgen, an impairment of
the action of androgen by morphine is assumed
to be a responsible factor.”

Mangum et al. G81,296[70: A soluble cyto-
chrome has been partially purified from pig
kidney. Its absorption spectra in both the
oxidized and reduced state resemble micro-
somal cytochrome by.

Mannering G78,897]70: Review on the
properties of P-450 as affected by environ-
mental factors, particularly the administration
of polycyclic hydrocarbons.

Mannering G78,898/70: Review on the role
of substrate binding to P-450 hemoproteins
in drug metabolism.

Perry G74,358/70: Cytochrome P-450 was
demonstrated in microsomal preparations from
several strains of houseflies. The highest yield
was obtained from the abdomen. Housefly eggs
contain no measurable amounts of cytochrome
P-450, which appears in traces in the larvae,
but declines to almost nil in the pupal stage.
A few hours after the adult emerges, cyto-
chrome P-450 rises rapidly.

Stripp et al. H22,743/70: In rats, spirono-
lactone pretreatment shortened hexobarbital
sleeping time. ‘“Moreover, treatment of female
rats with spironolactone doubled the rate of
the in vitro metabolism of hexobarbital and
benzpyrene by liver microsomes and quadru-
pled that of ethylmorphine. The inducing
effects of spironolactone were very different
from those of phenobarbital and 3-methyl-
cholanthrene. The amount of cytochrome
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P-450 was either unaltered or decreased, but
the NADPH cytochrome ¢ reductase activity
was increased 2-fold. Although the endo-
genous rate of cytochrome P-450 reduction by
NADPH was not altered, the stimulatory
effects of ethylmorphine or hexobarbital on
the rate of cytochrome P-450 reduction were
significantly greater with microsomes from
spironolactone treated animals. By contrast,
treatment of male rats with spironolactone
caused no change in hexobarbital sleeping
time and no change or a slight decrease in
hexobarbital and benzpyrene metabolism by
liver microsomes.”

Yu & Gunsalus G81,295/70: Cytochrome
P-450cam was discovered and purified in homo-
geneous crystalline form from camphor grown
Pseudomonas putida strain PpG786.

Chaplin & Mannering G75,976/71: Review
of the literature and personal observations
suggesting that the physical and biochemical
properties of cytochrome P-450 depend
largely upon its association with microsomal
phospholipids. “Drugs have been classified into
two groups depending upon whether they form
a type I or a type II difference spectrum when
they combine with cytochrome P-450.” The
studies suggest that the type I and type IT
binding sites differ and that the type I site is
associated with membrane phospholipids (cf.
also p. 103.)

Estabrook et al. @81,261(71: Description of
a new spectral intermediate associated with
cytochrome P-450.

Estabrook et al. H34,125|71: Studies on the
influence of hepatic microsomal mixed func-
tion oxidation reactions on cellular metabolic
control. The requirements of this system for
NADPH and NADH could markedly affect
the cytosol concentration and subsequent oxi-
dized: reduced ratio of these pyridine nucleo-
tides. The involvement of cytochrome b; in the
oxidative reaction, the necessity of enzymes
for the transfer of reducing equivalents from
the reduced pyridine nucleotides to both cyto-
chromes b, and P-450 and mercurial inhibition
studies which demonstrate the autonomy of
the wunits that catalyze the microsomal
NADPH supported mixed-function oxidations
help our understanding of the organization of
this enzyme system. The authors speculate on
possible models that might represent the spa-
tial organization of these enzyme systems
within the endoplasmic reticulum.

Gillette H34,126/71: The inducers of drug
metabolism are classified into: 1. ‘“Pheno-
barbital-like” agents which increase NADPH-
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cytochrome ¢ reductase and cytochrome P-450
thus augmenting the amount of cytochrome
P-450-substrate complex and its rate of re-
duction; 2. polycyclic hydrocarbons (e.g. me-
thylcholanthrene) which form a variant of
cytochrome P-450 that differs from the usual
form in its affinity to various drugs. This kind
of inducer does not increase either NADPH-
cytochrome ¢ reductase or the rate of cyto-
chrome P-450 reduction; 3. spironolactone and
other catatoxic steroids which increase
NADPH-cytochrome c¢ reductase activity and
the rate of cytochrome P-450 substrate re-
duction, but have little if any effect upon the
amount of cytochrome P-450. The relationship
between the electron flux and hepatic micro-
somal drug metabolism largely depends upon
the substrate.

Ishimura et al. G81,262/71: Description of
a new spectral species of P-450 interpreted to
be an oxygenated form.

Leber et al. H35,676/71: In male rats, pre-
treatment with spironolactone stimulated the
specific activity of isolated hepatic microsomes
for aminopyrine demethylation and 4-methyl-
umbelliferone glucuronidation. Microsomal cy-
tochrome P-450 content increased about 669,.
Under comparable conditions, ethacrynic acid
increased the specific activity of the micro-
somes for the demethylation of aminopyrine
and the P-450 content, but glucuronidation
of 4-methylumbelliferone was not significantly
altered. Another nonsteroidal diuretic, furos-
emid, did not influence any of these para-
meters.

Mannering H34,127[71: Additional evid-
ence supporting the concept that polycyclic
hydrocarbons cause the appearance of an
abnormal “cytochrome P,-450” in the hepatic
microsomes of the rat. This may be an aberrant
hemoprotein which does not result from the
combination of polycyclic hydrocarbons with
cytochrome P-450 but represents a specific
molecular entity.

Solymoss et al. G79,015/71: In rats, PCN
(unlike the naturally-occurring pregnenolone)
enhances the plasma clearance of pentobarbital
and the production of 14C-pentobarbital metabo-
lites. It also increases liver weight, micro-
somal protein concentration, NADPH-cyto-
chrome c reductase activity and cytochrome
P-450 content. It is concluded “that micro-
somal enzyme-induction accounts for the re-
markable resistance-increasing effect of this
steroid against many toxicants.”

Stripp et al. @79,538/71: In rats, the induc-
tion of hepatic microsomal enzymes by spiro-

nolactone “‘differed from the phenobarbital or
methylcholanthrene induction in that it did not
increase cytochrome P-450 content or micro-
somal protein. Furthermore the induction
seemed to be sex dependent.”

Zstgmond & Solymoss G79,025]71: In rats,
PCN increases hepatic microsomal protein and
cytochrome P-450 content. In vitro incubation
of labelled progesterone with these microsomes
shows enhanced progesterone biotransforma-
tion. The production of several hydroxylated
progesterone metabolites (including 68- and
16a-hydroxyprogesterone is accelerated by
PCN.

Other Enzymes

Stoffel (66,819/61: Description of the
biosynthesis of polyenoic fatty acids by
dehydrogenating enzyme systems of hepatic
microsomes.

Axelrod D64,159/63: An enzyme that
forms epinephrine from p- and m-sympathol,
and dopamine from p- and m-tyramine, is
demonstrated in the microsomes of rabbit
liver. It requires NADPH, and is nonspecific
in that it can form catechols from the
following, normally occurring, or foreign
phenols: p- and m-octopamine, p-hydroxy-
ephedrine, phenol, stilbestrol, N-acetyl-p-
aminophenol, estradiol and N-acetyl serotonin.

Berlin & Schimke G37,616/65: In adrenal-
ectomized rats, 4 days of pretreatment with
cortisone increased the activity of hepatic
TPO, TKT, glutamic-alanine transaminase
and arginase. Differences in the turnover rate
or enzymes thus induced may simulate
differential selective-inducing effects upon
one or the other enzyme.

Yamamoto et al. G67,939/67: Description of
some properties of 2,3-oxidosqualene sterol
cyclase in hepatic microsomes of the pig.

Roach et al. G68,807/69: Review of the
literature and personal observations on the
oxidation of ethanol by rat liver in vitro.
“It is concluded that ethanol oxidation by the
microsomal fraction is mediated through H,0,
dependent systems one of which is catalase.”

Valeriote et al. G67,621/69: Purification and
properties of rat liver TKT induced by
triamcinolone.

Ward & Pollak G69,320/69: The structural
proteins of rat liver microsomal membranes
are made up of a heterogenous group of
proteins which can be characterized by their
phospholipid-binding capacity. ‘It is suggested
that reticulosomes consist largely of enzymic
proteins of the endoplasmic reticulum.”



IV. GENERAL PHARMACOLOGY

SYNTOXIC COMPOUNDS

The term syntoxic compounds comprises all drugs and hormones which
increase resistance merely by influencing the reactions of the body, not by
destroying or eliminating the pathogens. Thus, for example, the inhibition of
inflammation or of immune reactions by antiphlogistic or immunosuppressive
hormones and drugs, as well as the maintenance of the blood pressure by vasoactive
substances, would be considered as syntoxic reactions as long as these effects are not
dependent upon the chemical inactivation of the pathogens.

This entire field has been covered in our earlier publications (Selye B40,000/50,
B58,650/51, (19,000/56, (G19,425/65, E5,986/66; Selye et al. B87,000/52,
B90,100/53, C1,001/54, C9,000/56) and it has also been summarized in the
Introduction and History sections of the present volume, hence, we shall not
consider it again here.

CATATOXIC COMPOUNDS (AGONISTS)

What little we know about the so-called ‘‘structure-function” or pharmaco-
chemical correlations among catatoxic compounds will be summarized in the
“Synopsis” (p. 768£f.). Suffice it here to reemphasize that systematic studies on
the structural prerequisites of catatoxic actions have been performed only in
connection with steroids. In this respect the main generalizations arrived at were
that nitrile and spirolactone groups as well as the 19-nor-steroid configuration are
in general advantageous for catatoxic activity, although their effect is largely
dependent upon other structural characteristics of the molecule.

With regard to pharmaco-pharmacologic interrelations we have seen that the
catatoxic potency is independent of any other known hormonal property, but
among steroids those exhibiting anabolic or antimineralocorticoid properties are
always endowed with some catatoxic potency, whereas folliculoids appear to be
singularly ineffective in this respect.

Literature on some of the salient characteristics of various syntoxic and catatoxic
compounds is presented in the following Abstract Section (with special reference to
glucocorticoids, testoids, anabolics, antimineralocorticoids, antifolliculoids, antites-
toids, myoneural blocking agents and interactions between inducers).

Syntoxic Compounds (‘glucocorticoids’) of the adrenal cortex in

mammals.” A large section is devoted to the

Corticoids. Janosks ef al. £7,896/68: Review effect of glucocorticoids upon reactions medi-
(112 pp., about 700 refs.) “On the pharma- ated through lysosomal enzymes.

cologic actions of 21-carbon hormonal steroids Williams E 8,139/68, (p. 371): For compara-
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tive purposes, it is important to determine the
relative anti-inflammatory and Na-retaining
activity of the most commonly used gluco-
corticoids and gluco-mineralocorticoids. Such
comparisons have only limited value because
they depend upon the test conditions; still,
the following approximate tabulation is of
value:

Table 2. Relative anti-inflammatory and Na-
retaining activities of some antiphlogistic

corticoids

Relative Relative

potency Na-
Compound compared retaining

to activity

cortisol
Cortisol 1 ++
Cortisone acetate 0.8 +-
Prednisolone 4 +
Prednisone 3.5 +
Triamcinolone 5 0
6-Methylprednisolone 5 0
Haldranolone 10 0
Betamethasone 25 0
Dexamethasone 30 0
9a-Fluorohydrocorti- 15 +++++

soned

& Used chiefly topically or as a Na-retainer.

Catatoxic Compounds (Agonists)

Testoids, Anabolies. Overbeck E8,318/66:
A review (78 pp., about 220 refs.) on
anabolic steroids.

Kriiskemper E933/68: Monograph (236 pp.,
1367 refs.) on the pharmacology of anabolic
steroids. Special attention is given to the
relationship between virilizing and anabolic
effects, the various tests for anabolic and
anticatabolic actions, as well as clinical
applications, but the catabolic and enzyme-
inducing effects are only briefly mentioned.

Antiglucocorticoids. Linét G79,963/70: De-
tailed review of the literature and personal
observations on the effect of anabolic testoids
upon glucocorticoid overdosage in animals and
man. Special attention is given to the effect
of anabolic testoids upon glucocorticoid-induc-
ed loss of body weight and other metabolic
changes, adrenal atrophy, osteoporosis, wound
healing, inflammation and gastric ulcer forma-
tion. Antiglucocorticoids devoid of anabolic
properties are also surveyed. In clinical medi-

cine, various forms of hyperglucocorticoidism
are not, or only moderately, improved by
treatment with anabolic testoids. [Excellent
source of pertinent references (H.S.).]

Antimineralocorticoids. Kagawa E 4,693/64:
Review (63 pp., about 400 refs.) on ‘““Anti-
Aldosterones.”

Kagawa E4,772/64: Review (11 pp.,
about 50 refs.) on the “Action of Anti-
Aldosterone Compounds in the Laboratory.”

Antifolliculoids. Selye 460,638/44: In ro-
dents, the production of anterior pituitary
hormones by estradiol is inhibited by a
variety of steroids, most of which are
androstene derivatives and are designated as
“antifolliculoids.”

Emmens et al. D25,360/62: Description of
the antifolliculoid effects of dimethylstil-
bestrol (DMS).

Duncan et al. D58,473/63: In rats, U-
10520A and U-11100A, derivatives of 1,2-
diphenyl-3,4-dihydronaphthalene, possess anti-
folliculoid activity as judged by the inhibition
of estradiol effects after ovariectomy. Both
compounds also interrupt pregnancy when
administered during the first four days of
gestation.

Pincus E689/65: Monograph (360 pp., 1459
refs.) with sections on the literature concerning
antifolliculoids and antiluteoids.

Gaunt et al. G63,202/68: A review on the
metabolic effects of nonsteroidal antifolli-
culoids related to diethylstilbestrol and
chlorotrianisene, drawn to emphasize struc-
tural similarities, ¢f. drawing p. 55.

Antiluteoids. Pincus E689/65: Monograph
(360 pp., 1459 refs.) with sections on the
literature concerning antifolliculoids and anti-
luteoids.

Antitestoids. Gaunt et al. G63,202/68:
A review on the metabolic effects of anti-
testoids. Antagonists related to testosterone
and progesterone, cf. drawing p. 56.

Kénitg (G66,684/69: Brief review of the
literature on “antiandrogens” with special
reference to cyproterone. [No mention is made
of its possible effect upon enzyme induction
(H.8.).]

Bottiglioni et al. G76,203/69: Cyproterone
does not interfere with testosterone formation
from radioactive pregnenolone in vitro. Its
antitestoid effect is exclusively peripheral.

Prasad et al. G78,450/70: In rats, contin-
uous release of microquantities of cypro-
terone from Silastic capsules causes infertility
with loss of sperm motility at dose levels
which have no evident antitestoid effect.
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Myoneural Blockers. Baird H27,487[70:
Clinical “experience with pancuronium sug-
gests that it is a useful non-depolarizing
myoneural blocker with few side-effects. The
absence of cardiovascular side-effects makes
the drug particularly valuable in poor-risk
patients and in intensive care units.”

Chaouks et al. @77,223[70: In 50 patients,

pancuronium bromide was found to be an
active non-depolarizing neuromuscular blocking
agent about 5 times as active as curare and
25 times more potent than gallamine triethio-
dide. Its advantages are rapid onset of action,
no release of histamine and little disturbance
in blood pressure, because of a weak ganglio-
plegic action.
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Interactions between Inducers

The enzyme induction pattern of various inducers such as phenobarbital and the
carcinogens is different. Summation of effects may be obtained by giving these two
types of inducers conjointly.

Interactions between the protective effects of various steroids have not yet been
systematically explored but these are now under intensive study at our Institute.
It will be interesting to note the effects of combined treatment with syntoxic and
catatoxic steroids or with two catatoxic steroids having different protective spectra.
Unfortunately, systematic studies of this type are extremely costly and time
consuming because of the large number of combinations to be explored. Yet, even
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combinations between protective hormones and catatoxic drugs should be examined
since the interactions between them are not only of considerable theoretic but

also possibly of practical interest.

Conney F 88,649/67: Review of data in the
literature showing that the enzyme induction
patterns of phenobarbital and carcinogens
are different. “When rats were given doses of
the inducers that were maximal for their
characteristic enzyme inductions, the liver
microsomes were more active in metabolizing
drugs when both 3,4-benzpyrene and pheno-
barbital had been given than when either had
been given separately.” Similar studies suggest
that anabolic steroids and phenobarbital
induce drug-metabolizing activity through
different mechanisms.

Badaraw et al. G69,247[68: In rats, various
adrenal and ovarian steroids can produce
necrosis of the trophoblast during the early

stages of gestation. In certain steroid com-
binations, a mutual antagonism has been
noted. [The cursory descriptions in this brief
abstract do not permit evaluation of the data
(H.S.).]

Fouts G76,868/70: Experiment on concur-
rent treatment with several inducers showed
that enzyme induction by maximally effective
doses of chlordane--phenobarbital was no
greater than the effect of chlordane or
phenobarbital given alone. However, combi-
nations of chlordane with benzpyrene or 3-me-
thylcholanthrene resulted in additive effects.
Methyltestosterone-chlordane gave the same
effect as chlordane alone. The interpretation
of these results has not been attempted.

ANTICATATOXIC COMPOUNDS (ANTAGONISTS)

Anticatatoxic effects can be elicited in various ways. The underlying mechanisms
have not yet been clarified for each anticatatoxic substance but there appears no

doubt that we should distinguish between:

A. Inhibitors which antagonize the enzymes themselves (e.g., SKF 525-A).
B. Blockers which impede the synthesis of enzymes by interfering with the
production of RNA or of the hormones whose synthesis it directs (e.g., actinomyecin,

puromyecin, ethionine).

C. Competitors which act by competitively inhibiting the action of enzymes
upon their substrates. Such competitive inhibition may occur between two
substrates or even between a substrate and an inducer since many inducers are

actually also substrates themselves.

Several anticatatoxic substances may act through a combination of the above

mentioned effects.

Inhibitors of Enzymes

Classification. On theoretical grounds, Netter (E52,768/62) enumerated the
following possible mechanisms for enzyme inhibition:
1. The inhibitor combines directly with the enzyme at the active center

(competitive inhibition) or at some other point (noncompetitive inhibition). Many
antimetabolites act by competitive inhibition of enzymes participating in the
metabolism of physiologic substrates. An example of competitive inhibition in drug
metabolism is the effect of esters or amides on procaine hydrolysis.
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2. The inhibitor decreases a coenzyme coneentration by interfering with its
biosynthesis or accelerating its catabolism. The latter mechanism is exemplified by
the inhibition of methylation (e.g., choline biosynthesis), by nicotinamide, which
forms methylnicotinamide, thereby depleting active methyl groups from the

coenzyme.

3. The inhibitor alters membrane permeability. This mechanism has not yet been

proven to play an important role.

Conney & Burns G67,166/62: Review on
the inhibition of microsomal enzyme actions
by SKF 525-A, CFT 1201, Lilly 18947,
iproniazid, Sch 5712, MPDC, JB-516, and
EPDA.

Neiter £52,768/62: Review (15 pp., 55 refs.)
on “Drugs as Inhibitors of Drug Metabolism”
with special reference to SKF 525-A and
related compounds.

King & Burgard G46,498/67: Review on
various types of antagonists of drug-meta-
bolizing enzymes.

Mannering G71,818/68: Review on micro-
somal enzyme induction with a special chapter
on inhibitors of the drug-metabolizing system.

Mannering G75,980/68: Review (26 pp.,
89 refs.) on stimulation and inhibition of drug
metabolism.

Mannering G74,572/71: Review on the
inhibition of drug metabolism “as it is more
narrowly defined to mean the interference
of the metabolism of one agent by another
agent at the enzymic site.”

SKF 525-A (p-diethylaminoethyl diphenylpropylacetate).

O

1]
©—$-c—o— CH,CH,N(C;Hj),

SKF 525-A is considered to be a selective inhibitor of microsomal drug-oxidizing
systems. It has no sedative action of its own, but when administered prior to agents
subject to detoxication by microsomal enzymes it strikingly prolongs their pharma-
cologic action. For example, rats given hexobarbital plus SKF 525-A slept 35 times
longer than rats given the barbiturate alone. Both treatment with SKF 525-A in vivo
and addition of the drug to liver slices also reduce subsequent enzymic detoxication
in vitro. This shows that the compound acts directly upon microsomal enzyme
systems, not merely upon their synthesis in vivo.

Kinetic analysis revealed a noncompetitive type of inhibition, for example, of
O-demethylation of p-nitroanisole in vivo and in vitro; conversely the inhibition of
plasma procaine esterase is allegedly competitive. SKF 525-A inhibits many oxidative
reactions in vivo and in vitro (e.g., side chain oxidation and O-dealkylation,
N-dealkylation, deamination, aromatic hydroxylation and sulfoxide formation)
presumably by interfering with some step common to all of these reactions.
However, NADPH oxidase activity of hepatic microsomes is unaffected by
SKF 525-A, although drug metabolism is inhibited in the same preparation. The
broad spectrum of reactions inhibited by SKF 525-A includes azo-and nitro-reduction
(dependent upon NADPH, but not oxygen) glucuronide formation (a microsomal
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transfer reaction independent of NADPH); however, not all microsomal reactions
are equally sensitive to inhibition by this compound.

Unlike iproniazid and many other microsomal enzyme inhibitors, SKF 525-A is
strongly bound to hepatic microsomes and cannot be removed by dialysis or
washing.

The fact that SKF 525-A does not act by increasing the drug sensitivity of
tissues but merely by delaying their metabolic degradation, is particularly well
demonstrated by observations on its influence upon barbiturate anesthesia. In
otherwise untreated and SKF 525-A-pretreated rats given hexobarbital, the plasma
level of the barbiturate is the same at the moment of awakening although
SKF 525-A greatly prolongs the sleeping time. Furthermore, if rats are given
SKF 525-A immediately after awakening from hexobarbital anesthesia they do not
fall asleep again as they would if SKF 525-A had increased the barbiturate sensitivity
of their central nervous system.

Among the hydrolytic products of SKF 525-A, diphenylpropylacetic acid is a
potent inhibitor of drug-metabolizing enzymes, whereas diethylaminoethanol is not.
It has been claimed so often that microsomal enzymes influence only
“xenobiotics,” that is, foreign substances, yet SKF 525-A also inhibits the
metabolism of various naturally-occurring substrates (e.g., the tricarboxylic acid
cycle intermediates: succinate, fumarate and maleate) in rat liver mitochondrial
preparations. On the other hand, it has been said that since SKF 525-A is
relatively nontoxic the enzyme systems it inactivates “are not essential to the
normal economy of the body but operate primarily against toxic influences of
foreign compounds.” However, in rat liver homogenates the conversion of
mevalonate-2-14C to cholesterol and other nonsaponifiable lipids is inhibited by
SKF 525-A and plasma cholesterol levels are lowered. Furthermore, SKF 525-A also
inhibits the steroid hydroxylases in the hepatic microsomes of the rat, thus
blocking the hydroxylation of testosterone and estradiol as well as the degradation
of cortisol.

Mestranol (a folliculoid) prolonged while lynestrenol (a luteoid) reduced, pento-
barbital sleeping time in mice. The effect of lynestrenol was abolished; that of
mestranol potentiated by SKF 525-A. Lynestrenol increases, whereas both
mestranol and SKF 525-A reduce, barbiturate clearance from the plasma. Presum-
ably folliculoids share certain enzyme inhibitory reactions of SKF 525-A.
Lynestrenol reduces, whereas mestranol or SKT 525-A increases, the anticonvulsive
effect of various drugs. This may also be due to altered microsomal drug
metabolism but since mestranol and lynestrenol have opposite effects upon brain
5-HT concentration the latter mechanism may likewise be involved.

Using a variety of in vivo or in vitro test procedures, it has been shown that
SKF 525-A inhibits the biotransformation andfor the catatoxic action of
innumerable agents, e.g.:

Alanine-1-14C Barbital

Aminopyrine Barbiturates (Various)
P-Aminosalicylic acid Bishydroxycoumarin
Amobarbital Butethal
Amphetamine Carisoprodol

Azo dyes Catatoxic steroids (Various)
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Cal,

Chloral hydrate
Chlordiazepoxide
Chloretone
Chlorpromazine
Cholesterol
Codeine

Cortisol

CS,
Cyclophosphamide
Dethioacetylated 4-6-dienone
Diazepam
Digitoxin
Diphenylhydantoin
DMBA

Ephedrine
Estradiol

Estrone
p-Ethoxyacetanilide
Ethylestrenol
Glutethimide
Hexethal
Hexobarbital
d-Hexobarbital
Hydroxydione
Indocyamine green
Indomethacin
Lynestrenol
Meperidine
Mephenesin
Meprobamate
Mestranol
Methadone
Methorphinan

LaDu et al. G74,654/63: The inhibitory
action of SKF 525-A is noncompetitive on the
microsomal enzyme system that catalyzes
N-demethylation of momomethyl-4-aminoan-
tipyrine.

Axelrod et al. D79,919/54: In rats, SKF
525-A prolongs the action and inhibits the
rate of biotransformation of hexobarbital and
pentobarbital. The inhibitor also retards the
demethylation of meperidine, aminopyrine
and ephedrine.

Cook et al. D23,923/564: First demonstra-
tion of the fact, that the inhibitory effect of
SKF 525-A on drug-metabolizing enzymes
accounts for the long duration of drug action
as exemplified by hexobarbital sleeping time.
SKF 525-A markedly prolongs the hypnotic
action of hexobarbital in mice and rats
without significantly altering its toxicity. The
length of hexobarbital sleeping time thus
achieved cannot be duplicated with any dose

N-Methylanaline
3-Methyl-4-monomethylaminoazobenzene
Methylparafynol
Monobutyl-4-aminoantipyrine
Monoethyl-4-aminoantipyrine
Monomethyl-4-aminoantipyrine
Morphine

Narcotics (Various)
Naturally-occurring substrates (Various)
Nikethamide

o-Nitroanisole

Norbolethone
7-OHM-12-MBA
Pentobarbital

Pethidine

Phenaglycodol

Phenobarbital

Prednisolone

Prednisone

Primidone

Procaine

Progesterone

Secobarbital

Spironolactone

Strychnine

Succinylcholine
Sulfacetamide

TEA

Testosterone

Thioethamyl

Thiopental

Thiophosphates
Triflupromazine

Urethane

of the hypnotic agent alone. In this respect,
SKF 525-A is equally effective i.p. and p.o.,
the latter route being less toxic. SKF 525-A is
almost immediately effective and the duration
of its action is approximately 15 hrs.

Cook et al. D94,204/54: The analgesic
action of methadone, meperidine, morphine,
codeine and methorphinan was enhanced by
SKF 525-A in the rat, but the LDs¢’s of
morphine and meperidine were not signifi-
cantly altered.

Cook et al. E34,395/54: Experiments on
rats and mice indicate that SKF 525-A
potentiates the hypnotic effects of hexobar-
bital, secobarbital, pentobarbital, amobarbital,
butethal, hexethal, phenobarbital and echloral
hydrate, but does not significantly influence
that of barbital, thioethamyl, thiopental or
methylparafynol.

Cooper et al. H25,117(64: SKF 525-A also
inhibits the metabolism of various naturally-
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occurring substrates (e.g., the tricarboxylic
acid eycle intermediates: succinate, fumarate,
and maleate) in ratliver mitochondrial prepara-
tions. Among the hydrolytic products of SKF
525-A, diphenylpropylacetic acid is a potent
inhibitor of drug-metabolizing enzymes,
whereas diethylaminoethanol is not.

Brodie et al. G66,772/55: Although SKF
525-A inhibits various hepatic microsomal
enzyme activities in the rabbit’s liver it is
relatively nontoxic and, hence, ‘“‘one can
speculate that these systems are not essential
to the normal economy of the body, but operate
primarily against the toxic influences of
foreign compounds that gain access to the
body from the alimentary tract.”

Fouts & Brodie D83,597(55: SKF 525-A and
the closely-related compound Lilly 18947
prolong the hypnotic action of hexobarbital
in mice by inhibiting its metabolism by hepatic
microsomes.

Azelrod Q74,6562/56: SKF 525-A inhibits
the O-dealkylation of codeine but not that of
p-ethoxyacetanilide. Presumably, more than
one O-dealkylating enzyme exists in the liver.

Brodie C12,157/56: Review on the early
work on SKF 525-A showing that it prolongs
the effect of hexobarbital, pethidine, codeine,
morphine, mephenesin, amphetamine and
other compounds. The metabolic pathways
through which these drugs are normally
inactivated, and their blockade by SKF 525-A
are described in detail.

Richards & Taylor H19,235/56: Review
on the pharmacology of barbiturates with a
special section on the sleep-enhancing effect
of SKF 525-A and related compounds.

Murphy & DuBois D28,5646/58: The
activity of the microsomal enzyme system
which oxidizes thiophosphates to potent
anticholinesterase agents is considerably higher
in male than in female rats (incubation of
liver homogenates with Guthion or ethyl
p-nitrophenyl thionobenzenephosphonate or
“EPN”). Yet, in vivo, adult males are more
resistant to EPN than females, perhaps
because the accelerated formation of toxic
oxidation products is overcompensated by a
more efficient detoxication of the latter. The
low enzyme activity of female livers is enhan-
ced by pretreatment with testosterone in vivo,
whereas the high activity of male livers is
diminished by previous castration, partial
hepatectomy or treatment with progesterone
or diethylstilbestrol. SKF 525-A inhibits,
whereas pretreatment with carcinogens or a

protein-deficient diet enhances, the activity
of the thiophosphate-oxidizing enzyme.

Takemori & Mannering H24,294/58: SKF
525-A inhibits the N-demethylation of several
nareotics but does not inhibit the demethyla-
tion of the azo dye, 3-methyl-4-monomethyl-
aminoazobenzene. Such observations suggest
that inhibitors of drug-metabolizing enzymes
can be used as tools to determine if more
than one enzyme system can catalyze the
same reaction.

Gaudette & Brodie £90,437/59: SKF 525-A
inhibits the N-dealkylation of aminopyrine and
monomethyl-4-aminoantipyrine but not that
of monoethyl-4-aminoantipyrine, monobutyl-4-
aminoantipyrine, or N-methylanaline. Presum-
ably, more than one enzyme system can N-
dealkylate drugs.

Netter G74,665/59: The inhibitory action
of SKF 525-A on plasma procaine esterase is
competitive.

Sulman et al. C79,823/59: In rats injected
for 4 months with prednisone or prednisolone,
an increase in the hepatic content of the
enzymes which decompose these steroids could
be demonstrated in vitro. Various histologic
stains failed to reveal any associated light-
microscopic change in the hepatocytes. Addition
of SKF 525-A to the homogenate of activated
livers blocked their enzymic activity.

Dick et al. G74,672/60: In dogs, chronic
administration of SKF 525-A lowers plasma
cholesterol.

Holmes & Bentz G74,656/60: In rat liver
homogenates, the conversion of mevalonate-
2-14C to cholesterol and other nonsaponifiable
lipids is inhibited by SKF 525-A. It remains
to be shown whether this effect could explain
the lowering of plasma cholesterol levels
obtained in dogs by SKF 525-A.

Kato & Chiesara G68,581/60: Male rats
are more resistant than females to the toxic
action of strychnine. This difference is abol-
ished by SKF 525-A.

Netter G74,666/60: The inhibitory action
of SKF 525-A on O-demethylation of e-nitro-
anisole is noncompetitive.

Neubert & Timmler G74,668/60: SKF
525-A and CFT 1201 inhibit incorporation of
alanine-1-14C into hepatic microsomal protein.

Kato et al. (66,023/61: Adult (unlike
immature) male rats are less sensitive to
carisoprodol-induced muscular paralysis than
females. Castration or treatment with SKF
525-A abolishes the increased resistance of
the adult male rat. Incubation of liver slices
with carisoprodol shows that the resistance of
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the male is due to accelerated substrate
inactivation. No sex difference is noted in
adult mice or guinea pigs.

Bella et al. @77,568/62: In various species,
SKF 525-A enhances the neuromuscular-
blocking action of succinylcholine, and similar
compounds. The inhibition appears to occur
at the neuromuscular junction.

Brock & Hohorst G71,633/62: Cyclophos-
phamide has no cytotoxic effect upon Yoshida
sarcoma cells in vitro but it is rapidly
transformed into an active compound in mice,
rats and dogs in vivo. The active form is
demonstrable in the blood and urine by bio-
assay if added to tumor cells in vitro. In
completely hepatectomized rats, only a little
fraction of cyclophosphamide is thus activated.
However, activation can be demonstrated in
vitro by incubation with liver slices. Pretreat-
ment of rats with SKF 525-A inhibits in vivo
activation which presumably takes place in
hepatic microsomes.

Kato et al. D38,983/62: Male rats are more
resistant than females to strychnine intoxi-
cation especially if the drug is given s.c.
whereby its activity is delayed. The greater
strychnine metabolizing potency of micro-
somes from male rats than from females has
also been demonstrated in vitro. SKF 525-A
increases strychnine toxicity and renders
both sexes equally sensitive.

Kato & Vassanelli D40,237[62: “Rats
pretreated with phenobarbital, phenaglycodol,
glutethimide, nikethamide, chlorpromazine,
triflupromazine, meprobamate, carisoprodol,
pentobarbital, thiopental, primidone, chlore-
tone, diphenylhydantoin and urethane showed
an accelerated metabolism of meprobamate
and, at the same time, a diminished duration
of sleeping time and paralysis due to
meprobamate.” SKF 525-A counteracted
these actions of the enzyme inducers.

Riimke G69,768/63: In mice, SKF 525-A,
phenobarbital, chlorpromazine, hexobarbital
and iproniazid given one hour before hydroxy-
dione i.v. increases sleeping time. When the
interval is two days, single doses of SKF
525-A, phenobarbital or chlorpromazine de-
crease hydroxydione anesthesia. Phenytoin,
acetylcarbromal, morphine, chloramphenicol,
5-HT, phenobarbital and hydroxydione given
one hour before hexobarbital increase the du-
ration of anesthesia whereas dioxone and
chlorothiazide decrease it. It is concluded that
central effects as well as changes in micro-
somal enzyme activity may be involved.

Kunizman et al. F27,893/64: SKF 525-A
inhibits the steroid hydroxylase present in the
microsomal fraction of rat liver.

Paeile et al. F52,633/64: Adult male rats
are more resistant to proeaine than adult
females. Chronic CCl, poisoning, pretreatment
with SKF 525-A and orchidectomy diminish
the resistance of the males approximately to
the female level. The plasma procainesterase
activity is approximately the same in both
sexes and not affected by orchidectomy or
CCl, intoxication.

Rogers & Fouts F27,894/64: In vitro
experiments in rats have shown that SKF
525-A is strongly bound to hepatic microsomes
and cannot be removed by dialysis or washing,
whereas the reverse is true of iproniazid and
other microsomal enzyme inhibitors.

Conney et al. G65,135/65: In the rat,
SKF 525-A markedly inhibits hexobarbital
metabolism and the hydroxylation of testoste-
rone and estradiol.

Kupfer & Peets F85,854/67: Cortisol s.c.
increases hepatic TKT activity in adrenalec-
tomized male rats and this effect is further
augmented by SKF 525-A which in itself has
no effect. In intact rats SKF 525-A raises
hepatic TKT activity in itself but this effect
is not further augmented by cortisol. Possibly
the potentiation of cortisol induction of TKT
by SKF 525-A is due to an inhibition of the
degradation of cortisol.

Mannering G71,818/68 (p. 105): Review
listing the large number of substrates whose
in vivo or in vitro transformation by hepatic
microsomal enzymes isinhibited by SKF 525-A.
However, this drug does not inhibit the bio-
transformation of all substrates known to be
metabolized by microsomal systems. ‘“These
differences in the action of SKF 525-A on the
biotransformation of different drugs strengthen
the view that more than one drug-metabolizing
enzyme system exists in hepatic microsomes
or that the rate-limiting component may not
be the same in all species or under all
conditions.”

Blackham & Spencer G69,913/69: Mestra-
nol (a folliculoid) prolonged while lynestrenol
(a luteoid) reduced the duration of pentobar-
bital and hexobarbital sleeping time in mice.
Barbital was not affected. The effects of
Iynestrenol were abolished by SKF 525-A
while those of mestranol were markedly
potentiated. Lynestrenol increased, whereas
mestranol and SKF 525-A reduced, the rate
of clearance of barbiturate from the plasma.
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Bond et al. H18,559/69: In rats, pretreat-
ment with phenobarbital does not change
the LDsp of CS, p.o. but results in the
production of central lobular hepatic necrosis.
After pretreatment with SKF 525-A these
hepatic lesions no longer occur in rats pretreat-
ed with phenobarbital and then given CS,.
SKF 525-A may inhibit the production of
toxic CS, metabolites by hepatic microsomal
enzymes.

Furner et al. H17,931/69: In rats, d-hexo-
barbital is about twice as susceptible to inhi-
bition by SKF 525-A as dl- or 1-hexo-
barbital.

Hart & Adamson G69,481/69: In mice
“SKF 525-A and Lilly 18947 reduced the
lethality of cyclophosphamide over a 28 day
observation period while pretreatment with
phenobarbital did not change the 28 day
lethality. Neither SKF 525-A nor pheno-
barbital had an effect on the antitumor
efficacy of cyclophosphamide. Mice housed on
cedar chip bedding were less susceptible to the
lethal effects of cyclophosphamide, but tumor
bearing mice on this bedding showed greater
antitumor response to the drug than those on
hardwood bedding.”

Bird et al. H30,425/70: In rats less than
30 days of age, DMBA or 7-0HM-12-MBA
produces no adrenal necrosis unless animals are
pretreated with ACTH. However, a single i.v.
injection of 7-OHM-12-MBA on the 17th day of
gestation causes adrenal necrosis in the
embryos as well as in the mothers. Pretreat-
ment with SKF 525-A protected the adrenals
both of the embryos and of the mothers.

Blackham & Spencer @73,813/70: In mice,
lynestrenol reduced, whereas mestranol or
SKF 525-A increased the anticonvulsive
effect (tested with electroshock) of diphenyl-
hydantoin, phenobarbital, chlordiazepoxide and
diazepam administered i.p. after five days of
pretreatment. This may be due to altered
microsomal drug metabolism but since mestra-
nol and Iynestrenol have opposite effects upon
the brain 5-HT concentrations, the latter
mechanism must also be considered.

Levine @75,350/70: In rats, SKF 525-A has
previously been found to depress the biliary
excretion of indoeyamine green (ICG), a dye
which is not metabolized prior to excretion.
With this exception, SKF 525-A depresses
only the biliary excretion of compounds that
are metabolized. However, it is now shown
that the biliary excretion of ICG and the bile
flow itself are not influenced by SKF 525-A

provided normal body temperature is main-
tained.

McLean and Marchand G78,2563[70: In
rats, SKF 525-A decreases the plasma concen-
tration of orally-administered barbifal, p-ami-
nosalicylic acid, sulfacetamide and CCl,,
presumably because of a nonspecific effect on
the gastrointestinal absorption of polar and
nonpolar compounds.Various other mechanisms
of SKF 525-A action are discussed, which must
be kept in mind in interpreting the possible
effect of SKF 525-A through the inhibition of
hepatic microsomal drug metabolism.

Levin et al. H26,5693/70: In rats, CCl, given
to immature females 24 hrs before sacrifice
inhibited the activity of hepatic microsomal
enzymes that hydroxylate estradiol-17f and
estrone. This inhibition was reflected in vivo
by an altered metabolism of estradiol-178
and estrone, by a potentiation of the uterotro-
phic action of folliculoids and by an increased
concentration of these steroids in the uterus.
By contrast, tetrachloroethylene did not
influence the action of estrone. SKF 525-A
and desipramine, which are also inhibitors of
drug metabolism, likewise potentiate the
uterotrophic action of estrone in immature rats.

Solymoss et al. G60,099/70: In rats, pento-
barbital anesthesia is inhibited by spironolac-
tone, ethylestrenol, norbolethone and, to a
lesser extent, even by progesterone. These
catatoxie steroids also accelerate the disappear-
ance rate of barbiturate from the blood; their
effects are counteracted by SKF 525-A.
Irrespective of the steroid pretreatment, the
rats awake roughly at the same blood pento-
barbital level.

Solymoss et al. G70,423[70: In rats,
pretreatment with spironolactone, norbole-
thone or ethylestrenol enhances the disap-
pearance of bishydroxycoumarin from bloodand
restores the prothrombin time. Triamecinolone
and progesterone fail to do so. SKF 525-A
increases the blood concentration and the
anticoagulant effect of bishydroxycoumarin
and counteracts the beneficial effect of
ethylestrenol.

Solymoss et al. G70,445/70: In rats, the
acute hematologic changes observed six days
after a single oral dose of DMBA are suppressed
by spironolactone but the alterations normally
observed 12 days after DMBA still occur. The
hematologic damage produced by a smaller
dose of DMBA i.v. is prevented both by
spironolactone and by SKF 525-A. Apparently
“the hemopoietic alterations, elicited by
DMBA, are dose-dependent and influenced also
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by the biotransformation of this polycyclic
hydrocarbon, since both acceleration (by
spironolactone) and blockade (by SKF 525-A)
of this latter process can suppress the devel-
opment of hematologic alterations.”

Solymoss et al. G70,461]70: In rats, spi-
ronolactone, norbolethone and ethylestrenol
pretreatment accelerate the disappearance-rate
of digitoxin from serum in proportion to the
inhibition of the convulsions. Partial hepa-
tectomy reduces digitoxin elimination. The
action of spironolactone is blocked by
SKF 525-A.

Solymoss et al. G70,463]70: In rats,
pretreatment with spironolactone, norbole-
thone or ethylestrenol accelerated the plasma
clearance of digitoxin, in proportion to the
in vivo protective effect of these catatoxic
steroids. Partial hepatectomy reduces digi-
toxin clearance. The effect of spironolactone
is suppressed by SKF 525-A and cyclohexi-
mide.

Solymoss et al. G70,464]70: In rats,
spironolactone shortens the half-life of its
main metabolite, the dethioacetylated 4,6-
dienone (metabolite A), which is interconver-
tible with the 17-hydroxy carboxylic acid
derivative (metabolite B). This alteration is
only slightly accentuated if the steroid is
given chronically and it wears off within
eight days after spironolactone treatment is
interrupted. After a test dose of spironolactone
or of its metabolites A and B, partial
hepatectomy delays the blood clearance of
metabolite A. Cycloheximide and SKF 525-A
also suppress the blood clearance of meta-
bolite A under these conditions. Presumably
‘““spironolactone influences its own biotrans-
formation and the steroid is also a substrate
of the hepatic drug-metabolizing enzymes
which are induced by spironolactone itself.”

Solymoss G70,484/70: In rats, the plasma
clearance of digitoxin is accelerated by spiro-
nolactone, norbolethone and ethylestrenol in
doses that protect against the toxicity of the

alkaloid in vivo. On the other hand, partial
hepatectomy reduces digitoxin plasma clear-
ance, and increases the severity of the
convulsions. The protective action of the
catatoxic steroids is suppressed by SKF 525.-A
and cycloheximide.

Soyka et al. H33,315[70: Partial hepa-
tectomy sensitized only slightly to the anesthe-
tic effect of 55-pregnane-3a-0l-20-one, whereas
it greatly prolonged sleeping time following
treatment with progesterone and many other
steroids. Neither inhibition of hepatic mixed
function oxidase activity by SKF 525-A nor
its stimulation by 3-MC affected the duration
of pregnanolone narcosis and even pheno-
barbital reduced its length only slightly. These
findings, and distribution studies, “‘suggest
that termination of hypnosis is due mainly to
redistribution with hepatic metabolism play-
ing a relatively minor role.” [Species not men-
tioned ; probably rat (H.S.).]

Solymoss et al. G60,093/71: In rats,
spironolactone, norbolethone and progeste-
rone, unlike hydroxydione, accelerate the
clearance from the blood of s.c.-injected
indomethacin. SKF 525-A significantly sup-
presses the activity of these eatatoxie steroids
which probably act through increased metabolic
degradation of indomethacin.

Solymoss & Varga G70,500/71: In rats,
spironolactone, norbolethone and ethylestre-
nol diminish the anticoagulant action and
accelerate the plasma clearance of bishy-
droxycoumarin. Progesterone and triamcino-
lone are devoid of this effect. SKF 525-A
counteracts the influence of ethylestrenol
upon bishydroxyeoumarin metabolism. The
hepatic microsomes of rats treated with
spironolactone or ethylestrenol in vivo accel-
erate bishydroxycoumarin degradation by
NADPH-dependent enzymes in vitro.

Strychnine « SKF 525-A + Sex:
Kato et al. G74,030/62*

Codeine « SKF 525-A -+ Adrenal
demedullation: Rogers et al. D64,023/63

CFT 1201 (phenyldiallylacetic acid ester of diethylaminoethanol), CFT 1215, CFT 1042.

Much less work has been done with the phenylacetic acid derivatives which, like
SKF 525-A, act as hepatic microsomal enzyme inhibitors. The most active member
of this group is CFT 1201. It prolongs the action of hexobarbital, propallylonal,
eunarcon and butallylonal, without affecting the hypnotic action of barbital, a
compound notoriously not metabolized within the body. CFT 1201 uncouples
oxidative phosphorylation when a-ketoglutarate or fg-oxybutyrate are used as
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substrates, but it also inhibits the incorporation of alanine-1-*C into hepatic micro-
somal protein.
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Neubert & Herken G74,660/55: Several
phenylacetic acid derivatives prolong the action
of hexobarbital. The most active of these
compounds is the phenyldiallylacetic acid
ester of diethylaminoethanol (CFT 1201),
which also prolongs the action of propallyl-
onal, eunarcon, and butallylonal. However,
CFT 1201 does not affect the hypnotic action
of barbital, which notoriously is not metabo-
lized in the rat.

Marbauer et al. G74,663/58: In rats,
CFT 1201 causes hepatic steatosis.

Neubert & Hoffmeister G74,667/60: CFT
1201 uncouples oxidative phosphorylation
when a-ketoglutarate or f-oxybutyrate are
used as substrates.

Neubert & Timmler G74,668/60: SKF
525-A and CFT 1201 inhibit incorporation of
alanine-1-1C into hepatic microsomal protein.

Lilly 18947 (2,4-dichloro-6-phenylphenoxyethyl diethylamine).
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This compound is chemically closely related to SKF 525-A and resembles the latter
also in its pharmacologic actions. In acute experiments on mice it prolongs
hexobarbital sleeping time by inhibiting barbiturate metabolism in hepatic
microsomes. When given over a 28 day observation period Lilly 18947 reduces the
lethality of cyclophosphamide perhaps because its inhibitory effect upon drug

metabolism is reversed following chronic administration.

Fouts & Brodie D83,597/55: SKF 525-A
and the closely-related compound Lilly 18947
prolong the hypnotic action of hexobarbital
in mice by inhibiting its metabolism by
hepatic microsomes.

Fouts & Brodie D95,674/56: 2,4-Dichloro-
6-phenylphenoxyethyl diethylamine (Lilly
18947) and  iproniazid  (2-isopropyl-1-
isonicotinyl hydrazine, Marsilid) prolong hexo-
barbital sleeping time by inhibiting its
metabolism in hepatic microsomes.

Hart & Adamson G69,481/69: In mice

5 Selye, Hormones and Resistance

“SKF 525-A and Lilly 18947 reduced the
lethality of cyclophosphamide over a 28 day
observation period while pretreatment with
phenobarbital did not change the 28 day
lethality. Neither SKF 525-A nor phenobar-
bital had an effect on the antitumor efficacy
of cyclophosphamide. Mice housed on cedar
chip bedding were less susceptible to the
lethal effects of cyclophosphamide, but tumor
bearing mice on this bedding showed greater
antitumor response to the drug than those
on hardwood bedding.”
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MPDC (N-methyl-3-piperidyl diphenylcarbamate), EPDA (N-ethyl-3-piperidyl
diphenylacetate), EPB (N-ethyl-3-piperidyl benzylate) and JB 516 (S-phenylisopro-
pylhydrazine).

MPDC

All these piperidyl compounds prolong barbiturate sleeping time by inhibiting
microsomal drug metabolism. MPDC given 1—12 hrs before hexobarbital
prolongs sleeping time and inhibits the metabolism of the barbiturate, although the
reverse is true if MPDC is given 24—48 hrs before hexobarbital. In all these
respects the compound resembles the numerous other inhibitors which exhibit
similar biphasic responses.

Fujimoto et al. D78,955/60; Serrone &
Fujimoto D83,863/60: f-Phenylisopropylhy-
drazine (JB 516), N-ethyl-3-piperidyl benzylate
(EPB), N-ethyl-3-piperidyl diphenylacetate
(EPDA), and N-methyl-3-piperidyl diphenyl-
carbamate (MPDC) prolong barbiturate sleep-
ing time by inhibiting microsomal drug
metabolism.

