<> aews Further

Quick links to online content

Annu. Rev. Pharmacol. 1961.1:45-63. Downloaded from www.annualreviews.org
by Texas State University - San Marcos on 12/17/11. For personal use only.

METABOLIC FATE OF DRUGS

By E. W. MAYNERT
Department of Pharmacology and Experimental Therapeutics,
The Johns Hopkins University School of Medicine,
Baltimore, Maryland

This review is based on the literature from 1957 to May, 1960. For
earlier work the reader is referred to the systematic treatment of the
metabolism of organic compounds by Williams (1). Discussions on meta-
bolic fate have appeared periodically in the Annual Review of Biochemistry
(2, 3), and in a sense, this review may be regarded as a continuation of that
series. However, somewhat different aspects of the field may be expected to
be emphasized in a publication designed primarily for pharmacologists.
The pharmacologist is more interested in compounds possessing physiologi-
cal activity and in results obtained in man. He is also more concerned with
a complete accounting of the products of metabolism, because he recognizes
that therapeutic or toxic actions may not be caused by the drug itself but
by a metabolite which represents only a tiny fraction of the drug. At the
present time, few, if any, drugs can be completely accounted for after
therapeutic doses in man. However, with the continued introduction of more
sensitive and specific analytical methods, it would appear that this goal can
ultimately be achieved with dividends by providing more secure knowledge
upon which a science of structure-activity relationships can be founded.

The papers which were selected for this review are those concerned
with the identification and determination of the excretory products of useful
drugs. No reference is made to a large number of studies which did not go
further than to describe unidentified spots on paper chromatograms. Because
they may give results which are grossly misleading for the intact animal,
purely in vitro investigations of drug metabolism have not been included.
For example, cytochrome oxidase causes the disappearance of catechol
amines in vitro more rapidly than any known enzyme, but in vivo this
reaction does not appear to occur (4). The enzymatic aspects of drug
metabolism are discussed in other reviews (2, 4, 5, 6).

Hypeworics

Barbiturates—The study of the fate of this series of drugs continues to
generate many publications, particularly by German and Japanese investiga-
tors, but, except for the work described below, the only new metabolites
characterized are some oxidative and hydrolytic products of drugs contain-
ing the l-cyclohexenyl group (7, 8). Other reviews (9 to 12) summarize
the evidence that the barbiturates are metabolized by four different routes:
oxidation of substituents in the 5-position of the barbituric acid ring,

! The following abbreviation has been used: TEPA (triethylenephosphoramide).
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hydrolysis (generally a minor reaction), oxidation of alkyl groups attached
to a nitrogen atom, and desulfuration of thiobarbiturates. Although it is
clear that part of the sulfur of thiobarbiturates is converted to inorganic
and organic sulfate (13), evidence for the direct conversion of thiobarbitu-
rates to ordinary barbiturates in vivo has not been above objection, inasmuch
as the sulfur of thiobarbiturates can be oxidized by the peroxide in ethyl
ether employed in extraction. Recently the excretion of barbital after the ad-
ministration of thiobarbital in man has been demonstrated with a more satis-
factory method (14). Reports (15, 16) that N-methylation of a barbiturate
(nor-evipal) occurs to some extent in the mouse are unconvincing.

Some new experiments (17) on 2-C**-labeled Phanodorn (5-A!-cyclo-
hexenyl, 5-ethylbarbituric acid) in the rat have indicated that the metabo-
lites can be accounted for as follows: 0 to 1.5 per cent unchanged drug,
12 to 13 per cent 3-hydroxycyclohexenyl derivative, 73 to 74 per cent 3-oxo-

F16. 1. Metabolism of Phanodorn (5-A'-cyclohexenyl, 5-ethyl barbituic acid).

cyclohexenyl derivative, 9 per cent ethylbarbituric acid, 1 to 2.5 per cent
oxaluric acid, 1 to 2 per cent parabanic acid (see Fig. 1). A small amount
of ethylbarbituric acid has also been found after the administration of
barbital and 5-ethyl, 5-vinylbarbituric acid (18). The removal of substi-
tuents in the 5-position probably involves unstable intermediates with a
hydroxyl group on the carbon atom immediately adjacent to the barbituric
acid ring. The mechanism of the formation of oxaluric and parabanic acid
from ethylbarbituric acid is not at all clear. One possible route would be
hydrolysis and decarboxylation to yield butyryl urea, which could be con-
verted to oxaluric acid through w-oxidation followed by (-oxidation.
The formation and subsequent degradation of monoalykl derivates may
explain the failure of all other workers to account fully for the products
of barbiturate metabolism, This interesting work requires confirmation.
Methyprylon—This drug (3,3-diethyl-5-methylpiperidine-2,4-dione) ap-
pears to be metabolized primarily through a reaction which may be for-
mulated as a dehydrogenation but possibly results from hydroxylation fol-



Annu. Rev. Pharmacol. 1961.1:45-63. Downloaded from www.annualreviews.org
by Texas State University - San Marcos on 12/17/11. For personal use only.

METABOLIC FATE OF DRUGS 47

CHg, 2 CHy, 9 CHy, 8 CHs 9
0= N b 0= N — Qa N > 0= N
H H H H

F16. 2. Metabolism of methyprylon,

lowed by dehydration. As illustrated in Figure 2, the oxidation product
(3,3-diethyl-24-dioxo-5-methyltetrahydropyridine) has been isolated from
the urine of man, the rat, and the dog (19, 20, 21). A similar dehydrogena-
tion was described earlier for 33-diethylpiperidine-24-dione (22). In the
dog the methyl group of the dehydrogenation product of methyprylon has
been shown to be oxidized to a hydroxymethyl derivative and then to a
carboxylic acid; both of these compounds are excreted in the urine as
glucuronides. Part of the carboxylic acid derivative is decarboxylated to 3,3-
diethyl-2,4-dioxotetrahydropyridine which also appears in the urine (21),
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F16. 3. Unconjugated metabolites of glutethimide.

Glutethimide—After the administration of this drug to dogs or rats,
only traces of unchanged a-ethyl, a-phenylglutarimide appear in the urine
(19, 23). In the dog most of the products of the drug are excreted conju-
gated with glucuronic acid. The unconjugated metabolites, which account
for less than 10 per cent