Serrone & Fujimoto D48,610/61: MPDC
given 1-—12 hrs before hexobarbital prolongs
sleeping time and the metabolism of the
barbiturate. However, if MPDC is given

24—48 hrs before hexobarbital, the metabo-
lism of the drug is stimulated and sleeping
time is shortened. Data are presented to show
that the accelerated metabolism of hexo-
barbital results from induced synthesis of
microsomal enzyme systems that metabolize
barbiturates. A similar biphasic response on
hexobarbital sleeping time was observed with
SKF 525-A, JB 516, iproniazid, orphenadrine,
chlorpromazine, and hydroxyzine by several
investigators (Holtz et al. D98,342/57; Arri-
goni-Martelli & Kramer G74,659/59; Rimke
& Bout G74,669/60).

Seh 5712, Sch 5705 (malonic and suceinic acid derivatives).
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Hexobarbital metabolism is inhibited and sleeping time prolonged by certain
malonic and succinic acid derivatives such as Sch 5712 or Sch 5705. Sch 5712 prolongs
hexobarbital sleeping time about 12-fold in female and only 3-fold in male rats, yet
it inhibits hexobarbital metabolism in vitro about equally in unfortified liver
homogenates of both sexes.
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Kramer & Arrigoni-Martelli G74,673/59:
The hexobarbital metabolism by hepatic
microsomal enzyme systems is inhibited,
whereas hexobarbital sleeping time is prolong-
ed, by certain malonic and succinic acid
derivatives, such as Sch 5712. The latter
compound prolongs hexobarbital sleeping
time about 12-fold in female and only
3-fold in male rats, yet it inhibits hexobarbital
metabolism in vitro about equally when
tested with the unfortified liver homogenate

Chloramphenieol.
NO,

}IIO CH

from rats of either sex. Furthermore, Sch 5712
is singularly ineffective in prolonging hexobar-
bital sleeping time in rats pretreated with
phenobarbital.

Arrigoni-Martelli et al. G74,653/60: Several
malonic and succinic acid derivatives poten-
tiate the action of hexobarbital, chlorphenira-
mine (Chlortrimeton), and amphetamine.

Hexobarbital « Sch 5705, Sch 5712
+ Sex: Kramer et al. G74,673/59*

HCNHCOCHCI,
CH,OH

This antibiotic does not induce sedation by itself and fails to potentiate
subhypnotic doses of hexobarbital but inhibits the metabolism of the latter if given
to mice and rats a short time before the barbiturate. In vitro, a number of other
enzymic reactions are also inhibited by chloramphenicol which acts essentially like

SKF 525-A and other related compounds.

Dizon & Fouts E53,752/62: In mice and
rats, chloramphenicol inhibits hexobarbital
metabolism. When chloramphenicol is given
45 min before hexobarbital, the sleeping time
in mice is greatly prolonged and the total
body levels of the barbiturates are increased.
This antibiotic does not induce sedation by
itself and fails to potentiate a subhypnotic
dose of hexobarbital. In vitro, a number of
enzymic reactions are inhibited by chlor-
amphenicol and the pathways blocked are
essentially the same as those inhibited by
SKF 525-A and related compounds.

Firkin & Linnane H31,607[70: In rats,
partial hepatectomy greatly increases sensitiv-
ity to the lethal effect of heavy chloramphe-
nicol overdosage. Lower doses of ‘‘chlor-
amphenicol appeared to specifically inhibit
the synthesis of the mitochondrial cyto-
chromes a, ag, b and ¢; in the actively
growing liver tissue. In some of the liver
cells there was extensive cytoplasmic vacuo-
lation resulting from dilation of the endo-
plasmic reticulum, and the mitochondria were
swollen and appeared to contain fewer cristae.

5%

It is suggested that chloramphenicol has at
least three effects in the cells of higher
organisms—a, specific inhibitory effect on the
synthesis of some mitochondrial cytochromes
which is presumably a reflection of its action
on the mitochondrial protein synthesizing
system, an effect on cellular ultrastructure,
and a direct inhibitory effect on cellular
respiration only at relatively high concen-
trations of the drug.”

Solymoss et al. G70,412]70: “In rats,
24 hours after a single dose of spironolactone
or ethylestrenol, the disappearance of pento-
barbital from blood is enhanced to a rate in
proportion to the decreasing depth of anes-
thesia. This action is completely suppressed by
ribonucleic acid- or protein-synthesis inhi-
bitors such as actinomycin D, puromycin
aminonucleoside and cycloheximide, and only
partially by 6-mercaptopurine or chlor-
amphenicol. . .Induction of drug-metabolizing
enzymes is involved in the resistance-increas-
ing effect of spironolactone or ethylestrenol
against various compounds.”
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Disulfiram (tetraethylthiuram disulfide, Antabuse).
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This drug was introduced for the treatment of chronic alcoholism. It has virtually
no pharmacologic effects of its own but if, after its administration, ethanol is ingested,
patients suffer violent flushing, dyspnea, nausea, vomiting, and hypotension and
hence, they are forced to abstain.

Disulfiram inhibits ADH, presumably by competing with NAD. ADH normally
oxidizes acetaldehyde to acetic acid. The blockade of the enzyme by disulfiram
does not alter the blood ethanol levels following ingestion of the alcohol, but
acetaldehyde and pyruvate accumulate and cause the just-mentioned disturbances
which may reach dangerous proportions, Hence, the practical use of this prophylaxis
is limited. The pathogenic role of acetaldehyde was confirmed by the
observation that, in itself, it produces changes similar to those observed after
ingestion of ethanol following pretreatment with disulfiram. Recent observations
suggest, however, that the accumulation of pyruvate may also play an important
role in the pathogenesis of the resulting clinical syndrome.

produces essentially the same syndrome of
intoxication, since pyruvic acid is the

Lecog et al. B66,406/51: In rats, the toxic
effects of ethanol and its metabolites, pyru-

vate and acetaldehyde (which accumulate in
the body under the influence of disulfiram)
are inhibited by ACTH, cortisone, and hepatic
extracts. Conversely, thyroxine, DOC, and
testosterone appear to aggravate ethanol
intoxication. [Statistically evaluated data are
not presented (H.S.).]

Lecog B79,754/51: In rabbits, the injection
of disulfiram-{ethanol or of Na-pyruvate

principal metabolite of ethanol after pretreat-
ment with disulfiram. In either case, ACTH
and cortisone offer little, if any, protective
effect.

Scholler G75,794/70: In rats, disulfiram
inhibits whereas phenobarbital aggravates the
toxic effects of chloroform anesthesia, as
manifested by hepatic necroses and plasma
enzyme GOT and GPT determinations.

MAO-Inhibitors (iproniazid, phenelzine, isocarboxazid, tranyleypromine, pargyline,
nialamide).

Iproniazid was synthesized as an antibacterial agent for the treatment of tuber-
culosis. It, and several of its derivatives, turned out to be potent MAO-inhibitors
which may cause euphoria presumably through the inhibition of the metabolism of
epinephrine, norepinephrine and 5-HT, which are normally present in the brain.
Various other hydrazides (phenelzine, isocarboxazid) and nonhydrazide inhibitors
(tranyleypromine, pargyline) have been synthesized for the treatment of severe
depression.

All these MAO-inhibitors are active both in vivo and in vitro. The mechanism
of their action is not yet completely understood but they undoubtedly elevate
norepinephrine and 5-HT concentrations in the central nervous system and produce
toxic effects, such as hypertension, liver damage, jaundice, nausea, vomiting,
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constipation, dry mouth, delusions and hallucinations. They have little, if any,
potentiating action upon the cardiovascular effects of natural catecholamines,
presumably because O-methylation and tissue uptake, rather than oxidative
deamination, are responsible for terminating their peripheral actions.

However, the MAO-inhibitors greatly potentiate the cardiovascular effects of
simple phenylethylamines like tyramine. Thus, patients receiving tranylcypromine
conjointly with phenylethylamine derivatives may experience exaggerated hyperten-
sive effects conducive to apoplexy. Even foods may become dangerous following
MAQO-inhibitor treatment. Some cheeses (Camembert, Brie, Stilton, New York
Cheddar) are rich in tyramine, which is ordinarily harmless because it is rapidly
oxidized by MAO, however, after treatment with tranyleypromine, the tyramine in
these cheeses may elicit the dangerous hypertensive crises just mentioned.

Curiously, iproniazid also potentiates the lathyrogenic action of APN in turkey
poults, but this may be a nonspecific stress effect.

Both desipramine and imipramine exert an “SKF 525-A-like’”” inhibitory effect
upon hepatic microsomes in vitro and they prolong hexobarbital sleeping time;
however there appears to be no close correlation between the MAOQ-inhibitor
activity of these compounds on their ability to interfere with hexobarbital metabolism.

Fouts & Brodie D83,597/55: 2,4-Dichloro-
6-phenylphenoxyethyl diethylamine HBr (Lilly
18947) and iproniazid (2-isopropyl-1-isoni-
cotinyl hydrazine, Marsilid) prolong hexo-
barbital sleeping time by inhibiting its
metabolism in hepatic microsomes.

Fouts & Brodie D95,674/56: Iproniazid,
though practically devoid of sedative action,
prolongs the hypnotic activity of hexobarbital
in mice by interfering with its metabolism
through hepatic microsomal enzymes. In this
respect, iproniazid acts like SKF 525-A and
Lilly 18947.

Arrigoni-Martelli & Kramer G74,659/59:
In mice, hexobarbital and thiopental meta-

bolism is impeded by the MAO-inhibitors,
iproniazid and p-phenylisopropyl hydrazine
(JB 516).

Fujimoto et al. D78,955/60; Serrone &
Fujimoto D 83,863/60: f-Phenylisopropylhy-
drazine (JB 516), N-ethyl-3-piperidyl benzilate
(EPB), N-ethyl-3-piperidyl diphenylacetate
(EPDA), and N-methyl-3-piperidyl diphenyl-
carbamate (MPDC) prolong barbiturate sleep-
ing time by inhibiting microsomal drug
metabolism.

Laroche & Brodie HZ21,467[60: There
appears to be no correlation between the
MAOQ-inhibitor activity of chemical compounds
and their ability to interfere with hexobarbital
metabolism.
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Strong G73,964/62: Iproniazid can poten-
tiate the lathyrogenic action of APN in turkey
poults.

Rogers & Fouts F27,894/64: In vitro
experiments in rats have shown that SKF
525-A is strongly bound to hepatic microsomes
and cannot be removed by dialysis or
washing, whereas the reverse is true of
iproniazid and other microsomal enzyme
inhibitors.

Blackwell E65,708/63: MAO-inhibitors such
as tranylcypromine can produce severe pa-

roxysmal hypertension and intracranial bleed-
ing in patients following ingestion of certain
cheeses.

Jort & Pugliatti G70,112/67: Desipramine
and imipramine exert an SKF 525-A-like in-
hibitory effect upon the hepatic microsomes.

Bowman et al. E714[68 (p.520): Iproniazid
is an inhibitor of MAO and of other
extramicrosomal enzymes. Like SKF 525-A
which also inhibits a number of other
enzymes, it has been termed a “multi-potent”
enzyme inhibitor.

p-Aminosalicylic Acid (PAS). PAS feeding induces glycogen infiltration of the
rat liver; it also prolongs hexobarbital sleeping time, presumably by decreasing
barbiturate excretion. There may exist some relationship between hepatic glycogen
deposition and the changes in the SER. This could account for the inhibitory effect
of PAS which is distinctly different from the enzyme inhibition caused by
chloramphenicol or SKF 525-A. The latter compounds inhibit both aminopyrine and

codeine metabolism, whereas PAS inhibits only the former.

Rogers et al. E31,897/63: In rats, PAS
feeding induces glycogen infiltration of the
liver and prolongation of hexobarbital sleeping
time, apparently due to diminished ability to
excrete the barbiturate. The in vitro metabo-
lism of hexobarbital and aminopyrine, by the
microsomes of rats pretreated with PAS, is
diminished. Acute administration of PAS had
no effect on hexobarbital sleeping time, nor
did addition of PAS in vitro inhibit drug-
metabolizing enzymes. There may exist some
relationship between hepatic glycogen depo-
gition and changes in the SER. This might
account for the inhibitory effect of PAS,

which is definitely different from that of
chloramphenicol and SKF 525-A.

Rogers & Fouts F27,894/64: In the
utilization of PAS, there is an increase in
hepatic glycogen content associated with a
decreased hexobarbital-metabolizing activity
of the hepatic microsomes. PAS inhibits
aminopyrine metabolism but not codeine
metabolism. Conversely, both aminopyrine
and codeine metabolism are inhibited by
chloramphenicol and SKF 525-A. Presumably
PAS, after prolonged administration, induces
a more selective inhibition than other anta-
gonists.

Competition between Substrates

Various substrates of hepatic enzymes potentiate the toxicity of other simultane-
ously-applied substrates of the same enzymes. This phenomenon can be illustrated
by many examples:

Triorthotolyl phosphate potentiates the toxicity of malathione by inhibiting the
metabolism of the latter. EPN has the same effect by inhibiting the esterases re-
sponsible for malathione detoxication. In man, oxyphenbutazone prolongs the
elevation of plasma levels of bishydroxycoumarin with a potentiation of its anti-
coagulant action. In rats, ethylmorphine and codeine retard the metabolism of hexo-
barbital in vivo as measured by its plasma clearance. In isolated hepatic microsomal
preparations of the rat the N-demethylation of ethylmorphine is competitively
inhibited by hexobarbital, chlorpromazine, zoxazolamine, phenylbutazone and
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acetanilide; in fact ethylmorphine and chlorpromazine are mutually inhibitory,
each retarding the metabolism of the other. All these drugs are known to be
oxidized by microsomal enzymes. On the other hand, barbital and acetazolamide,
drugs which are not metabolized, fail to act as inhibitors in this system.

Jaundice develops more often in newborn infants fed on breast than on cow’s
milk. This has been ascribed to the presence in human milk of 3a, 208-pregnanediol
which competitively might inhibit glucuronyl transferase and thereby interfere
with bilirubin clearance. However, more recent observations suggest that neither
3a, 208-pregnanediol nor 3a, 20a-pregnanediol inhibit conjugation by human hepatic
microsomes, whereas estradiol does have such an action.

Many additional examples could be cited to illustrate the mutual competitive
inhibition between substrates for microsomal drug-metabolizing enzymes; yet, not
all drugs known to be metabolized by microsomes inhibit drug metabolism in vivo
even if they do so in vitro. Of course drugs metabolized by separate pathways cannot
interfere with each other’s metabolism unless they share rate-limiting cofactors or
other endogenous intermediates in their metabolic pathways. Finally, a very potent
drug is not likely to interfere with a much less potent drug in vivo simply because
their concentrations at the metabolic site are likely to be very different, although
this factor could be offset if the Ky, of the more potent drug is far below that of the
less potent competitor. Since most of this information is seldom available the
simplest and most reliable way to determine if one drug prolongs the metabolism of

another is the in vivo experiment.

Cook et al. G74,665/57; Murphy & DuBois
G74,670/57: EPN (ethyl p-nitrophenyl thio-
nobenzenephosphonate) aggravates the toxi-
city of malathion [S-(1,2-dicarbethoxyethyl)-
0,0-dimethyl phosphorodithioate] by inhibit-
ing the esterases responsible for its detoxi-
cation.

Murphy et al. G74,671/59: Triorthotolyl
phosphate potentiates the toxicity of mala-
thion by inhibiting its metabolism.

Newman & Gross (75,237/63: Observa-
tions on infants showed that prolonged
increases in indirect reacting bilirubin may be
due to interference with the normal conjugat-
ing mechanism by the presence in human milk
of a factor (possibly pregnanediol) which is
not present in cow’s milk. Changing the
infants from breast feeding to cow’s milk
formulas enhanced the disappearance of the
hyperbilirubinemia.

Rubin et al. G58,057/64: Numerous drugs
competitively inhibit the metabolism of other
drugs when employed as substrates for the
microsomal enzyme system. Thus, using
hepatic microsomes of the rat, it could be
shown that ‘“the N-demethylation of ethyl-
morphine was competitively inhibited by
hexobarbital, chlorpromazine, zoxazolamine,

phenylbutazone, and acetanilide; and ethyl-
morphine, and chlorpromazine were mutually
inhibitory, each retarding the metabolism
of the other. All these drugs are known to be
oxidized by microsomal enzymes. Barbital
and acetazoleamide, drugs which are not
metabolized, failed to act as inhibitors.”

Rubin etal. @58,747[64: Various chemically-
unrelated drugs may compete for microsomal
enzymes of the liver in vitro and in vivo.
Observations on rats show that “ethylmor-
phine and codeine were shown to retard the
metabolism of hexobarbital in vivo, as measu-
red by the rate of hexobarbital disappearance
from the blood of rats, whereas morphine,
norcodeine, dextromethorphan, levomethor-
phan, meprobamate, and acetanilide were
without effect.”

Fox F8,079/64; Weiner et al. F35,871/65:
In man, oxyphenbutazone (Tandearil) consi-
derably prolongs the elevation of plasma
levels of bishydroxycoumarin with a potentia-
tion of its anticoagulant action.

Mannering G71,818/68 (p. 103): Review
of the literature showing that concurrent
pretreatment with two substrates of micro-
somal drug-metabolizing systems sometimes
mutually and competitively antagonize each
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other. However, interestingly, not all drugs
which are known to be metabolized by micro-
somes, inhibit drug metabolism in vivo. “The
biotransformation studied in vitro may not
represent the major metabolic route in vivo,
and drugs metabolized by separate routes
cannot interfere with each others’ metabolism
as alternative substrates, unless rate-limiting
cofactors or other endogenous intermediates
are shared by both metabolic pathways.
Potency of the drugs in question is also of
great importance in this regard. Very potent
drugs are not likely to interfere with much
less potent drugs simply because their concen-
trations at the metabolic site are likely to be
very different, although this factor could be
offset if the Km of the more potent drug is
much less than that of the drug of lesser
potency. Most of this information is seldom
available, and the quickest and most reliable
way to determine if one drug will prolong the
metabolism of another is to do the in vivo
experiment.”

Adlard & Lathe G74,759/70: In newborn

infants, jaundice develops more frequently
on breast feeding than on cow’s milk and
earlier investigators assumed that 3a, 208-
pregnanediol present in human milk may
competitively inhibit glucuronyl transferase
and thereby interfere with bilirubin clear-
ance. The present observations suggest that
“Neither 3a, 20f-pregnanediol nor 3a, 20a-
pregnanediol inhibited conjugation by human
liver slices or by solubilized human liver
microsomes. 3a, 208-pregnanediol is unlikely
to be the inhibitor causing breast milk
jaundice.” However, estriol inhibited conju-
gation by human liver slices.

Solymoss & Varga, G70,500[71: In rats,
pretreatment with various catatoxic steroids
accelerates the degradation of bishydroxycou-
marin by NADPH-dependent hepatic enzymes.
However, if the bishydroxycoumarin is admin-
istered immediately after treatment with
catatoxic steroids (norbolethone, ethylestre-
nol, progesterone or triamcinolone), an in-
verse effect is observed, presumably because
of competitive inhibition.

Blockers of Enzyme Induction

Classification. The blockers of microsomal enzyme induction may be roughly
classified according to the sites of their actions as follows:

1. Blockade of DNA-directed synthesis of nuclear messenger RNA (required for
protein synthesis) by binding to DNA. (E.g., actinomycin D is thus bound to DNA.)

2. Blockade of transfer of soluble RNA-bound amino aecids into microsomal
protein. (E.g., puromycin, an antibiotic, blocks the transfer of RNA-bound amino

acids to the new protein chain.)

3. Blockade of protein synthesis by decreasing the ATP content of the liver. (E.g.,
ethionine, an antimetabolite of methionine, combines with ATP to form S-adenosyl-
methionine. This reaction blocks transmethylation which requires S-adenosyl-methio-
nine for the production of amino acids needed in protein synthesis.)

The first type of blockade interferes with transcription of information, the

second and third with translation.

The ethionine-induced inhibition of hepatic protein synthesis can be prevented

in vivo by either methionine or ATP. All these facts suggest that S-adenyl-methio-
nine may be important for the synthesis of microsomal enzymes in the liver. When
puromycin, ethionine or actinomyecin D is administered several hours after 3-MC
these blocking agents prevent further increase in the level of aminoazo dye
N-demethylase, so that enzyme activity is maintained at a partially-elevated level.
The results of actinomycin D suggest that the carcinogen may increase the formation
of short-lived messenger RNA required for the further synthesis of aminoazo dye
N-demethylase. (For literature see Conney F88,649/67.)
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Conney F88,649/67 (p. 329): Review of inhibition of drug metabolism ‘“as it is more
interference with enzyme induction by inhi- narrowly defined to mean the interference of
bitors of protein synthesis. the metabolism of one agent by another

Mannering G74,572]71: Review on the agent at the enzymic site.”

Actinomyein. Actinomycin presumably blocks hepatic microsomal-enzyme
induction at the level of the DNA-dependent RNA polymerase reaction
(transcription); it thus differs essentially from the effect of puromycin which blocks
the induction at the ribosomal level (translation).

It is thought that the regulatory effect of cortisone on carbohydrate metabolism
may be brought about by its action on certain enzyme proteins. In starved rats,
hepatic glycogen deposition by cortisone is inhibited both by actinomycin and by
puromycin. The former may act by interfering with the cortisone-induced hepatic
TKT, whereas the latter inhibits enzyme induction in general. Glucocorticoids are
known to protect against endotoxins, whereas actinomyecin and other inhibitors of
enzyme protein synthesis (such as 2-thiouracil and 8-azaguanine and ethionine)
increase endotoxin lethality.

In intact, hypophysectomized or adrenalectomized rats, STH inhibits the synthe-
sis of hepatic TKT. This inhibition is blocked when RNA synthesis is impeded by
actinomyecin.

The increase in hepatic serine dehydrogenase, induced in rats by protein-deficient
diets and starvation, can be prevented by actinomycin as well as by puromyecin.

The induction of drug-metabolizing enzymes by phenobarbital is blocked in the
rat both by actinomycin and by X-irradiation but through different mechanisms.
X.irradiation of pregnant rats resulted in male offspring deficient in hepatic micro-
somal enzymes which metabolize hexobarbital. However irradiation did not suppress
the induction of this enzyme by phenobarbital. Actinomyecin inhibited both the
ontogenetic and the phenobarbital-induced increases in enzyme activity.

In the perfused rat liver preparation, cortisol, insulin and glucagon induce TKT
activity. Cortisol acts as long as it is present in the perfusion fluid, whereas enzyme
synthesis by pancreatic hormones ceases after 2 or 3 hrs regardless of their continued
presence. It is assumed that cortisol is a “primary inducer,” whereas the pancreatic
hormones presumably act indirectly as a consequence of their initial hepatic effect
and are therefore ‘‘secondary inducers.”” Both types of induction are blocked by
actinomycin D.

Actinomycin prevents the degradation of various substrates and inhibits enzyme
induction by numerous agents, such as:

Cortisol Protein-deficient diets
Cortisone Spironolactone
Endotoxin Starvation
Ethylestrenol Stress

Glucagon Tyrosine

Insulin X-irradiation
Phenobarbital

Greengard et al. E20,258/63: In starved enzyme induction in general, the latter with
rats, hepatic glycogen deposition following cortisone-induced rise in hepatic enzyme,
cortisone treatment is inhibited by puromycin including tyrosine transaminase. “The regu-
and actinomycin. The former interferes with latory effect of cortisone on carbohydrate
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metabolism may be brought about by its
action on the cellular concentration of certain
enzyme proteins.”

Berry G68,858/64: Both actinomycin D
and ethionine increase the lethal effect of
endotoxin in the mouse and abolish the
protection offered by cortisone. Presumably,
both endogenous and exogenous glucocorti-
coids protect through the induction of hepatic
enzymes whose synthesis can be inhibited by
actinomycin D and ethionine. Cortisone
increases TPO in rats and rabbits, but not in
guinea pigs. Correspondingly, guinea pigs
cannot be protected against endotoxin by
cortisone.

Berry & Smythe D19,640/64: In mice,
Salmonella typhimurium endotoxin lowers
hepatic tryptophan pyrrolase, whereas corti-
sone raises it; when the two are administered
simultaneously, a normal enzyme level is
maintained and mortality greatly diminished.
If cortisone injection is delayed for a few
hours it fails to induce tryptophan pyrrolase
or protect against the lethal effect of endotoxin.
Inhibitors of enzyme protein synthesis (acti-
nomycin D, ethionine, 2-thiouracil and 8-
azaguanine) potentiate the lethal effect of
endotoxin and abolish cortisone protection.

Kenney & Albritton Q64,557/65: Review
of the literature suggesting that transaminase
induction in response to stressors can be due
to corticoid secretion during the stress reac-
tion. Cortisol increases enzyme synthesis
following an increased rate of synthesis of
ribosomal, transfer and “DNA-like” RNA’s.
The present experiments confirm the view
that repressor(s) can inhibit enzyme synthesis
at the translational level because inhibition
of RNA synthesis can prolong the corticoid-
induced increase in enzyme synthesis under
suitable conditions. “Administration of stres-
sing agents (tyrosine, Celite) to adrenalecto-
mized rats initiates a highly selective repres-
gsion of the synthesis of hepatic TKT. The
enzyme level falls with a t14 of about 2.5 hrs.
Immunochemical measurement of the rate of
enzyme synthesis indicates that it is reduced
essentially to zero in stressed, adrenalecto-
mized rats, whereas labeling of total liver
soluble proteins is unaffected. Actinomycin
does not itself influence the enzyme level, but
it blocks the stress-initiated repression of
enzyme synthesis, indicating that repression
acts at the translational level, whereas initia-
tion of repression involves transcriptional
processes.” In hypophysectomized rats, stres-
sors are ineffective and preliminary data

suggest that STH is responsible for trans-
aminase repression.

Singer & Mason G66,500/65: Na-benzoate
increased hepatic TKT activity both in intact
and in NaCl-maintained adrenalectomized
rats. Among 31 cyclic compounds tested for
this inducing ability after adrenalectomy,
only cortisol, its hemisuccinate and diethyl-
stilbestrol disulfate were more effective than
benzoate. Curiously, enzyme induction by
cortisol was actually enhanced after adrenal-
ectomy. ‘“‘Strong inhibition of the increase by
injected puromyecin and actinomycin D, com-
pounds which inhibit protein and RNA
synthesis respectively, suggests that the
benzoate-mediated effect occurred by a me-
chanism involving increases in protein and
RNA synthesis. In this respect, the effect of
benzoate resembles that of the glucocorti-
coids.”

Berry et al. G67,237/66: S. typhimurium
endotoxin lowers liver TPO in mice and
prevents the induction of the enzyme by
concurrent injection of cortisone. It lowers,
but does not prevent, substrate induction.
Actinomycin D has a similar effect on TPO.
In the intact mouse, the endotoxin induces
TKT almost as well as cortisone, but not in
the adrenalectomized animal. Actinomycin
D, on the other hand, has an effect on this
transaminase similar to that on TPO.

Kenney G50,810/67: In intact, hypophy-
sectomized or adrenalectomized rats, STH
inhibits the synthesis of hepatic TKT. The
rate of enzyme synthesis is reduced nearly to O
(immunochemical-isotopic analyses), whereas
labeling of the bulk of the liver proteins is
increased by STH. Repression is blocked when
RNA synthesis is inhibited by actinomycin.
STH also appears to play a role in the repression
of TKT induction by stressors. A hypophysec-
tomized and an intact rat were united by
parabiosis. When the pituitary-bearing mem-
ber was stressed by tyrosine i.p., repression
occurred in the livers of both treated and
untreated (hypophysectomized) animals. TKT
levels were unchanged in a single experiment
where the stressing agent was administered
to the hypophysectomized partner.

Schmidinger & Kroger F92,031/67: The
increase in hepatic serine dehydratase induced
by protein-deficient diets and starvation in
intact rats is prevented by actinomyecin,
puromycin or glucose, but aggravated after
adrenalectomy. Cortisone administered during
the starvation period increases serine dehy-
dratase activity, perhaps owing to utilization
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of inhibitors of this enzyme during gluco-
neogenesis.

Hager & Kenney G58,950/68: Cortisol,
insulin, and glueagon, induced TKT in the
isolated, perfused rat liver. The hormonal
induction of all these enzymes was sensitive
to actinomycin D, but STH (which represses
TKT induction in vivo) apparently acts
indirectly since it loses this effect in vitro.
Cortisol acts as long as it is present in the
perfusion fluid, whereas enzyme synthesis by
the pancreatic hormones ceases after two or
three hours, regardless of the continued pre-
sence of the protein hormones. It is assumed
that cortisol is a “primary inducer,” whereas
the pancreatic hormones probably act indi-
rectly as a consequence of their initial hepatic
effect and are therefore ‘“‘secondary inducers.”
Both the primary and the secondary induction
mechanisms are blocked by actinomyecin D.

Nair et al. 367,304/68: Comparative studies
suggest that the induction of drug-metabo-
lizing enzymes by phenobarbital in the rat
can be inhibited by both X-irradiation and
actinomyecin, but through different mecha-
nisms.

Nair et al. G67,245/68: X-irradiation of
pregnant rats results in male offspring defi-
cient in the hepatic microsomal enzymes
which metabolize hexobarbital. However,
irradiation did not suppress the increase of
enzyme activity brought about by chemical
inducers (phenobarbital). Actinomycin inhi-
bited both the ontogenic and phenobarbital-
induced increases in enzyme activity. ‘“The
ontogenic increase in enzyme activity is hor-
mone-dependent, while that following pheno-
barbital administration is independent of
hormonal regulation as evidenced by the
response in hypophysectomized or sexually
immature animals. It is concluded from these
results that the inhibitory effect of x-irradia-
tion on the hepatic enzyme system is mediated
through an action on the hormonal regulation
of enzyme activity.”

Benes & Zicha G67,159/69: Exposure to
1400 R does not inhibit the TKT activity of

rat liver. In fact, substrate induction of TKT
is stimulated by X-irradiation applied 24 hrs
earlier. Induction by cortisol is initially
stimulated and then, inhibited by X-irradia-
tion. X-irradiation before partial hepatectomy
inhibits the increase in TKT normally observed
12 hrs after the operation. Similar results are
obtained by actinomycin D applied one hour
after partial hepatectomy. ‘“The diminished
synthesis of tryptophan oxygenase in irra-
diated regenerating rat liver tissue, as well as
the decrease of hormonal induction after the
irradiation can be explained by the inhibition
of the specific messenger RNA’s synthesis.”

Becker & Brenowitz G75,5628/70: Studies on
the concentration of actinomyein D in rat
hepatocyte nuclei as related to inhibition of
RNA synthesis. The normal hepatocyte
possesses mechanisms for rapidly eliminating
administered actinomycin D.

Dowling & Feldman H31,139{70: In mice,
the lethality of typhoid endotoxin is increased
550-20,000-fold by actinomycin D.

Pieroni et al. H31,137/70: In mice, actino-
mycin D enhances endotoxin lethality up to
100,000-fold. The lethality of tetanus and
diphtheria exotoxins is not similarly augment-
ed.

Sananés & Psychoyos G78,230/70: In rats,
deciduoma formation is inhibited by actino-
mycin D presumably by interfering with
RNA formation.

Solymoss et al. Q70,412]70: “In rats,
24 hours after a single dose of spironolactone
or ethylestrenol, the disappearance of pento-
barbital from blood is enhanced to a rate in
proportion to the decreasing depth of anes-
thesia. This action is completely suppressed
by ribonucleic acid- or protein-synthesis
inhibitors such as actinomycin D, puromycin
aminonucleoside and cycloheximide, and only
partially by 6-mercaptopurine or chloram-
phenicol. . .Induction of drug-metabolizing en-
zymes is involved in the resistance-increasing
effect of spironolactone or ethylestrenol against
various compounds.”

Puromyein. As previously stated, puromycin blocks protein synthesis at the
ribosome (translation) level; in this manner it interferes with the induction of
various hepatic enzymes, for example, the induction by cortisol of TKT and TPO in

the perfused rat liver.

The induction by dexamethasone of TKT in tissue cultures of cells is blocked by
puromyecin (but also by cycloheximide, chloramphenicol, progesterone, actinomycin D
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and mitomycin C). Paradoxically, after induction by the glucocorticoid has taken
place, actinomycin D produces a further increase of this enzyme activity. The
cortisol-induced hepatic TKT activity in adrenalectomized rats is inhibited by puro-
mycin given during the initial phase of induction. However, if given during the
inactivation phase, the antibiotic unexpectedly causes a rapid reappearance of enzyme
activity. Perhaps a repressor is formed after a few hours of hormone action, and inhi-
bition of repressor synthesis allows continued production of enzyme. The
inactivator appears to depend upon pituitary function since adrenalectomized and
hypophysectomized rats show little or no inactivation following cortisol treatment.
Ornithine-ketoaminotransferase (OKT) is very low in the fetal rat liver, and
reaches the high adult level only during the third postnatal week. Triamecinolone given
at this time elevates OKT although it has no effect in fetal or adult rats. Puromycin

prevents the rise in OKT caused by triamcinolone.

Goldstein et al. D70,931/62: Cortisol pro-
duced an increase in both TKT and TPO
activities in the isolated, perfused rat liver.
This effect was prevented by puromycin.
Cortisol “may exert some of its physiological
effects directly on liver cells by altering the
level of enzyme activities.”

Alexander & Hunt E20,128/63: Partial
hepatectomy did not significantly affect
proteinuria or liver regeneration following
puromycin aminonucleoside intoxication in
the rat.

Thompson et al. F81,633/66: “Tyrosine
a-ketoglutarate transaminase can be induced
by steroid hormones in a newly established
line of tissue culture cells, derived from
primary culture of the ascites form of an
experimental rat hepatoma.” Dexametha-
sone, triamcinolone and cortisol were highly
active, DOC and aldosterone much less po-
tent, whereas stilbestrol, estradiol, testosterone
and progesterone were virtually inactive.
The induction by dexamethasone was blocked
by puromycin, cycloheximide, chloramphe-
nicol, progesterone, actinomycin D and
mitomycin C. Paradoxically, after induction
by the steroid had taken place, actinomycin D
produced a further increase in enzyme activity.

Grossman & Mavrides G46,206/67: Studies
on the kinetics of cortisol-induced hepatic
TKT activity in adrenalectomized rats.
“Puromyecin inhibited enzyme synthesis when
it was given during the initial phase of in-
duction. However, it unexpectedly caused a
rapid reappearance of enzyme activity follow-
ing its administration during the inactivation
phase. This potentiated response is consistent
with other observations which lead to the idea

that a repressor is formed about 4 hours after
hormone administration and that inhibition
of repressor synthesis allows, at least tempo-
rarily, continued synthesis of enzyme.” The
inactivator appears to depend upon pituitary
function, since adrenalectomized and hypo-
physectomized rats showed little or no inac-
tivation phase following cortisol treatment.

Riihi & Kekomdiki G68,114/68: In the rat,
the OKT activity of the liver is very low in the
fetus, exhibits a small transient elevation
around term, then drops, and eventually
reaches the high adult activity level during
the third postnatal week. Triameinolone given
postnatally causes a pronounced elevation
of OKT, but has no such effect in fetal or
adult rats. Puromycin prevents the rise in
OKT after triamcinolone administration. In
adult rats fed a protein- or arginine-free diet,
OKT activity decreases and fails to rise under
the influence of triamcinolone. Partial hepa-
tectomy or STH depresses OKT-activity in the
livers of adult rats.

Solymoss et al. G70,412/70: “In rats,
24 hours after a single dose of spironolactone or
ethylestrenol, the disappearance of pento-
barbital from blood is enhanced to a rate in
proportion to the decreasing depth of anesthe-
sia. This action is completely suppressed by
ribonucleic acid- or protein-synthesis inhibi-
tors such as actinomycin D, puromycin
aminonucleoside and cycloheximide, and only
partially by 6-mercaptopurine or chloram-
phenicol. . .Induction of drug-metabolizing en-
zymes is involved in the resistance-increasing
effect of spironolactone or ethylestrenol
against various compounds.”
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Cycloheximide. Cycloheximide allegedly inhibits protein synthesis in mammalian
systems without inhibiting RNA synthesis. In the rat it does not prevent the
uterine response to estradiol although it blocks the increase in various enzyme
activities of the uterus that are associated with this response. Cycloheximide also
inhibits the induction of hepatic TPO assayed 4 hrs after administration of the
substrate or cortisol; however, it does not abolish the induction of TKT by cortisol,
in fact, it increases TKT activity even in the absence of cortisol treatment.

The anesthetic effect of progesterone in the rat is augmented by cycloheximide

pretreatment.

Fiala & Fiala F65,983/66: In the rat,
cycloheximide i.p. inhibits the induction of
hepatic TPO assayed 4 hrs after adminis-
tration of the substrate, or of ecortisol. By
contrast, it did not abolish the induction of
TKT by cortisol and, in fact, it increased the
level of TKT even in the absence of cortisol
treatment. A similar, though smaller, effect
occurred in hypophysectomized or adrenalec-
tomized rats, suggesting a direct induction
of TKT by cycloheximide. Puromyein inhi-
bited the induction of TKT. Apparently, an
inhibitor of protein synthesis such as actidione
may also act as an inducer for the synthesis of
TKT, thus simulating the action of cortisol.
“This ‘pseudohormonal’ action of actidione
may explain the toxicity of actidione in certain
mammalian species and also the fact that
hydrocortisone may act as an antidote in
actidione poisoning. It does not explain why a
similar effect of ‘pseudohormonal’ induction is
not observed in the case of TPO, but only the
inhibition of enzyme induction.”

Hilf et al. F88,614/67: Cycloheximide has
been reported to inhibit protein synthesis in
mammalian systems without inhibiting RNA
synthesis. In the rat, it did not prevent the
uterotrophic response to estradiol but blocked
the increase in various enzyme activities of
the uterus normally associated with this
response.

Solymoss et al. G70,412/70: “In rats,
24 hours after a single dose of spironelactone or
ethylestrenol, the disappearance of pento-
barbital from blood is enhanced to a rate in
proportion to the decreasing depth of anesthe-
sia. This action is completely suppressed by
ribonucleic acid- or protein-synthesis inhibi-
tors such as actinomycin D, puromyein
aminonucleoside and cycloheximide, and only
partially by 6-mercaptopurine or chloram-
phenicol. . .Induction of drug-metabolizing en-
zymes is involved in the resistance-increasing

effect of spironolactone or
against various compounds.”

Solymoss et al. G70,463/70: In rats, pre-
treatment with spironolactone, norbolethone,
or ethylestrenol accelerated the plasma clear-
ance of digitoxin, in proportion to the in vivo
protective effect of these catatoxic steroids.
Partial hepatectomy reduces digitoxin clear-
ance. The effect of spironolactone is suppressed
by SKF 525-A and cycloheximide.

Solymoss et al. G70,464/70: In rats,
spironolactone shortens the half-life of its
main metabolite, the dethioacetylated 4,6-
dienone (metabolite A), which is interconvert-
ible with the 17-hydroxy carboxylic acid
derivative (metabolite B). This alteration is
only slightly accentuated if the steroid is
given chronically, and it wears off within
eight days after spironolactone treatment is
interrupted. After a test dose of spironolactone
or of its metabolites A and B, partial
hepatectomy delays the blood clearance of
metabolite A. Cycloheximide and SKF 525-A
also suppress the blood clearance of metabo-
lite A under these conditions. Presumably
“spironolactone influences its own biotrans-
formation and the steroid is also a substrate
of the hepatic drug-metabolizing enzymes
which are induced by spironolactone itself.”

Solymoss G70,484[70: In rats, the plasma
clearance of digitoxin is accelerated by
spironolactone, norbolethone and ethylestrenol
in doses that protect against the toxicity of the
alkaloid in vivo. On the other hand, partial
hepatectomy reduces digitoxin plasma clear-
ance and increases the severity of the con-
vulsions. The protective action of the steroids
is suppressed by SKF 525-A and cyclo-
heximide.

Khandekar et al. 379,014/71: In rats, cyclo-
heximide elicited nucleolar alterations in hepa-
tocytes with disruption, dilatation, degranula-
tion and ballooning of the RER. Accumulation

ethylestrenol
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of SER also occurred when spironolactone or
PCN was administered one hour before cyclo-
heximide. It is concluded “‘that the steroids
enhance the metabolic degradation of cyclo-
heximide and thus SER proliferation is not
inhibited; that this morphologic change does
not always denote enzyme induction and the
two can therefore be dissociated; or that SER
accumulation is a nonspecific response to
cellular injury.”

Khandekar et al. G79,026/71: In rats, the
hepatic SER proliferation induced by spiro-

nolactone or PCN is not prevented by con-
current administration of cycloheximide. Ei-
ther the catatoxic steroids enhance the meta-
bolic degradation of cycloheximide (thereby
blocking its effect upon the SER) or this
morphologic change does not necessarily indi-
cate active enzyme induction.

Selye PROT. 27251: In rats, cyclohexi-
mide (25 or 50 pg—4th day ff.) aggravates and
prolongs progesterone (5 mg in oil ip.)
anesthesia.

Hepatotoxic Substances. Ethionine (like CCl,, chloroform and phosphorus) causes

fatty liver formation which cannot be prevented by choline. The hepatic damage
is associated with inhibition of protein synthesis in the liver. Presumably the action
of ethionine is due to a decline in mRNA and protein synthesis caused by reduction
in the available ATP. This occurs when ethionine replaces methionine in S-adenosyl
methionine and traps available adenine, thus preventing the synthesis of ATP. In
agreement with this concept, the effect of ethionine can be reversed by administra-
tion of either ATP or adenine.

In rats, the hepatic lesions produced by €Cl, enhance the effect of various anti-
convulsants.

Also in rats, CCl, prolongs hexobarbital sleeping time ; but after acute habituation,
the plasma hexobarbital at waking time is comparatively high, and hence, peripheral
resistance within the nervous tissue itself may also play a role here.

A variety of hepatotoxic agents (incl. ethiopine, CCl,, yellow phosphorus, 32P)
markedly inhibits hexobarbital oxidation and aminopyrine dealkylation by isolated
hepatic microsomes. However, in vitro, ethionine fails to inhibit hexobarbital

metabolism.

Ethionine

Conney et al. D87,867/56: In rats, 3-me-
thylcholanthrene i.p. considerably increased
the ability of fortified liver homogenates to
N-demethylate 3-methyl-4-monomethylamino-
azobenzene (demethylase activity) and to
reduce the azo-linkage of 4-demethylamino-
azobenzene (reductase activity) within 24 hrs.
However, significant demethylase activity was
obtained even after 6 hrs. A number of other
polycyclic hydrocarbons caused similar in-
creases in demethylase activity but there was
no relationship between carcinogenicity and
enzyme induction. None of these compounds
was active in vitro and their effect could
be inhibited in vivo by ethionine. This
inhibition was in turn prevented by methio-
nine.

Takabatake &  Ariyoshi D48,245/62:
“19-Nortestosterone derivatives® (not other-

wise characterized) shortened the duration
of cyclobarbital anesthesia in rats. Ethionine
had an inverse effect.

Berry (68,858/64: Both actinomycin D
and ethionine increase the lethal effect of
endotoxin in the mouse and abolish the
protection offered by cortisone. Presumably,
both endogenous and exogenous glucocorti-
coids protect through the induction of hepatic
enzymes whose synthesis can be inhibited by
actinomycin D and ethionine. Cortisone
increases TPO in rats and rabbits, but not in
guinea pigs. Correspondingly, guinea pigs
cannot be protected against endotoxin by
cortisone.

Wheatley F98,919/68: In rats, adreno-
cortical necrosis produced by DMBA or 7-OH-
MBA is prevented by metyrapone and related
inhibitors of corticoid synthesis (Su 9055 and
Su 10603) but not by Ay 9944 or aminoglut-
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ethimide (Elipten). No correlation was found
between the influence of these drugs on corti-
coidogenesis and their ability to protect
against adrenal necrosis. Pretreatment with
ethionine abolished the protective action of
metyrapone, Su 9055 and Su 10603. It is
concluded that these drugs protect by virtue
of their hepatic drug-metabolizing enzyme
inducing ability, not by direct effect upon
corticoidogenesis.

Kovacs & Somogyi G60,060/69: In rats,
the adrenal necrosis produced by DMBA is
prevented by pretreatment with spironolactone
and this protection is in turn blocked by
ethionine.

Domschke et al. G74,897[70: In rats,
ethionine fails to prevent the induction of
TPO by the pesticide soman. ‘“‘Since ethionine
is known as an effective inhibitor of the
protein synthesis in the liver the negative
results are probably due to a stimulating
effect of soman on the de-novo-synthesis of
liver enzymes.”

Ariyoshi & Takabatake G75,246/70: In rats,
with ethionine-induced fatty livers, the
inductive effect of ethanol and phenobarbital
was almost completely blocked, whereas aniline
hydroxylase activity was increased.

Gardell et al. G60,076(70: In rats, protection
against digitoxin intoxication by spironolac-
tone is blocked by dl-ethionine and the block-
ade is in turn antagonized by dl-methionine.

Levine H31,806/70: In rats, 3,4-benzpyrene
is rapidly excreted through the bile in the form
of its metabolic products. Pretreatment with
microsomal drug-metabolizing enzyme inducers
(e.g., phenobarbital, methylcholanthrene, 3,4-
benzpyrene) greatly enhances the rate of
biliary excretion of this compound. Both the
rate of metabolism and of biliary excretion
are enhanced to a similar extent throughout
the induction period. Male rats both metabo-
lize 3,4-benzpyrene and excrete its metabo-
lites in the bile at rates approximately 2.5
times that of females. The induction by
methyleholanthrene of both the metabolism
and the biliary excretion of 3,4-benzpyrene
can be partially blocked by ethionine. It has
been concluded that conversion to its meta-
bolites is the rate-limiting step in the
biliary excretion of 3,4-benzpyrene.

Carbon Tetrachloride

Shideman et al. E60,046/47: In mice,
CCl,-induced liver damage prolongs the effect
of thiopental. The same is true after subtotal

hepatectomy (85—909,) in rats. Diminished
blood flow through the liver (Eck fistula)
likewise increases the duration of thiopental
anesthesia in rats. Thiopental is degraded in
vitro by rat liver slices and mince.

Swinyard et al. G74,657[52: In rats, hepatic
lesions produced by CCl, enhance the anti-
convulsant effect of diphenylhydantoin, mesan-
toin, and thiantoin.

Neubert G74,661/57; Herken et al. G74,662/
58; Neubert & Maibauer G74,664/59; Neubert
et al. G74,668/60: In rats, various hepatotoxic
agents (ethionine, CCl,, yellow phosphorus,
32P) markedly inhibit hexobarbital oxidation
and aminopyrine dealkylation by isolated
hepatic microsomes. However, the inhibition
of hexobarbital metabolism by ethionine
given in vivo is not seen in vitro.

Paeile et al. F52,633/64: Adult male rats
are more resistant to proeaine than adult
females. Chronic CCl, poisoning, pretreatment
with SKF 525-A and orchidectomy diminish
the resistance of the males approximately to
the female level. The plasma procainesterase
activity is approximately the same in both
sexes and not affected by orchidectomy or
CCl, intoxication.

Ronzont et al. H18,986/68: In rats, the
hydroxyproline content of the liver furnishes
a better quantitative index of sclerosis than
histologic studies. The technique is recommen-
ded for the evaluation of sclerosis and its
regression after various types of liver damage,
e.g., partial hepatectomy or CCl, poisoning.

Querci et al. G70,597[69: In rats pretreated
with CCl,, parallel blood determinations
were performed of parathion, its toxic meta-
bolite paraoxon, and the product of hydrolysis
of the latter, paranitrophenol. They suggest
that the increase in toxicity following hepatic
damage is primarily due to a defect in the
synthesis of hepatic pseudocholinesterase.

Varga & Fischer G76,189/69: In rats,
hepatic damage produced by bromobenzene,
CCl,, allylalcohol and thioacetamide is asso-
ciated with prolonged hexobarbital sleeping
time owing to interference with the hepatic
microsomal metabolism of the barbiturate.
However, the degree of hepatic injury does
not run strictly parallel with the prolongation
of the hexobarbital sleeping time; hence, the
latter cannot serve as an accurate hepatic
function test.

Klinger H25,517/70: In male rats, the
LD, of hexobarbital in mg/kg, rises from
160 to 343 between the ages of 12—130 days;
however, the blood concentration of hexobar-
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bital at waking time is not age-dependent.
The sleeping time is directly correlated with
the speed of biotransformation by hepatic
microsomes in vitro. CCl; prolongs sleeping
time. Following acute habituation in CCl,
treated rats, the hexobarbital concentration
of the plasma at waking time is comparatively
high.

Lal et al. G77,285/70: In rats, hexobarbital
anesthesia is prolonged by inhalation of
CCl,. The hepatic microsomal fraction of the
livers of rats exposed to CCl, exhibited a
diminished hexobarbital-metabolizing activity,
and the livers of rats so treated were enlarged.

Levin et al. H26,593/70: In rats, CCl, given
to immature females 24 hrs before sacrifice
inhibited the activity of hepatic microsomal
enzymes that hydroxylate estradiol-178 and
estrone. This inhibition was reflected in vivo
by an altered metabolism of estradiol-173
and estrone, by a potentiation of the utero-
trophic action of folliculoids and by an in-

Steroids. In man, methandrostenolone

creased concentration of these steroids in the
uterus. By contrast, tetrachloroethylene did
not influence the action of estrone. SKF 525-A
and desipramine, which are also inhibitors of
drug metabolism, likewise potentiate the
uterotrophic action of estrone in immature
rats.

Priestly & Plaa G80,048/70: In rats,
“impaired BSP excretion, bile flow rate, rela-
tive hepatic storage, and plasma BSP retention
were observed as early as 3 hrs after CCl,
administration. However, impaired BSP con-
jugation was not unequivocally demonstrated
until 12 hrs after CCl,. In experiments where
BSP was administered by slow iv. infusion
(2.5 mg/min/kg), increases in the ratio of biliary
unconjugated BSP to conjugated BSP were
suggestive of impaired conjugation during the
early stages of intoxication, although such
changes were not marked when BSP was
rapidly injected (60 mg/kg, i.v.).”” Presumably,
impaired biliary excretion is the main cause
of BSP retention after CCl,.

increases plasma oxyphenbutazone

levels, presumably by interfering with the metabolism of the drug. A variety of
steroids inhibits NADH-oxidase and succinate oxidase activities in heart muscle

sarcosomal fragments.

In mice, lynestrenol reduces whereas mestranol, like SKF 525-A, increases the
anticonvulsive effect of diphenylhydantoin, barbiturates and other drugs, possibly
through altered microsomal drug metabolism.

Experiments now under way at our Institute suggest that various steroids (e.g.,
estradiol) can also act as antagonists of catatoxic steroid actions (cf. Table 50).
However, these studies are still incomplete and will be published in detail later.

Weiner et al. F35,871/65: Earlier studies
had shown that methandrostenolone inhibits
glucuronyl transferase and oxyphenbutazone
is excreted largely as the glucuronide.
Accordingly, it was found in man that methan-
drostenolone increases plasma oxyphenbuta-
zone levels, presumably by interfering with
its metabolism,

Stoppani et al. H19,278/68: “A series of
Cyy, Cyp and Cpg-steroids (including hormonal
steroids and derivatives) have been tested as
inhibitors of NADH-oxidase and succinate
oxidase activities of heart-muscle sarcosomal
fragments (Keilin-Hartree preparation). NADH
oxidation is much more sensitive to steroids
than succinate oxidation, in accordance with
electron transfer inhibition in the vicinity
of the NADH-flavoprotein site.” The structural

characteristics of the active compounds ‘‘are
consistent with the interaction of steroids
with the phospholipid components of the
electron transfer chain at the NADH-flavo-
protein site. Many of the structural require-
ments for inhibition of electron transfer
resemble those for androgenicity.”

Blackham & Spencer G73,813/70: In mice,
lynestrenol reduced, whereas mestranol or
SKF 525-A increased, the anticonvulsive
effect (tested with electroshock) of diphenyl-
hydantoin, phenobarbital, chlordiazepoxide
and diazepam administered i.p. after five days
of pretreatment. This may be due to altered
microsomal drug metabolism but since mestra-
nol and lynestrenol have opposite effects upon
brain 5-HT concentrations, the latter mecha-
nism must also be considered.



Various Other Antagonists 81

Yarious Other Antagonists. Among other antagonists of hepatic enzymes, suffice
it merely to mention Thorotrast (perhaps owing to blockade of the RES) and
metyrapone (perhaps because of its effect upon P-450) which will be discussed under
Drugs on p. 582. The latter initially potentiates the action of pentobarbital but

“subsequently enhances the rate of its detoxication and shortens its narcotic effect

in rats. The adrenal cortical necrosis induced by DMBA or 7-OH-MBA is
prevented by metyrapone and related compounds. However, no close correlation
exists between the influence of these drugs on corticoidogenesis and their ability to
protect against adrenal necrosis; they apparently act by inducing hepatic drug-
metabolizing enzymes, not by direct effect upon the adrenals.

In mice, starvation depresses hepatic microsomal drug metabolism as measured
both in vivo and in vitro, perhaps owing to an actual loss of enzyme protein from the
microsomes. Oxidative pathways are much more affected than reductive pathways;
in fact the latter may actually be activated with regard to certain substrates.

Several observations suggest that RNA synthesis is inhibited by nickel earbonyl.
Benaetyzine or infection with P. berghei prolong hexobarbital sleeping time. Numerous
methylenedioxyphenyl compounds, 6-mercaptopurine and 3-amino-1,2,4-triazole
exert similar effects although in many instances the mechanisms of their actions are
still unknown.

Holten & Larsen G74,395/56: In mice,
aexobarbital anesthesia is considerably pro-
longed by benactyzine (a compound used for
the treatment of psychoneuroses). The effect
resembles that of SKF 525-A and when given

Table 3. Effects of starvation on drug metabolism
by mouse liver microsomes

Drug metabolized
(vmoles/g liver)

together, the two compounds synergize each  Suhgstrate . . :
other. Extensive review of the literature and gliellgmg ;1(])11_640 1;11;10
of numerous personal observations concerning
the barbiturate potentiating effect of various Normal Starved
antihistamines and spasmolytic compounds. -

Dizon et al. G65,886/60: In mice, even the If:ﬁ;gzrt?fal 446 279 077
nutritional status is an important factor in oxidation)
determining microsomal enzyme induction. Chlorpromazine 9,80 1.98 119
“Starvation depresses hepatic microsomal drug (sulfur oxidation) ’ : :
metabolism both as measured in vitro and in Aminopyrine 1.48 L1l 0.46
vivo. This depression is believed to be (N-dealkylation) ’ ’ :
caused by an actual loss of enzyme protein in Acetanilid 2.03 999 0.93
the microsomes. Oxidative pathways are (aromatic ’ ’ '
affected more than reductive pathways and hydroxylation)
indeed stg,rvatlon may result in an actzyatlo_n p-Nitrobenzoic 822  17.03 8.43
of reduction of nitro and azo groups.” This acid (nitro
is shown in Table 3 modified by Goldstein et al. reduction)
(E165/68) from the original, more complete Neoprontosil 1655 17.65 12.59

version of Dixon et al. (G65,886/60).

Mice were starved for 36 hrs then given
hexobarbital (80 mg/kg) intraperitoneally.
Normal animals usually slept less than 10 min
but sleeping time varied greatly in starved
mice. Twelve hours later (48 hrs starvation)
the mice were sacrificed and the liver micro-
somes were tested for their drug-metabolizing
ability. Figures represent drug metabolized
in a fixed incubation time.

6 Selye, Hormones and Resistance

(azo reduction)

Agarwal et al. G65,716/69: In the rat, both
S. typhimurium endotoxin and Thorotrast
lowered hepatic TPO activity, and prevented
cortigsol from inducing this enzyme in the
isolated, perfused liver. Under these conditions,
the TKT activity of the liver remained
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unaffected. Partial purification of hepatic
TPO induced by endotoxin or Thorotrast
indicated the presence of some inhibitory
substance. “Since histological studies revealed
that thorotrast is localized in Kupffer cells,
it is suggested that the reticuloendothelial
system contributes to the control of enzyme
induction in rat liver.”

Biezunski G78,643/70: In rats pretreated
with warfarin, protein synthesis in hepatic
microsomes is inhibited in vitro. Vitamin K
injected after warfarin almost completely re-
stores the low level of the prothrombin com-
plex in plasma and microsomes, but the general
inhibition of protein synthesis by liver micro-
somes is much less markedly relieved.

Einheber et al. G75,665/70: In mice infected
with P. berghei, hexobarbital sleeping time is
prolonged. “This may be due to a disturbance
in function of hepatocellular smooth endoplas-
mic reticulum and its associated drug-
metabolizing enzymes because phenobarbital
treatment, which ordinarily stimulates an
increase of the latter, corrects the ‘defect’ in
hexobarbital sleeping time.”

Fujii et al. G77,242/70: In mice, 61 meth-
ylenedioxyphenyl compounds (including
synthetic insecticide synergists, natural pro-
ducts, and related open-ring analogues)
showed approximately parallel potency as
regards hepatic microsomal enzyme inhibition
manifested by prolongation of hexobarbital
narcosis and zoxazolamine paralysis.

Raisfeld et al. G75,045/70: In rats, the
herbicide 3-amino-1,2,4-triazole inhibits the
induction by phenobarbital of cytochrome
P-450 and drug hydroxylase activity, but does
not prevent the proliferation of the SER in

hepatocytes. Presumably “induced increases
of cytochrome P-450 and of the membranes of
endoplasmic reticulum may be controlled by
separate mechanisms.”

Sunderman Jr. G73,628/70: In rats, 14C-
leucine incorporation into hepatic microsomal
proteins is inhibited by nickel carbonyl.
Previous studies on the inhibition of hepatic
RNA synthesis by nickel carbonyl are re-
viewed.

Sunderman & Leibman H 28,301/70: “Expo-
sure of rats to nickel earbonyl, Ni(CO),, in
LD;, dosage inhibited the basal (noninduced)
levels of hepatic aminopyrine demethylase
activity. The maximum inhibition of hepatic
aminopyrine demethylase occurred on the 2nd
day after an injection of Ni(CO),, and
aminopyrine demethylase activity returned
to normal levels by the 4th day after Ni(CO),.
Administration of Ni(CO), also inhibited
hepatic aminopyrine demethylase activity in
rats that had received daily injections of
phenobarbital beginning 5 days before the
Ni(C0),.”

Solymoss et al. G70,412/70: “In rats,
24 hours after a single dose of spironolactone
or ethylestrenol, the disappearance of pento-
barbital from blood is enhanced to a rate in
proportion to the decreasing depth of anesthe-
sia. This action is completely suppressed by
ribonucleic acid- or protein-synthesis inhibitors
such as actinomycin D, puromycin amino-
nucleoside and cycloheximide, and only
partially by 6-mercaptopurine or chloram-
phenicol. . . Induction of drug-metabolizing en-
zymes is involved in the resistance-increasing
effect of spironolactone or ethylestrenol against
various compounds.”

TIMING

Length of Pretreatment Necessary for Conditioning

The length of pretreatment necessary for the obtention of resistance by either
syntoxic or catatoxic hormones is subject to great variations depending upon dosage,
route of administration, the kind of toxicant used, species differences, etc. Some of
the protective effects of glucocorticoids are almost immediate if water soluble
hormone preparations are given iv. (e.g., against endotoxin shock or certain
ganglioplegics); others are much more time-consuming (e.g., the suppression of
chronic inflammation). In the case of catatoxic effects, which depend upon defensive
enzyme induction, the protection offered always requires some time for enzyme
synthesis. With most of the currently employed catatoxic steroids, about 24—48 hrs
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of pretreatment are needed to achieve good protection under ordinary conditions
of testing against commonly employed toxicants, but often less than 24 hrs suffice
and yet it may take several days to reach peak resistance (cf. Table 6, p. 88).

Extensive experiments in rats have shown however that the length of pretreat-
ment necessary to obtain a just detectable protective effect depends also largely
upon the speed with which the toxicant elicits detectable pharmacologic effects.
Thus, even single doses of various catatoxic steroids offer definite protection against
many agents whose effects become manifest only after a prolonged latency period. For
example, virtually simultaneous treatment with catatoxic steroids and digitoxin s.c.
can prevent the convulsions and death which the cardiac glycoside would normally
produce one or more days later. Here, presumably, the latency period of the drug
action allows sufficient time for the induction of defensive enzymes. On the other
hand, many hours, or days, of pretreatment with catatoxic steroids are necessary to
offer protection against instantly acting anesthetics or convulsive agents.

In the rat and dog, the blood clearance of barbiturates is maximally accelerated
within 48—72 hrs and cannot be further enhanced by more prolonged treatment
with these drugs. In man, induction is much less rapid and its estimation
somewhat complicated by the development of cumulative effects and of local adap-
tive reactions within the central nervous system. According to some investigators,
in mice, effective enzyme induction can occur in less than one hour.

There is some evidence that certain inducers may elicit a three-phasic change in
resistance, reminiscent of that characteristic of the general adaptation syndrome.
Thus, in rats given daily injections of the pesticide dieldrin, the increase in hepatic
weight, microsomal protein, P-450 hemoprotein and SER development persist, yet
it is possible to distinguish: 1. The stage of induction when dieldrin tolerance is still
low, 2. the steady state with tolerance to otherwise fatal doses of dieldrin and 3. the
state of decompensation when drug-handling ability is sharply decreased. Butter
yellow produces an essentially similar three stage response.

Duration of Effect after Withdrawal of Conditioner

In rats, continued treatment with oxandrolone or spironolactone offers protection
against daily administration of normally fatal amounts of indomethacin or digitoxin
for indefinite periods. However, upon interruption of the catatoxic steroid administra-
tion death ensues within a few days. Furthermore, the plasma concentration of the
substrates which remains low during catatoxic steroid treatment rises after with-
drawal of the medication.

In mice, pentobarbital resistance is evident 24 hrs after pretreatment with
phenobarbital, reaches a maximum within 48 hrs and disappears after about
4—5 days.

Reversal of Actions Due to Timing

Reversal of Inducer Aetions. In speaking about the duration of inducer effects
we already mentioned the three-phasic response in which a period of incomplete
induction is followed by a resistant steady state and eventually by exhaustion.

6%
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Certain observations suggest however that during the initial period inducers may
even have an inverse effect.

For example, 2—4 hrs after administration of hexobarbital the enzyme oxidizing
this substrate is reduced in rat liver and activation commences only after 12 hrs,
reaching a maximum after 48 hrs.

Pentobarbital anesthesia is shortened and the blood clearance of the barbiturate
accelerated within 24 hrs after a single dose of spironolactone or ethylestrenol.

In mice, testosterone exerts a biphasic effect upon hexobarbital hypnosis: prolon-
gation of sleeping time during the initial period of hormone administration is
followed by protection. However, here, the initial potentiation is apparently due
to a direct effect upon the CNS and unrelated to enzyme induction since it is seen
also with barbital which is not metabolized. Yet, many excellent inducing agents
have been shown to inhibit drug metabolism during the initial 6 hrs.

Reversal of Antagonist Actions. It has been shown of actinomyein, as of many
other antagonists, that following an initial period during which they inhibit induction
their effect may be reversed. This has been seen with regard to TPO and TKT
induction by glucocorticoids. It was tentatively ascribed to a delayed response to
inhibitors of RNA synthesis in which a “cytoplasmic repressor” can inhibit the
translation of the mRNA’s corresponding to TPO and TKT. Cytoplasmic depression
might depend upon continued RNA and protein synthesis, the repressor having a
rapid turnover rate.

MPDC given 1—12 hrs before hexobarbital prolongs sleeping time and inhibits
barbiturate metabolism, whereas MPDC administered 24 —48 hrs before the barbi-
turate has an inverse effect.

Metyrapone initially potentiates and later inhibits the hypnotic action of
pentobarbital in rats, presumably because it gradually enhances hepatic
detoxication.

It has been shown for several other antagonists (SKF 525-A, CFT 1201) that,
after an initial period of inhibition, microsomal enzyme activity recovers and then
increases above normal. Thus, actually many inducers and antagonists exert
essentially similar effects in which an initial phase of suppression is followed by
stimulation of microsomal drug-metabolizing enzyme activity, but with the inducers
the induction, and with the inhibitors the suppression, is by far more pronounced.

Reversal of Substrate Actions. For the sake of completeness we should mention
the reversal of substrate actions although in practice this is a phenomenon identical
with the very common self-induction of catatoxic activity by many substrates, such
as barbiturates, pesticides, steroids, etc. This type of protection may be more or less
limited to the inducer itself or be effective also against other substrates, as we
shall see later in discussing the specificity of induction.

In classifying and coordinating the data on the induction of defensive enzymes,
it was useful — perhaps even indispensable — to distinguish between inducers, sub-
strates and blockers. Yet, a detached appraisal of the facts does not support the
concept that these three classes of compounds are essentially different. Depending
upon timing and other experimental conditions, all three types of drugs can either
protect or sensitize. It seems that these three groups of compounds have in common
a singular effect upon the defensive enzyme-producing mechanism but the direction
of the response depends upon modifying factors. It is hardly a coincidence that:



Duration of Effect after Withdrawal of Conditioner 85

1. Many excellent inducers are also readily detoxified by pretreatment with the same
or other inducers. 2. Many substrates can induce or (by competition with other
substrates) block enzyme activity. 3. Many blockers can readily be blocked in turn
by pretreatment with inducers or, after chronic treatment, can even act as inducers
themselves. 4. Most of the substances which are inactive in one of these three respects
(e.g. are not inducers, substrates or blockers of the catatoxic mechanism), are also
inert with respect to the other two types of effects.

Length of Pretreatment Necessary for
Conditioning

Remmer G66,542/62: In the rat and dog,
the blood clearance of barbiturates is maxi-
mally accelerated within 2—3 days of pre-
treatment and cannot be further enhanced
by prolonged administration of these drugs.
In man, oxidation of barbiturates is much less
rapid and drug accumulation may develop.
Here, tolerance may result from adaptation of
the CNS in addition to accelerated oxidative
breakdown.

Hutterer et al. G66,323/69: In rats, given
daily injections of dieldrin (a chlorinated
hydrocarbon pesticide), i.p. hepatic changes
developed in three stages. “The first stage,
that of induction, is characterized by an in-
crease in liver weight, microsomal protein,
smooth endoplasmic reticulum, the activity
of aniline hydroxylase and p-nitroreductase,
and the concentration of P-450 hemoprotein.
During the second stage, a ‘steady state,” the
elevated levels are maintained and tolerance
to otherwise fatal doses of dieldrin prevails.
In the third stage, that of decompensation,
elevation of liver weight, microsomal proteins,
and P-450 hemoprotein persists, and the
smooth endoplasmic reticulum appears as
abundant as in the previous stages, but the
activity of the drug-handling enzymes de-
creases. The smooth endoplasmic reticulum,
however, in this last stage consisted of packed
tubules. This hypoactive, hypertrophic, smooth
endoplasmic reticulum is accompanied by
biochemical and morphologic alterations of
mitochondria.”  3’-Methyl-4-dimethylamino-
azobenzene (butter yellow) produces an essen-
tially similar but accelerated three-stage
response.

Kalyanpur et al. G66,147/69: In mice,
various anabolic steroids (methandienone,
4-chlorotestosterone acetate, nandrolone, phen-
propionate) given i.p. 90 min before pentylene-
tetrazol, inhibit convulsions. The protective
effect is compared to that produced by various
anesthetic steroids. [A relationship to enzyme

induction is not suggested, nor is it probable
in view of the shortness of the necessary
pretreatment (H.S.).}

Solymoss et al. G70,412{70: In rats, 24 hrs
after a single injection of spironolactone or
ethylestrenol, the blood clearance of pento-
barbital is already greatly enhanced and its
anesthetic effect shortened.

Selye PROT. 17663: In rats, spironolac-
tone, given simultaneously with digitoxin,
has little protective effect; pretreatment for
24 hrs. is moderately effective, whereas spi-
ronolactone, given over a period of 48—96 hrs
prior to digitoxin, completely abolishes the
lethal action of the latter.

Table 4. Influence of the duration of spirono-
lactone pretreatment wupon its antidigitoxin

effect

Spironolactone  Convulsions Mortality
(Beginning hrs (Scale: (Dead/Total)p
before 0—3)b
digitoxin)a
Controls 3.0 10/10

0 1.44-0.44 ** 10/10
24 0 *** 3/10
48 0 **x* 0/10
72 0 *** 0/10
96 0 *** 0/10

a Digitoxin (1 mg in 1 ml water, p.o., 1st
day, and 2 mg 2nd day) in all groups including
controls. Spironolactone (10 mg in 1 ml water,
p-o. x2/day) beginning at time indicated, on
or before initiation of digitoxin treatment.

b Convulsions on 3rd day and mortality
7th day after digitoxin administration. Sta-
tistics Student’s t-test. For further details
on technique of tabulation ¢f. p. VIII.

Duration of Effect after Withdrawal of

Conditioner

Orrenius et al. E8,231/69: In rats, 5 days
of treatment with phenobarbital greatly in-
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creased aminopyrene demethylation by hepatic
microsomes, but upon discontinuation of the
treatment, this enzyme activity reverted to
the starting level within about 3 days.

Sladek & Mannering G66,219/69: In rats,
3 days of treatment with phenobarbital, 3-MC,
thioacetamide or 3-methyl-4-methylamino-
azobenzene (3-MMAB) induced different rela-
tive changes in the cytochrome P-450 and the
N-demethylase activities of hepatic micro-
somes. Furthermore, the effect of phenobar-
bital treatment lasted only about 5 days after
discontinuation of this treatment, whereas
most of the other agents exerted more persist-
ent effects.

Buchel & Levy G74,850/70: In mice,
pretreatment with phenobarbital decreases
pentobarbital sleeping time; this phenomenon
is detectable within 24 hrs and reaches a
maximum 48 hrs after phenobarbital admi-
nistration. The resistance is no longer detect-
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Solymoss & Selye G70,409]70; Solymoss
et al. G70,441/70: Rats given daily treatment
with normally fatal amounts of indomethacin
or digitoxin can survive for an apparently
indefinite period if they are concurrently
treated with spironolactone or oxandrolone.
Upon interruption of catatoxic steroid admi-
nistration death ensues within a few days.
“‘Spironolactone enhances not only the de-
gradation of digitoxin and indomethacin bub
also its own metabolism as judged by their
disappearance rate from the blood. However,
the capacity of the steroids to inactivate
themselves is limited and, hence, they continue
to detoxify both drugs, even in chronic
experiments.”

Selye PROT. 18125: In rats pretreated
with spironolactone for 6 days, the anti-
digitoxin effect remains obvious for about 5
days after discontinuation of treatment, but

able in males after 96, in females after its efficacy in inhibiting convulsions rapidly
120 hrs. diminishes during this time, cf. Table 5.
Table 5. Duration of antidigitoxin effect after spironolactone withdrawal
Pretreatment?® Digitoxin Convulsions Mortality
(hrs after (Scale: 0—3)¢ (Dead/Total)d
spironolactone)P
None 3 2.5 10/10
Spironolactone 3 0 0/10
None 48 2.1 5/10
Spironolactone 48 1.3 2/10
None 96 2.4 4/10
Spironolactone 96 3.0 4/10

@ Spironolactone (10 mg in 1 ml water p.o. x2/day) during 6 days before digitoxin.
b Digitoxin (2 mg in 1 ml water/100 g body weight, p.o., once on day indicated) after

discontinuation of spironolactone treatment.
¢ 48 hrs after digitoxin treatment.

4 Mortality on 5th day after digitoxin treatment.

Selye PROT. 39927: Rats were given a
single treatment with various toxicants,
before or after a single dose of certain condi-
tioners. In the event of suitable timing
(adjustment of interval between application
of the two agents) a single dose of PCN,
CS-1 or phenobarbital suffices to inhibit
intoxication with digitoxin, indomethacin,
dioxathion, parathion, nicotine, progesterone,
hexobarbital and zoxazolamine. Taking treat-
ment with the toxicants as “0 hr,” it appears
that pretreatment with these conditioners at

—24 hrs offers manifest protection in most
cases. In some instances, the resistance thus
induced lasts several days, e.g., PON or pheno-
barbital administered on the —4th day still
protects against anesthesia produced by pro-
gesterone at 0 hr. On the other hand, some of
the conditioners, administered after acutely
acting toxicants, may aggravate the effect of
the latter. Thus, CS-1 given 30 min after
progesterone actually prolongs the resulting
anesthesia. The same is true of phenobarbital
administered 30 min before or after progeste-
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rone or hexobarbital. The effect of conditioners
given 6 hrs after these anesthetics could not be
tested since by that time the rats were awake.
It will be recalled that such inverse effects had
previously been noted when spironolactone
was given to rats pretreated with digitoxin.
In the case of the more chronically acting
toxicants, treatment with the conditioners at
—30 or +30 min, can offer definite protec-
tion. This was the case especially for digitoxin
and indomethacin, but in some instances also
for dioxathion. CS-1 diminished indomethacin
mortality even when administered 6 hrs after
the latter. In all these instances, it may be
assumed that the time interval between admi-
nistration of the toxicant and the manifesta-
tion of its damaging actions is sufficiently long
to permit drug metabolizing enzyme induc-
tion. Apparently, it is not so much the time
interval between the administration of the
conditioners and the toxicants that counts,
but the time interval between conditioning
and the appearance of obvious toxic mani-
festations, ¢f. Table 6, p. 88.

Selye PROT. 41919: Rats were given
temporary pretreatment with various condi-
tioners, followed by a resting period before
challenge with a single dose of a toxicant. In
general a 24 hrs interval between cessation of
conditioning and challenge offered the best
protection. With rapidly acting toxicants
(such as progesterone, hexobarbital, zoxazol-
amine, dioxathion and parathion) good pro-
tection was usually obtained even after a rest
period of 72 or 120 hrs (cf. Table 7, p. 90).
Among the toxicants tested in this series, only
nicotine and DHT proved to be virtually
resistant to this type of conditioning.

Reversal of Actions Due to Timing

Reversal of Inducer Aections. Remmer
G66,642/62: Brief mention of unpublished
experiments showing that 2—4 hrs after
administration of hexobarbital, the enzyme
oxidizing this substrate is reduced. Activation
commences after 12 hrs reaching a maximum
after 48 hrs. “Obviously stimulation followed
a short phase of inhibition.”

Gessner et al. F77,776/67: In mice,
“testosterone pretreatment produces a bi-
phasic effect on the duration of action of hexo-
barbital, prolonging the action initially and
shortening the action in 4—8 days after the
pretreatment. The early action of testosterone
appears to be associated with an effect on the

hypnotic property of a drug, since both
hexobarbital and barbital sleep times are
prolonged, while the duration of action of the
muscle relaxant chlorzoxasone remains un-
affected. The long-term pretreatment with
testosterone leads to a shorter duration of
action of drugs that are deactivated by detoxi-
fication, notably hexobarbital and chlorzoxa-
gone, but has no effect on the duration of
hypnosis produced by barbital, a drug which
is predominantly eliminated unchanged.”
Folliculoids (ethinyl estradiol, diethylstilbe-
strol) prolong the actions of both drugs.

Mannering G71,818/68 (p. 74): Review of
the literature showing that ‘“many good
inducing agents actually inhibit drug meta-
bolism during the first 6 hr after administra-
tion.”

Wheatley F98,919/68: Brief reference is
made to the observation “that pretreatment
of rats with Su 4885 (Metyrapone), while
initially potentiating the action of Nembutal,
subsequently led to a considerably enhanced
rate of detoxification and a shorter duration
of narcosis.”

Caster et al. G73,426/70: In rats, hexobar-
bital and heptachlor detoxication by hepatic
microsomes, in vitro, is optimal if the diet
contains about 39, of the calories in the form
of corn oil (or equivalent amounts of
linoleate). Both higher and lower levels of
fatty acids are detrimental for the detoxica-
tion of these substrates and this was confirmed
by determinations of hexobarbital sleeping
time in vivo. The results are interpreted as
indicating that an optimum amount of essen-
tial fatty acid is required for the most
efficient functioning of the hepatic micro-
somal drug-metabolizing system.

Dewhurst & Kitchen G73,848/70: In mice,
zoxazolamine paralysis is greatly shortened
soon after a single dose of the carcinogen,
whereas upon prolonged treatment, an
inverse response is obtained. It is speculated
that “an active metabolite formed in relatively
small amounts may gradually accumulate or
the stimalation of microsomal enzymes by the
first dose might lead to enhanced conversion
of a subsequent dose into an active meta-
bolite.”

Solymoss et al. G70,423/70: In rats, pre-
treatment with catatoxic steroids (e.g., norbo-
lethone, ethylestrenol) enhances the disappear-
ance of bishydroxycoumarin from the blood
and counteracts its effect on prothrombin
time whereas administration of such steroids
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Table 6. Duration of effect after a single dose of a conditioner
N\ Toxicantst Digitoxin Indomethacin Dioxathion
\\ (3mgin1ml (5 mg in 0.2 ml (4mginiml
. water p.o.) water s.c.) corn oil p.o.)
Convul-  Morta- Intest- Morta- Dyski- Morta-
Condi- AN sions lity inal lity nesia lity
tioners® \\ +4th day --6th day Ulcers +6th day -6 hrs 48 hrs
PCN — 4th day  9/10 4/10 10/10 5/10 10/10 10/10
2/10 ***  1/10 NS 6/10 * 3/10 NS T/1I0NS  3/10 ***
—24 hrs 10/10 10/10 10/10 0/10 8/10 5/10
0/10 *** (/10 *** 0/10 *** (/10 NS 0/10 ***  0/10 *
~— 6 hrs 6/10 5/10 10/10 0/10 8/10 7/10
0/10 ** 0/10 * 0/10 *** (/10 NS 1/10 *** Q10 ***
—30 min 10/10 10/10 9/9 4/10 10/10 5/10
4/10 ** 410 ** 4/10 **  0/10 * 6/10 * 2/10 NS
+30 min 7/10 5/10 10/10 5/10 10/10 9/10
7/10NS  4/10NS 2/10 *** (/10 * 9/10NS  7/10NS
+ 6hrs 7/10 4/10 10/10 2/10 5/5 2/5
5/10NS  4/10NS 6/10 * 0/10 NS 7/8 NS  3/8 NS
CS-1 — 4th day  9/10 7/10 10/10 3/10 10/10 10/10
6/10NS  5/10 NS 10/10NS 1/10 NS 9/10NS  8/10NS
—24 hrs 9/10 8/10 10/10 1/10 10/10 7/10
0/10 *** (/10 *** 0/10 *** (/10 NS 0/10 *** (/10 ***
-— 6 hrs 9/10 9/10 10/10 5/10 8/10 4/10
1/10 ***  Q[10 *** 0/10 *** (/10 * 4/10NS  0/10 *
—30 min 8/10 6/10 10/10 8/10 10/10 10/10
1/10 ***  0/10 ** 0/10 *** (/10 *** 6/10 * 1/10 ***
+30 min 8/10 7/10 10/10 6/10 10/10 2/10
3/10 * 1/10 ** 3/10 *** (/10 ** 9/10NS  1/10NS
-+ 6 hrs 10/10 9/10 10/10 7/10 4/6 1/6
8/10NS  5/10NS 7/I0NS  0/10 *** 6/7 NS 3/7 NS
Pheno- — 4thday 8/10 6/10 10/10 5/10 9/10 9/10
barbital 3/10 * 3/10 NS 10/10 NS  2/10 NS 5/I0NS  4/10 *
—24 hrs 7710 7/10 2/9 9/10 10/10 9/10
9/10NS  7/10NS 7/10 0/10 *** 5/10 * 1/10 ***
— 6 hrs 6/10 6/10 10/10 7/10 10/10 9/10
7/10NS  6/10NS 8/10 NS  1/10 ** T/1I0NS  1/10 ***
—30 min 9/10 7/10 10/10 8/10 10/10 5/10
10/10 NS  6/10 NS 9/10 NS  0/10 *** 10/1I0NS  0/10 *
+30 min 10/10 8/10 10/10 7/10 10/10 5/10
9/10NS  7/10NS 10/10NS  1/10 ** 9/10 NS  4/10NS
+ 6 hrs 9/10 9/10 10/10 7/10 6/8 4/8
7/10NS  5/10 NS 10/10 NS 5/10 NS 7/8 NS 1/8 NS

a PCN (10 mg), CS-1 (10 mg) and phenobarbital (6 mg) were all administered once in 1 ml
water, p.o., at the times indicated in this column, before or after the toxicants.

b All toxicants were administered per 100 g body weight, at 0 hr once as indicated, only the
doses of digitoxin and indomethacin are per rat. The signs of intoxication (convulsions, dyski-
nesia, mortality) are registered at the times given in the corresponding column headings. The
sleeping and paralysis time is given in min after administration of progesterone, hexobarbital or
zoxazolamine. For each reading, the statistical significance of the apparent differences between
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Parathion Nicotine Progesterone  Hexobarbital Zoxazolamine
(1.5 mg in 0.5 ml (1 ml of 1.59, aquaous (10mginiml (7.6mgint (10mgin1 ml
DMSO i.p.) solution p.o.) oil i.p.) ml water i.p.) water i.p.)
Dyski- Morta- Dyski- Morta-
nesia lity nesia lity Sleeping Sleeping Paralysis
44 hrs +4thday +42hrs ~+6th day time time time
7/10 2/10 6/10 0/10 104 4 24 46 4- 6 270 4 30
4/10NS 3/10NS 4/10NS  4/10* 0 *¥*k% 324+ TNS 190 4 33 NS
4/10 2/10 7/10 4/10 178 4 27 38+ 4 234 4 18
0/10 * 0/10 NS 0/10 *** (/10 * 0 Rk 20 f 2 ¥R* 42 4 9 kkk
10/10 8/10 10/10 10/10 181 4 35 4343 246 4 37
7/10NS 4/10 NS 8/10 NS  8/10NS 89+ 20NS 44+ 1 NS 240 4 33NS
8/10 7/10 5/10 3/10 241 - 47 50 4 7 282 + 31
7/10NS 5/10NS 7/1I0NS  6/10 NS 243 4+ 37TNS 504+ 7NS 294 + 24 NS
4/6 2/6 6/9 2/9 291 + 38 68 +- 8 306 -+ 26
2/7 NS 1/7 NS 9/10NS  6/10NS 234 4 40NS 524 7TNS 2824 31NS
0/5 0/5 27 3/7 — — —_—
0/6 NS 0/6 NS 3/7T NS 2/7 NS — — —
7/10 5/10 7/10 1/10 257 4+ 32 77 4+ 16 276 4 32
0/10 *** (/10 * 3/1I0NS  2/10NS 151 4+ 43NS 434 5NS 300 4+ 26 NS
10/10 6/10 7/10 5/10 242 4 31 65 7 291 4 30
5/10 * 1/10 * 6/10NS  3/10NS 27 4- 21 ¥%* 36 4 3 ** 138 4 20 ***
9/10 8/10 7/10 4/10 231 4 45 56 4 6 330 + 24
7/10 NS 5/10 NS 8/10 NS  2/10NS 234 + 48NS 524+ 4 NS 240 + 20 **
5/10 5/10 4/10 3/10 171 + 25 43 42 348 + 25
8/10 NS 6/10NS 1/1I0NS  2/10NS 209 4 42NS 424 3NS 262+ 42NS
3/7 1/7 6/10 1/10 197 + 26 49 + 3 308 + 27
5/9 NS 3/9 NS 5/10NS  4/10NS 320 £ 25 %% 434 2NS 281 4 29NS
0/4 0/4 37 3/7 — — —_
0/5 NS 0/5 NS 1/8 NS 2/8 NS — — —
9/10 8/10 5/10 1/10 163 4 13 46 + 4 323 + 37
0/10 *** (/10 *** 2/10NS  1/10NS 949 *k*x 134 2 ¥k 206 L 30 *
9/10 4/10 6/10 3/10 188 4+ 30 5045 3718 4+ 15
0/10 *** (/10 * 1/10 * 1/10 NS 0 rk 13 4 2 k*F 143 | 10 *¥**
8/10 4/10 8/10 5/10 196 4 30 74 4 8 348 -+ 25
9/10NS 1/10NS 8/10 NS  4/10NS 278 4- 24 * 684+ 9NS 314 4+ 27NS
8/10 3/10 6/10 5/10 125 4- 34 5748 366 4- 18
9/10 NS 3/10NS 6/I0NS  5/10NS 381 4 18 *¥** 92 4 2 *** 414 4 16 NS
7/8 4/8 6/10 0/10 235 + 19 54+ 6 275 4 40
7/9 NS 1/9 NS 3/10NS  3/10NS 403 4 17 ¥** 78 4 7 * 348 + 20 NS
0/4 0/4 2/6 1/6 — — —
1/6 NS 0/6 NS 4/7 NS 0/7 NS — —_— —

the animals pretreated with conditioners (asterisks or NS) and the corresponding unpretreated
controls have been computed, as in all tables throughout this volume, according to the “Exact
Probability Test” for nonparametric values and according to Student’s t-test for sleeping and
paralysis times.
For the group in which the conditioners were administered after the toxicants (when the
latter had already produced some mortality) the statistics are computed only on the basis of ani-
mals that survived until treatment with the conditioners.
For further details on technique of tabulation ¢f. p. VIII.
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2 hrs after bishydroxycoumarin has an inverse
effect.

Szeberényi & Fekete H29,579[70: Brief
abstract stating that after four days of pre-
treatment (species not mentioned), spirono-
lactone decreased the action and accelerated
the metabolism of hexobarbital, chlorzoxazone,
meprobamate, estrone, testosterone, aceno-
coumarol and BSP, whereas after short treat-
ment it had an inverse effect. It is concluded
that spironolactone is a microsomal enzyme
inducer.

Solymoss & Varga, G70,600/71: In rats,
pretreatment with various catatoxic steroids
accelerates the degradation of bishydroxycou-
marin by NADPH-dependent hepatic enzymes.
However, if the bishydroxycoumarin is ad-
ministered immediately after treatment with
catatoxic steroids (norbolethone, ethylestre-
nol, progesterone or triamcinolone), an in-
verse effect is observed, presumably because
of competitive inhibition.

Solymoss et al. G79,007[71: In rats, various
catatoxic steroids (spironolactone, PCN) in-
crease liver weight, glutathione S-aryltrans-
ferase activity, bile flow, and BSP clearance
from the blood with an accelerated urinary
excretion of conjugated BSP metabolites.
Ethylestrenol similarly affects liver weight,
but not the other parameters. The antimine-
ralocorticoids, spiroxasone, SC-9376 and CS-1,
unlike the anabolic steroids norbolethone and
oxandrolone, also enhance plasma clearance
of BSP. Contrary to the effects of pretreat-
ment, the administration of spironolactone,
ethylestrenol or estradiol immediately before
BSP results in retention of the dye, probably
through competitive inhibition of biliary
excretion.

Solymoss et al. G79,023/71: In rats, pre-
treatment with PCN or spironolactone incre-
ages liver weight, glutathione S-aryltransferase
activity and bile flow. At the same time, the
plasma clearance and biliary excretion of
BSP and its conjugated metabolites are en-
hanced. Ethylestrenol likewise increases liver
weight but does not alter the other parameters
mentioned above. Spiroxasone, SC-9376 and
CS-1 (antimineralocorticoids), unlike norbo-
lethone and oxandrolone (anabolics), also
enhance plasma clearance of BSP, probably
through the same mechanism. In contrast to
these effects of pretreatment, administration
of spironolactone, ethylestrenol or estradiol
immediately before BSP delays plasma clear-
ance of the dye, probably through competi-
tive inhibition of biliary excretion. SKF 525-A

does not suppress the enhanced BSP clearance
induced either by spironolactone or by pheno-
barbital. [Although the authors did not eva-
luate their data from this point of view, these
observations clearly show that the catatoxic
activity of steroids is not merely the result
of hepatic microsomal drug metabolizing
enzyme induction. It may also be mediated
through extramicrosomal enzyme mechanisms
or even through enhanced biliary excretion
(H.8.).]

Reversal of Antagonistic Actions.

ACTINOMYCIN

Serrone & Fujimoto D48,610/61: MPDC
given 1—12 hrs before hexobarbital prolongs
sleeping time and delays the metabolism of
the barbiturate. However, if MPDC is given
24—48 hrs before hexobarbital, the meta-
bolism of the drug is stimulated and sleeping
time is shortened. Data are presented to show
that the accelerated metabolism of hexobar-
bital results from induced synthesis of micro-
somal enzyme systems that metabolize barbi-
turates. A similar biphasic response on hexo-
barbital sleeping time was observed with
SKF 525-A, JB 516, iproniazid, orphenadrine,
chlorpromazine, and hydroxyzine by several
investigators (Holtz et al. D98,342/57; Arri-
goni-Martelli & Kramer G74,659/59; Riumke
& Bout G 74,669/60).

Garren et al. G28,021/64: In adrenalecto-
mized rats, a single i.p. injection of cortisol
produces an increase in hepatic TPO and TKT
activity. Actinomycin D did not inhibit
synthesis of these enzymes, but blocked their
induction when injected early after cortisol
administration. Actinomycin D and fluoro-
uracil stimulated TPO and TKT synthesis
when injected 5 hrs or later after cortisol.
“It is proposed that repression of the syn-
thesis of these enzymes occurs at the level of
messenger RNA translation.”

Tomkins et al. @35,353/65: Following a
single injection of cortisol into adrenalecto-
mized rats, the hepatic TPO and TKT levels
rise. ‘““‘Although actinomycin D blocks the
initial steroid-induced increase, later adminis-
tration of the antibiotic (or of 5-fluorouracil)
causes an increase in the levels of these
enzymes. A mechanism is proposed to
account for the late response to inhibitors of
RNA synthesis in which a ‘cytoplasmic
repressor’ can inhibit the translation of the
messenger RNA’s corresponding to tryptophan
pyrrolase and tyrosine transaminase. Cyto-
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plasmic repression is postulated to depend on
continued RNA and protein synthesis, and
the ‘repressor’ is thought to have a rapid
rate of turnover.”

Thompson et al. F81,633/66: ‘“Tyrosine
a-ketoglutarate transaminase can be induced
by steroid hormones in a newly-established
line of tissue culture cells, derived from
primary culture of the ascites form of an
experimental rat hepatoma.” Dexamethasone,
triamcinolone and cortisol were highly active,
DOC and aldosterone much less potent,
whereas stilbestrol, estradiol, testosterone
and progesterone were virtually inactive.
The induction by dexamethasone was blocked
by puromycin, cycloheximide, chlorampheni-
col, progesterone, actinomycin D and mito-
mycin C. Paradoxically, after induction by the
steroid had taken place, actinomycin D pro-
duced a further increase in enzyme activity.

Grossman & Mavrides G46,206/67: Studies
on the kinetics of cortisol-induced hepatic
TKT activity in adrenalectomized rats.
“Puromycin inhibited enzyme synthesis when
it was given during the initial phase of
induction. However, it unexpectedly caused a
rapid reappearance of enzyme activity follow-
ing its administration during the inactivation
phase. This potentiated response is consistent
with other observations which lead to the idea
that a repressor is formed about 4 hrs after
hormone administration and that inhibition
of repressor synthesis allows, at least tempo-
rarily, continued synthesis of enzyme.” The
inactivator appears to depend upon pituitary
function, since adrenalectomized and hypo-
physectomized rats showed little or no inacti-
vation phase following cortisol treatment.

SKF 525-A AND OTHER ANTAGONISTS

Conney & Burns G67,166/62: Review of
the literature on the biphasic effect of
SKF 525-A and various related compounds
which inhibit microsomal enzymes when
given just before the substrate, but actually
induce drug-metabolizing enzymes following
a more prolonged pretreatment.

Rimke G69,768/63: In mice SKF 525-A,
phenobarbital, chlorpromazine, hexobarbital
and iproniazid given one hour before hydroxy-
dione i.v. increase sleeping time. When the
intervalis two days, a single dose of SKF 525-A,
phenobarbital or chlorpromazine decreases
hydroxydione anesthesia. Phenytoin, acetyl-
carbromal, morphine, chloramphenicol, 5-HT,
phenobarbital and hydroxydione given one
hour before hexobarbital increase the duration
of anesthesia, whereas dioxone and chloro-
thiazide decrease it. It is concluded that
central effects as well as changes in microso-
mal enzyme activity may be involved.

Serrone & Fujimoto D80,098/62; Kato et al.
E47,494/64: Considerable changes in the
effect of SKF 525-A upon microsomal enzyme
activity are seen, depending upon the length
of administration. SKF 525-A causes intense
enzyme inhibition resulting in prolonged
hexobarbital sleeping time when given acutely.
However, if administered for prolonged pe-
riods, the metabolism of barbiturates is actu-
ally enhanced and their effectiveness dimi-
nished. This reversal of activity has been
noted for several microsomal enzyme inhibitors.

Bowman et al. E714/68 (p. 520): After
repeated administration of some of the
inhibitors, the activity of the microsomal
enzymes recovers and then increases. This
has been shown for iproniazid, tolbutamide,
carbutamide, CFT 1201 and SKF 525-A.

Buchel & Levy G74,851/70: In rats,
SKF 525-A may either prolong or shorten
pentobarbital sleeping time depending upon
dosage and timing.

Reversal of Substrate Aections. Remmer
E61,211/569: In rabbits and dogs, single i.v.
injections of various barbiturates caused
adaptation with accelerated degradation (judg-
ed by enhanced blood clearance).

Schmid et al. G34,008/64: “In two cases of
glutethimide abuse, it was demonstrated that
tolerance to glutethimide is due to marked
acceleration of its metabolic inactivation.
After a 20-day withdrawal cure, the metabo-
lism of glutethimide was found to have
reverted to normal.”

DOSE AND ROUTE OF ADMINISTRATION

Few comparative studies have been done on the relative potency of inducers as
influenced by the dosage and route of administration of the inducers themselves and
of the substrates. It is clear, however, that both inducers and substrates can be
active when administered enterally or parenterally, as long as they are properly
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absorbed. However, there are considerable species differences in the gastrointestinal
absorption rate of common toxicants, which may give the erroneous impression of
innate resistance. Thus, in the hamster, even enormous doses of digitoxin given p.o.
cause no signs of poisoning, whereas intravenous injection of this toxicant readily
elicits fatal convulsions which can be prevented by catatoxic steroids.

In an extensive study on 304 steroids tested in the rat for catatoxic activity
against indomethacin s.c. and digitoxin p.o., it was found that when administered at
the dose of 10 mg p.o. twice daily, 42 compounds were active against indomethacin
only, 32 merely against digitoxin and 24 against both substrates. At the dose of 0.5 mg,
two were active against indomethacin alone, one against digitoxin only and one
against both substrates. The most active steroid of this series, PCN was subsequently
shown to be active against both substrates even at the 30 pg dose level; it also
proved to have the broadest spectrum of protective activity against other toxicants.
Hence, PCN may be regarded as the most potent catatoxic compound among all
hormonal and nonhormonal substances tested up-to-date.

A comparative study on the relative potency of spironolactone and norbolethone
against unusually high doses of toxicants showed that spironolactone protects against
as much as 2 mg of digitoxin per day p.o., whereas the same dose of norbolethone
protects even against 5 mg of digitoxin under identical conditions. Without
pretreatment with catatoxic steroids, as little as 0.5 mg of digitoxin per day is fatal
to rats in such tests. More recent unpublished observations show that 100 g female
rats given 25 mg of PCN, twice daily p.o., can tolerate as much as 30 mg twice daily
p-o.(!) for many days without detectable manifestations of damage.

Table 8. Limits of digitoxin inactivation by Masson & Hoffman B513(45: In immature

spironolactone and norbolethone rabbits pretreated with estradiol, progesterone
s.c. is much more effective in causing pro-
gestational changes in the uterus than if
administered p.o. In the partially hepatecto-

Pretreatment® Digitoxin Convul-  Morta-

b . .

(me) ?IS(Z;ie: 1(11153;3 4/ mized rabbit, even comparatively small doses

0—3)¢ Total)d of progesterone are active in this respect, ‘“‘in-

dicating that the liver plays an important role

in the inactivation of progesterone in the

Nqne 1 3.0 4/5 rabbit.”” Earlier data on the role of the liver

%Plrﬁnlolgftone i g g;g in the inactivation of progesterone are re-

orbolethone viewed.

None 2 - 5/5 Selye G70,421/70: A systematic study on

Spironolactone 2 1.3 1/5 the comparative antidigitoxin anti-indome-

ggrbolethone § 0 g;g thacin activities of 304 steroids tested at
ne — different dose levels.

Spironolactone 5 3.0 4/5 Szabo et al. G79,01371: In hamsters,

Norbolethone & 0.8 0/5 spironolactone and ethylestrenol pretreatment

gqne 1 g - glg prevents digitoxin convulsions and indome-

NI::‘:))EIZ :If;z:e 8 I—O 2;5 thacin-induced intestinal ulcers. Curiously,

hamsters are resistant to as much as 100 mg
of digitoxin, given repeatedly p.o., whereas
a Spironolactone and norbolethone (10 mg 1 mg i.v. produces strong convulsions. Appa-

in 1 ml water x2/day, p.o., 1st day ff.). rently, in this species, the absorption of digi-
b Digitoxin dose indicated/100 g body toxin from the gastrointestinal tract is defi-
weight (in 1 ml water/day, p.o., 6th day ff.). cient. Indomethacin intoxication is also differ-

¢ d Convulsions and mortality on 12th day. ent in rats and hamsters since in the latter,
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unlike the former, the drug produces predomi-
nantly pyloric ulcers which often perforate.

Selye PROT.20023: In rats, spironolactone
(10 mg x2/day p.o.) protects against as much
as 2 mg of digitoxin/day p.o., whereas the
same dose of norbolethone protects even
against 5 mg of digitoxin, c¢f. Table 8, p. 94.

Selye PROT.28397: In mice, indomethacin
intoxication can be prevented by ethylestre-
nol, CS-1, spironolactone, norbolethone and,
to a lesser extent perhaps, also by prednisolone
and estradiol administered by various routes.
Thyroxine appears to have an opposite effect.
Progesterone, triamcinolone, DOC and hy-
droxydione had little if any effect.

Selye PROT. 42710: In female rats, with
an initial body weight of about 100 g, pheno-
barbital, PCN, ethylestrenol, CS-1, spirono-
lactone, norbolethone and estradiol were
administered p.o., i.p., and s.c. at very low dose
levels under comparable conditions. Although
in a few instances minor differences in the
protective effect against progesterone and
hexobarbital anesthesia or zoxazolamine para-
lysis could be ascribed to the route of admi-
nistration, the latter did not appear to be of
paramount importance. In general, conditio-

ners given at the dose administered by one
route were also effective when introduced
through another portal. Interestingly, the very
low dose (0.1 mg) of phenobarbital employed
in this experiment appeared to have actually
prolonged the effect of zoxazolamine. In order
to permit meaningful comparisons, each
toxicant had to be tested at the same dose,
irrespective of the route of administration and
of the toxicant against which it was employed.
Since various conditioners are not equally
active against progesterone, hexobarbital and
zoxazolamine, doses effective against one of
these compounds were not necessarily active
against the other two, irrespective of the route
of administration. Hence, the interpretation of
these findings is limited, but they definitely
show that no considerable enhancement of
the conditioning effect can be expected from
changing the portal of its administration. This
is particularly interesting in connection with
the fact that administration p.o. leads the
compound primarily to the liver (the major
site of its conditioning effect) and, yet, in
general i.p. and/or s.c. administration proved
to be about equally efficacious, as shown in
Table 9, p. 96.

SPECIFICITY OF CONDITIONING

One of the most astonishing characteristics of the adaptive hormones is the
extraordinary spectrum of the toxicants against which they can offer protection.
Some of these steroids are highly selective, but others increase resistance to a very
large number of chemical or physical agents. Indeed, the spectrum of activity may
depend upon circumstances: the syntoxic glucocorticoids protect the adrenalecto-
mized animal against virtually any agent that can produce stress, but there are only a
few pathogens to which they can raise tolerance above the normal level. Conversely,
the catatoxic steroids, if they possess any protective power at all against a toxicant,
can usually augment resistance to it far above the norm.

We shall discuss the activity spectrum of individual adaptive hormones in
Chapter X1, but a few characteristic examples should be cited here. Thus, among the
catatoxic steroids adequately studied up-to-date, the 16a-carbonitriles exhibit the
broadest activity spectrum, in that they offer some protection against almost every
substrate subject to detoxication by steroid-induced enzymes. On the other hand,
progesterone and prednisolone protect only against a few toxicants. Many catatoxic
steroids protect against digitoxin but not against indomethacin or vice versa.

In rats, spironolactone or oxandrolone administered for as long as 60 days continue
to protect against daily administration of normally fatal doses of digitoxin or
indomethacin. During this period, the plasma concentrations of digitoxin and
indomethacin are diminished although they rise again following discontinuation of
catatoxic steroid administration. As judged by the blood level of its metabolite
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Table 9. Effect of route of administration upon catatoxic actions of various conditioners

~

~— Toxicant  Progesterone Hexobarbital Zoxazolamine

. \ Oh Sleeping time Sleeping time Paralysis time
Conditioners - (mln) (mm) (mln)

~~

None 167 4+ 40 41 4+ 4 165 4 34
Phenobarbital 0.1 mg p.o. 71 4+ 36 NS 30+ 4 NS 316 4 37 *
Phenobarbital i.p. 116 4+ 27 NS 30+ 4 NS 266 + 4 *
Phenobarbital 8.c. 26 1+ 16 * 344+ 5 NS 277 + 39 NS
None 348 + 78 50 4 2 246 + 24
PCN 0.03 mg p.o. 69 4 55 * 47 4+ 2 NS 213 + 48 NS
PCN ip. 50 4 31 ** 47 + 2 NS 189 4+ 38 NS
PCN 8.C. 92 4 38 * 50 4+ 2 NS 210 4 19 NS
None 207 + 33 72 4 11 270 + 46
Ethylestrenol 0.5 mg p.o. 48 4 35 * 41 + 13 NS 234 4 56 NS
Ethylestrenol i.p. 72 4 20 ** 36+ 6 * 174 4+ 31 NS
Ethylestrenol s.c. 24 |- 15 *¥ 54 4+ 9 NS 282 + 58 NS
None 204 4 27 49 + 3 306 + 15
CS-1 0.1 mg p.o. 110 4+ 41 NS 39+ 4 NS 149 4 34 **
CS-1 ip. 64 4 40 * 41 4+ 4 NS 246 4 31 NS
CS-1 8.C. 102 4 26 * 41 + 4 NS 222 4 22 *
None 300 + 30 8149 3904+ 0
Spironolactone 0.5 mg p.o. 194 4- 49 NS 54 +9 NS 342 + 29 NS
Spironolactone i.p. 108 4 40 ** 74 + 10 NS 342 4+ 22 NS
Spironolactone 8.c. 93 4 67 * 814+ 9 NS 342 4 48 NS
None 166 4 29 62 4 11 111 4 42
Norbolethone 0.5 mg p.o. 155 4- 48 NS 3245 * 71 4+ 27 NS
Norbolethone ip. 120 4+ 33 NS 3245 * 118 4+ 45 NS
Norbolethone 8.C. 108 4 25 NS 54+ 6 NS 150 + 38 NS
None 216 + 25 50 4+ 2 294 4 56
Estradiol 0.1 mg p.o. 125 4 49 NS 53 + 6 NS 294 + 31 NS
Estradiol ip. 111 4- 38 * 56 + 9 NS 294 4 31 NS
Estradiol 8.c. 149 4+ 54 NS 48 4+ 2 NS 318 4+ 44 NS

The indicated dose of all conditioners was given (per rat) in 1 ml water twice daily, from the
first day to the end of the experiment. The toxicants were administered once on the 4th day (per
100 g body weight), as follows: Progesterone (10 mg in 1 ml corn oil, i.p.), hexobarbital
(7.5 mg in 1 ml water, i.p.), and zoxazolamine (10 mg in 1 ml water, ip.).

Statistics: Student’s t-test.

SC-9376, spironolactone also enhances its own biotransformation, but not suffi-
ciently to interfere with the continued manifestation of protective activity against
the substrates tested. Here, we are faced with a peculiar type of specificity of
induction, in that a compound (spironolactone or oxandrolone) can induce an
extraordinary amount of enzymic activity against structurally-unrelated toxicants
(digitoxin or indomethacin), whereas it develops no noteworthy resistance against
itself. In other words, these steroids are much more efficient in eliciting cross-
resistance than straight resistance. This is unusual, since in most instances, adapta-
tion to one agent is more easily obtained by pretreatment with the same than with an
unrelated agent. The phenomenon is of practical importance since it would be
impossible to offer continued protection against toxicants by treatment with cata-
toxic steroids if they were very efficient in enhancing their own enzymic degradation.
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As previously mentioned, substrates readily metabolized by catatoxic steroids,
often exhibit inducer andfor blocker activities themselves. Yet, there are many
exceptions: digitoxin, nicotine, DHT and indomethacin are all excellent substrates
for catatoxic steroids, yet they induce no demonstrable resistance against them-
selves or against other substrates; indeed, upon chronic treatment at the dose levels
tested, their effects were cumulative.

Solymoss et al. G70,441/70: In rats, spiro-
nolactone or oxandrolone given for as long as
two months, continues to exhibit a protective
effect against fatal doses of digitoxin or indo-
methacin. Upon withdrawal of the catatoxic
steroids, continued administration of digi-
toxin or indomethacin is rapidly fatal. The
plasma concentration of digitoxin and indo-

methacin is diminished during the catatoxic
steroid administration.

Solymoss et al. G70,464/70: As judged by
the blood level of its metabolite, SC-9376,
spironolactone also enhances its own biotrans-
formation, yet its catatoxic effect remains
evident during long periods of administration.

BILIARY EXCRETION

Many of the inducible hepatic microsomal enzymes act upon substrates in such a
manner as to facilitate their excretion through the bile or urine. The effect of hormones
upon the biliary excretion of toxicants has not received very much attention so far;
there can be no doubt that it deserves to be considered more than it has in the past.
Several of the toxicants amenable to the influence of certain steroids (e.g., HgCl,,
indomethacin, DHT) are well tolerated after bile duct ligature, suggesting that
their activity depends largely upon the prolongation of their effect by enterohepatic
recirculation, poor absorption in the absence of bile, or other factors associated with

bile secretion.

Up to now, major emphasis has been placed upon the identification of biliary
elimination of bile pigments, bile acids and steroids (as well as their metabolites),

using isotope marked substrates.

Kellaway et al. B14,615/45: In rats, the
activity of thyroxine s.c. was estimated by an
increase in pulse rate after partial hepatec-
tomy, thyroidectomy or bile duct ligation.
“It was found (1) that thyroxine activity is
greatly intensified in the absence of the liver;
(2) that the liver does not play a significant
role when the amount of circulating thyroxine
is within physiologic limits; (3) that the liver
deals with excess hormone by some process of
inactivation and not by simple excretion.”

Grad & Leblond B49,686/50: In rats, the
increase in oxygen consumption and heart rate
induced by thyroxine is increased by partial
hepatectomy, or bile duct ligation, and
especially by the conjoint effect of both
interventions. ‘“‘These results are taken to
indicate that the liver excretes and inacti-
vates excess amounts of thyroid hormone.”

7 Selye, Hormones and Resistance

Hyde et al. D99,140/54: In rats, 17a-methyl-
Cit.A5-androstene-35, 17f8-diol administered
by gavage was mostly eliminated in the feces
and, to a lesser extent, in the urine. “Rats
with two types of bile fistula excreted the
major fraction of administered isotopic carbon
in the bile. Almost quantitative recovery of
the administered C'* was obtained in the urine
of rats after ligation of the bile ducts.”

Cherrik et al. E98,251/60: Indocyanine
green is rapidly and completely bound to
plasma protein and excreted in the bile in
unconjugated form. It is not cleared by extra-
hepatic mechanisms in detectable amounts.
Its plasma clearance is similar to that of BSP
in controls and patients with liver lesions.

Preisig et al. F70,515/66: In acromegalic
patients, biliary BSP excretion is increased.
[It is not known which, if any, of the hormones
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secreted by the hyperactive pituitary are
responsible for this effect (H.S.).]

Heikel (181,287/67: In rabbits with an
external biliary fistula, norethandrolone and
17a-ethyl-4-estrone-38,178-diol-3-propionate
cause a progressive decline of bile flow and
total bilirubin. Methyltestosterone is less
effective.

Kreek et al. F83,145/67: In rats, ethinyl-
estradiol considerably diminishes bile flow and
delays biliary excretion of BSP and of tritium-
labeled estradiol.

Klaassen & Plaa F99,395/68: In rats, pre-
treatment with phenobarbital accelerated the
plasma clearance of BSP. There was no change
in hepatic storage but significant increases
of in vitro metabolism, biliary transport
maximum and bile flow were observed. With
a dibrominated analogue of BSP and with
indocyanine green, which are apparently not
biotransformed before excretion, enhanced
plasma clearance was also elicited by pheno-
barbital. It is assumed “that the enmhanced
biliary excretion of these dyes is an important
factor after phenobarbital treatment and that
the role of increased biotransformation is not
asimportant for the enhanced plasma disappea-
rance of these dyes as might be expected from
the effect of phenobarbital on the biologic
half-life of other substances.”

Stowe & Plaa G73,241/68: Review (19 pp.,
226 refs.) on the extrarenal excretion (bile,
gastrointestinal tract, sweat, milk, tears, lung
and reproductive tract) of drugs and hormones.

Roberts & Plaa G69,070/69: In mice and
rats, the hyperbilirubinemia induced by
a-naphthylisothiocyanate (ANIT) is enhanced
by various drugs and steroids, presumably
because of an increased rate of bilirubin pro-
duction and not as a consequence of decreased
biliary bilirubin excretion. “Studies of the rate
of endogenous bile bilirubin excretion and the
incorporation of dJ-aminolevulinic acid-4C
(ALA-C) into bilirubin in rats revealed that
phenobarbital and chlorpromazine significantly
increased the rate of bile bilirubin production
(2g/100 g/hr.) and that phenobarbital, chlor-
promazine, and norethandrolone significantly
increased the percent incorporation of ALA-14C
into bilirubin. Acetohexamide and Enovid both
produced an increased, but irregular, response
in bile bilirubin excretion and ALA-1C
incorporation.”

Bickel & Minder G77,613]70: In rats,
imipramine is to a large extent excreted in the
bile, as judged by observations with bile fistu-
las or perfused livers. Besides large amounts

of glucuronides, the bile also contains unchan-
ged imipramine or desmethylimipramine follow-
ing their introduction into the blood
stream. In addition, the influence of SKF 525-A
and phenobarbital have been studied. A review
of the literature suggests that ‘“foreign com-
pounds, in order to be excreted in the bile,
must have a molecular weight of more than
about 300 and have a certain degree of pola-
rity. Anions of conjugates are particalarly
suitable for concentrative transfer into bile.
In contrast, unchanged lipophilic drugs are
assumed not to be excreted by this route, or
to occur in bilein concentrations not exceed-
ing the plasma levels.”

Bickel & Minder G77,614[70: Studies on
rats with biliary fistulas show that ‘“‘uptake of
imipramine and desmethylimipramine, but
not of hydrophilic metabolites, into the bile
salt-phospholipid-micelles of bile could be
demonstrated by equilibrium dialysis and
ultracentrifuge sedimentation using rat bile
or micellar model systems. Biliary proteins
and small molecules which do not form
micelles do not participate in uptake.”
These observations throw some light on
earlier apparently conflicting claims by
showing that both polar and nonpolar meta-
bolites can be excreted through the bile al-
though through different mechanisms.

Heikel & Lathe G73,162[70: In rats, various
folliculoids and luteoids reduce bile flow. The
bilirubin maximum secretion rate (Tm) is
but slightly affected. Following i.v. infusion
of bilirubin folliculoids (unlike luteoids) raise
the serum conjugated bilirubin level.

Karim & Taylor G74,179/70: In rabbits,
the biliary and urinary excretion of meta-
bolites of [4-14C] estradiol are described.

Klaassen G75,506]70: In rats, the effects
of phenobarbital, chlordane, phenylbutazone,
nikethamide, and chlorcyclizine upon bile
flow and microsomal enzyme induction have
been compared. ‘“There generally appears
to be a good correlation in the ability of these
agents to increase biliary flow in rats and
their ability to increase the plasma disappear-
ance and biliary excretion of BSP and
DBSP.”

Kreek & Sleisenger G77,590[70: In rats,
folliculoids are to a large extent excreted
through biliary fistulas and under normal
conditions they undergo a very large entero-
hepatic circulationin animals as well asin man.

Laatikainen G78,706/70: A review (22 pp.,
118 refs.) and personal observations on the
excretion of steroid hormones in human bile.
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Levine et al. G73,357[70: In rats, pheno-
barbital stimulates biliary excretion of diphe-
nyl, stilbestrol and phenolphthalein, all of
which are metabolized prior to excretion. This
treatment does not affect biliary elimination of
stilbestrol glucuronide, phenolphthalein glucu-
ronide, succinylsulphathiazole, and indocya-
nine green, all of which are excreted un-
changed. These and other observations “sug-
gest that although the endoplasmic reticulum
is involved in the metabolism of foreign com-
pounds it does not appear to play a role in
their transfer from liver to bile.”

Levine H31,806/70: In rats, 3,4-benzpyrene
is rapidly excreted through the bile in the form
of its metabolic products. Pretreatment with
microsomal drug-metabolizing enzyme inducers
(e.g., phenobarbital, methylcholanthrene, 3,4-
benzpyrene) greatly enhances the rate of
biliary excretion of this compound. Both the
rate of metabolism and of biliary excretion are
enhanced to a similar extent throughout the
induction period. Male rats both metabolize
3,4-benzpyrene and excrete its metabolites in
the bile at rates approximately 2.5 times that
of females. The induction by methylcholan-
threne of both the metabolism and the
biliary excretion of 3,4-benzpyrene can be
partially blocked by ethionine. It has been
concluded that conversion to its metabolites
is the ratelimiting step in the biliary
excretion of 3,4-benzpyrene.

Song & Kappas G80,521/70: Review
(21 pp., 215 refs.) on the “Influence of Hor-
mones on Hepatic Function,” with special
sections on the effect of endocrine factors
upon bile formation. Some of the principal
relevant data are summarized in Table 10.

Taylor G74,178(70: In rabbits, the biliary
and urinary excretion of metabolites of
[4-14C] cortisone are described.

Despopoulos H35,471{71: In isolated per-
fused rat liver preparations, the volume of bile
was reduced by progesterone, methyltestoste-
rone, norethynodrel and ethisterone but not
by estradiol, mestranol and norethandrolone.
The effect of steroids upon biliary secretion
is reviewed.

Solymoss et al. @79,00771: In rats, various
catatoxic steroids (spironolactone, PCN) in-
crease liver weight, glutathione S-aryltrans-
ferase activity, bile flow, and BSP clearance
from the blood with an accelerated urinary
excretion of conjugated BSP metabolites.
Ethylestrenol similarly affects liver weight,
but not the other parameters. The anti-

7*

Table 10. Effect of hormones on hepatic bile

flow
Hormones Species Effect
Studied
Cholecystokinin- Dog Increase
pancreozymin
Epinephrine Dog Increase,
followed by
decrease
Ethinylestradiol Rat Decrease
Gastrin Dog Increase
Insulin Dog Increase
Norepinephrine Dog Decrease
Norethandrolone Rabbit Decrease
Secretin Dog Increase

mineralocorticoids, spiroxasone, SC-9376 and
CS-1, unlike the anabolic steroids norbole-
thone and oxandrolone, also enhance plasma
clearance of BSP. Contrary to the effects of
pretreatment, the administration of spirono-
lactone, ethylestrenol or estradiol immedia-
tely before BSP results in retention of the dye,
probably through competitive inhibition of
biliary excretion.

Solymoss et al. G79,023/71: In rats, pre-
treatment with PCN or spironolactone incre-
ases liver weight, glutathione, S-aryltransferase
activity and bile flow. At the same time, the
plasma clearance and biliary excretion of
BSP and its conjugated metabolites are en-
hanced. Ethylestrenol likewise increases liver
weight but does not alter the other parameters
mentioned above. Spiroxasone, SC-9376 and
CS-1 (antimineralocorticoids), unlike norbo-
lethone and oxandrolone (anabolics) also
enhance plasma clearance of BSP, probably
through the same mechanism. By contrast
to these effects of pretreatment, administra-
tion of spironolactone, ethylestrenol or estra-
diol immediately before BSP delays plasma
clearance of the dye, probably through com-
petitive inhibition of biliary excretion. SKF
525-A does not suppress the enhanced BSP
clearance induced either by spironolactone or
by phenobarbital. [Although the authors did
not evaluate their data from this point of
view, these observations clearly show that the
catatoxic activity of steroids is not merely the
result of hepatic microsomal drug metabo-
lizing enzyme induction. It may be mediated
also through extramicrosomal enzyme mecha-
nisms or even through enhanced biliary
excretion (H.S.).]
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EXTRAHEPATIC CONDITIONING

The liver is undoubtedly the principal site of drug metabolism, but virtually all
cells are endowed with some adaptive ability to toxicants.

Probably, the first observation on the extrahepatic detoxication of a steroid was
the finding that estradiol is inactivated by slices or mince of renal tissue of rats and
rabbits. It was realized, as early as 1940, that this inactivation is, in all probability,
not due to conjugation or conversion to a less active form, but to oxidative enzymic
degradation.

Pretreatment with cortisol increases the GPT activity not only in the liver, but
also in the thymus, pancreas, and kidney of the rat. In the thymus, this increase
may reach 16 times the normal level.

1,2-Benzanthracene increases benzpyrene hydroxylase activity throughout the
entire gastrointestinal tract of various species.

Glucuronic acid conjugation of thyroid hormones occurs even after hepatectomy
in the dog or after evisceration in rats, whereas steroid glucuronides are not formed
following hepatectomy or evisceration.

Phenobarbital increases both hepatic and (to a lesser extent) renal weight. At the
same time, the cytochrome by and P-450 concentrations and the drug metabolism
are raised 2—3 fold by phenobarbital in the kidneys of rabbits.

Phenobarbital also enhances incorporation of acetate into cholesterol by both the
liver and the small intestine in vitro.

Smoking during pregnancy causes an increase in the benzpyrene hydroxylase
activity of the human placenta. A similar enzyme activation can be obtained in the
placenta of the rat by pretreatment with various polycyclic hydrocarbons.

In man, pretreatment with heptabarbital diminishes the plasma bishydroxycou-
marin level more markedly if the anticoagulant is given p.o. than i.v. Presumably,
part of the protective effect of heptabarbital is caused by increased hepatic destruc-
tion of bishydroxycoumarin, but diminished gastrointestinal absorption also plays a
role.

Isotope-marked progesterone placed in the small intestine of dogs, was found in
the effluent venous plasma, at first mainly as unchanged progesterone, but later in
the form of various metabolites which must have been formed locally.

In connection with extrahepatic drug detoxication, it should be remembered that
a sizable percentage of various drugs and hormones is excreted through the kidney,
bile, gastrointestinal tract, sweat, milk, tears, lung and reproductive tract.
Stimulation of these excretory mechanisms also plays an important part in resistance
to toxicants. These phenomena are considered here although often toxicants are
excreted only after biotransformation in the liver.

For further details on extrahepatic drug inactivation, ¢f. the reviews cited in the
following Abstract Section.

Kidney

Masson & Beland A72,286/44; B344(45:
Review of the literature on the effect of partial
hepatectomy and other forms of liver damage
upon barbiturate anesthesia. Personal obser-

vations on a series of 29 barbiturates tested
on partially hepatectomized or completely
nephrectomized rats led to the conclusion
that the compounds can be classified into four
groups: “Group I, those detoxified mainly in
the kidney; Group II, those detoxified mainly
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in the liver; Group III, those detoxified
approximately equally in both liver and
kidney; Group IV, those possibly detoxified
in other tissues of the body, but not to any
great extent in the liver and the kidney.”

Friedman et al. A49,249/49: In rats,
urinary excretion of digitoxin is negligible.

Smith D27,805/62: Studies on the effect
of hyaluronidase and cortisol on the inactiva-
tion of vasopressin by rat kidney slices.

Weiner G74,032/67: Review (18 pp.,
146 refs.) on the mechanism of renal excretion
of drugs.

Uehleke & Greim G70,906/68: In rats and
rabbits, phenobarbital increases the weight
of the liver and, to a much smaller extent,
that of the kidney. ‘Pretreatment with
Phenobarbital, 3,4-Benzpyrene or Chlorophe-
nothane neither significantly increased the
cytochromes of rat kidney microsomes, nor
the oxidative drug metabolism. However, in
the kidneys of rabbits the cytochrome b, and
P, concentrations and drug metabolism were
2—3 fold higher after Phenobarbital. The
correlation between P, content and drug
oxidase activity in the kidney microsomes of
untreated and Phenobarbital treated rabbits
was low. Suspension of rabbit kidney micro-
somes revealed the same spectral changes
after addition of Hexobarbital or Aniline as
those reported for liver microsomes.”

Karim & Taylor G74,179]70: In rabbits,
the biliary and urinary excretions of meta-
bolites of [4-14C] estradiol are described.

Maruyama et al. G74,893/70: Review of the
literature indicating that the main site of
parathyroid hormone inactivation in the rat
is the kidney. The present authors succeeded
in isolating a microsomal endopeptidase from
the rat kidney which preferentially hydrolyzes
parathyroid hormone.

Taylor G74,178/70: The biliary and uri-
nary excretions of metabolites of [4-14C]
cortisone in rabbits are described.

Gastrointestinal Tract

Berliner & Wiest C22,807/56: Progeste-
rone, given i.v., is extensively metabolized in
1 hour by totally eviscerated rats, even if the
kidneys and adrenals are also removed.
After 1 hour, 7 compounds could be isolated
from the tissues of these animals, although there
were no polar metabolites similar to the
conjugates with glucuronic or sulfuric acid,
and the 7 isolated compounds retained their
44-3-ketone configuration.

Bojesen & Egense G75,996/60: In adrenal-
ectomized cats, the elimination of endogenous
corticoids (cortisol and corticosterone) is
greatly delayed by hepatectomy and totally
abolished by evisceration. “A few experiments
suggested that the intestine is responsible
for the main part of the extrahepatic elimi-
nation. In experiments with the perfused
isolated hindquarter preparation it was
impossible to demonstrate any elimination of
corticosteroids in spite of electrical stimulation
or the administration of large amounts of
insulin.”

Wattenberg et al. D40,287/62: Benzpyrene
hydroxylase activity can be demonstrated in
the small intestine of various species. Following
1,2-benzanthracene p.o., this enzyme activity
is increased throughout the entire gastroin-
testinal tract but varies in magnitude from
one region to another.

Aggler & O’Reilly G68,730/69: In man,
pretreatment with heptabarbital diminished
the reduction in the prothrombin level, the
amount of bishydroxycoumarin in plasma,
and the half-life of bishydroxycoumarin more
markedly after p.o. than after i.v. administra-
tion of the anticoagulant. Unchanged bis-
hydroxycoumarin was found in the stool only
after p.o. administration. Presumably, part
of the response to heptabarbital was caused by
increased hepatic enzymic destruction of
bishydroxycoumarin although, in the event
of p.o. administration, decreased absorption
from the gastrointestinal tract also played
a role.

Middleton & Isselbacher H17,133/69: In
rats, phenobarbital increases incorporation of
acetate into cholesterol not only by the liver
but also by the small intestine in vitro.

Nienstedt & Hartiala G69,886/69: “Pro-
gesterone-4-14C placed in the small intestine
of anaesthetized, heparinized dogs was found
in the effluent venous plasma, first mainly as
unchanged progesterone, then increasingly in
the form of different metabolites. These
include 5a-pregnanedione, 20f-hydroxypregn-
4-en-3-one, 3f-hydroxy-5a-pregnan-20-one, 3a-
hydroxy-5a-pregnan-20-one, at least one preg-
nanediol epimer and a large group of polar
metabolites.”

Lien et al. H25,091/70: In dogs and Rhesus
monkeys, serum corticoid concentrations were
measured by the corticosteroid binding-
globulin (CBG) technique which measures
cortisol, corticosterone and 11-desoxycortisol
in plasma as judged by differences in the
corticoid concentration in portal and aortic
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blood. A noteworthy portion of corticoids is
removed through clearance by the gut,
especially during conditions of stress.

RES

Reichard et al. €32,593/56: Review of the
literature, and personal observations on the
role of the RES in the hormonal regulation of
resistance to bacterial infection and nonspecific
stress.

Agarwal et al. C65,716/69: In the rat, both
S. typhimurium endotoxin and Thorotrast
lowered hepatic TPO activity, and prevented
cortisol from inducing this enzyme in the
isolated, perfused liver. Under these conditions,
the TKT activity of the liver remained
unaffected. Partial purification of hepatic TPO
induced by endotoxin or Thorotrast indicated
the presence of some inhibitory substance.
“Since histological studies revealed that
thorotrast is localized in Kupffer cells, it is
suggested that the reticuloendothelial system
contributes to the control of enzyme induction
in rat liver.”

Munson et al. H22,843/70: “Drugs which
alter the phagocytic activity of the RES have
been shown to prolong barbiturate anesthesia.
In this study, these observations were extended
to include agents which decrease RES
activity. Methyl palmitate, thorium dioxide
and pyran copolymer (PCP) markedly de-
creased the intravascular clearance of colloidal
carbon and prolonged hexobarbital anesthesia.
Zymosan, endotoxin, diethylstilbesterol and
PCP enhance RES activity and also prolong
hexobarbital narcosis. Conversely, chlorcycli-
zine, SKF 525-A and phenobarbital, which
markedly alter drug metabolism, did not
alter RES activity. PCP and zymosan pro-
longed the half life of hexobarbital in brain,
liver and serum. Hexobarbital metabolism
was markedly depressed in 9000x g liver
supernatant fractions from PCP and zymosan-
treated mice. Further studies demonstrated
that the inhibition of barbiturate metabolism
was non-competitive. PCP and SKF 525-A
were additive in microsomal inhibitory ability
whereas chloreyclizine, given in a protocol
which stimulates microsomal enzyme activity,
reverses the inhibitory effect of zymosan. The
toxicity of cyclophosphamide, which requires
hepatic microsomal enzyme activity for
cytotoxicity, was markedly enhanced by PCP
suggesting the enzymes necessary for the
activation of cyclophosphamide are stimulated
by PCP.”

General Pharmacology

Placenta

Welch et al. G65,788/69: No detectable
benzpyrene hydroxylase or aminoazo dye
N-demethylase activity was observed in the
placentas of women who did not smoke but
these enzymes were found in the placentas
of smokers. In rats, treatment with 3,4-benz-
pyrene, 1,2-benzanthracene, 1,2,5,6-dibenz-
anthracene, chrysene, 3,4-benzofluorene, an-
thracene, pyrene, fluoranthene, perylene, or
phenanthrene during pregnancy increased
benzpyrene hydroxylase activity in the
placenta.

Brain

Angel & Burkett G39,712/66: Review of the
literature (6 pp., 21 refs.) on the role of
stress and corticoids in influencing resistance
to various drugs through alterations in the
blood-brain barrier.

Fuller G75,131/70: In rats, exposure to
cold, as well as treatment with cortisol or
glucagon after adrenalectomy induced TKT
activity in the liver but not in the brain.
Apparently, the TKT “of brain differed
from the enzyme in liver since it did not
exhibit diurnal variations of activity and was
not affected by hormones, drugs, or stress.”

Varia

Heller A32,137/40: In vitro studies on
tissue slices and tissue mince of rats and
rabbits indicate that “estradiol is inactivated
by liver and kidney and not by the other
tissues studied. This inactivation of estradiol
is, in all probability, not due to conjugation or
conversion to a less active form, but due to
enzymic destruction of an oxidative nature.
This is indicated by the relative inactivity of
the treated estradiol, the inability of hydro-
lysis procedures to increase activity and the
effect of tissue poisons upon inhibiting the estra-
diol-destroying enzyme system. Estrone is
increased 20 times in potency by incubation
with minced uterine tissue. Spleem, lung,
heart and kidney tissues also caused estrone
to be converted to a more active substance.
The suggestion is made that this conversion
is accomplished by enzymatic reduction of
estrone to estradiol.”

Chedid et al. B99,547]54: In mice rendered
particularly sensitive by adrenalectomy, E.
coli endotoxin injected i.v. or into the spleen is
equally toxic. Similar results have been ob-
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tained in intact rats. “Thus the liver does not
appear to play an immediate role in the
detoxification of this antigen.” In partially
hepatectomized rats ‘‘which become more
sensitive to any toxic substance” cortisone
continues to exert its protective effect against
endotoxin. The same is true of the splenectomy
or thymectomy.

Rosen et al. C71,414/59: Pretreatment with
cortisol increased the GPT activity not only
in the liver but also in the thymus, panereas
and kidney of the rat. In the thymus the
increase was 16-fold on the basis of protein
content.

Sulcova & Sidrka E37,298/63: Demon-
stration of extrahepatic 7a-hydroxylation of
dehydroepiandrosterone by in vitro studies
using different rat organs (lung, kidney,
spleen, musele, blood).

Govier F§7,820/65: In rabbits, acetylation
of sulfanilamide and p-aminobenzoic acid
(one of the major routes of metabolism of
acrylamines) has been examined utilizing
isolated intact hepatic and RES eells of
various other tissues. “The acetylation of
these compounds, usually attributed to the
liver, was found to occur in cells of the
reticuloendothelial system. No acetylation
could be demonstrated in the hepatic paren-
chymal cells. Lung and spleen, organs known to
contain a high percentage of reticuloendo-
thelial cells, were also found to acetylate
these compounds.”

Jayle & Pasqualini G67,284/66: Review
(36 pp., 267 refs.) on glucuronic acid conju-
gation of steroids and thyroxine. Literature is
cited to show that glucuroconjugation of
thyroid hormones occurs also in eviscerated
rats and hepatectomized dogs, whereas steroid
glucuronides are not formed in hepatecto-
mized and eviscerated mice. This suggests
that glucuroconjugation of thyroid hormones,
unlike that of steroids, can occur in extra-
hepatic tissues.

Conney F88,649/67 (p. 340): Review of
the literature on enzyme induction in
nonhepatie tissues.

Goldstein et al. E165/68 (p. 232): Review
on extrahepatie drug metabolism as influenced
by various inducers.

Mannering G71,818/68 (p. 77): Review on
the induction of drug-metabolizing enzymes in
the lung, gastrointestinal tract and kidney.

Stowe & Plaa G'73,241/68: Review (19 pp.,
226 refs.) on the extrarenal excretion (bile,
gastrointestinal traet, sweat, milk, tears, lung
and reproductive traet) of drugs and hormones.

Waitenberg et al. G71,805/68: In rats, the
increase in benzpyrene hydroxylase activity
induced by various 2-phenylbenzothiazoles
usually shows a similar trend in liver and
lung.

Uehleke G70,915/69: Review on extrahepatic
microsomal drug metabolism.

Conney G70,316/70: Review on environ-
mental factors influencing drug metabolism
with a special section on extrahepati¢ micro-
somal-enzyme induction.

Schoor HZ28,965[70: A farmer from an
area of heavy pesticide usage was given
phenobarbital and diphenylhydantoin for the
treatment of epilepsy. His blood levels of
DDT, DDE, dieldrin and heptachlor were far
below those of other farmers living in the same
area. It is assumed that either the drugs
activated microsomal enzymes which destroy
the pesticides or ‘“‘that the pesticides are
bound by serumproteins, and are consequently
relatively inert. The action of the drugs on the
pesticides depends on the competition of
both for the same binding sites on the proteins.”

McArthur et al. @81,040/71: Studies on the
binding of indomethacin, salicylate and pheno-
barbital to human whole blood, plasma, and
erythrocytes (equilibrium dialysis), showed that
“the red cells bound appreciable proportions
of salicylate and phenobarbitone but not
indomethacin. It is concluded that prediction
of the extent of the drug binding to the circu-
lating blood should be made from the results
obtained with whole blood, red cells and
plasma.”

TOXICANTS (CHARACTERISTICS OF TYPICAL SUBSTRATES)

At present, the most popular basis for the classification of substrates amenable to
biotransformation by hepatic microsomal enzyme systems is their preferential binding
to hepatic hemoprotein P-450 as determined by difference spectra. It is generally
agreed that, on this basis, the response of the substrates remains of the same
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type whether they are exposed to naturally-occurring microsomal enzyme consti-
tuents or to those artificially induced by different compounds. Furthermore (with
one or two possible exceptions), the Type I or Type II behavior of a substrate
(¢f- p. 15) is unchanged upon incubation with hepatic microsomes of different
species. It is suggested that the Type I and Type II binding sites differ and that the
Type I site is associated with membrane phospholipids (Chaplin & Mannering
G75,976/71).

The following is a partial list of substrates that have been categorized in this
manner (largely based on Mannering G74,558/71):

TYPE I TYPE I
Aminopyrine Acetanilide
(Dimethylaminoantipyrine) Acetone

Amobarbital Alcohols (methyl-, ethyl-, 2-propyl-,
3,4-Benzpyrene isobutyl-, isoamyl-)
Chlorpromazine 1-Butanol
Coumarin Amines (n-propyl-, n-butyl-, n-pentyl-,
Cyclohexane n-heptyl-, n-acetyl-, n-decyl-, benzyl-,
DDT cyclohexy!l-)
Dihydrosafrole p-Aminophenol
N,N-Dimethylaniline Amphetamine
f-Estradiol Aniline
Ethylbenzene Corticosterone
Ethylmorphine Cortisol
Hexobarbital Cyanide
Imipramine Desdimethylimipramine
Lilly 327—169—22B Dioxane
Lilly 390—378—23B* DPEA
Methylphenidate Ethyl isocyanide
Morphine Imidazole
Naphthalene Lilly 390—378—23B*
Phenacetin N-Methylaniline
Phenobarbital* 3-Methyl-4-Methylaminoazobenzene
Pregnenolne Metyrapone
Progesterone Monomethylaminopyrine
SKF 525-A Nicotinamide
SKF 8742-A* Nicotine
Testosterone Phenobarbital*
Phenylhydrazine
Pyridine
Rotenone
* Can be Type I or IT depending upon SKF 8742-A*
circumstances (e.g., species). SKF 26754-A

It will be noted that among the steroids in this list, some (estradiol, pregnenolone
progesterone, testosterone) are classified as Type I substrates, whereas others
(corticosterone, cortisol) belong to Type II. Much more work will be necessary to
classify, according to these criteria, all steroids that have been found to be either
inducers of, or substrates for, microsomal enzymes. Meanwhile, it is even
debatable whether there is any close relationship between the differential spectro-
graphic behavior of substrates and their effects in vivo.

Within the frame of this monograph it would be impossible to describe in detail
the characteristics of all the substrates whose metabolism and toxicity are
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influenced by catatoxic compounds. Most of the pertinent data will be found in the
sections on individual inducers affecting these toxicants since it is according to the
inducers that our material is arranged. Here, we should like to give only brief outlines
and key references on the characteristics of the substrates themselves.

Steroid hormones are especially important both as substrates and as inducers of
catatoxic activity; hence, they deserve special attention in connection with our
subject. The major pathways of biosynthesis of adrenal steroids and some of the
enzymes and coenzymes involved may be summarized as shown on p. 106.

Here the major secretory products are underlined. In the zona fasciculata and
zona reticularis, no aldosterone is formed. In the zona glomerulosa, aldosterone is
produced but no 17-hydroxylated compounds or sex hormones are formed. The
enzymes and cofactors for the reactions progressing down each column are shown
on the left and from the first to the second column at the top of the chart. When a
particular enzyme is deficient, hormone production is blocked at the points indi-
cated by the shaded bars.

Among the most interesting steroid substrates is cholesterol, because of its
important role in atherosclerosis. Experimental findings suggest that by accelerating
its metabolic degradation through catatoxic compounds, cholesterol atherosclerosis
can be prevented in animals and perhaps even in man.

The digitalis compounds (closely related to steroid hormones and cholesterol) are
among the most commonly-used substrates in work on catatoxic steroids. The
following Abstract Section lists several excellent reviews on the pharmacology of
digitalis compounds and data concerning the mechanism of digitoxin hydroxylation
in the rat. Chronic administration of digitoxin significantly inhibits both the
synthesis and the stress-induced release of ACTH, thereby causing some degree of
adrenal atrophy. Digitoxin has even been claimed to inhibit stress-induced adrenal
hypertrophy suggesting close relationships between this cardiac glycoside and
corticoids.

The barbiturates represent another large group of drugs commonly employed
in experimental work on the action of catatoxic compounds, because — like digitoxin,
pesticides or indomethacin — they are readily attacked by induced hepatic micro-
somal enzymes. For these reasons the various factors influencing the distribution,
metabolism and action of barbiturates have been carefully explored but all these
data cannot be reviewed here.

An interesting fact from the point of view of barbiturate detoxication is that both
in animals and in man just awakening from barbiturate hypnosis, it is possible to
reinduce sleep by cortisone or i.v. injection of glucose. The mechanism of this singular
phenomenon is not understood, but it obviously cannot be due to interference with
induction or enhanced degradation of drug-metabolizing enzymes, since the plasma-
barbiturate concentration has already fallen below the anesthetic level when sleep is
reinduced. It is conceivable, however, that glucocorticoids and glucose discharge
barbiturates from tissue stores into the blood, increase the barbiturate sensitivity of
the brain, or augment the permeability of the blood-brain barrier.

Despite great individual variations in the duration of pentobarbital narcosis or
zoxazolamine paralysis among rats, the brain concentration of these drugs closely
parallels their pharmacologic activity. Apparently, individual variations in barbitu-
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rate (and zoxazolamine) sensitivity among rats are not due to great differences in the
drug-sensitivity of the nervous system but to differences in drug absorption and meta-
bolism.

The salient characteristics of the barbiturates most commonly employed in North
America are illustrated as follows (Sharpless E 8,852/70):

Table 11. Barbiturates most commonly used in North America

Rs

#
oN-c R,
X=C C
Sec? D R,
ol
Barbiturate Trade name R, R, R, X
Allobarbital Dial allyl allyl H 0o
Amobarbital Amytal ethyl isopentyl H 0
Aprobarbital Alurate allyl isopropyl H (0
Barbital Veronal ethyl ethyl H 0
Butabarbital Butisol ethyl sec-butyl H )
Butalbital Sandoptal allyl isobutyl H (0]
Butallylonal Pernoston sec-butyl 2-bromoallyl H 0o
Butethal Neonal ethyl butyl H (0]
Cyclobarbital Phanodorn ethyl cyclohexen-1-yl H 0
Cyclopentyl Cyclopal allyl 2-cyclopenten-1-yl H 0]
allylbarbituric
acid
Heptabarbital Medomin ethyl 1-cyclohepten-1-yl H (0
Hexethal Ortal ethyl n-hexyl H 0]
Hexobarbital Evipal methyl 1-cyclohexen-1-yl CH, 0
Mephobarbital ~ Mebaral ethyl phenyl CH, )
Metharbital Gemonil ethyl ethyl CH, )
Methitural Neraval 2-methylthioethyl 1-methylbutyl H S
Methohexital Brevital allyl 1-methyl-2-pentynyl CH, 0
Pentobarbital Nembutal ethyl 1-methylbutyl H (0]
Phenobarbital Luminal ethyl phenyl H (0)
Probarbital Ipral ethyl isopropyl H 0
Secobarbital Seconal allyl 1-methylbutyl H (0
Talbutal Lotusate allyl sec-butyl H )
Thiamylal Surital allyl 1-methylbutyl H S
Thiopental Pentothal ethyl 1-methylbutyl H S
Vinbarbital Delvinal ethyl 1-methyl-1-butenyl H 0

The pharmaco-chemical correlations in the barbiturate series have been the
subject of very numerous and careful studies. In general, structural changes resulting
in increased lipid solubility shorten the duration of action (presumably owing to
more rapid metabolic degradation) and often accelerate and increase hypnotic
potency. Such changes result for example from an increase in the length of one or
both alkyl side-chains at C; (R1, Ry, up to 6 or 7 carbon atoms). On the other hand,
hypnotic activity is abolished by the introduction into the alkyl side-chains of func-
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tional or polar groups, such as keto, ether, hydroxylamino or carboxyl groups.
Methylation of one of the nitrogens increases lipid solubility and also decreases the
duration of action. A very reactive alkyl group or phenyl group at C, endows the
barbiturate with selective anticonvulsant effects. On the other hand, slight changes
in structure may convert barbituric acid derivatives into convulsants (e.g., prolonga-
tion of the side-chain at Cg). Alkyl substitution of both nitrogens also tends to yield
convulsant compounds. Replacement of the carbonyl oxygen at C, (X) yields thio-
barbiturates which are also fat soluble, rapid in onset of activity and short in duration
of action.

Because of their great economic importance, the organic phosphate-anticholin-
esterase pesticides have been the subject of extensive comparative toxicologic
studies in many species. Many of these compounds are also readily detoxified by
catatoxic drugs and hormones, and most of them are more toxic to female than to
male rats, but in a few cases the reverse is true. For example, OMPA is in itself
virtually devoid of toxicity but both mammalian liver and plant tissue can transform
it into an active anticholinesterase. Accordingly the toxicity of OMPA — unlike that
of most toxicants subject to biotransformation by hepatic enzymes —is actually
diminished by partial hepatectomy. Yet, as we shall see later, contrary to
expectations, highly potent catatoxic steroids do not increase OMPA toxicity,
perhaps because they not only transform the compound into a toxic anticholin-
esterase but also enhance the further degradation of the latter into nontoxic end
products. For a few key references on the metabolic inactivation and toxicology of
mercury, CCl,, nicotine, indomethacin, etc., the reader is referred to the Abstract
Section.

Steroids

Danielsson & Tchen G72,327]68: Review
(51 pp., 242 refs.) on the biosynthesis and
metabolism of cholesterol, phytosterol, insect
sterols, bile salts and bile pigments, including

the factors (diet, hormones) influencing
these. Steroid hormone metabolism is not
discussed.

Samuels & Eik-Nes G73,454/68: Review
(52 pp., 223 refs.) on the biosynthesis, trans-
port, distribution and metabolism of steroid
hormones. Several instructive tables summa-
rize the steroid hormones naturally produced
by the various endocrine glands or demonstra-
ted to occur in the blood stream.

Digitalis
Cox & Wright G66,614/59: In rats, paper
chromatographic and colorimetric studies

revealed that “in bile lanatosides A and C were
excreted unchanged. Digitoxin, digoxin and
digoxigenin were present partly unaltered
and partly as metabolites which still retained
the unsaturated lactone ring. Digitoxigenin
was excreted entirely as metabolites.”

Repke D27,189/59: Studies on the mecha-
nism of digitoxin hydroxylation in the rat.

Vernikos-Danellis & Marks D21,210/62:
Review of the literature on the interrelations
between digitoxin and the hormones of the
pituitary-adrenal axis. ‘“The experiments de-
scribed here demonstrate that chronic admi-
nistration of digitoxin significantly inhibits
both synthesis and stress-induced release of
pituitary ACTH.” In rats, small doses of
digitoxin produce adrenal atrophy although
large doses (which act as stressors) have an
opposite effect. Earlier publications had shown
that digitalis glycosides increase the perfor-
mance of animals subjected to stress, prevent
the adrenal hypertrophy caused by stress, and
prolong the life of adrenalectomized rats,
mice and cats.

Dutta & Marks G73,208/66: In rats and
guinea pigs the distribution studies of iso-
tope marked ouabain and digoxin show that
particularly high concentrations are found
in the liver, kidney, adrenal and pituitary.

Gibson & Becker E65,709/67: In mice, the
role played by drug excretion in determining
the toxicity of digitalis alkaloids was tested
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following the production of cholestasis by bile
duct ligature or cholestatic aryl isothiocya-
nates such as phenylisothiocyanate (PIT) and
a-naphthylisothiocyanate (ANIT). The part
played by anuria was examined after ligature
of the penis. After ouabain i.p., mortality was
enhanced by diminution or stoppage of bile
flow. Digoxin and digitoxin enhanced letha-
lity in anuric mice. Lanatoside-C was not more
toxic to hypoexcretory mice. “The use of
hypoexcretory mice in toxicologic evaluations
of pharmacologic agents is suggested.”

Burckhardt & LaDue H15,071/68: Review
of the literature on the production of gyme-
comastia in man and of vaginal cornification
in postclimacteric women treated with digi-
talis. Personal observations show a diminution
of urinary FSH in postclimacteric women
treated with digitalis. This is ascribed to
depression of FSH formation through a folli-
culoid effect of digitalis.

Wilson G71,238/69: Review (8 pp., 55 refs.)
on the metabolism of digitalis compounds.

Morgan & Binnion G76,782/70: In dogs,
the distribution of 3H-digoxin has been deter-
mined under normal and hypokalemic condi-
tions. Reasons for the reduced myocardial
uptake of the glycoside during hypokalemia
are discussed.

Barbiturates

Richards & Taylor H19,235/56: Review
(44 pp., 233 refs.) on various factors influenc-
ing the distribution, metabolism and action
of barbiturates.

Dhunér & Nordquist D98,693/57: In 11 of 13
patients who recovered from barbiturate
poisoning, sleep was reinduced by cortisone
treatment or i.v. injection of glucose.

Kato et al. H15,635/69: Although there are
great individual variations in the duration of
pentobarbital narcosis and zoxazolamine pa-
ralysis among rats, the brain concentration
of the drugs parallels their pharmacologic
activity quite closely. Apparently, variations
in drug activity from rat to rat are not due
to individual variations in the sensitivity of
the nervous system, but to differences in drug
absorption and metabolism.

Sharpless E8,852[70: A textbook article
(21 pp., about 85 refs.) on the pharmacology
of barbiturates with special reference to phar-
maco-chemical correlations and mechanisms
of action.

Pesticides

DuBois et al. D92,992/50: Extensive
investigations on the toxicology of OMPA in
various species, with an analysis of its mecha-
nism of action. Both mammalian liver and
plant tissue can transform OMPA into an
active anticholinesterase.

Aldrigde & Barnes G41,307/52: Systematic
studies on the toxicology of several organo-
phosphorus insecticides in mammals.

Frawley et al. Q69,644/52: Comparative
toxicologic studies on organic phosphate-
anticholinesterase compounds in guinea pigs,
mice and rats, with a rapid procedure for the
measurement of brain, plasma and erythrocyte
cholinesterase. “The oral LD;,’s for these
compounds for male and female rats are DFP,
13.5 and 7.7 mgm./kgm.; Parathion 30 and
3 mgm./kgm.; TEPP 2 and 1.2 mgm./kgm.;
EPN 91 and 14.5 mgm./kgm.; OMPA 13.5
and 35.5 mgm./kgm.; and E-838 42 and 19
mgm./kgm. The administration of oral LD,
doses of these compounds caused brain
cholinesterase inhibition varying with each
compound: DFP> Parathion> E-838>EPN
>TEPP> OMPA.”

Davison A49,341/55: In rats, neither OMPA
nor parathion possesses any significant toxic
effect until they are transformed by hepatic
microsomal enzymes into more active cholin-
esterase inhibitors. These pesticides furnish
clear-cut examples of the fact that the trans-
formation or drugs by microsomal enzymes
does not necessarily diminish but may actu-
ally increase the toxicity of substrates.

Gaines G67,102/69: LD, values have been
determined for 98 pesticides, and 2 metabo-
lites of DDT in the rat. Most compounds were
more toxic to females than to males, but 9 of 85
compounds were more toxic in males. In
chickens several of the pesticides produced
paralysis.

Datta G75,362/70: In rats, the detoxication
pathways of p,p’DDT to p,p’DDE were
examined after DDE pretreatment. Appa-
rently, ‘“two different pathways exist and may
be operated simultaneously in intact animals.
The predominance of one or the other may
depend on physiologic response or the amount
of toxicant used.”

Domschke et al. G74,897[70: In rats, ethio-
nine fails to prevent the induction of TPO by
the pesticide soman. “Since ethionine is known
as an effective inhibitor of the protein synthe-
sis in the liver the negative results are prob-
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ably due to a stimulating effect of soman on
the de-novo-synthesis of liver enzymes.”

Fouts G76,868/70: Review on the effects
of various insecticides, both as inducers and as
substrates for hepatic microsomal enzymes.

Hayes et al. G80,268/71: “The average
dosage of p,p’-DDT administered in this study
was 555 times the average intake of all
DDT-related compounds by 19-year-old men
in the general population and 1,250 times
their intake of p,p’-DDT. Since no definite
clinical or laboratory evidence of injury by
DDT was found in this study, these factors
indicate a high degree of safety of DDT for the
general population.”

Mercury

Spode G72,979/60: In mice injected with
208Hg acetate, by far the highest Hg concen-
tration was detected in the kidneys about 24
hrs after s.c. and about 3 hrs after ip. in-
jection. Correspondingly the blood concen-
tration of Hg reaches its maximum about
1 hour after i.p. and only 3 hrs after s.c.
administration. The liver stores about 1/10
as much as the kidney but still much more
than other organs. Various ‘‘decorporation-
stimulating substances” were tested but
none of them diminished Hg storage in the
liver or spleen. In the kidneys, Ca-EDTA and,
to a lesser extent, citrate and Graham salt
reduced storage but only Na-citrate and Ca-
EDTA enhanced mercury elimination. Other
reputed ‘‘decorporating substances’ such as
hexamethylene, diaminotetraacetic acid, gallic
acid, gallic acid propylester, tannic acid,
tripolyphosphate and amobarbital proved to
be essentially ineffective in these respects.

Swensson & Ulfarson F89,451/67: Review
of the literature and extensive personal
investigations on the effect of various anti-
dotes upon mercury poisoning in the rat.

Carbon Tetrachloride

Recknagel F85,043/67: Review (63 pp.,
851 refs.) on the hepatotoxic effects of CCl,.

Fowler G70,865/69: In rabbits, CCl, p.o.
is distributed in the fat, liver, kidney, and
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muscles. Some of its metabolites have been
identified.

Nayak et al. G80,728/70: In rats, a protein-
free diet or starvation caused deterioration of
the ER and diminution of drug-metabolizing
enzymes, but failed to make the hepatocytes
less susceptible to the effects of CCl,.

Nicotine

Harke et al. G73,847]70: Comparative
studies on the oxidative degradation of nico-
tine in the rat and hamster.

Griseofulvin

Osment G72,369/69: Review on the phar-
macology of griseofulvin. It can act both as a
hepatic microsomal-enzyme inducer and as a
substrate for such enzymes.

Indomethacin

Hucker et al. G67,791/66: First systematic
studies on the metabolism of indomethacin
in various species. Most of a single dose is
eliminated from the body in 24 hrs. The drug
is largely excreted through the bile but then
reabsorbed and eliminated through the urine
in most species, except the dog in which reab-
sorption of biliary material is not followed by
urinary excretion. The dog excretes indo-
methacin through the bile as a glucuronide.
The drug is highly bound to plasma protein
but does not accumulate in the intestinal
wall of either guinea pigs or rats.

Yesair et al. G75,388/70: In rats, salicylic
acid i.v. decreases the plasma concentration
of indomethacin. Simultaneously, the urinary
excretion of 4C-indomethacin is decreased,
whereas biliary and fecal excretions are in-
creased. Phenylbutazone, chlorogenic acid and
acetic acid had no effect on plasma radioacti-
vity. Probenecid increased plasma concentra-
tion of indomethacin. “The specificity of
salicylic acid in decreasing concentrations of
indomethacin in plasma of rats and of probe-
necid in increasing indomethacin concentra-
tions in plasma of both rat and man may
arise from the similarity in structure of the
benzoyl group of the three compounds.”



V. EFFECT OF STEROIDS UPON RESISTANCE

STEROIDS <

In a book on “Hormones and Resistance” it would hardly be appropriate to
discuss all the antagonistic interactions between steroids. As explained in the
Introduction, the reader is referred to our earlier monographs for such topics as the
mutual inhibition of gluco- and mineralocorticoids as regards the regulation of
inflammation or the interplay between folliculoids and luteoids in the regulation
of the menstrual cycle. Here we shall deal primarily with the effects of one steroid
upon systemic intoxications with other steroidal compounds. In retrospect it is
interesting to speculate however about the possibility that some of the apparently
specific antifolliculoid, antitestoid or antimineralocorticoid actions of steroids may be
nonspecific consequences of defensive enzyme activation.

<« Glucocorticoids

It has long been known that, at least in rats, glucocorticoids antagonize certain
actions of mineralocorticoids, particularly the hypernatremia, the hyalinosis (after
uninephrectomy - Na(l), the elevation of the EST and insulin hypersensitivity. In
addition, cortisol and cortisone prolong the anesthetic effect of hydroxydione. Data
concerning the effect of glucocorticoids on DOC anesthesia are somewhat contra-
dictory.

The antipyretic effect of glucocorticoids against fever produced by etiocholanolone
has been ascribed to a stabilization of lysosomal membrane.

The well-known antagonism between gluco- and mineralocorticoids, as regards
various forms of inflammation and the balance between catabolism and anabolism,
are clearly demonstrable only after adrenalectomy; presumably in the presence of
the suprarenals, endogenous corticoids tend to mask any disproportion between an
exogenous excess of either type.

In this connection, brief mention should be made of the “law of intersecting
dose-effect curves” which plays a role in many apparently paradox interactions
between steroid hormones, but is applicable also to countless other interrelationships
between drugs. In brief, it says that if two mutually antagonistic agents are administe-
red concurrently in fixed proportions, the action of one or the other constituent may
predominate at different dose levels. An agent whose effect increases rapidly with
rising doses but soon reaches a plateau will preponderate at low dose levels,
whereas an agent whose activity rises slowly but persistently to reach much higher
final values will predominate at high dose levels. This type of interaction can
explain, for example, why the actions of glucocorticoids are largely counteracted by
endogenous mineralocorticoids at near physiologic low levels but not in the event
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of heavy overdosage. The same law also explains why a given mixture of two
antagonistic hormones may exert opposite effects at low and at high dose levels as

indicated below:
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Glucocorticoid {GC)
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— 7 Mineralocorticoid {MC)
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Tllustration of the “law of intersecting dose effect curves.” It will be seen that certain
glucocorticoid effects can be antagonized by mineralocorticoids only at near physiologic
low dose levels. The antiphlogistic, thymolytic, splenolytic and catabolic actions of gluco-
corticoids are largely compensated by endogenous mineralocorticoids in the intact animal
or by near physiologic amounts of mineralocorticoids after adrenalectomy. However, by
raising the glucocorticoid level far above normal, a corresponding rise in mineralocorti-
coid dosage no longer suffices because the action curves cross each other slightly above the

level of normal corticoid production

<« Glucocorticoids cf. also Selye B40,000/
50, pp. 515, 536, 584, 585; B58,6560/51, p. 324;
G60,08370, pp. 347, 348.

Friedman & Friedman B48,306/50: In
intact male rats on a normal NaCl intake, the
hypertension and cardiac hypertrophy produ-
ced by s.c. implantation of DOC pellets was
inhibited by an adrenocortical extract but not
by progesterone, testosterone, pregnenolone,
estradiol or acetoxypregnenolone.

Woodbury et al. B47,201/50: In rats, ACTH
and adrenocortical extract antagonize the fol-
lowing actions of DOC: 1. hypernatremia;
2. electroshock threshold elevation; 3. insulin
hypersensitivity; 4. hyalinosis (after sensiti-
zation by uninephrectomy plus NaCl).

Heuser C64,451]58: In rats, cortisol suc-
cinate, given s.c. shortly before progesterone,
hydroxydione, pentobarbital or ether, pro-
longs anesthesia produced by any of these
compounds. When given i.v., cortisol does not
exhibit this effect. In itself, cortisol is not an
anesthetic. ““‘A1-Cortisol has a similar action to
cortisol. Still, in marked contrast to its effect on
other anesthetics, it does not influence DOC-
anesthesia.” Desoxycortisone elicits long-
lasting convulsions which can be counteracted
by various anesthetic steroids.

Rummel et al. C80,035/59: In rats, chronic
or acute pretreatment with cortisone increases
the sensitivity to subnarcotic doses of DOC.

Sulman et al. C79,823/59: In rats injected
for 4 months with prednisone or prednisolone,
an increase in the hepatic content of the en-
zymes which decompose these steroids could
be demonstrated in vitro. Various histologic
stains failed to reveal any associated light-
microscopic change in the hepatocytes. Addi-
tion of SKF 525-A to the homogenate of acti-
vated livers blocked their enzymic activity.

Janoski et al. E7,896/68 (p. 287): Review
of data suggesting that the antipyretic effect
of glucocorticoids against fever produced by
etiocholanolone and related steroids is due to
the stabilization of lysosomal membranes.

Morrison & Kilpatrick G69,282/69: Obser-
vation of a personal case and report of several
others from the literature, showing that in
women taking glucocorticoids during pregnan-
cy, estriol excretion is diminished. “The
effect could be the result of direct depression
of the placental enzymic systems.”

Kostowski & Nowacka HZ26,526/70: In
mice, cortisol and methylprednisolone de-
crease hexobarbital sleeping time, whereas
DOC prolongs it. Hydroxydione anesthesia is
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not changed by cortisol but prolonged by
methylprednisolone as well as by high doses
of DOC.

Selye G60,064/70: In the rat, the ESCN
produced by F-COL + NasHPOs + corn oil
cannot be prevented by prednisolone or triam-
cinolone.

Fluorocortisol Acetate < Corticoids cf.
also Tables 12-14

DOC < Corticoids cf. also Table 15

Estradiol < Corticoids cf. also Table 16

Progesterone < Corticoids cf. also Table17

Triamcinolone < Corticoids c¢f. also
Table 18

Pancuronium < Corticoids ¢f. also Ta-

ble 19

Cortisol < Cortisol, Dog: Kuipers
et al. C48,349/58*

Cortisol < Tetrahydrocortisol
Kumagai et al. C73,732/59

Prednisolone <~ Prednisolone:
Sulman et al. C79,823/59

Cortisone < Cortisone 4 Sex: Ha-
gen et al. G77,512/60

Estradiol-178 <« Cortisol+ Age:
Nicolette ef al. F12,788/64*

Estradiol-178 <« Prednisolone:
Inscoe et al. F70,325/66

< Mineralocorticoids and Gluco-Mineralocorticoids

In rats heavily overdosed with glucocorticoids, normally saprophytic organisms
tend to proliferate and often cause multiple abscesses resulting in death. This
“saprophytosis” is more effectively combated by STH in intact than in adrenalec-
tomized animals perhaps because the adrenals produce some antiglucocorticoid
compound. However, DOC alone or in combination with other steroids, fails to
duplicate the anti-infectious action of STH in cortisone-treated rats.

Aldosterone inhibits the anti-inflammatory effect of cortisol in various tests on
adrenalectomized rats. This type of antagonism is also negligible in the presence of
the adrenals, perhaps because the resting mineralocorticoid secretion is already near
optimal in antagonizing the antiphlogistic actions of glucocorticoids.

DOC and progesterone increase each other’s anesthetic effect but this appears to
represent a simple summation of their narcotic potency.

The 2-cyano-steroid, TMACN, administered to pregnant rats, causes nipple
formation in male and inhibition of nipple development in female fetuses,
presumably owing to its characteristic effect upon steroid synthesis in the maternal
adrenal. Corticosterone prevents the effect of TMACN upon female fetuses,
probably because it inhibits ACTH. secretion and thereby diminishes overproduction
of 34-hydroxy-androstanes. Pure mineralocorticoids have not been tested in this
connection, but in view of their lesser inhibitory action on ACTH production they
might be expected to be also less effective in counteracting TMACN.,

< Mineralocorticoids and Glucomine-
ralocorticoids cf. also Selye C 92,918/61, p. 280.

Duco & Duco n B70,251}53: In
rats, saprophytosis produced by heavy over-
dosage with cortisone is inhibited by concur-
rent administration of STH. This ‘“‘anti-
infectious effect of STH” is much less evident
after adrenalectomy. DOC, testosterone, estra-
diol alone or in combination failed to duplicate
the anti-infectious action of STH cortisone-
treated rats.

8 Selye, Hormones and Resistance

Negrete C23,001/55: In male rats, pretreat-
ment with nonanesthetic doses of progesterone
increases sensitivity to DOC-anesthesia.

Selye B98,268/55: In adrenalectomized
rats the diminution of body weight, inflamma-
tion in the granuloma pouch, as well as the
atrophy of the thymus and spleen, produced by
cortisol, are all inhibited by aldosterone.

Selye & Bois C14,5634/56: In adrenalecto-
mized rats bearing granuloma pouches, 2-
methyl-9a-fluorocortisol (Me-F-COL) antago-
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nizes the antiphlogistic, catabolic, thymolytic
and splenolytic actions of cortisol. This effect
is ascribed to the strong mineralocorticoid
effects of Me-F-COL, which counteract gluco-
corticoid actions. However, since Me-F-COL
itself possesses some glucocorticoid potency,
its cortisol antagonizing action is evident only
at very low dose levels (about 75 ug/kg) at
which mineralocorticoid effects predominate
in agreement with the “law of intersecting dose-
effect curves.”

Neumann & Goldman HZ25,234/70: In
pregnant rats, treatment with TMACN (2¢-
cyano-4,4,17a - trimethylandrost-5-en-174 -ol 3-
one) causes nipple formation in male fetuses
and inhibits the normal development of
nipples in female fetuses, presumably owing
to characteristic derangements in the enzymic
mechanisms responsible for steroid production
in the adrenals. Testosterone prevents these
effects of TMACN in male fetuses, suggesting

that its feminizing property upon the nipples
(like that of fetal orchidectomy) is merely due
to deficient testosterone production. Corti-
costerone prevents the actions of TMACN upon
female fetuses, probably because it inhibits
fetal ACTH-mediated adrenal enlargement and
the consequent overproduction of 38-hydroxy-
androstanes.

Kostowski & Nowacka HZ26,626/70: In
mice, cortisol and methylprednisolone de-
crease hexobarbital sleeping time, whereas DOC
prolongs it. Hydroxydione anesthesia is not
changed by cortisol but prolonged by
methylprednisolone as well as by high doses
of DOC.

Cortisol < Corticosterone: Firschein
et al. C30,553/57*

Cortisol « DOC: Kumagai et al
C173,732/59

TMACN « Corticosterone: Neumann
et al. H25,234/70*

< Testoids and Anabolic Steroids

Glucocorticoids <. It has long been known that anabolic testoids antagonize many,
but not all, of the actions of glucocorticoids. For example, according to most
investigators, the inhibition of growth, the reduction in the widths of the epiphyseal
cartilage, the impairment of wound healing, the production of gastric ulcers (espe-
cially during fasting), are all blocked by concurrent treatment with certain anabolics,
at least under optimal experimental conditions; conversely, the thymus atrophy
and saprophytosis in rats, as well as the characteristic cortisone myopathy of
the rabbit, are not significantly prevented by anabolics.

A variety of anabolic testoids proved to be highly potent in preventing
progesterone and pentobarbital anesthesia in rats; however, since spironolactone
exhibits the same anti-anesthetic effect, the latter cannot be attributed to anabolic
potency.

Mineralocorticoids and Gluco-Mineralocorticoids <-. The nephrosclerosis, protein-
uria and hypercholesterolemia produced by DOC in the rat can be prevented by
methyltestosterone even after sensitization by uninephrectomy. However, this
inhibition appears to depend upon circumstances yet to be identified, since it is by
no means constant.

Pretreatment with ethylestrenol inhibits DOC anesthesia in the rat and this
protective effect can be blocked, in turn, by thyroxine.

The ESCN produced by F-COL + Na,HPO, + corn oil in the rat is prevented by
ethylestrenol, norbolethone and some other catatoxic steroids but not by
oxandrolone.

Luteoids <-. Female and castrate male rats are more sensitive to the
anesthetic effect of progesterone than are intact males but methyltestosterone
pretreatment raises the resistance of females and castrates to the male level.
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Folliculoids <-. In mice, estradiol produces pubic bone resorption and hyper-
calcification of other bones. This effect is inhibited by testosterone.

The actions of folliculoids upon various target organs are not equally affected by
testoids. Among a series of virilizing steroids examined, androstenediol was most
potent in preventing the body-weight loss caused by estradiol in adult male rats,
whereas the estradiol-induced pituitary and adrenal enlargement was most markedly
inhibited by testosterone and methyltestosterone. The thymus involution caused by
folliculoids is further enhanced by testoids since both these types of steroids possess
a thymolytic effect. The ability of steroids to protect the testis against estradiol-
induced atrophy is independent of their virilizing effect; thus ethynyltestosterone
is a strong testoid but not gonad protecting, whereas the reverse is true of
pregnenolone. Curiously, estradiol increases the renotrophic effect of testosterone in
the rat although it decreases body weight in general. These organ specific interactions
show that not all catatoxic effects can be ascribed to complete destruction of a
steroid substrate by hepatic microsomal enzymes. However, partial destruction may
lead to selective abolition of those effects which are obtained by comparatively small
residual amounts of the hormone.

The production of adrenal and pituitary tumors by stilbestrol can also be
prevented by certain androstane derivatives.

Other Steroids <-. The anesthetic effect of progesterone, DOC, testosterone or
even stilbestrol can be diminished by pretreatment with testosterone in rats.

Methyltestosterone failed to influence hydroxydione anesthesia in mice,
whereas norbolethone protects the rat against anesthesia produced by progesterone,
DOC, pregnanedione, testosterone and several other steroids.

The 2a-cyano-steroid, TMACN, given to the mother during pregnancy, causes
nipple formation in male, and suppression of nipple development in female rat
fetuses. These alterations are ascribed to deficient adrenal steroid biosynthesis. They
can be prevented by testosterone in male fetuses, suggesting that the feminizing
effect of TMACN upon the nipples is merely due to deficient testoid production.

Glucocorticoids <« c¢f. also

Selye
G60,083(70, pp. 374, 377.

Gaunt et al. B71,987/62: DOC and testos-
terone propionate counteracted the growth
inhibition produced in immature adrenalec-
tomized rats by cortisone acetate. MAD had
no consistent effect on growth. Both MAD and
testosterone propionate caused thymus atrophy
and this effect was further increased by
conjoint administration of cortisone. In intact
rats, MAD prevented the cortisone-induced
adrenal atrophy. [It is not clear from this
brief abstract whether the other interactions
were also tested in intact animals (H.S.).]

Ducommun & Ducommun B70,251/53: In
rats, saprophytosis produced by heavy over-
dosage with cortisone is inhibited by concur-
rent administration of STH. This ‘“anti-
infectious effect of STH” is much less evident

8*

after adrenalectomy. DOC, testosterone, estra-
diol alone or in combination failed to dupli-
cate the anti-infectious action of STH in
cortisone-treated rats.

Studer B89,161/53: In the rat, cortisone
reduces the width of the epiphyseal cartilage,
and concurrent treatment with testosterone
partially antagonizes this effect.

Winter et al. B79,381/53: In rats, testoste-
rone and MAD prevent the adrenal atrophy
produced by cortisone without counteracting
the antiphlogistic effect of the latter.

Englhards-Golkel C42,792]55: In man, the
protein catabolic effect of cortisone is anta-
gonized by MAD.

Rona et al. 039,946/56: In rabbits, the
vascular lesions characteristic of ‘‘steroid
diabetes” induced by cortisone - alloxan are
inhibited by MAD although the latter induces
considerable hyperlipemia.
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Baldratti et al. C45,101/57: In rats, 4-chlo-
ro-19-nortestosterone acetate (like testoste-
rone propionate and MAD) prevents the corti-
sone-induced adrenal atrophy. However, none
of the steroids tested prevents the body weight
loss and catabolism induced by cortisone.

Dontenwill & Mancint €35,119/57: In
rabbits, the catabolic effect of cortisone upon
bones is antagonized by testosterone.

Kar et al. G79,565/57: In rats, 19-nortest-
osterone prevents the adrenal changes normally
produced by cortisone overdosage.

Kowalewsks C48,627[568: In 6 day old
cockerels, the inhibition by cortisone of body
weight gain and radiosulfur incorporation into
long bones are counteracted by norethandro-
lone.

Kowalewski €61,936/58: In young cock-
erels, norethynodrel, and to a lesser extent
methyltestosterone and testosterone, counter-
act the inhibition of bodyweight gain indu-
ced by cortisone. The inhibition by cortisone
of 358 uptake in bones is also counteracted by
norethynodrel but not by the other testoids
examined.

Lostroh C54,348/58: Female mice of the
C3H strain regularly develop myocardial
calcification following prolonged cortisol treat-
ment, whereas males are comparatively re-
sistant. Ovariectomy offers no protection but
testosterone renders females more resistant.
In hypophysectomized mice, neither cortisol
nor ACTH produces myocardial calcification.

Reifenstein Jr. C47,377[58: Review of the
literature suggests that ‘“‘androgens and
estrogens, are anabolic and thus stimulate the
growth of protein and osseous tissues.” The
clinical value of anabolic steroids in counter-
acting the catabolism caused by endogenous
and exogenous glucocorticoids is discussed.

Rinne & Nddtinen C50,335/58: In rats,
norandrostenolone phenylpropionate greatly
diminishes the adrenal atrophy produced by
cortisone, but hag little if any effect upon its
catabolic and somatic growth diminishing
action.

Selye & Mishra C38,201/58: In the rat,
methyltestosterone prevents the loss of body
weight produced by overdosage with DHT,
vitamin-D,, partial fasting, AAN and estra-
diol. The catabolism elicited by IDPN (imi-
nodipropionitrile) or cortisol is not influenced.

Ducommun et al. C62,099/59: In rats,
testosterone failed to counteract the growth
inhibiting effect of prednisolone.

Kowalewaki & Gort C'63,274/59: Cortisone
impairs the healing of humerus fractures in

the rat and concurrent treatment with nor-
ethandrolone antagonizes this effect.

Kowalewski C 68,938/59: Pretreatment with
norethandrolone protects the rat against
the induction of gastric ulcers by subsequent
fasting plus cortisone. Testosterone enanthate
does not share this effect.

Llaurado et al. G79,936/59: In rats, nor-
ethandrolone prevents the adrenal lesions
normally produced by cortisone. However,
the thymolytic effect of the latter was
increased.

Jasmin et al. 089,132/60: Both in intact
and in adrenalectomized rats, norethandro-
lone diminishes the body weight loss caused
by cortisol without inhibiting the antiphlo-
gistic effect of the latter.

Arlander D5,055/61: In mice, various
testoids (17a-ethyl-19-nortestosterone, testos-
terone and MAD) failed to prevent the cor-
tisone-induced loss of body weight.

Bernick et al. D5,063/61: In rats, testoste-
rone inhibited the osteosclerosis, but failed
to influence the narrowing of the epiphyseal
plates and the body weight loss induced by
cortisone.

Laron & Boss D10,620/61: Nandrolone
phenpropionate failed to inhibit the loss of
body weight and the skeletal changes pro-
duced by cortisone in the rat.

Steinetz & Leathem D14,366/61: In rats,
the adrenal changes produced by cortisone are
counteracted by concurrent treatment with
MAD.

Suchowsky & Junkmann D2,674/61: 1-Me-
thyl-4'-androsten-17f-o0l-3-one-175-acetate is
about as equally effective as testosterone
propionate in preventing the cortisol-induced
gastric ulcers in fasting rats.

Weller D13,995/61; D22,262/62: In man,
methenolone antagonizes the catabolic effect
of prednisolone and desiccated thyroid.

Arcuri et al. D65,779/62: Methyltestoste-
rone protects the gastric mucosa of the rat
against the damage produced by prednisolone.

Bavetta et al. D29,035/62: In the rat,
“anabolic hormones such as methyltestosterone
and growth hormone did not counteract the
over-all catabolic effects of methyl predni-
solone on nitrogen metabolism nor on body
weight retardation.”

Bavetta et al. D29,064/62: In the rat,
“growth hormone, methyl testosterone or
stilbestrol, when given alone or in combination
were not able to counteract the inhibitory
effects of 6-methyl prednisolone on body
weight gain and collagen synthesis at the site
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of subcutaneously implanted polyvinyl spon-
ges.”

Herrmann D34,026/62: In guinea pigs,
following interruption of corticoid administra-
tion, the adrenocortical hypofunction and
atrophy as well as the irresponsiveness to the
production of adrenocortical necrosis by diph-
theria toxin reappear much more rapidly if
the animals are simultaneously treated with
testosterone.

Herrmann & Winkler D20,550/62: In
guinea pigs, methandrostenolone accelerates
the restitution of the adrenal cortex after
interruption of cortisone therapy as judged by
the more rapid reappearance of sensitivity to
diphtheria toxin and histologic criteria.

Ippolito et al. D57,498]62: The gastric
ulcers produced by prednisolone in guinea
pigs can be prevented by concurrent treat-
ment with oxymesterone.

Jochle & Langecker D22,258[62: In the rat
and mouse, methenolone-enanthate counter-
acts the weight loss produced by cortisone or a
reduction of food intake.

Kowalewski G41,978]62: “In the femora of
cortisone-treated cockerels there was increased
size of chondrocytic lacunae, thinning and
irregularity of primary trabeculae, and focal
absence of osteoblasts. These changes coincided
with a decrease in acid mucopolysaccharides
and a decrease in alkaline phosphatase. The
alkaline phosphatase decrease was directly
related to a decrease in the numbers of
osteoblasts. Somewhat similar changes were
seen in humeri of rats, except that changes in
alkaline phosphatase activity were not so
evident.” Methandrostenolone protected the
bones of birds and rats against these corti-
sone-induced changes.

Kiikn et al. D64,992[62: In the rat, testoste-
rone does not prevent the loss of body weight
induced by heavy overdosage with cortisone or
prednisolone.

Walser D33,753/62: In patients, the
catabolic effect of prednisone or triamcinolone
is inhibited by ethylestrenol or nandrolone
decanoate.

Galletti & Bruni G16,710/63: In the rat,
the catabolic effect of prednisone can be
counteracted by simultaneous treatment with
quindienone, an anabolic and weakly testoid
compound described as the 17-cyclopentyl
ether of A'-dehydrotestosterone.

Lund E38,261/63: In man, osteoporosis
following prolonged treatment with cortisone
was not prevented by conjoint administration
of nandrolone phenpropionate.

Rodin & Kowalewski D60,272]63: Methan-
drostenolone protects the bones of cockerels
and rats from the deleterious effects of
cortisone overdosage.

Borderg & Liicker F24,271/64: In the rat,
methenolone inhibits the osteoporosis and the
loss of bone mineral produced by large doses
of cortisone.

Harding & Potts F55,311]65: In rats,
glucocorticoids characteristically increased he-
patic TPO-activity and this effect is suppressed
by various anabolics such as stanozolol, nor-
ethandrolone and methandrostenolone in de-
creasing orderof activity. Inintact rats, methyl-
testosterone produced no suppression (even
when given in very high doses) presumably
because it increased corticosterone secretion;
suppression was obtained with all anabolics
in adrenalectomized rats. “These data support
the concept that anabolic agents are useful in
offsetting the catabolic effects observed
clinically following chronic administration of
glucocorticoids.”

Murakami & Kowalewski G41,228(66:
Stanozolol counteracts the inhibition of bone
fracture healing induced by cortisone in guinea,
pigs.

Valderrama & Munuera E6,008/66: In
rabbits, overdosage with cortisone inhibits
osteoblast action and causes massive bone
absorption with fatty marrow formation.
Endochondral ossification ceases. All these
changes are greatly diminished by stano-
zolol.

Kaeser & Wiithrich F 80,357/67: The
myopathy produced in rabbits by overdosage
with cortisone is not influenced by treatment
with Ro 4-8932 the highly anabolic, chlor-
inated retrosteroid.

Linet & Mikulaskovd F86,027/67: The
gastric erosions produced by cortisol in the
rat are not significantly influenced by such
anabolic steroids as 19-nortestosterone phe-
nylpropionate, methandrostenolone and di-
methylandrostanolone.

Preziosi et al. F78,620/67: The cachectic
wasting syndrome produced by a single dose
of betamethasone given to rats on the first
day of life is not influenced by nandrolone
decanoate or phenylpropionate, unless beta-
methasone is administered in the form of
its phosphate and, even then, the protection
is not very marked.

Zicha & Heck F78,128/67: In guinea pigs,
asthma produced by 5-HT, histamine or
acetylchcline is inhibited by various gluco-
corticoids. This inhibition is in turn blocked
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by certain, but not all, anabolic steroids
tested.

Ehrlich & Huni G68,785]69: In rats, the
delay in wound healing caused by cortisone
is counteracted by testosterone, nandrolone
phenpropionate or 19-nortestosterone-175- ada-
mantoate (Bolmantalate) although these ana-
balic steroids were unable to counteract the
body weight loss caused by the glucocorticoid.

Linét G79,963/70: Detailed review of the
literature and personal observations on the
effect of anabolic testoids upon glucocorticoid
overdosage in animals and man. Special atten-
tion is given to the effect of anabolic testoids
upon glucocorticoid-induced loss of body weight
and other metabolic changes, adrenal atrophy,
osteoporosis, wound healing, inflammation
and gastric ulcer formation. Antiglucocorti-
coids devoid of anabolic properties are also
surveyed. In clinical medicine, various forms
of hyperglucocorticoidism are not, or only
moderately, improved by treatment with
anabolic testoids. [Excellent source of pertinent
references (H.S.).]

Triamcinolone < Testoids cf.
Table 18

Cortisol « Testoids: Kumagai et al.
C73,732/59

Cortisone <« Dehydrotestosterone:
McGuire et al. D82,569/60

Cortisone <« Testosterone -+ Sex:
Hagen et al. G77,512/60

Mineralocorticoids and Gluco-Mine-
ralocorticoids < cf. also Selye B40,000/50,
pp. 831, 631; G60,083[70, p. 385.

Selye & Rowley A72,287[44; A72,302/44:
In rats the nephrosclerosis, proteinuria and
hypercholesterolemia produced by DOC is
prevented by concurrent administration of
methyltestosterone both under normal con-
ditions and after uninephrectomy.

Friedman & Friedman B48,306/50: In
intact male rats on a normal NaCl intake, the
hypertension and cardiac hypertrophy pro-
duced by s.c. implantation of DOC pellets
could be inhibited by an adrenocortical
extract but not by progesterone, testosterone,
pregnenolone, estradiol or acetoxypregne-
nolone.

Selye et al. G60,020[69: In the rat, pre-
treatment with norbolethone protects against
the anesthetic effect of progesterone, DOC,
pregnanedione, dehydroepiandrosterone, tes-
tosterone, diethylstilbestrol, pentobarbital and
methyprylon. Tt does not significantly alter
the corresponding actions of urethan, diazepam,
chlorpromazine, reserpine, phenoxybenzamine,

also

chloral hydrate, potassium bromide or magne-
sium chloride.

Selye G70,428/70: In rats, ethylestrenol
powerfully inhibits the toxicity of digitoxin,
nicotine, indomethacin, phenindione, dioxa-

thion, EPN, physostigmine, hexobarbital,
cyclopental, thiopental, DOC (anesthesia),
meprobamate, and picrotoxin. Thyroxine

increases the toxicity of many among these
drugs and inhibits the protective effect of
ethylestrenol.

Little G78,633/70: In growing rabbits
treated with cortisone, the following steroids
exerted anticatabolic activities: stanozolol,
Ba 36644 (178-hydroxy-7a-dimethyl-A-nor-g-
homoestrone-3,6,dione in equilibrium with its
enol form), testosterone, lynestrenol, methan-
dienone, norethynodrel, norethisterone.

Selye G60,064/70: In the rat, the ESCN
produced by F-COL + Na,HPO, - corn oil
can be prevented by ethylestrenol and norbo-
lethone but not by oxandrolone.

Fluorocortisol Acetate < Testoids cf. also
Tables 12—14

DOC < Testoids cf. also Table 15

Luteoids <

Winter & Selye A36,658/41; Winter
A36,333/41: Female rats are more sensitive
than males to the anesthetic action of pro-
gesterone but this sex difference is ob-
vious only after maturity. ‘““The normal endo-
crine activity of the testis is largely, if not
entirely, responsible for this comparative
resistance of the males since castration
increases sensitivity in males but is without
effect in female rats. Conversely the resistance
of castrate males and females may be raised
by methyltestosterone administration.”

Selye et al. G60,020/69: In the rat,
pretreatment with norbolethone protects
against the anesthetic effect of progesterone,
desoxycorticosterone, pregnanedione, dehy-
droepiandrosterone, testosterone, diethylstil-
bestrol, pentobarbital and methyprylon. It
does not significantly alter the corresponding
actions of urethan, diazepam, chlorpromazine,
reserpine, phenoxybenzamine, chloral hydrate,
potassium bromide or magnesium chloride.

Selye G'60,044/70: Among various steroids
tested for their ability to inhibit progesterone
and pentobarbital anesthesia, all anabolic
testoids were highly potent. However, since
spironolactone exhibited the same anti-
anesthetic effect, the latter could not be
attributed to anabolic potency. “This inhibi-
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tion of anesthesia is assumed to represent a
special instance of the catatoxic effect which
appears to be a property of certain steroids,
independent of their classic hormonal actions.”

Progesterone <— Testoids cf. also Table 17

Folliculoids <

Gardner & Pfeiffer 72,281/38: In mice, the
skeletal changes (pubic bone resorption and
hypercalcification of other bones) produced
by estradiol are inhibited by concurrent treat-
ment with testosterone.

Albert A37,132/42: In immature rats
given estradiol alone or in combination with
testosterone until puberty was attained, the
pituitary and adrenal enlargement as well as
the testis atrophy produced by estradiol were
prevented by the testoid whereas the thymus
atrophy was intensified.

Albert & Selye A37,637/42: Among many
steroids examined androstenediol was most
potent in preventing the bodyweight loss
caused by estradiol in adult male rats. The
pituitary and adrenal hypertrophy character-
istic of estradiol overdosage was most
markedly inhibited by testosterone and
methyltestosterone. The thymus involution
caused by estradiol was aggravated by most
of the hormonally active steroids tested. “The
ability of steroids to protect the testis
against the atrophy caused by estradiol is
entirely independent of their ‘male hormone’
or testoid activity. Ethinyl testosterone,
though a potent testoid, is not gonad-
protecting while the reverse is true of preg-
nenolone.” The decrease in kidney weight
caused by estradiol was effectively prevented
only by highly active testoids such as
testosterone and methyltestosterone. [These
organ specific interactions emphasize the dan-
ger of attributing the protective effects of
catatoxic steroids to increased destruction by
the induction of hepatic microsomal enzymes.
Both specific interactions at the target organ
and the induction of qualitatively different
steroid metabolites must also be considered
(H.S.).]

Selye A60,638/44: In rodents, the pro-
duction of anterior pituitary hormones by
estradiol is inhibited by a variety of
steroids, most of which are androstene deri-

vatives and are designated as ‘“‘antifolli-
culoid.”
Constantinides & Gordon B41,764/50:

Among three synthetic steroids tested for
their ability to prevent the tumorigenic

effect of stilbestrol on the pituitary and
adrenal glands 17 (f)-ethyl-androstane-3-
one-17(a)-ol proved a potent stilbestrol inhi-
bitor of only moderate androgenic potency,
while 17(B)-ethyl-A5-androstene-3(8), 17(a)-
diol and 17(p)-ethyl-androstane-3(5), 17(a)-
diol showed no such activities.”

Selye & Mishra €38,201/58: In the rat
methyltestosterone prevents the loss of body
weight produced by overdosage with DHT,
vitamin-D,, partial fasting, AAN and estra-
diol. The catabolism elicited by IDPN or
cortisol is not influenced.

Granitsas & Leathem D25,5614]60: In the
rat, estradiol in doses causing a decrease in
body and kidney weight nevertheless increases
the renotrophic effect of testosterone although
it fails to block body nitrogen loss.

Verne & Roth E48,050/63: Out of 13 mice
treated with estradiol, 6 developed cancers,
whereas among 102 mice treated with
estradiol + norandrostenolone phenylpropio-
nate, only 9 developed cancers. [Neither the
sites nor the types of tumors are identified
(H.S.).]

Roth F29,450/64: In mice, the carcino-
genic action of estradiol is inhibited by
norandrostenolone phenylpropionate.

Selye et al. G60,020{69: In the rat, pre-
treatment with norbolethone protects against
the anesthetic effect of progesterone, DOC,
pregnanedione, dehydroepiandrosterone, testo-
sterone, diethylstilbestrol, pentobarbital and
methyprylon. It does not significantly alter
the corresponding actions of urethan, diaze-
pam, chlorpromazine, reserpine, phenoxybenz-
amine, chloral hydrate, potassium bromide or
magnesium chloride.

Dmowski et al. G80,777|71: In various
species, Danazol (2,3 isoxazol derivative of
17a-ethinyl testosterone) was found to inhibit
the effect of endogenous, but not of exogenous
gonadotrophins. In addition, it had a mild
testoid and progestational effect, but was
devoid of antitestoid, antifolliculoid or anti-
luteoid properties.

Estradiol < Testoids cf. also Table 16

Estradiol, Estrone, Stilbestrol «
19-Nortestosterone, Testosterone:
Jellineck et al. F37,592/65

Estradiol < Norethandrolone -
Biliary obstruction, Man: Zumoff et al.
H25,277/70*

Other Steroids <

Selye A35,410/41: TFollowing repeated
injections of progesterone, DOC, testosterone
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or stilbestrol to rats, the anesthetic effect of
these hormones gradually diminishes. Pre-
treatment with one of these anesthetic com-
pounds also induces resistance to others,
whereas pretreatment with cholesterol (which
is not anesthetic) induces no such resistance.

Jelinek H1,618/68: There was no differ-
ence in the duration of hydroxydione anesthe-
sia in male and female intact or gonadectomized
mice. Pretreatment with methyltestosterone
p.o. prolonged hydroxydione anesthesia in
males but not in females or castrate males.
Neither thiopental nor pentobarbital anesthe-
sia was influenced by methyltestosterone.
Pretreatment with methandrostenolone or
17a-methyl-androst-2-ene-175-0l failed to in-
fluence hydroxydione anesthesia in mice.

Selye et al. G60,020/69: In the rat, pre-
treatment with norbolethone protects against
the anesthetic effect of progesterone, DOC,
pregnanedione, dehydroepiandrosterone, testo-
sterone, diethylstilbestrol, pentobarbital and
methyprylon. It does not significantly alter
the corresponding actions of urethan, diaze-
pam, chlorpromazine, reserpine, phenoxy-
benzamine, chloral hydrate, potassium bro-
mide or magnesium chloride.

Neumann & Goldman HZ25,234/70: In
pregnant rats, treatment with TMACN (2a-
cyano-4,4,17qa - trimethylandrost-5-en-175 -ol-3-
one) causes nipple formation in male fetuses
and inhibits the normal development of nip-
ples in female fetuses, presumably owing to
characteristic derangements in the enzymic

Effect of Steroids Upon Resistance

mechanisms responsible for steroid production
in the adrenals. Testosterone prevents these
effects of TMAN in male fetuses, suggesting
that its feminizing effect upon the nipples
(like that of fetal orchidectomy) is merely
due to deficient testosterone production. Cor-
ticosterone prevents the effect of TMACN
upon female fetuses, probably because it
inhibits fetal ACTH-mediated adrenal enlar-
gement and the consequent overproduction
of 36-hydroxyandrostanes.

Selye et al. G60,020/69: Pretreatment with
norbolethone protects the rat against anesthe-
sia produced by progesterone, DOC, pregnane-
dione, dehydroepiandrosterone, testosterone,
diethylstilbestrol and methyprylon. It does
not significantly alter the sedative effects
of urethan, diazepam, chlorpromazine, reser-
pine, phenoxybenzamine, chloral hydrate,
KBr or MgClL,.

Pancuronium < Testoids cf. also Table 19

Androstane-3,17-dione « Testoste-
rone: Rubin G76,315/57

Steroids (A4%-3-keto)
rone -4 Orchidectomy:
C61,952/58

Steroids (A%-3-keto) « 5a-Andros-
tane-3,17-dione: McGuire et al. D§,722/60

Androsterone, Epiandrosterone <«
Androstane-3,17-dione + Sex: Rubin et al.
D9I,290/61

TMACN <« Testosterone:
et al. H25,234/70*

<« Testoste-
Yates et al.

Neumann

<~ Luteoids

In C3H strain mice, females are more resistant than males to the toxic action of
folliculoids. This sex difference becomes even more evident in the case of
combined treatment with folliculoids and progesterone since the latter increases the
toxicity of estradiol and stilbestrol in this strain. The gonads of both sexes show
considerable atrophy under the influence of folliculoids but this is inhibited by
progesterone.

The anesthetic effect of various steroids is diminished in rats by pretreatment
with progesterone (as well as by other anesthetic steroids). Cholesterol induces no
such resistance.

The hypertensive disease produced in rats by DOC is not influenced by
progesterone.

Concurrent treatment with subthreshold doses of progesterone and DOC exhibit
an additive effect upon the development of anesthesia in rats.

In weanling rats, medroxyprogesterone (a luteoid) does not affect the growth-
promoting action of testosterone upon the seminal vesicles but inhibits the
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stimulation of the ventral prostate. It would be difficult to ascribe this effect to an
altered metabolic degradation of the testoid, although in patients medroxyprogeste-
rone allegedly accelerates the clearance of testosterone.

In the rat, the ESCN produced by F-COL -- Na,HPO, - corn oil is not

prevented by progesterone.

<~ Luteoids cf. also Selye G60,083/70,
pp. 370, 371.

Selye & Stevenson 77,177/40: In Strong’s
C3H strain mice, females are more resistant
than males to toxic doses of estradiol or
stilbestrol. This sex difference is even more
pronounced in the case of combined admi-
nistration of folliculoids and progesterone,
which increases the toxicity of folliculoids.
The gonads of both sexes show considerable
atrophy under the influence of folliculoids
but this is inhibited by progesterone.

Selye A35,410/41: Tollowing repeated
injections of progesterone, DOC, testosterone
or stilbestrol to rats, the anesthetic effect of
these hormones gradually diminishes. Pretreat-
ment with one of these anesthetic compounds
also induces resistance to others, whereas
pretreatment with cholesterol (which is not
anesthetic) induces no such resistance.

Friedman & Friedman B48,306/50: In
intact male rats on a normal NaCl intake, the
hypertension and cardiac hypertrophy pro-
duced by s.c. implantation of DOC pellets
was inhibited by an adrenocortical extract
but not by progesterone, testosterone, preg-
nenolone, estradiol or acetoxy-pregnenolone.

Negrete 023,001/55: In male rats, pretreat-
ment with doses of progesterone, which in

themselves are nonanesthetic, increases sen-
sitivity to DOC-anesthesia.

Gordon et al. H24,106/70: In rats, medroxy-
progesterone had no effect upon zoxazolamine
“sleeping time.” In weanling rats, medroxy-
progesterone did not affect the growth pro-
moting action of testosterone upon the
seminal vesicles but it inhibited the stimula-
tion of the ventral prostate. In several patients
the steroid accelerated the metabolic clearance
of testosterone.

Selye G60,064/70: In the rat, the ESCN
produced by F-COL + Na,HPO, 4 corn oil

cannot be prevented by progesterone.

Fluorocortisol Acetate <— Luteoids cf.
also Tables 12—14

DOC < Luteoids ¢f. also Table 15

Estradiol < Luteoids cf. also Table 16

Progesterone < Luteoids cf. also Table 17

Triamcinolone < Luteoids c¢f. also
Table 18
Pancuronium < Luteoids ¢f. also

Table 19

Cortisol «<— Luteoids: Kumagai et al.
C73,732/59

Cortisone < Progesterone -+ Sex:
Hagen et al. G77,512/60

< Antimineralocorticoids

< Spironolactone. The ESCN produced by F-COL + Na,HPO,, with or without oil
supplements, can be prevented by spironolactone in the rat. The mineralocorticoid
hypertension produced by DOC - NaCl in uninephrectomized rats is not prevented by
spironolactone, but the associated hyalinosis is inhibited. Clinical experience shows,
furthermore, that spironolactone is beneficial not only in primary aldosteronism but
also in many other common types of hypertension.

In immature castrate rats, the stimulation of the ventral prostate and seminal
vesicles by testosterone is inhibited by spironolactone. The gynecomastia and the
libido-inhibiting effect of spironolactone in man, may be due to its antitestoid
activity.

The anesthetic effect of various steroids (as that of barbiturates) is strongly
inhibited by pretreatment with spironolactone, even following adrenalectomy.
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< Spiroxasene. Spiroxasone (like spironolactone) inhibits the stimulation of the
ventral prostates and seminal vesicles by testosterone in immature castrate rats.
It also protects the rat against progesterone anesthesia.

< Aldadiene (SC-9376). Aladadiene and aldadiene-kalium (SC-14266) protect the

rat against progesterone anesthesia.

< CS-1. CS-1 protects the rat against progesterone anesthesia and against the
ESCN produced by F-COL + Na,HPO, in combination with restraint, or with an

excess of corn oil.

< Phanurane. In rats, the hypertensive syndrome produced by DOC + unine-
phrectomy - NaCl can be inhibited by phanurane allegedly because of the
antimineralocorticoid activity of this steroid.

<~ Antimineralocorticoids c¢f. also
Selye C92,918/61, pp. 18, 74; G60,083/70,
pp. 492, 493.

<« Spironolactone cf. also Selye C92,918/61,
p. 74; G60,083/70, pp. 385, 491, 492, 494.
Ducommun et al. C91,529/60: In rats sensitized
by uninephrectomy + NaCl, spironolactone
inhibits the hyalinosis but not the hyperten-
sion caused by DOC.

Selye C82,5616/60: In the rat, spironolactone
“offers considerable protection against in-
duction of acute, infarct-like, often fatal
myocardial necroses normally produced by
fluorocortisol plus some Na-salts and stress,
alone or in combination.”

Hollander & Wilkins C37,370/62; Johnston
& Grieble F94,590/67;  Bracharz et al.
D37,973/62: Spironolactone is beneficial not
only in primary aldosteronism but also in
many of the common types of clinical
hypertension.

Selye G60,003/69: Spironolactone protects
the rat against the anesthetic effect of progeste-
rone, DOC and hydroxydione. It also prevents
acute digitoxin poisoning even after bilateral
nephrectomy.

Selye et al. G60,016/69: In rats, spirono-
lactone protects against anesthesia produced
by progesterone, DOC, hydroxydione, preg-
nanedione, dehydroepiandrosterone, testoste-
rone, diethylstilbestrol, methyprylon, pento-
barbital and ethanol. It does not signifi-
cantly alter the corresponding actions of mor-
phine, codeine, urethan, diazepam, chlor-
promazine, reserpine, phenoxybenzamine,
chloral hydrate, KBr or MgCl,.

Steelman et al. G69,340/69: In immature
castrate rats, the stimulation of the ventral
prostates and seminal vesicles by testosterone
enathate s.c. is inhibited both by spiroxasone
and by spironolactone given p.o. or s.c. In dogs,

spironolactone decreased the output of acid
phosphatase in the prostatic fluid. Possibly the
gynecomastia and the libido-inhibiting effect of
spironolactone in man may be due to its
antitestoid activity.

Gardell et al. G60,065/70: In rats, spiro-
nolactone pretreatment inhibits the ultra-
structural changes characteristic of the myo-
cardial necroses induced by digitoxin 4
Na,HPO, + oil.

Nocke et al. H29,680{70: Brief abstract
indicating that in pregnant women, spirono-
lactone decreases the urinary elimination of
folliculoids, 17-hydroxycorticoids and 17-oxo-
steroids. It is concluded that spironolactone
“may have an influence on the biogenesis
and/or metabolism of steroid hormones.”

Selye G60,044/70: Among various steroids
tested for their ability to inhibit progesterone
and pentobarbital anesthesia, all anabolic
androgens were highly potent. However, since
spironolactone exhibited the same anti-
anesthetic effect, the latter could not be
attributed to anabolic potency. “This inhibi-
tion of anesthesia is assumed to represent a
special instance of the catatoxic effect which
appears to be a property of certain steroids,
independent of their classic hormonal actions.”

Selye et al. G60,0560{70: Spironolactone
protects the rat against digitoxin intoxication
as well as against the anesthetic effect of
progesterone and pentobarbital.

Selye G60,064/70: In the rat, the ESCN
produced by F-COL + Na,HPO, + corn oil
can be prevented by CS-1 and spironolactone.

Solymoss et al. G70,464/70: In rats, spiro-
nolactone shortens the half-life of its main
metabolite, the dethioacetylated 4-6-dienone
(metabolite A), which is interconvertible with
the 17-hydroxy -carboxylic acid derivative
(metabolite B). This alteration is only



Steroids < 123

Fig. 1. Protection by spironolactone against infarctoid cardiac necroses and nephrocalei-

nosis. Both rats were treated with fluorocortisol -- Na,HPO,, which resulted in extensive

cardiac infarction and cortico-medullary nephrocaleinosis (white areas) in the otherwise

untreated (A, C), but not in the spironolactone-treated (B, D), animal. [Selye (82,516/60.
Courtesy of Proc. Soc. exp. Biol. Med.]

slightly accentuated if the steroid is given
chronically and it wears off within eight days
after spironolactone treatment is interrupted.
After a test dose of spironolactone or of its
metabolites A and B, partial hepatectomy
delays the blood clearance of metabolite A.
Cycloheximide and SKF 525- A also suppress the
blood clearance of metabolite A under these
conditions. Presumably ‘spironolactone in-
fluences its own biotransformation and the
steroid is also a substrate of the hepatic
drug-metabolizing enzymes which are induced
by spironolactone itself.”

Selye PROT. 27691: In rats, (100 g%)
progesterone (6 mg in 1 ml oil i.p.) or pentobar-
bital (3 mg in 0.5 ml oil i.p.) anesthesia is
prolonged by adrenalectomy with mainte-
nance on NaCl, but blocked, both in intact and
adrenalectomized animals, by spironolactone
(10 mg in 1 ml water p.o. x2/day) pre-
treatment for 4 days.

< Spiroxasone. Steelman et al. G69,340/69:
In immature castrate rats, the stimulation of
the ventral prostates and seminal vesicles by
testosterone enanthate s.c. is inhibited both
by spiroxasone and by spironolactone given
p.o. or s.c. In dogs, spironolactone decreased
the output of acid phophatase in the prostatic
fluid. Possibly, the gynecomastia and the
libido-inhibiting effect of spironolactone in
man may be due to its antitestoid activity.

Selye et al. G60,050/70: Spiroxazone pro-
tects the rat against digitoxin intoxication
and progesterone anesthesia, but not against
the anesthetic effect of pentobarbital.

<« Aldadiene (SC-9376). Selye et al.
G60,050]70: Aldadiene (SC-9376) and alda-
diene-kalium (SC-14266) protect the rat
against digitoxin intoxication as well as
against the anesthetic effect of progesterone
and pentobarbital.
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«— €8-1. Selye G60,064/70: The ESCN
produced by F-COL + Na,HPO, + restraint
in the rat is much more difficult to inhibit with
catatoxic steroids than that elicited by F-COL
- Na,HPO, -+ oil. However, even the former
cardiopathy can be greatly diminished in
intensity by CS-1 and spironolactone.

Selye et al. G60,050/70: CS-1 protects the
rat against digitoxin intoxication as well as

against the anesthetic effect of progesterone
and pentobarbital.

<« Phanurane. Sturtevent C54,613/58: In
rats, the hypertensive syndrome produced by
DOC after sensitization with uninephrectomy
4+ NaCl can be inhibited by phanurane,
presumably because of the antimineralocorti-
coid activity of the latter.

< Folliculoids

Pretreatment with stilbestrol increases the resistance of the rat against various

steroid anesthetics.

It has been claimed that mineralocorticoid hypertension produced in rats by DOC
is inhibited by stilbestrol but not by estradiol. However, here, incidental experimental
conditions (e.g., uninephrectomy -+ NaCl or the dosage and timing of the folliculoids)

may have a decisive effect.

The saprophytosis produced by cortisone overdosage in the rat is not prevented by

estradiol.

In rats, orchidectomy decreases testosterone and progesterone hydroxylation as

well as the associated hepatic microsomal changes. All these effects are restored by
in vivo treatment of the castrate with testoids and the effect of the latter is in turn
blocked by folliculoids. Curiously, the folliculoids fail to block the effect of testoids

upon the seminal vesicles and levator ani muscles of orchidectomized rats.
The proposed sites at which thyroid hormones and folliculoids are presumed to
influence testoid and folliculoid metabolism are summarized on p. 125.

< Folliculoids cf. also Selye B40,000/50,
p. 831; B58,650(51, pp. 326, 359; G60,083/70,
p. 368.

Selye A35,410{41: Following repeated
injections of progesterone, DOC, testosterone,
or stilbestrol to rats, the anesthetic effect of
these hormones gradually diminishes. Pretreat-
ment with one of these anesthetic compounds
also induces resistance to others, whereas
pretreatment with cholesterol (which is not
anesthetic) induces no such resistance.

Zondek et al. A74,477[43: Stilbestrol is
inactivated by rat liver pulp in vitro, though
less rapidly than estrone. “In rats treated
with large amounts of stilbestrol, the capacity
of the liver to inactivate stilbestrol is in-
creased.”

Friedman & Friedman B48,306/50: In
intact male rats, on a normal NaCl intake, the
hypertension and cardiac hypertrophy pro-
duced through s.c. implantation of DOC
pellets was inhibited by an adrenocortical
extract but not by progesterone, testosterone,

pregnenolone, estradiol, or acetoxypregneno-
lone.

Selye B53,941/51: In rats conditioned by
uninephrectomy - NaCl, the production by
DOC of nephrosclerosis, periarteritis nodosa
and polyuria is prevented by conjoint admi-
nistration of stilbestrol.

Ducommun & Ducommun B70,251]53: In
rats, saprophytosis produced by heavy over-
dosage with cortisone is inhibited by concur-
rent administration of STH. This ‘‘anti-
infectious effect of STH” is much less evident
after adrenalectomy. DOC, testosterone, estra-
diol alone or in combination, failed to duplicate
the anti-infectious action of STH in cortisone-
treated rats.

Reifenstein Jr. C47,377/58: Review of the
literature suggests that ‘“androgens and
estrogens are anabolic and thus stimulate the
growth of protein and osseous tissues.” The
clinical value of anabolic steroids in counter-
acting the catabolism caused by endogenous
and exogenous glucocorticoids is discussed.



Steroids < 125

cr
C=0 (@] OH OH
HO HO (o} HO
A%-Pregnenolone Dehydroepiandros- Testosterone Estradiol-178

terone

®
/ ©
CH
O OH
- OH 16~Hydroxy - -OH
lase
®©

A, HO

%,

17a¢-Hydroxy- Androstanedione Estrone Estriol

by
progesterone D) %
(o]

rleer Reductases

VT

2-Hydroxyestrone

5e-Androstanedione 58- Androstanedlone 2-Methoxyestrone

Liver 3-Hydroxysteroid Dehydrogenases l

@\'3,9 NG ®
HO i

® \- 4
o) o] o o]
gh HO ™ HO :Hj£ HO’ CHE

Epiandrosterone Androsterone Etiocholanolone 38-Hydroxy-58-
androstan-17-one

Proposed sites of influence of thyroid hormones (T) and estrogens (E) on metabolism of androgens
and estrogens: -+ = stimulation, — = either inhibition or stimulation when factor lacking
(Gaunt et al. G63,202/68)



126 Effect of Steroids Upon Resistance

Bavelta et al. D29,064/62: In the rat,
“growth hormone, methyl testosterone or
stilbestrol, when given alone or in combination
were not able to counteract the inhibitory
effects of 6-methyl prednisolone on body
weight gain and collagen synthesis at the
site of subcutaneously implanted polyvinyl
sponges.”’

Herrmann & Winkler D27,922/62: In
guinea pigs, the adrenocortical atrophy and
hypofunction produced by chronic cortisone
treatment is prevented by simultaneous ad-
ministration of estradiol. The responsiveness
of the adrenal cortex to the induction of
hemorrhagic necrosis by diphtheria toxin
returns much more rapidly after interruption
of cortisone treatment if estradiol is simul-
taneously administered.

Kreek et al. F83,145/67: In rats, ethinyl-
estradiol considerably diminishes bile flow and
delays biliary excretion of BSP and of tritium-
labeled estradiol.

Denef & de Moor H15,811/69: The sexual
differentiation of steroid-metabolizing enzymes
appears in the rat liver from the 30th day of
life onwards. From experiments on neona-
tally gonadectomized or intact rats treated
with folliculoid or testoid compounds, “it is
concluded that, as far as the differentiation of
cortisol metabolizing enzymes is concerned,
estradiol is able to counteract the organizing
action of testosterone at birth as well as the
expression of these neonatal testosterone
effects after the 30th day of life.”

Kato et al. H25,499/69: In rats, orchidec-
tomy decreased testosterone and prcgesterone
hydroxylation, as well as the spectral change
caused by these steroids in liver microsomes
reflecting a less pronounced decrease in micro-
somal P-450 content and NADPH-neotetra-
zolium reductase activity. All these changes

were restored to normal by in vivo treatment
of the castrates with testosterone or methyl-
testosterone, whereas simultaneous administra-
tion of estradiol or diethylstilbestrol blocked
these actions of the testoids. Curiously, the
folliculoids failed to block the effects of the
testoids upon seminal vesicles and levator ani
muscle, as well as on hepatic microsomal
proteins in these same orchidectomized rats.
Earlier literature on the antagonism between
folliculoid and testoid actions upon hepatic
drug-metabolizing enzymes is reviewed.

Schulz et al. H19,404/69: Clomiphene (an
ovulation promoting folliculoid analogue of
stilbestrol) decreases the hepatic microsomal
NAD-specific 17f-ol-steroid dehydrogenase in
immature female guinea pigs.

Fluorocortisol Acetate < Folliculoids cf.
also Tables 12—14

DOC < Folliculoids cf. also Table 15

Estradiol < Folliculoids cf. also Table 16

Progesterone < Folliculoids c¢f. also
Table 17

Triamcinolone < Folliculoids c¢f. also
Table 18

Pancuronium < Folliculoids ¢f. also
Table 19

Androstane-3,17-dione <« Estra-
diol 4 Orchidectomy: Rubin G76,315/57

Corticoids, Testoids, Luteoids <«
Estradiol: Forchielli et al. D75,874/58

Steroids (44-3-keto) «— Estradiol +
Orchidectomy: Yates et al. C61,952/58

Cortisol <« Folliculoids: Kumagai
et al. C73,732]59

Cortisone <« Estradiol - Sex:
Hagen et al. G77,512/60

Cortisone, Testosterone <« Folli-

culoids: Leybold et al. D11,904/61
Estradiol, Estrone, Stilbestrol «

Stilbestrol 4+ Sex: Jellinck et al.

F 37,692/65

< Antitestoids

Cyproterone is the prototype of the antitestoid compounds. It antagonizes the
effect of testosterone upon the accessory organs of various species even after orchi-
dectomy ; hence its effect is assumed to be peripheral and not mediated through
the gonads. The compound also interferes with the production of sexual anomalies
by testosterone in embryonic animals of both sexes and it blocks even such not
manifestly sex-linked effects of testosterone as the erythropoietic action in the

mouse.

Cyproterone is also one of the most potent catatoxic steroids having a broad
spectrum of activity against almost all substrates that can be detoxified by any
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hormone. It powerfully counteracts progesterone anesthesia, yet the shortening
effect of testosterone upon hexobarbital anesthesia in ovariectomized rats is not
counteracted by cyproterone. Perhaps this failure of effectiveness is again due to the
fact that catatoxic steroids are proportionately much less active against near phy-
siologic than against massive amounts of substrates; the small amounts of testos-
terone needed to raise hexobarbital resistance are more difficult to block than a
decisive proportion of the large doses of progesterone required to produce anesthesia.
Besides cyproterone itself also shortens hexobarbital sleeping time.

Neumann et al. F78,500/67: Review of the
testosterone antagonizing effect of cyproterone
in the mouse, rat and rabbit. Special attention
is given to the blockade of testoid-induced
lesions in the accessory sex organs of embry-
onic and adult males and females.

Medlinsky et al. G67,839/69: In mice, the
erythropoietic effect of testosterone is anta-

gonized by cyproterone at the same dose level
which also blocks other testoid actions.

Wenzel et al. H14,785/69: Change of the
sex-specific hydrogen transfer from estradiol-
178 to androstenedione in rat liver after
feminization by the antitestoid substance,
cyproterone.

< Adrenalectomy

In discussing the effects of steroids upon resistance, it is indispensable to
consider also the effect of creating a deficiency in the steroid producing glands,
especially the adrenals and the gonads (cf. next section). As stated in the
introduction to this volume, the extensive literature on the effect of adrenalectomy
upon resistance has been discussed in our previous monographs to which the reader
is referred. Here, we shall limit ourselves to a few observations on the influence of
adrenalectomy upon certain effects of hormones and drugs in the regulation of
steroid metabolism.

In our earlier work we emphasized the “buffering action of the adrenals” as
regards the actions of glucocorticoids and mineralocorticoids upon various targets.
The production by glucocorticoids of thymolysis and catabolism as well as the
inhibition of growth and inflammation are all readily counteracted by mineralocorti-
coids (e.g., DOC, aldosterone) in adrenalectomized rats; in intact animals all these
effects are produced only by larger doses of glucocorticoids, but then, they are also
less-readily counteracted by mineralocorticoids. It was assumed that these
glucocorticoid effects are almost optimally blocked by physiological doses of
mineralocorticoids (such as are normally produced by the adrenals), but that no
considerable further inactivation is obtained by adding exogenous mineralocorticoids.
Thus, by increasing the dose of the glucocorticoids, their above-mentioned effects
rapidly rise to reach a very high intensity, whereas by correspondingly raising the
dosage of mineralocorticoids, the antagonistic (inhibitory) effect of the latter soon
reaches a plateau above which further interference with glucocorticoid overdosage
becomes insignificant. This is illustrated by the graph on p. 112.

The growth inhibition produced by cortisone in immature adrenalectomized rats
can be inhibited both by DOC and by testosterone; MAD exerts no consistent effect.

Progesterone anesthesia is prolonged by adrenalectomy in rats maintained on
NaCl alone, but blocked both in intact and in adrenalectomized animals by
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spironolactone. Desoxycortisone (Cpd. S), like dehydroisoandrosterone, produces no
anesthesia but intense convulsions in the rat. These are allegedly not influenced
by adrenalectomy or even by partial hepatectomy.

The uterine weight increase produced by estradiol is markedly inhibited by
phenobarbital both in intact and in adrenalectomized rats. Simultaneously the
estradiol-metabolizing activity of the hepatic microsomal enzymes is augmented.
The adrenal does not seem to play a role in this estradiol-metabolizing effect of the
barbiturate but the latter is demonstrable only at very low dose levels. This again
illustrates the fact which we have emphasized in connection with so many catatoxic
steroid actions upon natural compounds, namely that they are much more efficient
in antagonizing the toxic effects of heavy overdosage than in counteracting the
physiologic actions of small amounts. It is comparatively easy to prevent steroid
anesthesia with catatoxic steroids or drugs, but much more difficult to block the
normal actions of steroids upon their natural targets. Presumably, the catatoxic
mechanism readily destroys a great excess of a substrate but is much less efficient
in degrading the last remnants of it, which are still sufficient to produce physiologic

actions.

Gaunt et al. B71,987/52: DOC (1 mg/day)
and testosterone propionate (0.25 mg/day)
counteracted the growth inhibition produced
in immature adrenalectomized rats by corti-
sone acetate (1 mg/day). MAD (2 mg/day) had
no consistent effect on growth. Both MAD and
testosterone propionate caused thymus atrophy,
and this effect was further increased by
conjoint administration of cortisone. In intact
rats, MAD prevented the cortisone-induced
adrenal atrophy. [It is not clear from this brief
abstract whether the other interactions were
also tested in intact animals (H.S.).]

Selye B98,268/55: In adrenalectomized
rats, the diminution of body weight, inflam-
mation in the granuloma pouch as well as the
atrophy of the thymus and spleen produced
by cortisol are all inhibited by aldosterone.

Selye & Bois 014,5634/56: In adrenalecto-
mized rats bearing granuloma pouches, 2-me-
thyl-9(a) fluorocortisol (Me-F-COL) antago-
nizes the antiphlogistic, catabolic, thymolytic
and splenolytic actions of cortisol. This effect
is ascribed to the strong mineralocorticoid
effects of Me-F-COL, which counteract gluco-
corticoid actions. However, since Me-F-COL
itself possesses some glucocorticoid potency,
its cortisol antagonizing action is evident only
at very low dose levels (about 75 pg/kg) at
which mineralocorticoid effects predominate
in agreement with the ‘“law of intersecting
dose-effect curves.”

Heuser C54,451/58: Desoxycortisone (Cpd.
S)—like dehydroisoandrosterone—given in
large amounts i.p. or p.o. produces no

anesthesia but intense convulsions in the rat.
Allegedly, “neither adrenalectomy nor partial
hepatectomy sensitized the rat to the con-
vulsive actions of Cpd. S.”

Jasmin et al. C89,132/60: Both in intact
and in adrenalectomized rats, norethandrolone
diminishes the body weight loss caused by
cortisol without inhibiting the antiphlogistic
effect of the latter.

Levin & Conney F64,557(66: In immature
intact or adrenalectomized rats, the uterine
weight increase produced by small doses of
estradiol i.p. is markedly inhibited by pre-
treatment with phenobarbital. At the same
time, the estradiol-metabolizing activity of
hepatic microsomal enzymes is augmented. In
order to demonstrate the inhibition of uterine
growth, very small doses (less than 0.5 pg)
of estradiol must be used and phenobarbital
must be administered for several days prior
to the test.

Levin et al. F75,365/67: Phenobarbital
increases the 17f-estradiol-metabolizing acti-
vity of hepatic microsomal enzymes in imma-
turefemale rats. Thein vitroactivity isparalleled
by in vivo blockade of the estradiol-induced
uterine weight increase. The phenobarbital-
induced resistance to the uterine weight-
increasing effect of estradiol is not prevented
by adrenalectomy or hypophysectomy, indi-
cating that the barbiturate does not act
through the pituitary-adrenal axis.

Orrentus et al. £8,231/69: In rats, adrenal-
ectomy has no immediate effect upon the
phenobarbital induction of steroid hydroxy-
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lases in the hepatic microsomes. However,
simultaneously adrenalectomized and castrate
rats, subsequently maintained in this state
for a period of time, showed a strikingly
decreased hydroxylating activity of the
hepatic microsomes measured with either
aminopyrine or testosterone as substrate. The
cytochrome P-450 content of the microsomes
decreased in a parallel fashion, whereas the
cytochrome b, remained unchanged. When
these steroid-deficient animals were treated
with prednisolone or testosterone, the cyto-
chrome P-450 content and the aminopyrine—
as well as testosterone—hydroxylating activi-
ties of the liver microsomes returned to
normal. In the steroid-deficient rats, repeated
injections of phenobarbital caused only a
minimal increase in the cytochrome P-450
content, the NADPH-cytochrome reductase,
and aminopyrine-hydroxylation activities
of hepatic microsomes. In intact controls,
combined treatment with phenobarbital and
prednisolone or testosterone resulted in an
increase of these levels as compared to those
obtained by phenobarbital alone. Apparently,

“steroid hormones are involved both in the
maintenance of normal hydroxylating activity
in the rat liver endoplasmic reticulum and in
the increase of this activity caused by drugs.”

Southren & Gordon G77,117[70: Review and
personal observations on the application of
radioisotopes to the in vivo study of the
kinetics of testoid metabolism in man, with
special reference to the effect of sex
differences, adrenalectomy, orchidectomy and
various diseases upon the plasma clearance of
testosterone.

Selye PROT. 27691: In rats, (100 gQ) pro-
gesterone (6 mg in 1 ml oil ip.) or
pentobarbital (3 mg in 0.5 ml oil i.p.) anesthe-
sia is prolonged by adrenalectomy with main-
tenance on NaCl, but blocked, both in intact
and adrenalectomized animals, by spiro-
nolactone (10 mg in 1 ml water p.o. x2/day)
pretreatment for 4 days.

Cortisone <« Adrenalectomy -
Genetics: Wragg et al. B74,080/52*; Hagen
et al. G77,512/60

Estradiol <« Adrenalectomy -
Phenobarbital: Levin et al. F75,365/67*

< Gonadectomy

Female rats are more sensitive than males to the anesthetic action of
progesterone; since this sex difference is obvious only after maturity, it has been
ascribed to gonadal hormones. Castration increases the sensitivity of males but not of
females. Conversely, the resistance of female and castrate males can be raised to the
normal male level by methyltestosterone.

On the other hand, mice of both sexes are approximately equally sensitive to the
hydroxydione anesthesia. Yet, gonadectomy increases sensitivity to this form of
narcosis, especially in females, but to some extent also in males. Methyltestosterone
prolongs hydroxydione anesthesia in male mice but not in females or castrate
males. Neither thiopental nor pentobarbital anesthesia is influenced by methyl-
testosterone in mice.

In C3H strain mice, myocardial calcification develops following prolonged cor-
tisol treatment. Females are much more sensitive to this effect than males. Ovariec-
tomy offers no protection but testosterone renders females more resistant.

Conjoint treatment with cortisone 4 NaCl produces myocardial necroses in
orchidectomized but not in normal male rats nor in orchidectomized testosterone-
treated males.

In ovariectomized rats, phenobarbital inhibits the uterotrophic effect of estradiol,
as well as the induction of phosphofructokinase in the uterus, but the results are
obvious only at threshold doses of estradiol treatment. In orchidectomized rats,
phenobarbital diminishes the effect of testosterone upon the seminal vesicles and
prostate, thereby furnishing further proof that physiologic hormonal substrates can
be inactivated by hepatic microsomal enzyme-inducing drugs.

9 Selye, Hormones and Resistance
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In rats, orchidectomy decreases testosterone and progesterone hydroxylation as
well as the associated changes in the hepatic microsomes. All these derangements are
counteracted by in vivo treatment of the castrates with various testoids; the action
of the latter is in turn blocked by concurrent treatment with folliculoids.

Wenter & Selye A35,658/41; Winter
A36,333/41: Female rats are more sensitive
than males to the anesthetic action of pro-
gesterone, but this sex difference is obvious
only after maturity. “The normal endocrine
activity of the testis is largely, if not
entirely, responsible for this comparative
resistance of the males, since castration in-
creases sensitivity in males but is without
effect in female rats. Conversely, the resistance
of castrate males and females may be raised by
methyl testosterone administration.”

Koller C19,288/566: Mice of both sexes are
approximately equally sensitive to hydroxy-
dione anesthesia. Gonadectomy increases sen-
sitivity to this form of narcosis especially in
females and to a lesser extent, in males also.

Forchielli et al. D75,874/58: The rate of
A*-reduction of 11-desoxycortisol was 3—4 fold
greater in female than in male rat liver
homogenates and in microsomal fractions
containing the A%5a-hydrogenase. Female
rat liver contains only one A%hydrogenase
(Sa-microsomal), whereas the male liver
contains the soluble A%-58-hydrogenase as
well. Ovariectomy caused no marked change
in enzyme titer, but hypophysectomy decreased
it sharply. Curiously, ACTH, STH and
pregnant mare serum partially restored the
enzyme level in the hypophysectomized rat.
In young animals, increase in the titer of he-
patic A%-5a-hydrogenase occurs prior to
puberty. This fact—like the negative results
after ovariectomy—suggests an enzyme re-
gulation independent of ovarian hormones.

Lostroh C54,348/58: Female mice of the
C3H strain regularly develop myocardial
calcification following prolonged cortisol treat-
ment, whereas males are comparatively re-
sistant. Ovariectomy offers no protection but
testosterone renders females more resistant.
In hypophysectomized mice, neither cortisol
nor ACTH produces myocardial calcification.

Yates et al. C61,952/58: “Homogenates of
livers from adult female rats reduce Ring A
of A%-3-keto-steroids at rates 3 to 10 times
greater than those from males. This large sex
difference has been observed for all substrates
so far tested : aldosterone, desoxycorticosterone,
hydrocortisone, cortisone, corticosterone, tes-

tosterone, and progesterone. ... Castration
increases and testosterone decreases A4-steroid
hydrogenase activity in males. In females,
neither castration nor estrogen administration
had appreciable effect.”

Colds D20,925(62: The livers of male rats
contain more dehydroepiandrosterone 16a-
hydroxylase than that of males. Castration
reduces the enzyme activity but not quite to
the low level of the female.

Mikinen et al. E20,847]63: Conjoint
treatment with cortisone -+ NaCl produces
myocardial necroses in orchidectomized, but
not in normal male rats. Testosterone restores
the resistance of the male castrates to normal,
whereas concomitant exposure to the stress of
a loud bell aggravates the cardiopathy.

Singhal et al. G67,770/67: Phenobarbital
pretreatment inhibits the uterotrophic effect
of estradiol as well as the induction of phospho-
fructokinase in the uterus of the ovariecto-
mized rat. The most marked results were
obtained with threshold doses of estradiol.

Denef & de Moor H3,569/68: In female
rats, spayed and given testosterone immedia-
tely after birth, there developed a characte-
ristic male pattern of hepatic microsomal
steroidases. In male rats, castrated at birth,
a single injection of testosterone given at the
same time prevented the differentiation of the
feminine type of steroid metabolism found
after neonatal castration. In adults, testoste-
rone had a similar effect, but unlike in
neonates, its action was only temporary.

Fahim et al. G67,772/68: Phenobarbital
reduces the uterotrophic action of both
exogenous estradiol and endogenous folli-
culoids. This effect is somewhat lessened by
ovariectomy. The authors consider the possi-
bility that the barbiturate may induce ste-
roidases not only in the hepatic microsomes,
but also in the ovary. Enzyme determinations
in the liver were not performed, but pheno-
barbital significantly increased hepatic weight
and total nitrogen content.

Jelinek H1,518/68: There was no differ-
ence in the duration of hydroxydione anesthe-
sia in male and female intact or gonadectomi-
zed mice. Pretreatment with methyltestoste-
rone p.o. prolonged hydroxydione anesthesia
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in males, but not in females or castrate
males. Neither thiopental, nor pentobarbital
anesthesia was influenced by methyltestos-
terone. Pretreatment with Dianabol or 17a-
methyl-androst-2-ene-178-ol failed to influence
hydroxydione anesthesia in mice.

King et al. H16,446/68: In orchidectomized
rats, phenobarbital pretreatment diminishes
the effect of testosterone upon the seminal
vesicles and prostate, presumably as a conse-
quence of increased hepatic microsomal
enzyme production. These findings may
“offer a therapeutic modality for gynecologic
syndromes that are associated with overpro-
duction of androgens.”

Denef & de Moor H15,811/69: The sexual
differentiation of steroid-metabolizing en-
zymes appears in the rat liver from the 30th
day of life onwards. From experiments on
neonatally gonadectomized or intact rats
treated with folliculoid or testoid compounds,
“it is concluded that, as far as the differentia-
tion of cortisol metabolizing enzymes is con-
cerned, estradiol is able to counteract the
organizing action of testosterone at birth as
well as the expression of these neonatal
testosterone effects after the 30th day of life.”

Kato et al. H25,499/69: In rats, orchidec-
tomy decreased testosterone and progesterone
hydroxylation, as well as the spectral change
caused by these steroids in liver microsomes,
reflecting a less pronounced decrease in micro-
somal P-450 content and NADPH-neotetra-
zolium reductase activity. All these changes
were restored to normal by in vivo treatment

of the castrates with testosterone or methyl-
testosterone, whereas simultaneous administra-
tion of estradiol or diethylstilbestrol blocked
these actions of the testoids. Curiously, the
folliculoids failed to block the effects of the
testoids upon the seminal vesicle and levator
ani muscle as well as on hepatic microsomal
proteins in these same orchidectomized rats.
Earlier literature on the antagonism between
folliculoid and testoid actions upon hepatic
drug-metabolizing enzymes is reviewed.

Southren & Gordon G77,117[70: Review and
personal observations on the application of
radioisotopes to the in vivo study of the
kinetics of testoid metabolism in man, with
special reference to sex differences, adrenal-
ectomy, orchidectomy, and various diseases
upon the plasma clearance of testosterone.

Androsterone, Epiandrosterone «
Orchidectomy 4 Testosterone: Rubin
G76,315/57

Androstane-3,17-dione «— Ovariec-
tomy + Estradiol: Rubin G76,315/57

Corticoids, Testoids, Luteoids <«
Ovariectomy : Forchielli et al. D75,874/58

Steroids (4%-3-keto) <« Ovariec-
tomy 4 Estradiol: Yateset al. C61,952/58

Cortisone < Orchidectomy -+ Tes-
tosterone: Hagen et al. G77,512/60

Dehydroepiandrosterone < Orchi-
dectomy: Colas D20,925/62

Estradiol < Ovariectomy: Singhal
et al. G78,387/69*

Estradiol, Estrone, Stilbestrol «
Ovariectomy: Jellinck et al. F37,692/65

< Various Steroids

< TMACN. TMACN administered to rats between the 15th and 20th day of
gestation produces a syndrome of congenital adrenocortical hyperplasia, hypospadias,
clitoral hypertrophy due to inactivation of 3f-hydroxysteroid-dehydrogenase and
A5-%.3-ketosteroid isomerase. Furthermore, TMACN suppresses nipple formation in
females and induces it in males. 175-hydroxy-4,4,17a-trimethylandrost-5-ene-(2,3d)-
isoxazole produces similar effects.

In the male offspring which develop severe hypospadias, the anogenital distance
is greatly reduced almost to that of females. Small amounts of testosterone prevent
the production of hypospadias without affecting the adrenal hyperplasia or the
inhibition of 3f-hydroxysteroid-dehydrogenase and A5-4-3-ketosteroid isomerase.
TMACN interferes with the biogenesis of various corticoids also as judged by analyses
on adrenal vein blood as well as in adrenal homogenates. The ‘“cyano-ketone”
appears to inhibit the conversion of pregnenolone to progesterone and thereby reduce
corticosterone secretion which would result in an increased ACTH production and
adrenal hypertrophy. Even a single injection of TMACN on the 16th or 19th day of

fid
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gestation, produces a permanent effect in 38-hydroxysteroid-dehydrogenase activity
in the maternal adrenal.

TMACN is an analogue of androstenolone (the substrate of 38-hydroxysteroid-
dehydrogenase) but has little or no testoid or folliculoid activity itself. The compound
also produces luteal and Leydig cell hyperplasia. Its persistent effect is presumably
due to the fact that unlike most enzyme inhibitors, it is very tightly and irreversibly

bound to 38-hydroxysteroid-dehydrogenase at its active site.
In guinea pigs, TMACN increases the mitochondrial and microsomal fractions of

the adrenal cortex.

< Varia. DOC-induced mineralocorticoid hypertension is not significantly
influenced in rats by pregnenolone or acetoxypregnenolone.
SC-8109 and SC-5233 do not protect the rat against the anesthetic effect of

progesterone.

< Various Steroids cf. also Selye
C92,918/61, p. 70; G60,083[70, p. 385.

«— TMACN. Goldman et al. F64,070/66:
In rats, TMACN administered between the
15th and 20th day of gestation produces a
syndrome of congenital adrenocortical hyper-
plasia, hypospadias and clitoral hypertrophy
due to inactivation of 3f-hydroxysteroid
dehydrogenase.

McCarthy et al. F74,065/66: In rats,
TMACN interferes with the biogenesis of
various corticoids in vivo (adrenal vein blood)
and in vitro (adrenal homogenates). ‘The
cyano-ketone appears to inhibit the conversion
of pregnenolone to progesterone by the rat
adrenal gland. This inhibition would account
for the reduction in corticosterone secretion
and adrenal hypertrophy that follows admi-
nistration of the cyano-ketone to rats.”

Bongiovanni et al. E7,039/67: Review on
the inhibition of 3f-hydroxysteroid dehy-
drogenase by TMACN in vivo and in vitro.
This analogue of androstenolone (the substrate
of the enzyme) has little or no testoid or folli-
culoid activity, but produces adrenocortical
hyperplasia by blocking the biosynthesis of
glucocorticoids. It also produces luteal and
Leydig cell hyperplasia; ‘“unlike most enzyme
inhibitors, this analogue is very tightly and
irreversibly bound to 3f-hydroxysteroid dehy-
drogenase at, or very near, its active site.”
When TMACN is given to pregnant rats,
their offspring ‘‘have severe adrenal cortical
hyperplasia, deficient histochemical activity
of the 38-hydroxysteroid dehydrogenase in the
adrenals and testes, increased activity of
G-6-PD in adrenals, testes, and liver, and no
change in the activities of the 3a or 175-
hydroxysteroid dehydrogenases in these

tissues. The experimental gonadal males
have severe hypospadias, and their anogenital
distance is reduced from that of normal to
almost that of the normal females in proportion
to dose. The gonadal females have marked
clitoral hypertrophy but no change in ano-
genital distance from the normal.” Small
amounts of testosterone prevent the production
of hypospadias without affecting the adrenal
hyperplasia or the inhibition of 3f-hydroxy-
steroid dehydrogenase by TMACN.

Goldman F85,342/67: In rats, a single
injection of TMACN on the 16th or 19th day
of gestation produces a permanent defect
in 3f-hydroxysteroid dehydrogenase in the
maternal adrenal and corresponding perma-
nent changes in the pituitary, adrenals,
and sex organs of the offspring.

Goldman H15,818/69: In rats, the maternal
and fetal changes induced by two inhibitors
of 3f-hydroxysteroid dehydrogenase and A5-4-
3-ketosteroid isomerase [TMACN and 17f-
hydroxy-4,4,17a-trimethylandrost-5-ene-(2,3d )
-isoxazole] are described and their mechanism
of action discussed.

Goldman & Neumann H18,122/69: In rats
given TMACN during pregnancy, functional
and structural changes occur in the adrenals
and sex organs as a consequence of 35-hy-
droxysteroid dehydrogenase and 4°-4-3-keto-
steroid isomerase inhibition.

Castells & Bransome Jr. H21,283[70: In
guinea pigs treated with TMACN in vivo,
the protein content of the mitochondrial and
microsomal fractions was increased. “Expo-
sure to a high level of ACTH for 4 hr or 4 days
seemed to exert less net effect on mitochondrial
protein than on microsomal protein synthesis:
an observation consistent with an intrinsic



Steroids < 133

difference in the regulation of the synthesis of
adrenocortical mitochondrial and microsomal
proteins.”

Steroids < TMACN: McCarthy et al.
F74,065/66; Goldman F78,224/67

« Varia. Friedman & Friedman B48,306/50:
In intact male rats, on a normal NaCl intake,
the hypertension and cardiac hypertrophy
produced by s.c. implantation of DOC pellets
could be inhibited by an adrenocortical
extract, but not by progesterone, testosterone,
pregnenolone, estradiol, or acetoxypregneno-
lone.

Gaunt et al. B82,200/53: In rats, MAD was
the most active in preventing cortisone-induced
adrenal atrophy among a large series of
steroids. To some extent, this was true even
after hypophysectomy.

Heuser C 33,938/57: Doctor’s thesis (193 pp.,
272 refs.) on steroid anesthesia with sections
on: adaption to steroid amesthesia by pre-
treatment with the same or other steroids,
the effect of adrenalectomy and corticoids
upon steroid anesthesia and the interaction
between anesthetic and convulsive steroids.

Witzel C68,395/59: Review (29pp., 113 refs.)
on steroid anesthesia, including chapters on
adaptation to steroids, the effect of partial
hepatectomy, the influence of steroid anesthe-
tics upon various types of convulsions.

McGuire Jr. et al. D82,559/60: The
hepatic microsomal steroid 5a-reductases have
a high substrate specificity and an absolute
requirement for TPNH. Addition of various
other steroids can competitively inhibit the
reduction of the substrate by the rat liver
microsomal enzymes in vitro.

Linét et al. F58,620/65: In rats, 1,2a-epoxy-
androstan-8,17-dione, though devoid of ana-
bolic, testoid or folliculoid properties, inhibits
the increase in liver glycogen caused by corti-
sol, but does not prevent the inhibition of
inflammation and the atrophy of the adrenal
cortex characteristic of glucocorticoid over-
dosage.

Selye et al. G60,050/70: SC-8109 and SC-5233
fail to protect the rat against the anesthetic
effect of progesterone or pentobarbital.

Selye G60,064/70: In rats, PCN, CS-1 and
spironolactone offer considerable protection
against the infarctoid cardiopathy produced
by F-COL 4 Na,HPO, -+ restraint. The
possible protection offered by other conditio-
ners requires further investigation, ¢f. Table 12.

Despopoulos H35,471{71: In a system
containing isolated mitochondrial fractions
from rat liver homogenates, the synthesis of

Table 12. Conditioning for myocardial necroses
produced by F-COL + Na,HPO, -+ restraint

Treatment? Cardiac ~ Mortality?
necrosis?  (Dead/
(Positive/ Total)
Total)
None 13/17 12/19
PON 0/10 ***  2/10 *
C8-1 3/10 * 1/10 **
Ethylestrenol 5/10NS  5/10 NS
Spironolactone 0/10 ***  2/10 *
Norbolethone 5/10NS  3/10NS
Oxandrolone 4/10NS  6/10NS
Prednisolone-Ac 7/7 NS 10/10 *
Triamecinolone 4/5 NS 10/10*
Progesterone 710 NS  6/10 NS
Estradiol 4/9 NS 7/10NS
DOC-Ae 6/10NS  5/10 NS
Hydroxydione 2/10 ** 7/10 NS
Thyroxine 6/10 NS  9/10 NS
Phenobarbital 2/9 * 1/9 *

a The rats of all groups were given fluoro-
cortisol acetate (750 pg in 0.2 ml water, s.c.,
daily) and Na,HPO, (1 mM in 2 ml water,
p.o.,/100 g body weight twice daily from the
4th day ff.). Restraint during 17 hrs on the
6th day.

b Cardiac necrosis was estimated on day of
death in animals that lived at least 7 days and
mortality listed on the 8th day (“Exact
Probability Test”’).

For further details on technique of tabu-
lation ¢f. p. VIII,

taurocholate from cholate was inhibited by
testosterone, cortisone, estradiol, stilbestrol,
norethandrolone and progesterone but not by
mestranol. Synthesis of cholate from choles-
terol was not inhibited by any of these ste-
roids. “These experiments demonstrate an
effect of steroids on a specific step in the
sequence of bile salt synthesis; namely,
conjugation of cholate with taurine to form
taurocholate.”

Selye G70,480{71: In rats, the infarctoid-
cardiopathy produced by combined treat-
ment with F-COL + NaClO, + corn oil is
most effectively combated by CS-1 and
spironolactone. Phenobarbital diminished the
incidence of cardiac necroses but did not
significantly decrease mortality. The two
glucocorticoids of our series greatly accelerated
and aggravated mortality; this made it im-
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possible to assess their effect upon the deve-
lopment of cardiac necroses. Since F-COL
possesses both gluco- and mineralocorticoid
potencies it is not unexpected that additional
treatment with glucocorticoids, would increase
its toxicity. It is noteworthy however, that
among the many catatoxic compounds tested,
only few offer protection against this cardio-
pathy in whose pathogenesis corticoids (ex-
cellent substrates for catatoxic steroids) play
an indispensable role. The most active pro-
tective steroids (CS-1, spironolactone) are
also distinguished by a marked potassium
retaining effect which undoubtedly helps to
prevent a cardiopathy primarily characterized
by potassium losses, cf. Table 13.

Table 13. Conditioning for F-COL +- NaClO, +

corn oil

Treatment? Cardiac Mortality?

necrosisP (Dead/

(Positive/ Total)

Total)
None 16/19 12/20
PCN 3/10 ** 1/10 *
CS-1 2/10 *** 1/10 *
Ethylestrenol 8/9 NS 4/10 NS
Spironolactone 1/10 *** 1/10 *
Norbolethone 9/19 * 9/20 NS
Oxandrolone 6/10 NS 6/10 NS
Prednisolone-Ac 1/3 NS 10/10 *
Triamecinolone(2mg) — 10/10 *
Progesterone 8/10 NS 7/10 NS
Estradiol 3/7 NS 9/10 NS
DOC-Ac 9/10 NS 9/10 NS
Hydroxydione 5/9 NS 7/10 NS
Thyroxine 8/10 NS 8/10 NS
Phenobarbital 3/10 ** 3/10 NS

a The rats of all groups were given fluoro-
cortisol acetate (750 pg/100 g body weight in
0.2 ml water, s.c., once daily), sodium per-
chlorate (1 mM/100 g body weight in 2 ml
water, p.o., twice daily) and corn oil (1 ml,
p.o., twice daily from 4th day ff.).

b Cardiac necrosis was estimated on day of
death in animals that lived at least 8 days
and mortality listed on 9th day (“Exact
Probability Test”).

For further details on technique of tabu-
lation cf. p. VIIL.

Selye G70,480/71: In rats, PCN, CS-1 and
spironolactone offer considerable protection
against the myocardial necrosis produced by

F-COL + Na,HPO, + corn oil. The apparent
minor protective effect of other agents is of
borderline significance but phenobarbital is
definitely devoid of prophylactic potency, cf.
Table 14.

Table 14. Conditioning for myocardial necroses
produced by F-COL + Na,HPO, + corn oil

Treatment2 Cardiac Mortality®
necroses?  (Dead/
(Positive/  Total)
Total)
None 9/10 10/10
PCN 0/9 *** 7/10 NS
CS-1 1/10 *%x* 4/10 **
Ethylestrenol 8/9 NS 8/10 NS
Spironolactone 0/9 *** 1/10 ***
Norbolethone 4/9 * 5/10 *
Oxandrolone 10/10 NS 10/10 NS
Prednisolone-Ac 2/6 * 10/10 NS
Triamcinolone — 10/10 NS
Progesterone 7/9 NS 10/10 NS
Estradiol 3/9 * 10/10 NS
DOC-Ac 7/9 NS 10/10 NS
Hydroxydione 5/8 NS 9/10 NS
Thyroxine 9/10 NS 10/10 NS
Phenobarbital 7/10 NS 9/10 NS

a The rats of all groups were given
fluorocortisol acetate (750 pg in 0.2 ml water,
s.c.), Na,HPO, (1 mM in 2 ml water, p.o.,
twice) and corn oil (1 ml, p.o., twice, /100 g
body weight daily from the 4th day ff.).

b Cardiac necroses were estimated on day
of death in animals that survived until the 7th
day and mortality was listed on 11th day
(“Exact Probability Test”).

For additional pertinent data cf. also
Table 135.

For further details on technique of tabu-
lation cf. p. VIIL.

Selye G70,480(71: In rats, thyroxine and
perhaps to a lesser extent also phenobarbital
offer protection against the nephrocalcinosis
produced by combined treatment with DOC
+ NaH,PO,. Here, catatoxic steroids are
devoid of prophylactic potency and glucocor-
ticoids are definitely harmful, ¢f. Table 15.

Selye G70,480/71: In rats, none of the
standard conditioners (with the possible
exception of thyroxine) offered any significant
protection against the nephrocalcinosis pro-
duced by estradiol + NaH,PO,. The morta-
lity induced by this treatment was greatly
increased by the glucocorticoids and perhaps
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to some extent also by CS-1 and norbolethone,
¢f. Table 16.

Selye G70,480/71: Inrats, all the standard ca-
tatoxic steroids as well as prednisolone, estra-
diol and phenobarbital shortened the duration
of progesterone anesthesia, cf. Table 17, p. 136.

Table 15. Conditioning for nephrocalcinosis
produced by DOC + NaH,PO,
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does estradiol which
likewise possesses an inherent catabolic
effect. Phenobarbital, although a potent
microsomal drug-metabolism inducer, fails
to counteract the catabolic action of triam-
cinolone, cf. Table 18, p. 136.

of the former as

Table 16. Conditioning for nephrocalcinosis
produced by estradiol + NaH,PO,

Treatment? Nephrocal- Mortality?  Treatment® Nephrocal- MortalityP
cinosisP (Dead/ cinosisP (Dead/
(Positive/] Total) (Positive/ Total)
Total) Total)
None 10/10 2/10 None 5/9 1/10
PCN 5/8 NS 5/9 NS PCN 5/7 NS 4/10NS
Cs-1 7/10 NS 0/10 NS CS-1 4/TNS 6/10 %
Ethylestrenol 8/9 NS 1/9 NS Ethylestrenol 11/12NS  6/15 NS
Spironolactone 8/9 NS 1/10 NS Spironolactone 2/10 NS  0/10 NS
Norbolethone 8/9 NS 2/10 NS Norbolethone 7/9 NS 6/10%*
Oxandrolone 5/8 NS 3/10 NS Oxandrolone 8/10 NS  0/10 NS
Prednisolone-Ac — 10/10 *¥**  Prednisolone-Ac 0/1 NS 9/9 **x
Prednisolone-Ac(1mg) — 10/10 ***  Prednisolone-Ac{1mg) 2/7 NS 6/8 **
Triamcinolone (2mg) — 10/10 2**  Triamcinolone (2mg) 1/7 NS  8/10 ***
Triamcinolone — 10/10 £x*  Triamcinolone 1/8 NS  8/10 2%
(0.5 mg) (0.5 mg)
Progesterone 7/8 NS 2/9 NS Progesterone 6/8 NS 2/9 NS
Estradiol (1 mg) 6/7 NS 3/10 NS Estradiol (1 mg) 2/10NS  0/10NS
DOC-Ac 8/8 NS 6/10 NS DOC-Ac 6/10NS 1/10NS
Hydroxydione 8/8 NS 5/10 NS Hydroxydione 4/6 NS 4/10NS
Thyroxine 0/10 ***  1/10 NS Thyroxine 0/10 * 0/10 NS
Phenobarbital 6/10 * 6/10 NS Phenobarbital 1/6 NS 5/10NS

a The rats of all groups were given DOC-Ac,
desoxycorticosterone acetate (2 mg in 0.2 ml
water, s.c.) and NaH,PO,, sodium phosphate
monobasic (2 mM in 2 ml water, p.o., twice,
/100 g body weight daily from 4th day ff.).

b Nephrocalcinosis was estimated on day
of death in animals that lived at least 9 days
and mortality listed on 19th day (“Exact
Probability Test”).

For further details on technique of tabu-
lation ¢f. p. VIII.

Selye G70,480/71: In rats, the body weight
loss produced by chronic triamcinolone over-
dosage is significantly counteracted by PCN,
CS-1, spironolactone and norbolethone. Cu-
riously, ethylestrenol has no such action,
although this anabolic testoid is highly effec-
tive in increasing body weight under other
conditions and in counteracting the catabo-
lism produced by chronic DHT intoxication.
As expected, concurrent treatment with
triamcinolone and other glucocorticoids such
as prednisolone aggravate the catabolic effect

2 The rats of all groups were given
estradiol (500 pg in 0.2 ml water, s.c., daily +
NaH,PO,, 2 mM in 2 ml water, p.o., twice
daily /100 g body weight from the 4th day ff.).

b Nephrocalcinosis was estimated on day
of death in animals that lived at least 9 days
and mortality listed on 19th day (“Exact
Probability Test’’).

For further details on technique of tabu-
lation ¢f. p. VIII.

Szabo et al. G79,024/71: In rats, PCN
increases resistance to indomethacin, hexo-
barbital, progesterone, zoxazolamine and di-
gitoxin, both in the presence and in the
absence of the pituitary. Hypophysectomy also
fails to prevent the induction of SER proli-
feration in the hepatocytes.

Zsigmond & Solymoss G79,025[71: In rats,
PCN inhibits the anesthetic effect of proges-
terone and decreases the level of labelled
progesterone and its metabolites in the brain
and serum.
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Table 17. Conditioning for progesterone
anesthesia
Treatment? Sleeping timeP
(min)
None 126 + 19
PCN 0 *okok
Cs-1 0 *okk
Ethylestrenol 0 *kx
Spironolactone 10 L 7 ***
Norbolethone 0 *kok
Oxandrolone 33 L+ 22 **
Prednisolone-Ac 0 k%
Triamcinolone (2 mg) 189 4- 32 NS
Progesterone 129 4 25 NS
Estradiol (1 mg) 474+ 23 *
DOC-Ac 155 4- 21 NS
Hydroxydione 99 4+ 23 NS
Thyroxine 152 4 29 NS
Phenobarbital 0 *okk

& The rats of all groups were given pro-
gesterone (10 mg/100 g body weight in 1 ml oil,
ip., on 4th day).

b Student’s t-test.

For additional pertinent data cf. also
Table 135.

For further details on technique of tabu-
lation cf. p. VIIL.

Table 18. Conditioning for triamcinolone

Treatment? Final body Mortality®

weightP (Dead/

(g) Total)
None 108 4+ 3 2/10
PCN 158 4+ 6 ***  0/10 NS
0S-1 145+ 4 *%* /10 NS
Ethylestrenol 100 + 4 NS 4/10 NS
Spironolactone 125 4 4 ** 0/10 NS
Norbolethone 124 4 3 ** 1/10 NS
Oxandrolone 107 + 3 NS 4/10 NS
Prednisolone-Ac 70 4 3Exk  1(/10 2x*
Triamcinolone 90 (Ir) 9/10 X**

(2 mg)

Progesterone 103 +- 3 NS 2/9 NS
Estradiol (1 mg) 85 4 2 %x*  §/10 NS
DOC-Ac 97 L 4 % 3/10 NS
Hydroxydione 103 + 4 NS 2/10 NS
Thyroxine 109 4- 4 NS 2/10 NS
Phenobarbital 97 +- 3% 0/10 NS

Effect of Steroids Upon Resistance

Selye PROT. 36968: In rats, pancuronium
intoxication was completely prevented by
CS-1 and spironolactone, but PCN and pred-
nisolone were almost equally effective, cf.
Table 19.

Table 19. Conditioning for pancuronium

Treatmentd Dyskinesiab Mortality?
(Positive/  (Dead/
Total) Total)
None 15/15 10/15
PCN 2/10 *** 3/10 NS
CS-1 2710 ¥¥* 010 ***
Ethylestrenol 9/15 ** 5/15 NS
Spironolactone 4/10 *** 0/10 ***
Norbolethone 9/10 NS 5/10 NS
Ozxandrolone 8/10 NS 5/10 NS
Prednisolone-Ac 1/10 *** 1/10 **
Triamcinolone 510 *** 4/10 NS
Progesterone 8/10 NS 3/10 NS
Estradiol 8/10 NS 4/10 NS
DOC-Ac 9/10 NS 6/10 NS
Hydroxydione 7/10 NS 3/10 NS
Thyroxine 6/10 * 3/10 NS
Phenobarbital 7/10 NS 4/10 NS

a The rats of all groups were given pancu-
ronium Br, 60 p1g/100 g body weight in 0.2 ml
water s.c. once on the 4th day.

b Dyskinesia was estimated 30 min
after injection and mortality listed on the
second day (‘“Exact Probability Test”).

For further details on technique of tabu-
lation cf. p. VIIL.

Steroids (A44-3-keto) « A4%-3-keto:
McGuire et al. D82,559/60

a The rats of all groups were given
triamcinolone (1 mg/100 g body weight from
4th to 14th day and 2 mg/100 g body weight
from 15th day, in 1 ml water, p.o., twice
daily).

b Student’s t-test.

¢ Mortality listed on 30th day (“Exact
Probability Test”).

For further details on technique of tabu-
lation ¢f. p. VIIL.
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NONSTEROIDAL HORMONES AND HORMONE-LIKE SUBSTANCES <
ACTH <«

In guinea pigs, combined treatment with ACTH and estradiol allegedly produces
extensive myocardial necroses, similar to the infarctoid cardiopathy elicited by
steroids in combination with stress and certain sodium salts. However, these findings
have not yet been confirmed.

ACTH <« estradiol cf. also Selye toid cardiopathy appears without any addi-

G60,083/70, p. 331.

Lupulescou E21,838/63: In guinea pigs,
combined treatment with norepinephrine -+
estradiol or ACTH - estradiol produces
extensive myocardial necrosis. “This infarc-

tion of phosphates or other sodium salts
which is evidence of the fact that large doses of
oestrogens prepare or sensitize the myocar-
dium as regards the cardiotoxic action of
noradrenalin or the corticotropic hormone.”

STH <«

The interactions between STH and corticoids have been the subject of numerous
studies. The hyalinosis syndrome produced by DOC in uninephrectomized NaCl-
treated rats is aggravated by STH; indeed STH alone can produce malignant hyper-
tension following conditioning by uninephrectomy + NaCl These effects of STH are
inhibited by cortisone as well as by adrenalectomy. Conversely, the cortisone-
induced involutions of the adrenal cortex and thymus are inhibited by STH.

It is possible that STH exerts its toxic effect upon the kidney and the cardiovas-
cular system (hyalinosis) only through (or at least in the presence of) a responsive
adrenal cortex. Adrenal atrophy produced by cortisone or adrenalectomy prevents
these toxic actions of STH. On the other hand, the prophlogistic and
anabolic actions of STH are increased by DOC or aldosterone even after

adrenalectomy.

STH <« glucocorticoids cf. also Selye
B58,650[51, pp. 317, 357; C9,000/56, p. 58;
G60,083170, pp. 348, 357.

STH «— mineralocorticoids cf. also Selye
B58,650/51, pp. 316, 357; C9,000/56, p. 59.

STH < testoids cf. also Selye G60,083/70.
pp. 374, 378.

Selye B53,940/51: In uninephrectomized
NaCl-treated rats, the hyalinosis syndrome
produced by DOC is aggravated by STH;
indeed, STH alone can produce malignant
hypertensive disease. These effects of STH are
inhibited by cortisone. Apparently STH
increases mineralocorticoid production by the
adrenals (unless these are rendered atrophic
by cortisone) and/or sensitizes the peripheral
tissue to mineralocorticoids.

Selye B53,934/51: In rats conditioned by
uninephrectomy -+ NaCl, both STH and DOC
produce generalized hyalinosis and hyperten-
sion. The same as adrenalectomy or hypophys-
ectomy, large doses of cortisone (which
cause adrenocortical atrophy) prevent the
cardiovascular and renal damage. “Appa-
rently, STH exerts its toxic effects upon the
kidney and the cardiovascular system only
through (or at least in the presence of) a
responsive adrenal cortex.”

Selye B75,329/52: In rats the involution of
the adrenal cortex and of the thymus as well
as the antiphlogistic effect of cortisone are
counteracted by simultaneous STH treat-
ment. “Curiously, even those organs which
normally undergo an absolute or relative
increase in size as a result of either
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cortisone or STH treatment, e.g. the heart,
kidney, liver, are maintained in an essentially
normal weight range if both hormones are
given conjointly.”

Selye & Bois C1,718/55: In intact and in
adrenalectomized rats, a synergism between
mineralocorticoids (DOC, aldosterone) and
STH was evident in their effects upon many
target organs.

Wakabayashi et al. H27,784({70: In rats,

Effect of Steroids Upon Resistance

exposure to stressors [kind not stated (H.S.)],
or administration of dexamethasone suppresses
plasma STH (radioimmunoassay) both in the
presence and in the absence of the adrenals.
Adrenalectomy increases plasma STH. [These
findings support the view that during stress—
perhaps owing to increased ACTH and/or
glucocorticoid secretion, the “shift in pituitary
hormone production” results in a diminished
STH secretion (H.S.).]

Other Anterior Lobe Extracts <

The preputial gland stimulating effect of crude anterior pituitary extract is enhan-
ced by concurrent administration of pregnenolone, although in itself, the latter
produces only very slight preputial gland stimulation.

Selye & Clarke 55,978/43: In the rat,
Ab-pregnenolone greatly augments the pre-
putial gland stimulating effect of crude
anterior pituitary extracts. In itself, A%-preg-
nenolone causes only very slight preputial
gland stimulation and even this effect is
abolished by hypophysectomy and hence is
apparently dependent upon the simultaneous
activity of hypophyseal hormones.

Rondell H32,853[70: In vitro experiments
on the ovarian follicles of the pig suggest that
LH, cyclic AMP or progesterone augment the
distensibility of follicular strips, thereby pre-
paring for rupture. TMACN blocks the effects
of LH or cyclic AMP on both steroid release

and distensibility. This blockade can be
counteracted by progesterone. Presumably,
“LH stimulates steroid secretion from the
follicular tissue which in turn causes the
activation of the ovulatory enzyme.”

Dmowsks et al. G80,777(71: In various
species, Danazol (2,3 isoxazol derivative of
17a-ethinyl testosterone) was found to inhibit
the effect of endogenous, but not of exo-
genous gonadotrophins. In addition, it had a
mild testoid and progestational effect, but was
devoid of antitestoid, antifolliculoid or anti-
luteoid properties.

Gonadotrophins <« Estradiol-178,
Progesterone: Brown et al. F57,759/65*

Posterior Pituitary Hormones <—

The production of renal cortical necrosis by vasopressin is facilitated in rats by
pretreatment with estradiol or estrone. Though 5-HT produces similar renal lesions,
their development is not modified by folliculoids. In ovariectomized weanling rats,
pretreated with progesterone and estradiol, even oxytocin preparations produce

renal cortical necrosis, although, by themselves, the latter have no such effect.
The metacorticoid hypertension produced by temporary overdosage with DOC +
NaCl predisposes for the pressor effect of vasopressin and other vasopressor sub-

stances.

Posterior Pituiary Hormones < cf. also
Selye G60,083[70, pp. 364, 369.

Byrom A9,905/38: In rats, the production
of renal cortical necrosis by vasopressin is
facilitated by pretreatment with estradiol or
estrone.

Sturtevant €9,089/55; C21,691/56: In rats
with metacorticoid hypertension (produced by
temporary overdosage with DOC + NaCl), the
pressor effect of epinephrine, norepinephrine,
vasopressin and renin was increased, but the
effect of histamine, 5-HT, yohimbine and
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TEA on the blood pressure was not consistently
altered.

Szarvas & Kovdcs E34,633/63: In the rat,
estrone aggravates the renal necroses produced
by posterior pituitary extracts, but not

Moore G11,771/64: In intact or ovariec-
tomized weanling rats pretreated for ten days
with progesterone and estradiol, renal cortical
necrosis develops under the influence of oxy-
tocin, whereas in itself, the latter is in-

those elicited by 5-HT. effective.

Thyroid Hormones <

In rats, testoid extracts of urine have been claimed to counteract the adipose
tissue atrophy and other manifestations of overdosage with desiccated thyroid. In
baby rats, the retardation of tooth eruption and opening of the eyelids induced by
thiouracil are inhibited by DOC, but the stunting of body growth and the thyroid
changes themselves are not influenced by this steroid. Testosterone fails to affect the
body and organ weight changesinduced by thioureas in the rat. However, the thiourea-
induced glycogen storage and pathologic changes in the liver are allegedly counter-
acted by testosterone, whereas the glycogenolytic action of thyroid is prevented by
cortisone. The pulmonary edema induced in rats by thiourea (or other agents such
as NH,CI, epinephrine, chloropicrin) are prevented by the administration, 5 min
earlier, of a single dose of prednisolone i.v. On the other hand, prednisolone
aggravates the myopathy produced by thyroid overdosage in the rat.

Extensive recent studies performed in our Institute show that, in general, cata-
toxic steroids are not particularly efficient in preventing the body weight loss
produced by large doses of T3. The comparatively mild protective effect exerted in
this respect by ethylestrenol and norbolethone may well be ascribed to the anabolic
effect of these steroids. On the other hand, the glucocorticoids, prednisolone and
triamecinolone, as well as estradiol, greatly aggravate the toxicity of T3. The prostra-
tion and mortality induced by high doses of propylthiouracil are counteracted by
PCN, CS-1 and several other potent catatoxic steroids, but the thyroid enlargement
induced by small amounts of this goitrogen is further enhanced by PCN, which
possesses a mild goitrogenic effect itself.

In guinea pigs, the weight loss produced by thyroxine can be counteracted by
cardiac glycosides or DOC.

In dogs, estradiol stimulates the proliferation of spongy bone, an effect which
is inhibited by thyroidectomy and enhanced by thyroxine.

Methenolone (a testoid) antagonizes the catabolic effect of desiccated thyroid or
of prednisolone in man.

Thyroid Hormones < corticoids cf. also  animals similar to that obtained with adrenal

Selye G60,083]70, pp. 347, 355.

Korenchevsky et al. 16,451/33: In the rat,
a testoid extract prepared from urine failed to
influence the decrease in fat deposition and
other manifestations of overdosage with
desiccated thyroid.

Kinsell et al. A37,369/42: Experiments on
guinea pigs and mice suggested that ‘“thera-
peutic dosage of cardiac steroid-glycosides
prevents a weight loss in thyroxin-treated

cortical hormone and desoxycorticosterone
acetate. Larger dosage of these -cardiac
glycosides either fails to modify such weight
loss or actually increases it.”

Oettel & Franck A72,420/42: In rats,
DOC allegedly offers some protection against
the hepatic changes produced by thyroxine
or allylformiate.

Parmer B17,568/47: In baby rats, the
retardation of tooth eruption and of the
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opening of the eyelids induced by thiouracil is
counteracted by DOC. However, the stunting
of body growth and the thyroid changes
produced by thiouracil are not influenced by
DOC.

Benoit & Clavert B27,669/48: In ducks,
estradiol stimulates the proliferation of spongy
bone consisting of fine trabeculae. Thyroid-
ectomy retards this bone proliferation,
whereas conjoint treatment with thyroxine
and estradiol leads to the abundant develop-
ment of thick trabeculae.

Leathem B38,768/48: In rats the effect
of thiourea and thiouracil upon body and organ
weights is not significantly influenced by tes-
tosterone.

Kar et al. C17,631)55: In rats, thiourea
causes glycogen storage and severe pathologic
changes in the liver. Testosterone counteracts
these lesions.

Kusama C58,473/57: In rats, the glyco-
genolytic action of thyroid feeding is counter-
acted by cortisone.

Table 20. Conditioning for T3 (3,3,5-Triiodo-

L-thyronine)

Treatment® Final body Mortality¢

weightb (Dead/

(g) Total)
None (untreated) 161 4 3 ***  0/5
None (T, treated) 105 4 4 6/10
PCN 105 4+ 3NS  6/15 NS
PCN (1 mg) 1154+ 3NS  8/10 NS
Cs-1 118 - 6 NS  6/10 NS
Ethylestrenol 117 4 4 * 3/10 NS
Spironolactone 1154+ 6 NS  6/10NS
Norbolethone 121 4 4 ** 4/10 NS
Oxandrolone 107 + 5 NS 2/10 NS
Prednisolone-Ac 78 + 5x*x  5/10 NS
Triamcinolone — 10/10 *
Progesterone 106 4 4 NS 8/10 NS
Estradiol 83 f 2 **% (/10 **
DOC-Ac 994+ 4NS  6/10NS
Hydroxydione 108 4+ 4 NS 8/10 NS
Thyroxine 106 - 4 NS  8/10NS
Phenobarbital 114 + 3 NS 8/10 NS

a The rats of all groups (except the 1st)
were given Ty (200 pg/100 g body weight in
0.2 ml water, s.c., twice daily from 4th day ff.).

b Student’s t-test. All statistics in compari-
son with 2nd group.

¢ Mortality listed on 12th day (“Exact
Probability Test”).

For further details on technique of tabu-
lation cf. p. VIIL.

Henschler & Reich C71,216/59: In rats, the
pulmonary edema induced by ammonium
chloride, epinephrine, thiourea, or chloro-
picrin is prevented by the administration
about 5 min earlier of a single large dose of
prednisolone i.v.

Weller D13,995/61; D22,262/62: In man,
methenolone antagonizes the catabolic effect
of prednisolone and desiccated thyroid.

Cavalca F83,698/67: Prednisolone greatly
aggravates the myopathy produced by thyroid
overdosage in the rat.

Selye G70,480/71: In rats, none of the
standard conditioners (with the possible
exception of ethylestrenol and norbolethone)
was conspicuously effective in preventing the
catabolism produced by overdosage with T3.
Prednisolone and estradiol actually increased
the catabolic effect of the thyroid hormone.
The mortality resulting from T3 overdosage
appears to have been diminished by estradiol,
but aggravated by triamcinolone, ¢f. Table 20.

Selye 70,480]71: In rats, all the classic
catatoxic steroids and phenobarbital readily
inhibit propylthiouracil intoxication. Progeste-
rone has a dubious prophylactic effect, cf.
Table 21.

Table 21. Conditioning for high doses of

propylthiouracil

Treatment2 Dyskinesiab Mortality®

(Positive/ (Dead/

Total) Total)
None 10/10 4/10
PCN 0/10 *** 0/10 *
Cs-1 3/10 *** 0/10 *
Ethylestrenol 3/10 *** 3/10 NS
Spironolactone 3/10 **x* 3/10 NS
Norbolethone 2/10 *** 1/10 NS
Oxandrolone 3/10 *** 0/10 *
Prednisolone-Ac 7/10 NS 3/10 NS
Triamcinolone 10/10 NS 9/10
Progesterone 6/10 * 1/10 NS
Estradiol 7/10 NS 4/10 NS
DOC-Ac 7/10 NS 2/10 NS
Hydroxydione 7/10 NS 1/10 NS
Thyroxine 10/10 NS 9/10 *
Phenobarbital 0/10 *** 0/10 *

2 The rats of all groups were given pro-
pylthiouracil (30 mg/100 g body weight in
0.15 m1 DMSO, i.p., once on 4th day).

b Dyskinesia was estimated 3 hrs after
injection and mortality listed 24 hrs later
(‘““Exact Probability Test”).

For further details on technique of tabu-
lation cf. p. VIIL.
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Selye PROT. 36736: In rats, the thyroid
enlargement produced by small doses of
propylthiouracil is increased by PCN (which
has a slight goitrogenic effect of its own) and
decreased by suitable doses of glucocorticoids,
estradiol, DOC and thyroxine. Several of the

standard conditioning agents, particularly
glucocorticoids, also interfere with the normal
gain in body weight. Finally, large doses of
glucocorticoids cause considerable mortality
in the presence of propylthiouracil overdos-
age, cf. Table 22.

Table 22. Conditioning for low doses of propylthiouracil

Treatment® Thyroid weight? Final body weighte  Mortalitye
(mg) (g) (Dead/Total)
None 14.8 + 0.6¢ 151 4 2 0/15
PCN 23.1 4 1.4 *** 145 + 3 NS 0/5 NS
Cs-1 14.3 + 0.8 NS 152 4+ 3 NS 0/10 NS
Ethylestrenol 1294+ 04 * 152 + 3 NS 0/10 NS
Spironolactone 173+ 08 % 148 + 2 NS 0/10 NS
Norbolethone 15.9 + 1.3 NS 160 4+ 2 * 0/10 NS
Oxandrolone 14.3 - 0.9 NS 145 + 3 NS 0/10 NS
Prednisolone-Ac 12.1 -+ 0.6 ** 80 - 1 Xx*% 5/10 x %%
Prednisolone-Ac (100 pg) 1144 1.1 % 120 + 3 %% 0/5 NS
Triamcinolone 8.7 4 0.8 *** 65 | 2 xkx 8/10 x**
Triamcinolone (100 pg) 13.1 4+ 05 * 113 - 3 x*% 0/5 NS
Progesterone 13.8 -+ 0.9 NS 138 L 2 *** 0/10 NS
Estradiol 13.3 + 0.8 NS 97 L 2 kxx% 0/10 NS
Estradiol (100 pg) 11.5 4 0.8 ** 128 1+ 3 xkk 0/5 NS
DOC-Ac 12.2 + 0.7 ** 138 | 2 *xx* 0/10 NS
Hydroxydione 13.5 + 0.9 NS 139 4 2 *x 0/10 NS
Thyroxine 8.5 4+ 0.5 *** 139 44 % 0/10 NS
Phenobarbital 15.0 + 1.2 NS 144 + 2 * 0/10 NS

a The rats of all groups were given propylthiouracil (25ug/100g body weight in 0.1 mlDMSO,

i.p., twice daily from 4th day ff.).

b The thyroid weight in completely untreated control rats (receiving no propylthiouracil)

was 9.5 4+ 0.5.

¢ Mortality was listed on 13th day (‘“Exact Probability Test”), simultaneously with thyroid

weight and final body weight (Student’s t-test). For further details on technique of tabulation
¢f. p. VIIL.

Parathyroid Hormones <

In rats, pretreatment with DOC allegedly inhibits the nephrocalcinosis produced
by parathyroid extract.

Cortisone antagonizes the effect of parathyroid extract upon the teeth and bones
of the rat, simultaneously inhibiting hypercalcemia and nephrocalcinosis. Cortisone
also prevents the accumulation of strontium and calcium in the kidney, as well as
their urinary elimination following parathyroid extract injection. The elevation of
serum total glycoproteins induced by parathyroid extract as well as the associated
nephrocalcinosis can be prevented by cortisone, although the latter does not
prevent the nonspecific elevation of serum glycoproteins induced by turpentine.
Even the production of osteitis fibrosa and of an increase in gastric mucus production
are inhibited by glucocorticoids in the rat.
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Small doses of estradiol increase the cortical nephrocalcinosis in parathyroid
extract treated rats. In hens, folliculoids increase blood calcium, but do not
augment the hypercalcemic action of parathyroid extract. Both hormone preparations
cause osteosclerosis in chickens, but the lesions are qualitatively distinct.

Parathyroid Hormones < corticoids cf. also
Selye G60,083]70, pp. 347, 354.

Baker et al. C24,277/54: In rats, pre-
treatment with DOC greatly diminishes the
nephrocalcinosis normally produced by para-
thyroid hormone.

Bacon et al. C26,675/56: In rats, parathy-
roid extract increases the urinary excretion of
radioactive calcium and strontium, as well as
the deposition of these elements in the kidney.
Cortisone prevents the accumulation of
strontium and calcium in the kidney, but
does not influence their urinary excretion
under these conditions.

Laron et al. C47,872/58: In rats, cortisone
antagonizes the effect of parathyroid extract
upon the teeth and bones; it also inhibits
hypercalcemia and nephrocalcinosis.

Bradford et al. D76,315/60: In rats, corti-
sone prevents the elevation of serum total
glycoproteins induced by parathyroid extract
as well as the associated nephrocalcinosis.

Cortisone does not prevent the nonspecific
elevation of serum glycoproteins resulting
from turpentine injections.

Urist et al. C95,236/60: In hens, parathy-
roid extract and ‘“‘equine estrogenic substances”
had an additive effect on blood calcium and
bone structure. Both hormone preparations
caused osteosclerosis although of a different
type and, whereas parathyroid extract increa-
sed ultrafilterable calcium, the folliculoid
preparation augmented the nonultrafilterable
fraction of the serum calcium.

Grob et al. E20,745/63: Small doses of
estradiol increase cortical nephrocalcinosis in
the parathyroid extract treated rat.

Stoerk et al. G5,410/63: In rats, the pro-
duction of osteitis fibrosa by parathyroid
extract is inhibited through cortisol.

Menguy & Masters F17,447(64: In rats,
parathyroid extract greatly increases the
production of gastric mucus and this effect
can be partially blocked by cortisone.

Pancreatic Hormones <

In rats, adrenocortical extracts (with predominantly glucocorticoid activity)
proved to inhibit both insulin hypoglycemia and epinephrine hyperglycemia. It was
concluded that “cortin exerts a stabilizing effect upon the blood sugar.” In mice,
ACTH and glucocorticoids increase insulin resistance, as judged by toxicity tests.
The renal changes produced by alloxan are aggravated by cortisone in guinea pigs
but not in rats. The mortality induced by phenformin (an oral antidiabetic) is dimi-
nished by cortisol in rats but not in dogs.

DOC allegedly antagonizes the toxic actions of insulin, and in combination with
the latter can produce extreme obesity in rats. It also protects against alloxan
diabetes.

Fluoxymesterone renders the rat hypersensitive to insulin shock, perhaps because
this testoid induces adrenocortical atrophy. Durabolin (another anabolic testoid)
decreases alloxan ketosis in the rat, whereas diethylstilbestrol tends to aggravate it,
at least on certain diets.

In rabbits, alloxan diabetes is not significantly affected by DOC, testosterone or
progesterone, whereas stilbestrol rapidly decreases alloxan hyperglycemia in both
sexes. The toxicity of tolbutamide is increased by stilbestrol in the rat.
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Selye & Dosne A30,701/39: In rats, under
certain conditions, an adrenocortical extract
may inhibit both insulin hypoglycemia and
epinephrine hyperglycemia. “It appears that
cortin exerts a stabilizing effect on the blood
sugar.”

Jensen & Grattan 77,887 {40: In mice, ACTH,
glucocorticoids and cortical extracts increase
insulin resistance, whereas other pituitary
hormones and thyroxine have no such effect.

Levens & Swann 80,483/41: In rats, DOC
antagonizes the toxic actions of insulin, and
in combination with the latter, produces
extreme obesity.

Ingle et al. B3,163[47: In rats, diethylstil-
bestrol tends to aggravate alloxan diabetes
but its effect depends upon the diet.

Carrasco & Vargas B50,792(49: In rabbits,
alloxan diabetes is not significantly affected
by DOC, testosterone or progesterone. Stil-
bestrol rapidly decreases alloxan hypergly-
cemia in both sexes.

Grunert & Phillips B48,993/49: In rats,
DOC protects against alloxan diabetes.

Avezzu et al. C12,653/54: In guinea pigs,
the renal changes produced by alloxan are
aggravated by cortisone.

Penhos & Blaguier C59,755/58: The mor-
tality induced by phenformin (an oral antidia-

betic) is diminished by cortisol and epineph-
rine in rats but not in dogs.

Greenberg D21,811/62: In the rat, the renal
changes produced by alloxan are not signi-
ficantly affected by cortisone.

McColl & Sacra D34,973/62: “Pretreat-
ment of female Sprague-Dawley rats with
diethylstilbestrol for 15 days significantly
increased the acute toxic effect of tolbuta-
mide, isobuzote, terbuzole, and insulin. Testos-
terone pretreatment resulted in a significant
decrease in toxicity of tolbutamide, isobuzole,
and terbuzole but not of insulin.”

Grella E21,638/63: Pretreatment with
fluoxymesterone renders the rat hypersensi-
tive to insulin shock, allegedly because this
testoid produces adrenocortical atrophy.

Rudas & Weissel E34,762/63: Nandrolone
decreases alloxan ketosis in the rat.

Pokrajac et al. G49,275/67: Review of the
literature and personal observations on the
increased insulin resistance of cortisol-treated
rats.

Isacson & Nilsson G'80,478/70: In healthy
men, combined treatment with phenformin
and ethylestrenol raised the fibrinolytic activity
of the blood and the platelet adhesiveness.
Thus, ‘“‘the combined treatment produced
changes tending to counteract the develop-
ment of thrombosis.”

Epinephrine, Norepinephrine <

As previously stated, under certain conditions, glucocorticoid adrenal extracts
may inhibit both insulin hypoglycemia and epinephrine hyperglycemia in rats.
That is why we concluded that “cortin exerts a stabilizing effect upon the blood
sugar.”

Prednisone pretreatment facilitates the production of pulmonary edema by
small doses of epinephrine in rabbits. On the other hand, in the rat, pulmonary edema
induced by epinephrine (or thiourea, chloropicrin or NH,Cl) is prevented by the
administration of a single dose of prednisolone 5 min earlier. In dogs, prednisolone
failed to protect against shock induced by epinephrine or norepinephrine.

Both in rats and in dogs, the pressor action of epinephrine and norepinephrine
(as well as that of renin and angiotensin) is considerably enhanced by previous
uninephrectomy and treatment with DOC -+ NaCL

Pretreatment with stilbestrol diminishes the severity of pulmonary edema follow-
ing epinephrine treatment in guinea pigs. On the other hand, combined treatment
with norepinephrine and estradiol produces extensive myocardial necrosis in
guinea pigs, similar to the ESCN produced in rats.

In rabbits, the production of calcifying aortic lesions by epinephrine is
partially inhibited by adrenosterone, a testoid compound, although normally males
are more sensitive than females to this type of arteriosclerosis.
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Epinephrine, Norepinephrine < corti-
coidscf.also Selye B58,650/51, p. 322; C 92,918/
61,pp. 107, 109, 111; G60,083]70, pp. 347, 352.

Epinephrine, Norepinephrine <« folli-
culoids cf. also Selye G60,083[70, pp. 364, 368.

Epinephrine, Norepinephrine <- luteoids
cf. also Selye G60,083/70, p. 370.

Epinephrine, Norepinephrine < testoids
cf. also Selye G60,083[70, p. 379.

Selye & Dosne A30,701/39: In rats, under
certain conditions, the adrenocortical extract
may inhibit both insulin hypoglycemia and
epinephrine hyperglycemia. ‘It appears that
cortin exerts a stabilizing effect on the blood
sugar.”

Masson et al. B47,635/50: In dogs pre-
treated with DOC + uninephrectomy -+ NaCl,
the hypotensive effect of TEA was not
significantly altered. Similarly, both in rats
and in dogs, the pressor action of epinephrine,
norepinephrine, renin and angiotensin was
not consistently altered by previous unine-
phrectomy and treatment with DOC 4 NaCl,

Franco C27,638/54: In guinea pigs, pre-
treatment with testosterone does not modify
the development of pulmonary edema follow-
ing the administration of epinephrine.

Giuseppe C27,630/64: In guinea pigs, pre-
treatment with stilbestrol diminishes the
severity of pulmonary edema following treat-
ment with epinephrine.

Sturtevant €9,089/56; C21,691/56: In rats
with metacorticoid hypertension (produced by
temporary overdosage with DOC + NaCl), the
pressor effect of epinephrine, norepinephrine,
vasopressin and renin was increased, but the
effect of histamine, 5-HT, yohimbine and TEA
on the blood pressure was not consistently
altered.

Barbe C46,902/57: In rabbits, prednisone
pretreatment facilitates the production of
fatal pulmonary edema by small doses of
epinephrine.

Moss & Dury C44,068/57: In rabbits, the
development of cholesterol atherosclerosis is
inhibited by cortisone, and the regression of
already established lesions accelerated. The
epinephrine-induced aortic medial necrosis is
not prevented by cortisone, but the fibroblast
reaction in the lesions is inhibited.

Plotka et al. 051,239/57: In rabbits, the
production of aortic lesions by epinephrine i.v.
is partly inhibited by adrenosterone; yet,
normally males are more sensitive than fe-
males to epinephrine arteriosclerosis.

Henschler & Reich C71,216/59: In rats, the
pulmonary edema induced by ammonium
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chloride, epinephrine, thiourea or chloropicrin
is prevented by the administration about 5 min
earlier of a single large dose of prednisolone i.v.

Lupulescou E21,838/63: In guinea pigs,
combined treatment with norepinephrine -
estradiol or ACTH + estradiol produces
extensive myocardial necrosis. ‘“This infarc-
toid cardiopathy appears without any addi-
tion of phosphates or other sodium salts which
is evidence of the fact that large doses of
oestrogens prepare or sensitize the myocardium
as regards the cardiotoxic action of noradre-
nalin or the corticotropic hormone.”

S2ab6 et al. @44,867/66: In dogs, predniso-
lone failed to protect against shock induced by
epinephrine or norepinephrine.

Motsay et al. H32,852[70: In dogs, massive
doses of glucocorticoids (e.g., methylpredni-
solone) can offer protection against circulatory
shock produced by overdosage with epine-
phrine or endotoxin. The prophylactic effect
is ascribed primarily to a protection of the
microcirculation.

Selye PROT. 32804: In rats, none of the
conditioning agents of our series offered any
significant protection against acute intoxica-

Table 23. Conditioning for epinephrine

Treatment? Dyskinesia Mortality?P
(Positive/ (Dead/
Total) Total)
None 3/10 0/10
PCN 7/10 NS 3/10 NS
C8-1 6/10 NS 2/10 NS
Ethylestrenol 7/10 NS 0/10 NS
Spironolactone 5/10 NS 1/10 NS
Norbolethone 6/10 NS 1/10 NS
Oxandrolone 4/10 NS 0/10 NS
Prednisolone-Ac 2/10 NS 5/10
Triamcinolone 5/10 NS 7/10 xx%
Progesterone 5/10 NS 2/10 NS
Estradiol 8/10 * 4/10 *
DOC-Ac 6/9 NS 0/9 NS
Hydroxydione 8/10 * 2/10 NS
Thyroxine 9/9 xx* 89 Xxix
Phenobarbital 8/10 % 3/10 NS

3 The rats of all groups were given epine-
phrine bitartrate (1.5 mgf/100 g body weight
in 0.2 ml water, s.c., once on 4th day).

b Dyskinesia was estimated 5 hrs after
injection and mortality listed 24 hrs later
(“Exact Probability Test”).

For further details on technique of tabu-
lation cf. p. VIIL.
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tion with epinephrine. The glucocorticoids and
thyroxine actually decreased resistance to
this catecholamine. The apparent increase in

epinephrine sensitivity induced by estradiol
hydroxydione and phenobarbital was barely
significant, c¢f. Table 23, p. 144.

Histamine <«

Earlier observations suggested that in mice and rats, adrenocortical extract or
DOC, in combination with NaCl, can raise histamine resistance above normal. This
has subsequently been confirmed with cortisol and DOC as regards the hypotensive
effect of histamine in rats. Yet, in new-born rats, fatal intoxication with histamine
was not significantly influenced by cortisol, cortisone, corticosterone or ACTH.

In rats given histamine by aerosol, or egg-white i.p., an asthmatic attack ensues if
the lung was previously irritated by inhalation of acetic acid. This response is ob-
tained in females, castrate males, and in intact males treated with folliculoids, but
not in normal males. Testosterone and progesterone abolish this effect in females and
castrate males, thus indicating a sex hormone dependence of histamine resistance.

In rats, complete blockade of the sympathetic system by adrenal demedullation,
combined with reserpine or bretylium-like agents or with ganglioplegics, causes a
considerable increase in histamine sensitivity, comparable in degree to that induced
by complete adrenalectomy. Epinephrine alone counteracts the lethality of histamine
after such sympathetic blockade, but cortisone offers only partial protection. Pre-
sumably, sympathetic stimulation is ‘“‘the first line of defense” against the
vasomotor disturbances produced by histamine and, in this respect, is more impor-
tant than cortisone, although the latter offers greater protection against other

stressors.

In mice, sensitized by histamine plus pertussis vaccine, cortisol and cortisone
increased, whereas DOC decreased resistance to shock produced by this combined

treatment.

In guinea pigs, ACTH and cortisone failed to protect against histamine shock or

anaphylaxis.

Perla et al. A31,863/40: In mice and rats,
pretreatment with NaCl in combination with
DOC or adrenocortical extract increased
resistance to histamine. Favorable results
have also been obtained by DOC plus NaClin a
few patients suffering from surgical shock.

Malkiel G71,4561/61: In guinea pigs, ACTH
and cortisone are without effect on the end
results of histamine shock, or of passive or
active anaphylaxis.

Malkiel & Hargis D27,396/52: Cortisone
s.c. protects the rat against histamine into-
xication even after sensitization by pertussis
vaccine.

Kind B81,943/53: In H. pertussis-inocula-
ted mice, cortisone inhibits the lethal effect
of both histamine and H. pertussis vaccine.
Cortisone also protects uninoculated mice
against lethal intoxication with this vaccine.

10 Selye, Hormones and Resistance

Sackler et al. B78,749/53: In rats, thyro-
parathyroidectomy increases histamine toler-
ance, but only in females. Intact rats show no
sex difference in histamine tolerance. Gonad-
ectomy raises histamine tolerance in both
sexes.

Chédid C622/54: Pertussis vaccine sensi-
tizes the intact mouse both to histamine and
to typhoid endotoxin. Under these conditions,
both phenergan and cortisone protect the
animals against fatal doses of histamine but
not against endotoxin. In adrenalectomized
mice, cortisone does protect against endotoxin.

Gross C30,649/55: In rats, administration
of histamine by aerosol, or of egg-white i.p.
elicits an asthmatic attack if the lung was
previously irritated by inhalation of acetic
acid given by a spray. This responseis obtain-
ed in females, castrate males or males treat-
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ed with folliculoids, but not in normal
males. Testosterone and progesterone abolish
this effect in females and castrate males.

Lecomte D12,212/61: Both -cortisol and
DOC increase the resistance of the rat to the
hypotensive effect of histamine i.v.

Higginbotham D21,395/62: In mice, re-
sistance to 5-HT, endotoxin and anaphylactic
shock is markedly decreased by adrenalec-
tomy. Cortisol readily restored resistance to
5-HT, but was less effective with regard to
endotoxin and anaphylactic shock. Resistance
to histamine and histamine releasers is less
markedly diminished by adrenalectomy in the
mouse, and large doses of cortisol are required
to induce a measurable increase in resistance
to histamine.

Lecomte & Sodoyez D20,641/62: The
hypotension and shock produced by endo-
genous histamine liberation following treat-
ment with compound L-1935 in the rat is not
significantly influenced by cortisol or DOC.

Pekdrek & Vrdna D52,098/62: In rats
sensitized to histamine by pertussis vaccine,
DOC decreases resistance to the combined
treatment.

Munoz E8,473/64: Cortisone and cortisol
protect the pertussis-sensitized mouse against
histamine, cold and anaphylaxis even after
adrenalectomy.

Schapiro F31,856/65: In newborn rats,
fatal intoxication with histamine was not sig-
nificantly influenced by ACTH, cortisol, corti-
sone or corticosterone.

Krawczak & Brodie H25,296[70: In rats,
complete blockade of sympathetic function
can be achieved by demedullation combined
with reserpine-like agents (depleting catechol-
amine stores), bretylium-like agents (pre-
venting nerve impulse from releasing cate-
cholamines) or ganglioplegics. Following such
total sympathetic blockade, mortality from
histamine or endotoxin is as markedly increa-
sed as by adrenalectomy. Pretreatment with
epinephrine alone counteracts the increased
lethality of endotoxin and histamine after
sympathetic blockade. Cortisone pretreatment
only partially corrects the sensitization by
adrenalectomy, whereas cortisone - epine-
phrine offers complete protection against
these agents. Presumably, sympathetic stimula-
tion is ‘“‘the first line of defense against the
vasomotor disturbance elicited by endotoxin
and histamine.” The lethal effect of formalin
or tourniquet shock is likewise greatly increased
by adrenalectomy, but in contrast to that of
endotoxin and histamine, it cannot be in-
creased by sympathetic blockade. Further-
more, cortisone alone counteracts the toxicity
of these stressors in adrenalectomized rats.
Apparently ‘“formalin and tourniquet shock is
initiated by a mechanism which differs from
that elicited by histamine and endotoxin and
does not primarily involve the sympathetic
system.”

Histamine <« Ovariectomy: Sackler
et al. B78,749/53*

5-HT <

In rats, metacorticoid hypertension does not influence the effect of 5-HT upon

blood pressure.

The gastric ulcers produced by large doses of 5-HT in the rat are prevented by

cortisol and aggravated by DOC.

The production of renal infarcts by 5-HT is partially prevented by hypophysec-

tomy, DOC, or testosterone, uninfluenced by ACTH, and aggravated by cortisone.
On the other hand, such renal necroses are also inhibited by the stress of restraint,
both in intact and in adrenalectomized rats. Estradiol aggravates the 5-HT induced
renal necroses, whereas estrone allegedly has no such sensitizing effect.

The 5-HT content of the brain decreases after cortisol treatment, presumably
through the induction of hepatic TPO.

Sturtevant €9,089/55; C21,591]56: In rats
with metacorticoid hypertension (produced by
temporary overdosage with DOC -+ NaCl)
the pressor effect of epinephrine, norepine-

phrine, vasopressin and renin was increased,
but the effect of histamine, 5-HT, yohimbine
and TEA on the blood pressure was not
consistently altered.
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Selye & Bois C23,958/57: The gastric ulcers
produced by large doses of 5-HT in the rat can
be prevented by cortisol, and aggravated by
DOC.

Jasmin & Bois C92,099/60: Hypophysec-
tomy partially protects the rat against the
production of renal infarcts by 5-HT. ACTH
does not affect this change; cortisol aggravates
it, whereas DOC and testosterone offer partial
protection against it. Estradiol pretreatment
sensitizes the rat for the production of ischemic
renal infarcts by 5-HT.

Higginbotham D21,395/62: In mice, resis-
tance to 5-HT, endotoxin, and anaphylactic
shock is markedly decreased by adrenalectomy.
Cortisol readily restored resistance to 5-HT,
but was less effective with regard to endo-
toxin and anaphylactic shock. Resistance to
histamine and histamine releasers is less

markedly diminished by adrenalectomy in the
mouse, and large doses of cortisol are required
to induce a measurable increase in resistance
to histamine.

Szarvas & Kovdcs E34,633/63: In the rat,
estrone aggravates the renal necroses produced
by posterior pituitary extracts, but not those
elicited by 5-HT.

Selye et al. E24,146/64: The renal necroses
normally produced in rats by acute intoxica-
tion with 5-HT can be inhibited by forced
restraint both in intact and in adrenalectomized
rats. Cortisol has no such inhibitory effect.

Green & Curzon H5,891/68: In the rat, the
5-HT content of the brain decreases after
treatment with cortisol, presumably through
the induction of TPO in the liver.

5-HT(N-acetyl) <« Prednisolone:
Inscoe et al. F'70,325/66

Various Tissue Extracts <

A few publications deal with the effect of steroids upon the toxicity of crude
tissue extracts. For example, estradiol increases, whereas progesterone and
adrenocortical extract decrease the toxicity of menstrual discharge injected s.c.

into rats.

In mice, adrenocortical extract diminishes the toxicity of the peritoneal exudate

elicited by intestinal strangulation.

Submandibular gland grafts obtained from testosterone-treated donors are said
to be highly toxic to mice, although testosterone is not toxic in the presence of
submandibular glands. Apparently, the latter do not release the induced toxic

factor.

In rabbits, aldosterone and cortisone increased, whereas spironolactone inhibited

the angiotensin-induced glycosuria.

Smith & Smith A32,972[40: In rats, the
toxicity of menstrual discharge s.c. is increased
by estradiol and diminished by progesterone
or adrenocortical extract pretreatment. Gona-
dectomy offers moderate protection in both
sexes. DOC is ineffective.

Laufman & Freed 88,861/43: In mice,
adrenocortical extract diminishes the toxicity
of the peritoneal transudate of dogs with
intestinal strangulation.

Hori et al. G@72,331/69: In rabbits, aldo-
sterone and cortisone increased the angio-
tensin-induced glycosuria, whereas spirono-
lactone inhibited it.

10*

Lin & Hoshino H9,995/69: “Submandibu-
lar grafts obtained from both immature male
and adult female donors which received pre-
treatment with testosterone enanthate exerted
a lethal effect on the hosts. Large dosages of
testosterone enanthate, which obviously in-
creased the lethal factor level in the submandi-
bular gland, did not kill normal intact adult
mice; nor did it increase the mortality of
bilaterally submandibular-sialoadenectomized
immature mice beyond that of controls without
testosterone treatment, when they were not
transplanted.”
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DRUGS <«

The effect of steroids upon numerous intoxications has been the subject of many
investigations which could hardly be condensed more than has been done in the
Abstract Section. Here, we shall comment only on a few particularly interesting
data and on observations which can be clarified by correlating them with facts not
mentioned in the original articles.

Anaphylactoidogens <

The production of anaphylactoid edema by various mast cell dischargers,
histamine, or 5-HT, is facilitated by mineralocorticoids and inhibited by glucocorti-
coids, as are other forms of acute inflammatory reactions.

The gastric ulcers and the anaphylactoid edema produced by such mast cell
dischargers as 48/80 or polymyxin are likewise prevented by various glucocorticoids
and by stressors, although both these steroids and stress, are capable of producing
gastric ulcers in themselves. Curiously, DOC likewise prevents polymyxin-induced
gastric erosions.

When, following pretreatment with polymyxin, the gastric mucosa is depleted of
histamine, the ulcerogenic property of prednisolone overdosage is unimpaired ; hence,
histamine liberation cannot be responsible for glucocorticoid-induced gastric
ulceration.

Curiously, the cardiovascular and renal calcification produced by chronic
treatment with polymyxin is increased by triamcinolone, DOC, or by combined
treatment with both these steroids. Fluorocortisol, which possesses both gluco- and
mineralocorticoid properties, also shares this effect.

Anticoagulants <«

The “hemorrhagic stress syndrome’ can be produced by indirect anticoagulants
(phenindione, dicoumarol, warfarin) subsequent pretreatment with various stressors,
ACTH, STH or DOC. Conversely, cortisone, epinephrine, ephedrine and adreno-
chrome inhibit this syndrome.

In man, some testoids (methandrostenolone, norethandrolone) increase the
anticoagulant response after pretreatment with warfarin, phenindione, or bishy-
droxycoumarin. It has been assumed that certain steroids can increase the
affinity of receptor sites for anticoagulants.

On the other hand, in rats, the fatal hemorrhagic diathesis produced by phenin-
dione is inhibited by pretreatment with numerous catatoxic steroids such as PCN,
ethylestrenol, CS-1, spironolactone, norbolethone and oxandrolone. Progesterone,
hydroxydione, DOC, and estradiol have a much less pronounced effect. Prednisolone,
triamcinolone, and thyroxine are inactive.

It has been shown at least for spironolactone, norbolethone, and ethylestrenol that
these catatoxic steroids actually enhance the disappearance of bishydroxycoumarin
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from the blood, and restore the prothrombin time. Triamcinolone and progesterone
fail to do so.

SKF 525-A increases the blood concentration and the anticoagulant effect of
bishydroxycoumarin, counteracting the beneficial effect of ethylestrenol.

Barbiturates <

Barbiturates are probably the most extensively used nonsteroidal catatoxic
substances. Interest in them has been hightened by the fact that they also act as
excellent substrates for both steroidal and nonsteroidal enzyme inducers. Further-
more, it is easy to determine changes in barbiturate activity in vivo, by measuring
either the “‘sleeping time” (the interval between the loss and the reappearance of the
righting reflex) or the depth of the anesthesia induced by threshold doses
(expressed in an arbitrary scale, ranging from wobbly gait to surgical narcosis).
Both types of measurement have their advantages and disadvantages. The sleeping
time reflects the duration of anesthesia, but does not distinguish between mere
abolition of the righting reflex and almost lethal narcosis, if the duration of action
is the same. Conversely, measurement of the depth of anesthesia does not reflect
its duration. Most of the published experimental work is based on measurements of
sleeping time.

< Glucocorticoids. Soon after the introduction of cortisone into clinical medicine,
it was noted that it often helped to combat abstinence symptoms following discon-
tinuation of barbiturates or morphine in man.

The anesthetic effect of various barbiturates is shortened by cortisone, cortisol
and other glucocorticoids, both in rats and in mice. Although, barbital is not
metabolized in the body, its anesthetic effect in mice is likewise diminished by
glucocorticoids. It has been claimed, however, that pretreatment with cortisol, two
hours before pentobarbital intoxication increases the lethal effect of the latter
in mice. The protection of mice against barbital anesthesia is ascribed to a glucocorti-
coid-induced decrease in the barbital concentration of the brain. In rabbits, barbital
anesthesia and the barbital content of the blood are not significantly influenced by
cortisone, although urinary barbital elimination is increased.

In patients recovering from barbiturate poisoning, sleep is often re-induced by
cortisone or i.v. injection of glucose.

Pretreatment of rats with cortisone or prednisolone for three days diminishes the
anesthetic effect of hexobarbital and increases its degradation by liver slices.

When given simultaneously, cortisol prolongs pentobarbital sleeping time, but if
the hormone is given one day before the barbiturate, the anesthetic effect of the latter
is shortened.

Pretreatment with cortisone also prolongs phenobarbital anesthesia in guinea pigs
and hexobarbital anesthesia in mice, although it shortens thiopental anesthesia in
rabbits.

In rats, ACTH and cortisone decrease hexobarbital sleeping time, as does exposure
to stress, whereas SKF 525-A blocks the protective effect of stress. In dogs, DDT
decreases hexobarbital sleeping time but prolongs pentobarbital anesthesia. The
latter effect is prevented by cortisone.
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Brain hyperexcitability induced in rats by cortisone is diminished by pheno-
barbital as judged by EST measurements.

On the basis of these findings, it would be difficult to formulate any meaningful
generalizations concerning the action of glucocorticoids upon barbiturate anesthesia.
The latter depends upon species, timing, and the type of barbiturate used, but in
general, a shortening of the hypnotic effect may be expected as long as the glucocorti-
coid is administered before the barbiturate.

< Gluco-Mineralocorticoids, Mineralocorticoids. Comparatively few investigations
deal with the effect of gluco-mineralocorticoids or mineralocorticoids upon barbi-
turate anesthesia. Since several of these steroids are strong anesthetics themselves,
combined treatment with barbiturates usually results in a summation of their
effects. In our own experience, pretreatment with DOC did not significantly influence
the duration of pentobarbital anesthesia in rats, unless the steroid was given just
before the barbiturate so as to permit the summation of their actions.

< Antimineralocorticoids. In rats, pentobarbital sleeping time is shortened by
pretreatment with aldadiene, aldadiene-kalium, spironolactone, CS-1 and several
other antimineralocorticoids tested. These observations agree with the concept that
antimineralocorticoids are in general powerful catatoxic steroids.

< Testoids. All strong anabolic testoids appear to shorten barbiturate anesthesia
in general. However, barbital is not metabolized by hepatic microsomal enzymes and
is consequently resistant to detoxication by microsomal enzyme-inducing steroids.

There appears to be a species difference in the effect of testoids upon barbiturate
anesthesia, since in rats, testosterone shortens, whereas in mice it allegedly prolongs
pentobarbital anesthesia. In any event, even physiologic doses of testoids appear to
confer relative resistance to male rats, since castration increases their barbiturate
sensitivity, and subsequent testosterone treatment restores it to normal.

< Luteoids. Many luteoids are strong anesthetics themselves; hence, their narcotic
effect is added to that of the barbiturates if the two types of compounds are given in
rapid succession. Pretreatment with luteoids may induce some degree of resistance
against barbiturates, but the effect is not very pronounced.

Medroxyprogesterone given alone or in combination with ethynylestradiol and
other folliculoids, over a period of 30 days, decreases the level of brain pento-
barbital without affecting pentobarbital narcosis. Combined treatment with Iynestre-
nol (a luteoid) and mestranol (a folliculoid) reduces the duration of pentobarbital
and hexobarbital sleep in mice. Barbital is not affected. The effects of lynestrenol are
abolished by SKF 525-A, whereas those of mestranol are potentiated.

< Folliculoids. Estradiol does not markedly influence hexobarbital sleeping time
in female rats, but increases it in males. The enhanced hexobarbital resistance of
male as compared to female rats is abolished by estradiol. There are marked species
variations, and not all folliculoids act upon all barbiturates in the same manner; yet
it may be said that in general, both the natural and the artificial folliculoids
increase sensitivity to barbiturate hypnosis.

<~ Adrenalectomy. Adrenalectomy tends to increase barbiturate sleeping time in
itself, but does not significantly interfere with the effects of various steroids upon
barbiturate hypnosis.

In guinea pigs, epinephrine injected i.p. on awakening from barbiturate anesthesia
re-induces sleep, and this effect is not prevented by adrenalectomy. Glucose lactate
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and glutamate exert similar effects in intact but not in adrenalectomized guinea pigs.

The lengthening of barbiturate sleeping time in adrenalectomized rats can be
abolished by cortisone, but not by DOC. Pretreatment of adrenalectomized mice
with cortisone or cortisol reduces the high rate of barbital uptake by the brain to
normal, whereas DOC has no such effect.

Adrenalectomy inhibits the degradation of hexobarbital by liver slices of male rats;
this effect can be counteracted by pretreatment with cortisone.

Chlorpromazine pretreatment reduces barbiturate sleeping time even in adrenal-
ectomized rats.

In adrenalectomized rats maintained on NaCl, pretreatment with spironolactone
still induces resistance to pentobarbital and hexobarbital, but not to phenobarbital.
This is so even if the anesthetics are given in doses normally causing approximately
equal anesthesia.

< Gonadectomy. It has been known since 1933, that male rats are less sensitive
to barbiturate anesthesia than females, and that castration increases sensitivity of
the male but not of the female. Testosterone raises the pentobarbital resistance
of intact or ovariectomized females and castrate males, but has little effect upon the
barbiturate sensitivity of intact males. Upon injections of pentobarbital, repeated
every 90 min, adult male rats rapidly developed resistance, whereas females did not.
Castration lowered the ability of adult males to develop tolerance. In females,
ovariectomy may actually increase the ability to detoxify pentobarbital once
tolerance has developed.

Barbital anesthesia does not appear to be considerably affected by orchidectomy
in rats, presumably because unlike other barbiturates, barbital is not metabolized in
the body.

Thyroidectomy, which in itself prolongs pentobarbital anesthesia, increases even
further the barbiturate sensitivity of simultaneously orchidectomized rats.

The increased hexobarbital sleeping time of females and castrate males, as com-
pared to intact males, is associated with a delay in barbiturate metabolism as
reflected by the prolonged persistence of the drug in the blood, and by the decreased
rate of detoxication in vitro, by liver slices or microsomal fractions.

The hexobarbital sleeping time, which is prolonged by orchidectomy in the rat,
is shortened by testosterone, whereas cyproterone (an antitestoid) fails to inhibit the
anti-anesthetic effect of testosterone; indeed, it actually shares this property.

The effect of gonadectomy and sex hormone treatment depends largely upon the
species under investigation. Thus, in guinea pigs, orchidectomy and ovariectomy
prolong pentobarbital sleeping time while testosterone diminishes it, in agreement
with the results obtained in the rat.

On the other hand, in the mouse, hexobarbital anesthesia lasts longer in males
than in females and orchidectomy decreases sleeping time, whereas ovariectomy does
not affect it. Testosterone prolongs hexobarbital sleeping time in orchidectomized,
intact male as well as in ovariectomized mice, and in the same species, this effect is
blocked by cyproterone. In vitro experiments with the 9000g liver supernatant of
female mice reveals a greater hexobarbital hydroxylating activity than a similar
hepatic preparation made from male mice. After orchidectomy, the in vitro metabo-
lism of hexobarbital becomes equal to that of female mice.
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< Varia. In rats, pretreatment with hydroxydione does not significantly influence
pentobarbital sleeping time. In mice, phenobarbital given one hour before hydroxy-
dione increases sleeping time, but when the interval is two days, single doses of
phenobarbital decrease hydroxydione anesthesia.

In rats, pentobarbital sleeping time is significantly decreased by DOC,
4-chlorotestosterone, aldosterone, and stilbestrol, when given 30 min before the
barbiturate. Progesterone has an inverse effect, perhaps because of its own acute
anesthetic action. On the other hand, chronic pretreatment with progesterone,
stilbestrol or aldosterone decreased pentobarbital sleeping time without causing any
significant change in the brain pentobarbital concentration.

Typical catatoxic steroids, such as ethylestrenol, spironolactone, and norbol-
ethone diminish the depth of hexobarbital anesthesia in rats, and increase the ali-
phatic hydroxylation of this barbiturate by hepatic microsomes, thereby enhancing
its elimination from the blood. The effect of these catatoxic steroids upon pento-
barbital anesthesia is essentially the same. On the other hand, progesterone, SC-8109,
and SC-5233 failed to affect pentobarbital sleeping time in the rat.

In mice, an aza-steroid (17a-methyl-175-hydroxy-4-aza-estran-3-one) shortened
the duration of hexobarbital anesthesia. Also in the mouse, pentobarbital anesthesia
is shortened by ethylestrenol, CS-1, spironolactone, and norbolethone, but not by
oxandrolone, prednisolone, progesterone, triamcinolone, DOC, hydroxydione,
estradiol, or thyroxine.

Bilirubin <

In mice, a-naphthylisothiocyanate-induced hyperbilirubinemia and cholestasis are
aggravated by norethandrolone and norethynodrel, but not by mestranol. This
response is largely dependent upon the ambient temperature.

Carbon Tetrachloride <

The literature on the effect of various steroids upon CCl, poisoning is extensive
but very contradictory. Most investigators agree, however, that under suitable
conditions of timing and dosage, various glucocorticoids and testoids can protect
the rat and several other species against the hepatotoxic action of CCl,, whereas DOC
and various folliculoids appear to have an inverse effect.

Ovariectomy protects the liver against CCl, intoxication, perhaps because it
removes the source of endogenous folliculoids whose hepatic degradation might
compete with the defense against CCl,. Particularly good protection is obtained if
ovariectomy is combined with thyroidectomy. Even adrenalectomy and hypophysec-
tomy inhibit the CCl,-induced hepatic steatosis in the rat; here substitution therapy
with corticoids allegedly restores normal responsiveness. Enovid (mestranol + nor-
ethynodrel) aggravates the liver damage caused by CCl, in rats.

The apparent contradictions in the findings of various investigators may well be
due in part to differences in the actions of steroids, depending upon the criteria used
(hepatic steatosis, necroses, regeneration, sclerosis), as well as the dosage and
timing of the steroids and of CCl,.
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Carcinogens <

In rats given 2-acetaminofluorine (AAF), the development of hepatic neoplasms
is accelerated by estradiol, testosterone, and gonadotrophic preparations. On the
other hand, testosterone delays the induction of subcutaneous tumors by 20-methyl-
cholanthrene. Painting of the skin with this carcinogen produces papillomas earlier
in male or female castrate mice than in intact controls.

In rats, the induction of mammary cancers by DMBA is allegedly inhibited by
progesterone, DOC or metyrapone. The adrenal necrosis produced by DMBA in the
rat has been claimed to be independent of sex, ovariectomy, orchidectomy, testoste-
rone or estradiol. However, more recent investigations suggest that the adrenolytic
effect of DMBA is greatly enhanced by estradiol pretreatment. Spironolactone
definitely inhibits the adrenolytic action of DMBA and probably also diminishes its
carcinogenic effect. The question arises whether spironolactone protects against
this action of DMBA by preventing its activation through hydroxylation; however,
spironolactone protects the adrenals also against 7-OHM-MBA, the activated
DMBA metabolite. The hematologic damage produced by DMBA can be
suppressed both by spironolactone, which presumably accelerates the biotransfor-
mation of this polyeyclic hydrocarbon, and by SKF 525-A, which inhibits it.

Ovariectomy greatly decreases the incidence of mammary tumors produced by
DMBA in the rat, and results in the induction of renal tumors which are not seen in
similarly treated intact controls. The rate of induction by DMBA of cervico-vaginal
sarcomas is reduced by ovariectomy in the rat, and this reduction is counteracted by
various folliculoids. Progesterone slightly retards the induction of these sarcomas and
testosterone lengthens the induction period.

In rats, neonatal estradiol treatment enhances hepatoma formation following
treatment with N-hydroxy-N-2-fluorenylacetamide.

In rats, hepatic carcinogenesis produced by aflatoxin is inhibited by diethystil-
bestrol ; females are more resistant to this carcinogen than are males.

Chlordiazepoxide <

In rats, PCN, CS-1, ethylestrenol and, to a lesser extent, spironolactone and
norbolethone decrease the sleeping time after administration of chlordiazepoxide
(Diazepam).

Chloroform «

Extensive renal tubular necrosis occurs following exposure to chloroform in
intact male or testosterone-treated orchidectomized mice, but not in females or in
otherwise untreated orchidectomized males. As little as 10 pg of testosterone
propionate suffices to reinduce chloroform sensitivity in castrate male mice with
such regularity that the technique has been recommended for the bioassay of
testoids.
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Cholesterol <

The potential enhancement of cholesterol degradation by catatoxic steroids is of
great clinical significance in connection with the possible prophylaxis or treatment of
atherosclerosis. For a detailed discussion of the literature concerning the morphologic
changes characteristic of cholesterol atherosclerosis and of their modification by
steroids, the reader is referred to the corresponding sections of our earlier
monographs on metabolic cardiovascular diseases. Among the steroids examined in
this connection, the corticoids and folliculoids have received the greatest attention.

In rabbits, cholesterol atheromatosis is diminished by cortisone, cortisol and
other glucocorticoids. The associated hyperlipemia and hypercholesterolemia may
likewise be depressed under these conditions, but this is not always the case; indeed,
an inhibition of atherosclerosis by glucocorticoids may occur even if the serum
lipids and cholesterol actually rise during treatment. The regression of the established
cholesterol atherosclerosis itself can also be accelerated by glucocorticoids. It is
characteristic of the cholesterol atherosclerosis in rabbits that various lysosomal
enzymes (8-glucuronidase, acid phosphatase, cathepsin and aryl sulfatase) show an
increased activity; this change is likewise inhibited during the prevention of
cholesterol atherosclerosis by cortisone.

Folliculoids counteract coronary atherosclerosis in cholesterol-fed chicks without
affecting blood cholesterol or hypercholesterolemia. This effect is demonstrable even
if the feminizing actions of the folliculoids are blocked by concurrent administration
of testosterone.

DOC or progesterone do not prevent cholesterol atherosclerosis in rabbits; in fact
DOC may actually aggravate it.

Choline <

The syndrome of choline-deficiency is most readily obtained in young rapidly
growing male rats. It is characterized by hepatic steatosis, cardiovascular lesions and
renal hemorrhages often associated with nephrocalcinosis. The severity of the
changes is aggravated by methionine deficiency or an excess of ethionine. Gluco-
corticoids and folliculoids protect the rat against the manifestations of choline
deficiency, whereas testoids aggravate these changes. Orchidectomy abolishes the
normally greater resistance of males as compared with females.

Cinchophen <

Cinchophen (Atophane) notoriously produces peptic ulcers in the dog. This
effect can be prevented by estradiol and stilbestrol, both in intact and in gonadecto-
mized dogs of either sex. Cortisone fails to affect the cinchophen-induced gastric
ulcers in dogs, whereas prednisolone actually aggravates them. On the other hand,
it has been claimed that aldosterone and DOC partially inhibit the production of
gastric and duodenal ulcers as well as of liver damage in the cinchophen-treated dog.
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Colchicine <

Colchicine is of special interest because of its uricosuric action and its ability to
inhibit mitotic division in various cells. In rats, colchicine poisoning can be prevented
by various catatoxic steroids (e.g., spironolactone, CS-1, ethylestrenol, PCN and less
constantly by oxandrolone). Progesterone, norbolethone, prednisolone, triamecino-
lone, DOC, hydroxydione, estradiol and thyroxine are virtually ineffective in this
respect.

Cycloheximide <

Since cycloheximide is a potent blocking agent for hepatic protein and
particularly enzyme synthesis, it is of interest that in rats, its toxicity is powerfully
inhibited by PCN, ethylestrenol, CS-1 and spironolactone. Norbolethone, oxandro-
lone, progesterone, hydroxydione, and prednisolone offer less perfect protection.
Triamcinolone, DOC, estradiol and thyroxine have no protective effect.

The loss of liver glycogen and adrenal ascorbic acid as well as the stress-induced
adrenal hypertrophy and allegedly even the thymic atrophy that develop in cyclo-
heximide intoxicated rats can all be prevented by concurrent administration
of cortisol.

Cyclophosphamide <

Cyclophosphamide is a latent alkylating agent which is almost inactive in vitro,
but is activated by the liver in vivo, and then exhibits carcinolytic actions as well as
a strong toxic effect upon the hemopoietic system. In rats, cyclophosphamide in-
toxication can be prevented by PCN, CS-1 and spironolactone. Progesterone,
ethylestrenol and norbolethone are distinctly less active, whereas oxandrolone, DOC,
hydroxydione and phenobarbital are inactive. Resistance to this drug is actually
decreased by prednisolone, triamecinolone, estradiol and thyroxine.

Digitalis <

Since digitalis alkaloids are steroids themselves, a great deal of work has been done
to elucidate their possible metabolic interactions with steroid hormones.

It appears that female mice are more resistant to ouabain than males, whereas
resistance to strophanthin-K is the same in both sexes. Ovariectomy, orchidectomy
and treatment with folliculoids do not change ouabain resistance in mice
consistently.

In frogs, lethal strophanthin intoxication is allegedly delayed by simultaneous
treatment with DOC, but this may be merely due to a delay in absorption.

In cats, cortisone has been claimed to potentiate the convulsive effects of digitalis.

In guinea pigs, chronic digitoxin intoxication is moderately counteracted by corti-
sone, whereas acute digitoxin poisoning is not affected.

In dogs, various folliculoids protect against the production of arrhythmia by
digoxin. It has been claimed furthermore that male and castrate female dogs are



156 Effect of Steroids Upon Resistance

highly sensitive to the toxic manifestations of various cardiac glycosides, in compa-
rison with intact females or with folliculoid-treated spayed females.

Inrats, ouabain and digitoxin resistance is greatly diminished by adrenalectomy,
but this is hardly surprising, since in the absence of the adrenals, the toxicity of most
drugs is increased. In adrenalectomized rats, strophanthin-K increases Na and K
excretion, and this effect is prevented by DOC. In isolated strips of rat aorta, corti-
costerone inhibits the contraction caused by ouabain. 8-Methasone aggravates the
neuromotor disturbances produced in the rat by strophanthin-G. Adult female rats
are more resistant to ouabain than males, but no such sex difference is noted in one-
month-old animals. Gonadectomy does not alter the sex difference to ouabain in rats
of either sex.

All these results, obtained in different species with various digitalis derivatives and
under dissimilar experimental conditions, were difficult to evaluate and correlate.
However, in 1969, it was found that spironolactone protects the rat against infarctoid
necroses produced by digitoxin 4 Na,HPO, + corn oil; simultaneously, the
convulsions characteristic of digitalis intoxication are likewise prevented. This
finding stimulated many investigations on the effect of various catatoxic steroids
upon digitalis intoxication.

Preliminary studies showed that both norbolethone and spironolactone protect
the rat against severe intoxication with digitoxin, gitalin, proscillaridin, digoxin and
digitalin. The corresponding effects of strophanthin-K, ouabain and digitoxigenin
were not prevented.

In an extensive study, comprising 304 steroids, it was found that, at the dose of
100 mg/kg, 32 of them gave definite protection against digitoxin but not against
indomethacin, 42 protected against indomethacin but not against digitoxin, whereas
24 were active against both substrates. The most active compound, which gave
protection against both substrates even at the dose of 100 pg/kg, was PCN
(pregnenolone carbonitrile, that is 38-hydroxy-20-oxo-5-pregnene-16a-carbonitrile).
Further analysis of this study revealed that the catatoxic activity against digitoxin
or indomethacin is not strictly dependent upon any other known pharmacologic
effect, although most of the highly potent catatoxic compounds also exhibit anti-
mineralocorticoid or anabolic properties. Among the most powerful antidigitoxin
compounds, in addition to PCN, are: ethylestrenol, CS-1, spironolactone and
oxandrolone.

Upon long continued conjoint daily administration of spironolactone or oxandro-
lone plus lethal doses of digitoxin, the resistance against this cardiac glycoside can be
maintained in rats for virtually indefinite periods (certainly more than two months).

On the other hand, the antidigitoxin effect of spironolactone can be blocked in
turn by high doses of estradiol, and perhaps to some extent also by progesterone,
whereas DOC, cortisol, methylandrostenediol, methyltestosterone, pregnanedione,
pregnenolone and testosterone do not interfere with this type of prevention. The
protection against digitoxin by spironolactone can also be blocked by concurrent
treatment with metyrapone.

The plasma concentration of digitoxin is diminished during the administration
of catatoxic steroids, but rises again if digitoxin administration is continued after
withdrawal of the prophylactic steroids.
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In mice, digitoxin poisoning is inhibited by CS-1, spironolactone, norbolethone,
oxandrolone, progesterone and even by thyroxine. Ethylestrenol, triamcinolone,
DOC, hydroxydione and estradiol are ineffective. It appears, therefore, that there
exist some species differences in the effect of hormones and hormone derivatives upon
digitalis intoxication.

Dyes <

The effect of steroids upon dye clearance was studied mainly as a means of
detecting interference with hepatic function.

In rats, the biliary excretion of 31I marked rose bengal was inhibited by several
anabolic steroids, although upon chronic treatment, adaptation usually developed in
this respect. Estradiol markedly delayed plasma clearance of BSP both in its free and
conjugated forms. A large series of steroids was compared and this effect was found
to be common to estrone, estriol and various other C18 steroids, including those
used in contraceptives. Cortisone transiently increased the bile flow and reduced BSP
excretion through the bile of the rat. Norethandrolone, norethynodrel, and norlutin
reduced bile flow and BSP excretion (without affecting the concentrating mechanism
for the dye). Testosterone, methyltestosterone, estradiol, progesterone, and stilbestrol
irreversibly reduced the rate of bile formation and transiently diminished the
excretion of BSP. Among typical catatoxic steroids, PCN, CS-1, spironolactone and
spiroxasone enhanced plasma clearance of BSP, presumably by stimulating
glutathione, S-aryltransferase activity and bile flow through mechanisms which
are not limited to microsomal enzymes.

In dogs, large doses of methyltestosterone and norethandrolone did not affect
BSP clearance even after 50 days of treatment.

In rabbits, methyltestosterone and norethandrolone caused dose related increases
in BSP retention. Oxandrolone was less active, and testosterone completely inactive
in this respect.

In man, 17-ethyl-19-nortestosterone increased biliary BSP retention and plasma
bilirubin concentration. In patients with no evidence of liver disease, norethandrolone
caused a reversible reduction in the hepatic transport maximum for BSP. The relative
hepatic storage of BSP was unimpaired, and the dye was retained in the plasma
primarily as a conjugate. According to other investigators, however, norethandrolone
interferes with the hepatic uptake and the biliary excretion of BSP. Estriol and
estradiol rapidly reduce the hepatic excretory capacity for BSP in man, presumably
because the excretion of both free and conjugated dye is impaired. These folli-
culoids may even provoke hepatic porphyria in patients.

Ergot <

In rats, various ergot preparations elicit a characteristic gangrene of the tail,
owing to their vasotoxic effect. Although the literature is somewhat contradictory,
most investigators agree that this response is inhibited by estradiol, estrone and other
folliculoids. The effect of castration and of testoids is rather irregular. In intact
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male rats, unlike in females or castrate males, ergonovine induces analgesia and this
is allegedly counteracted by testosterone.

Ethanol <«

Despite the great practical interest attached to the problem of ethanol
intoxication, little is known about its responsiveness to treatment with steroids.

In rats, ovariectomy allegedly interferes with adaptation to chronic ethanol
administration. The toxic ethanol metabolites are pyruvate and acetaldehyde, which
accumulate in the body under the influence of disulfiram. This response is inhibited
by cortisone and ACTH but also by hepatic extracts. Conversely, DOC, thyroxine
and testosterone appear to aggravate ethanol intoxication. Chronic treatment with
ethanol p.o. allegedly produces more severe fatty infiltration in the liver of female
than of male rats. Ovariectomy or estradiol fails to influence this response.
Testosterone reduces hepatic steatosis in females, whereas castration increases it in
males. Various anabolics (norethandrolone, testosterone, oxandrolone) allegedly
protect the rat’s liver against ethanol-induced fatty degeneration and may even be
useful in alcoholic patients.

In rabbits and mice, gonadectomy allegedly diminishes alcohol tolerance, whereas
estrone raises it. Alcohol metabolism does not appear to be influenced, but
presumably its effect upon the nervous system is diminished by folliculoids, since in
rabbits treated with such hormones, intoxication occurs only at very high blood
alcohol levels. Fatal doses of ethanol p.o. produce adrenal necrosis in rabbits, but
neither this lesion nor mortality is prevented by dexamethasone.

In miee, ethanol anesthesia is prolonged by cortisone, but not by either predni-
solone or DOC pretreatment. Estrone allegedly increases alcohol tolerance in the
mouse, whereas gonadectomy diminishes it in both sexes.

Ethionine <

Since it blocks protein and drug-metabolizing enzyme synthesis, ethionine is of
special interest in connection with the study of catatoxic compounds. Yet, compara-
tively little is known about the influence of steroids, other than glucocorticoids and
anabolics, upon the toxicity of ethionine.

In the rat, the hepatic damage caused by ethionine is inhibited by cortisone and
cortisol especially during the acute stage of intoxication; consequently, survival is
usually prolonged, although the associated pancreatic lesions characteristic of
ethionine intoxication appear to be rather resistant to glucocorticoid treatment.

Male rats are much more resistant than females to the production of fatty
livers by ethionine. Orchidectomy abolishes the resistance of the male, whereas
testosterone protects females and castrate males. MAD fails to influence this
form of hepatic steatosis in rats of either sex. 17-Ethyl-19-nortestosterone, in doses
which do not stimulate the growth of the seminal vesicles, blocks the production of
fatty livers by ethionine in orchidectomized males, whereas testosterone exerts
this effect only at definitely virilizing dose levels. DOC, estradiol, and progesterone
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are ineffective. In mice, 17a-methyl-5a-androstan-178-ol prevents hepatic steatosis
produced by ethionine.

Ganglioplegics <

In rats, intoxication with TEA, hexamethonium and pentolinium can be prevented
by all the glucocorticoids tested. On the other hand, these same steroids offer no
protection against trimethaphan, mecamylamine, trimethidinium or pempidine. All
the other steroids tested remained without effect against hexamethonium or TEA.

Several, though not all stressors gave excellent protection against TEA, but since
even large doses of ACTH were ineffective in this respect, the anti-TEA effect of
stressors cannot be ascribed merely to an increased glucocorticoid secretion.

In guinea pigs, ovariectomy allegedly increases resistance to lethal doses of hexa-
methonium, but it remains to be seen whether this effect is specific.

Indomethacin <

The production of multiple ulcers in the small intestine, with the ensuing fatal
peritonitis, has become a standard test of indomethacin toxicity in the rat. These
lesions are readily prevented by all of the highly potent catatoxic steroids, parti-
cularly by PCN (even at individual dose levels of 0.3 mg/kg), ethylestrenol, norbol-
ethone, CS-1, spironolactone, oxandrolone, etc. Progesterone and prednisolone are
less active, while certain glucocorticoids, e.g., triameinolone, are totally inactive.

In an extensive study on 304 steroids, conducted under rigorously comparable
conditions in female rats, it was found that 42 were effective in preventing indo-
methacin intoxication.

In the rat, partial hepatectomy facilitates the production of perforating intestinal
ulcers by indomethacin but comparatively small doses of spironolactone readily inhi-
bit the toxicity of this compound even after surgically induced hepatic insuffi-
ciency.

In adrenalectomized rats maintained on NaCl alone, the lethal effect of indo-
methacin is increased, and intestinal ulcers develop at least as frequently as in intact
controls. The anti-indomethacin effect of threshold doses of spironolactone can be
further increased by cortisol alone or in combination with DOC. This point is of
theoretic importance; it shows that although a catatoxic steroid, such as
spironolactone, is not endowed with corticoid activity, and although cortisol does not
possess any significant catatoxic effect against indomethacin, combined treatment
with both types of hormones enhances their protective effect.

In rats, the protection against indomethacin by spironolactone can be blocked
in turn by concurrent treatment with metyrapone.

The blood clearance of s.c. injected indomethacin is accelerated in rats by
spironolactone, norbolethone and progesterone, but not by hydroxydione.
SKF 525-A significantly suppresses this activity of the catatoxic steroids. Hence,
it was concluded that they probably act through an increased metabolic degradation
of indomethacin.
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Prolonged treatment with such catatoxic steroids as spironolactone or oxandro-
lone can protect rats for a virtually unlimited period (certainly more than two
months) against the continued daily administration of fatal doses of indomethacin.
Upon withdrawal of the catatoxic steroids, fatal intestinal ulcers develop rapidly.
The plasma concentration of indomethacin is diminished during the administration
of catatoxic steroids, but rises rapidly upon withdrawal of this treatment in the
presence of continued indomethacin injection.

In mice, indomethacin intoxication can also be prevented by numerous catatoxic
steroids (e.g., ethylestrenol, CS-1, spironolactone, norbolethone), whereas thyroxine
appears to have an opposite effect.

Isoproterenol <

Both in intact and in adrenalectomized rats, mineralocorticoids (DOC, fluorocorti-
sol) increase the mortality and aggravate the cardiac lesions normally produced by
isoproterenol. On the other hand, glucocorticoids (cortisone, triamcinolone) have
been said not to exert any evident effect of this kind. Since we have previously found
that both DOC and triamcinolone aggravate the severity of the cardiac lesions induced
by norepinephrine, it was concluded that there might be “an essential difference in
the lesions produced by noradrenaline compared to those of isoproterenol.”
Moderate amounts of ACTH allegedly also fail to affect the production of cardiac
necroses by isoproterenol, but it remains to be seen whether very large doses of
glucocorticoids or ACTH might not be effective in this respect.

Various antimineralocorticoids (SC-5233, CS-1, spironolactone and SC-8109) have
been claimed to inhibit isoproterenol-induced myocardial necrosis in rats. However,
in view of recent findings, the possibility must be considered that all these compounds
might act, at least in part, by virtue of their catatoxic and not only of their anti-
mineralocorticoid potency.

Lathyrogens <«

We distinguish two types of lathyrogenic substances: 1. Osteolathyrogens (e.g.,
Lathyrus odoratus seeds, aminopropionitrile or “APN,” aminoacetonitrile or ‘“AAN,”
methyleneaminoacetonitrile or “MAAN”) induce severe degenerative changes in
bones, especially at tendon insertion sites and in the junction -cartilages;
2. neurolathyrogens (e.g., f,8’-iminodipropionitrile or “IDPN”’) which elicit a
syndrome characterized mainly by extreme excitation, circling movements and ocular
lesions. Under certain circumstances, osteolathyrism is associated with dissecting
aneurysms of the aorta; some authors refer to this form of the disease as angio-
lathyrism.

Most of the work on the effect of steroids upon lathyrism has been performed in
rats fed Lathyrus seeds or pure lathyrogenic amines. Under these conditions, the
course of osteolathyrism is not significantly affected by testosterone, whereas
folliculoids and glucocorticoids exert a definite protective effect. DOC — especially
when combined with uninephrectomy - NaCl — increases the incidence of dissecting
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aneurysms without considerably affecting the skeletal changes. Thus, the vascular
and osseous manifestations of lathyrism can be dissociated.

STH aggravates osteolathyrism in rats even after adrenalectomy, indicating that
the effect of the hormone is not mediated through the liberation or activation of
corticoids.

It has been claimed that after adrenalectomy, cortisone no longer inhibits lathy-
rism produced by AAN in the rat; indeed, in the absence of the adrenals, the
glucocorticoids facilitate the production of hernias, which are common complications
of the disease. The osteolathyrism produced by APN in rats is associated with an
increase in the GPT and GOT activities in the serum. Prednisolone prevents these
changes concurrently with the bone lesions.

LSD «

In the rabbit, the EEG (lysergide) changes produced by LSD are allegedly
prevented by hydroxydione, methylandrostanolone, androstanolone and 19-nortes-
tosterone. In rats, the behavioural changes induced by LSD can be suppressed by
DOC, corticosterone, 17-dehydrocortisone, 11-dehydrocortisol, dehydroisoandroste-
rone, testosterone, androsterone, pregnenolone, etiocholanolone and progesterone.
Several other naturally-occurring steroids proved to be ineffective. The time required
by a rat to climb a rope for food reward is prolonged by LSD and this response is
also prevented by a number of steroids widely differing in their pharmacologic acti-
vities and chemical structure.

Magnesium <«

It has been claimed that in rabbits and mice, the depth of MgSO, anesthesia is
increased by gonadectomy in either sex, but can be restored to about normal by both
folliculoid and testoid hormones. However, this claim requires confirmation.

Certain manifestations of an Mg-deficiency syndrome are also inhibited by
cortisol, estradiol, hypophysectomy or thyroparathyroidectomy; hence, the specifi-
city of this type of prophylaxis is very dubious.

Mephenesin <

Mephenesin (a muscle relaxant) proved to be a substrate for many catatoxic
drugs, especially : PCN, ethylestrenol, CS-1, spironolactone and norbolethone.

Meprobamate <

Various catatoxic drugs accelerate the metabolism of meprobamate, and this
effect is not prevented by adrenalectomy. Meprobamate intoxication is also inhibited
in rats by PCN, ethylestrenol, C8-1, spironolactone, norbolethone, oxandrolone and
prednisolone. No protection is obtained by progesterone, triamcinolone, hydroxy-
dione, DOC, or estradiol.

11 Selye, Hormones and Resistance
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Mercury <«

A large number of investigations is concerned with the effect of various steroids
upon mercury intoxication. Special interest in this field stems from an obser-
vation made in 1940, that the renal and hepatic lesions produced by HgCl, in the
mouse are prevented by many testoids (e.g., testosterone, methyltestosterone,
androstenediol, dehydroisoandrosterone and androstenedione). This observation
has been repeatedly confirmed with various testoids in different species
intoxicated with diverse inorganic salts of mercury, but apparently the protective
effect is most readily obtained in the mouse and much more variable in the rat.
Such protection against renal damage by HgCl, has also been noted in dogs, guinea
pigs, parrots and man. In rabbits, both sublimate and Masugi nephritis are
allegedly prevented by testosterone and even more actively by estradiol. It has been
claimed furthermore that the protective effect of testosterone against mercurial renal
damage can be further improved by additional administration of cortisone or ACTH.

It is clear, however, that none of the testoids offers absolute protection against
large doses of mercury and the great variability of the findings reported suggests
that incidental circumstances (e.g., sex, age, strain, dosage, timing) are likely to alter
the results considerably. A distinction should be made furthermore between
prophylactic and curative actions. In mice and rats, the regeneration of the kidney
following HgCl,-induced damage is stimulated by 2-bromo-1-androstene-3,17-dione
but not by methyltestosterone or 1,17-dimethylandrostane-17-0l-3-one.

There is some evidence suggesting that, in the rat, other steroid hormones,
especially the glueoeorticoids, may also offer slight protection against intoxication
with inorganic mercury, but in this respect, the results reported are even more
variable.

The only steroids which offer constant, significant, and always very pronounced
protection against HgCl, in the rat are those containing a thioacetyl group,
especially spironolactone, spiroxasone and emdabol. Na-thioacetate given alone, or
mixed with various steroids, also exerts some protective effect, but only at dose
levels which cause considerable acute mortality often in association with bilateral
adrenocortical necrosis. Apparently, the steroid molecule acts as a suitable carrier
for the thioacetyl group and enhances its protective action against mercury.

Methyprylon <

In rats, anesthesia produced by heavy overdosage with methyprylon can be
prevented not only by pretreatment with PCN, ethylestrenol, CS-1, spironolactone,
norbolethone, or oxandrolone, all of which are typical catatoxic steroids, but also by
prednisolone and triamcinolone, presumably as a consequence of their glucocorticoid
effect. DOC, progesterone and hydroxydione, which are devoid of both catatoxic
and glucocorticoid activities, offer little or no protection against methyprylon.

Monocrotaline <

Female rats are more resistant than males to fatal intoxication with monocro-
taline. Gonadectomy has no significant effect upon survival in either sex; however,
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when given as a pretreatment, estradiol increases, whereas testosterone decreases
monocrotaline resistance.

Morphine, Ethylmorphine <

It has been claimed that various steroids can influence morphine resistance in
different species, but the results are so contradictory that no valid generalization can
be made. In our experience, none of the steroids tested —not even the most potent
catatoxic steroids — exert a striking effect upon morphine intoxication in the rat.

On the other hand, ethylmorphine (which is much more fat soluble than
morphine) is readily detoxified not only by all catatoxic steroids tested, but also by
prednisolone, progesterone, estradiol and, to some extent, even by DOC.

Nicotine <

Earlier investigators asserted that in mice and rabbits, the males, whereas in rats,
the females are more sensitive to nicotine. It has also been stated that the cardio-
vascular lesions produced by chronic nicotine intoxication in rats are aggravated by
DOC. These data require confirmation.

More recent studies have shown that in rats, nicotine intoxication can be
prevented by PCN, ethylestrenol, norbolethone, CS-1, spironolactone, and oxandro-
lone, whereas DOC, hydroxydione, prednisolone, progesterone, and triamcinolone
offer little or no prophylaxis.

Papain <«

In the rabbit, papain i.v. causes softening and degenerative changes in the otic
and epiphyseal cartilages. At the same time, the basophilic substance in the carti-
lage matrix is depleted. The return of these papain-induced cartilage changes to nor-
mal can by delayed by cortisone, cortisol and prednisolone.

Pentylenetetrazol <

Pentylenetetrazol (pentamethylenetetrazol, metrazole, Cardiazole) convulsions
have been used by many investigators as an indicator of catatoxic steroid effects,
ever since 1942, when it was observed that various steroid anesthetics (DOC,
progesterone) can protect the rat against pentylenetetrazol. Conversely, this drug can
interrupt an already established steroid anesthesia.

In rats, the pentylenetetrazol convulsionsand ECG changes are inhibited by ACTH
and cortisone according to some investigators; others state that single, nonanesthetic
doses of cortisol enhance the production of pentylenetetrazol convulsions in the
rat, whereas aldosterone has no such effect. The interpretation of these findings is
rendered even more difficult because yet other investigators maintain that,
although cortisone and prednisolone aggravate pentylenetetrazol convulsions in

11*
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rats, prednisone and hexamethasone are less active, while cortisol, triamecinolone and
DOC are virtually inactive in this respect.

According to our own investigations in rats, both the motor disturbances and the
mortality caused by pentylenetetrazol intoxication were markedly inhibited by PCN,
norbolethone and progesterone, whereas the other standard conditioners, including
glucocorticoids and DOC, were ineffective.

Various aminosteroids also prevent pentylenetetrazol convulsions, allegedly
owing to interneuronal blockade and not to general anesthesia.

In guinea pigs, pretreatment with large doses of DOC allegedly fails to influence
pentylenetetrazol convulsions, whereas cortisone, ACTH and vasopressin aggravate
them.

In mice, different investigators obtained contradictory results regarding the effect
of steroids upon pentylenetetrazol convulsions. It has been claimed that cortisone
and DOC do not influence them, and that the latter decreases the pentylenetetrazol
(as well as the electroshock) seizure threshold owing to the induction of
hypernatremia. Both DOC and progesterone anesthesia protect the mouse against
the convulsive and lethal effects of pentylenetetrazol (or other convulsive agents),
whereas estrone has an opposite effect.

33-(Aminoalkyl) esters of pregnenolone and various other steroids also inhibit
pentylenetetrazol and electroshock seizures in mice. Methyltestosterone is said not to
influence pentylenetetrazol convulsions in this species, whereas other anabolic
steroids (methandienone, 4-chlorotestosterone, nandrolone, given i.p. 90 min before
pentylenetetrazol) inhibit them.

It would be difficult to evaluate many of the contradictory data just mentioned,
because they were obtained under vastly different circumstances in diverse species,
but it is safe to assume that certain catatoxic or anesthetic steroids reliably antago-
nize pentylenetetrazol convulsions under suitable experimental conditions.

Perchlorates <

Overdosage with perchlorates exerts a singular effect upon the voluntary
musculature. For example, in the rat, NaClO, p.o. causes spastic muscular contrac-
tions and a pronounced predisposition to the development of extensor cramps in the
hind paws after a tap on the sacrum (“flick test’’). These spasms are inhibited by
cortisol or triamcinolone, but aggravated by DOC and methylchlorocortisol
(Me-Cl-COL). Methyltestosterone, estradiol and progesterone do not significantly
affect this response in the rat. Triamcinolone also protects the dog against the
gyndrome of heavy NaClO, overdosage.

Pesticides <

The possible detoxication of pesticides (insecticides, herbicides) by steroids has
been extensively studied ever since it was found, in 1956, that DDT increased
hepatic weight in the rat and that diethylstilbestrol enhanced the storage of DDT (and
of its metabolite DDE) in the fat of male rats, whereas testosterone decreased these
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values in females. Thus, it was concluded that “an endocrine mechanism may account
for the sex differences in this regard.” Yet DDT is particularly resistant to detoxica-
tion by steroids.

It was subsequently observed that male rats are more resistant than females to
parathion poisoning, and that testosterone raises the resistance of females and of
castrate males, whereas estrone diminishes that of intact males. Using the anti-
cholinesterase action of DMP as an indicator, it was found that in female rats,
administration of various hepatic microsomal enzyme-inducing drugs, as well as
estradiol, cortisone, and a number of other steroids, causes resistance. Immature rats
are more sensititive to malathion than adults and their livers detoxify this insecticide
at a slower rate. Orchidectomy decreases, whereas testosterone increases malathion
detoxication. It was concluded that testoids play an important part in the mainte-
nance of the malathion-hydroxylating enzyme system.

On the other hand, male rats are more susceptible than females to the insecticide,
Morestan. This sex difference could not be altered by castration, the administration
of testosterone to females or of estradiol to males. Phenobarbital decreased the
toxicity of Morestan in males and increased it in females.

More recent investigations showed that most catatoxic steroids (e.g., PCN,
ethylestrenol, CS-1, spironolactone and norbolethone) counteract the lethal effects
of ethion, dioxathion, EPN, Guthion and parathion. To a lesser extent, this is also
true of oxandrolone, prednisolone and progesterone. However, triamcinolone, DOC,
hydroxydione, estradiol, and thyroxine offer no consistent protection against these
pesticides. Indeed, in many instances, thyroxine counteracts the protective effect of
catatoxic steroids.

In view of the high efficacy of spironolactone, a potassium-retaining agent, it is
noteworthy that such nonsteroidal potassium-sparing drugs as triamterene and
amiloride do not protect against parathion or dioxathion.

In mice, the lethal effect of dioxathion is strongly inhibited by ethylestrenol,
norbolethone, prednisolone, and estradiol, moderately by CS-1, and oxandrolone
but not influenced by spironolactone, progesterone, triamcinolone, DOC, hydroxy-
dione, and thyroxine. Evidently, here again, as in the case of most other substrates,
genetic predisposition can greatly alter the catatoxic effect of steroids.

Since it was at first thought that the protective effect of steroids against various
pesticides is linked to their testoid actions, it is of special interest that cyproterone,
(an antitestoid steroid) also protects the rat against otherwise fatal doses of
parathion.

The insecticide, OMPA, is assumed to become toxic only after transformation by
hepatic microsomal enzymes into a potent anticholinesterase. Accordingly, it
behaves somewhat differently from most other pesticides with regard to the effect
of steroids upon its toxicity. Thus, cyproterone, one of the most potent catatoxic
steroids known, which detoxifies many other pesticides, does not protect the rat
against OMPA. In this respect, ethylestrenol, CS-1, spironolactone and norbolethone
are also ineffective. Yet, these catatoxic steroids do not increase the toxicity of OMPA,
which is noteworthy because hepatic microsomal enzyme-inducing barbiturates do
transform it into its more toxic metabolite. On the other hand, estradiol, estrone, and
stilbestrol which have no typical catatoxic actions, considerably increase OMPA
toxicity in the ovariectomized rat. Although, the protective effect of the catatoxic
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steroids against most substrates is independent of their pharmacologic action, the
sensitization to OMPA does appear to depend upon folliculoid activity as such, since
it is induced both by steroidal and by nonsteroidal folliculoids. Prednisolone, triam-
cinolone, progesterone, DOC, hydroxydione and thyroxine fail to influence OMPA
toxicity.

Phosphates <

In uninephrectomized rats given large doses of NaH,PO, p.o., there develops a
selective cortico-medullary nephrocalcinosis even after adrenalectomy. This effect is
aggravated by DOC and prevented by cortisol. The action of DOC can be counter-
balanced by cortisol under these conditions.

Estradiol facilitates the production of cortico-medullary nephrocalcinosis by
NaH,PO,, whereas ovariectomy largely inhibits it. Folliculoids (estradiol, stil-
bestrol) facilitate the production of this type of nephrocalcinosis even in ovariecto-
mized rats. The effect of estradiol is not significantly affected by progesterone,
but is aggravated by methyltestosterone under these conditions. Parathyroidectomy
or thyroidectomy prevents this nephrocalcinosis even after combined treatment
with DOC, or estradiol + Na,HPO,.

Potassium <«

Since corticoids have a pronounced influence upon potassium metabolism, their
protective action against potassium intoxication has been carefully investigated. As
early as 1937, it has been shown that adrenocortical extract can protect mice and
guinea pigs against otherwise fatal amounts of KCli.p. DOC proved to be even more
effective in this respect.

On the other hand, pretreatment of rats with glucocorticoids diminishes their
resistance to KCl i.p., perhaps as a consequence of the resultant adrenocortical
atrophy. Concurrent administration of DOC, aldosterone, adrenocortical extract,
corticosterone, or ACTH counteracts this unfavorable effect of cortisol upon K tole-
rance in the rat. Besides, addition of KCl to the drinking water prolongs the
survival of rats given large doses of cortisone.

The protective action of DOC upon acute potassium intoxication has been
confirmed in rabbits and mice.

Phosphorus <

The hepatotoxic effect of elementary yellow phosphorus is allegedly diminished
both by cortisone and by testosterone in the rat.

Physostigmine <

In rats, intoxication with physostigmine is lessened by ethylestrenol, CS-1, PCN,
spironolactone, and prednisolone, but aggravated by estradiol and thyroxine. Norbo-
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lethone, oxandrolone, progesterone, triamcinolone, DOC, and hydroxydione do not
significantly alter physostigmine poisoning. The protective action of ethylestrenol is
counteracted by concurrent administration of thyroxine.

Picrotoxin <

In rats, the convulsive effect of picrotoxin can be prevented by anesthetic doses
of DOC. Adult males are more resistant than females. Gonadectomy lowers picro-
toxin resistance in both sexes, whereas testosterone raises it in normal, and especially
in spayed females, but not in males.

Among the catatoxic steroids, PCN, ethylestrenol, CS-1, spironolactone, norbo-
lethone, oxandrolone, prednisolone, and progesterone inhibit picrotoxin poisoning
in the rat, whereas triamcinolone, DOC, estradiol, hydroxydione, corticosterone,
cholesterol, and f-sitosterol have no such protective action.

In miee, pretreatment with spironolactone, ethylestrenol, triamecinolone, or
thyroxine had little, if any, effect upon picrotoxin poisoning.

Piperidine <

In rats, given piperidine at doses which caused very little mortality, the motor
disturbances were inhibited by CS-1, ethylestrenol, norbolethone, oxandrolone,
triamcinolone and hydroxydione. Curiously, PCN, one of the most active catatoxic
steroids, failed to prevent piperidine intoxication.

Pralidoxime <«

Pralidoxime is an inhibitor of anticholinesterases and hence, represents a useful
antidote against certain pesticides which interfere with cholinergic mechanisms.
In rats, pralidoxime intoxication is prevented by prednisolone or triameinolone and,
to a lesser extent, by ethylestrenol and estradiol. CS-1, PCN, spironolactone, norbo-
lethone, oxandrolone, progesterone, DOC, hydroxydione, and thyroxine do not signi-
ficantly influence pralidoxime poisoning.

Puromycin Aminonucleoside (PAN) <«

The nephrosis and osteitis fibrosa produced by PAN in the rat are inhibited by
glucocorticoids (cortisol, triamcinolone, dexamethasone, 6-methylprednisolone)
according to several investigators. However, others claimed that these steroids have
no effect or actually aggravate the renal changes. Presumably, many experimental
conditions (e.g., dosage, timing, the age and strain of the rats used) may modify the
prophylactic effect of glucocorticoids. DOC aggravates PAN nephrosis in the rat.
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Reserpine «

In rats, adrenalectomy greatly decreases resistance to reserpine, whereas hypo-
physectomy does not change it. Hence, it has been assumed that the great reserpine
sensitivity of the adrenalectomized animal is related to an absolute lack in certain
adrenal steroids, rather than to the inability of the pituitary-adrenal system to
respond to the stress caused by this drug.

Dexamethasone protects the gastric mucosa of the rat against the production of
ulcers by reserpine.

In guinea pigs, the reserpine catalepsy is inhibited by various folliculoids, testoids,
and corticoids.

Reticulo-Endothelial System (RES)-Blocking Agents <

In rats and mice, the blood clearance of carbon particles and their phagocytosis
by RES cells is enhanced by various folliculoids, but not by testoids.

Cortisol does not significantly alter the accumulation of intratracheally adminis-
tered quartz dust in rats, but delays its transfer to the regional lymph nodes.

In rats pretreated with ACTH, fluorocortisol, or stress (restraint), a single i.v.
injection of thorium dextrin produces thrombohemorrhagic lesions in the
adrenals, liver, and kidneys, which resemble the Shwartzman-Sanarelli phenomenon.

The localization of i.v. injected carbon particles in the paws of rats with
dextran-induced anaphylactoid edema, can be topically prevented by intrapedal
injection of cortisol, which interferes with local angiotaxis. In rats with arthritis
produced by intrapedal injection of formalin mixed with India ink, the migration of
the carbon particles into the regional lymph nodes is accelerated by concurrent
treatment with ACTH. This is presumably a consequence of an increased glucocorti-
coid secretion and the resulting inhibition of inflammatory barrier formation around
the carbon particles.

SKF 525-4 <

In rats, severe intoxication with SKF 525-A was significantly diminished by PCN,
CS-1, spironolactone, oxandrolone, prednisolone, triamcinolone and progesterone.

Sodium «

The potentiating effect of Na-salts upon mineralocorticoid hypertension has been
extensively discussed in our previous monographs and need not be reconsidered here.
Suffice it to state that in rats, dogs, and various other species including man, the toxic
action of mineralocorticoid overdosage is aggravated by an excess of sodium. Indeed,
it appears that the picture of mineralocorticoid intoxication is actually a sodium
poisoning whose severity is enhanced by mineralocorticoids.

In frogs, high concentrations of NaCl decrease the Na-uptake and increase the
electric resistance in the skin, as does destruction of the interrenal bodies. These
effects are reversed by aldosterone but unaffected by spironolactone. Aldosterone and
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spironolactone also fail to influence either the urine or the plasma Na in frogs; hence,
it has been assumed that aldosterone is perhaps not an indispensable participant in
salt regulation in this species.

Strychnine <

One of the earliest — though negative — observations concerning the influence of
hormones upon resistance to drugs was the finding, in 1911, that in dogs and rabbits,
orchidectomy and thyroidectomy do not consistently influence resistance to strych-
nine poisoning. On the other hand, DOC anesthesia protects the mouse against the
convulsive and local effects of strychnine.

Also in mice, several water soluble esters of cortisol and prednisolone decreased
strychnine sensitivity, but testosterone offered the best protection. Some piperidino-
androstane derivatives actually increased strychnine sensitivity or produced convul-
sions by themselves.

Male rats are more resistant than females to strychnine intoxication, and the
hepatic microsomes of male rats also exhibit a greater strychnine-metabolizing po-
tency in vitro. SKF 525-A increases the toxicity of strychnine, presumably by
interfering with its microsomal metabolism. Gonadectomy diminishes the high
strychnine resistance of male rats, but has no effect upon females. 4-Chlorotestoste-
rone augments the strychnine-metabolizing ability of isolated hepatic microsomes or
liver slices.

Comparative studies on the effect of various steroids upon the strychnine sensiti-
vity of the rat revealed that in this respect, the glucocorticoids (prednisolone and
triamcinolone) and estradiol are most efficient. Ethylestrenol, spironolactone and
PCN are much less potent, whereas CS-1, norbolethone, oxandrolone, progesterone,
DOC, and hydroxydione are totally devoid of strychnine antagonizing capacity.

Thimerosal <

In rats, thimerosal intoxication is inhibited by all catatoxic steroids, prednisolone
and estradiol.

Thioacetamide <«

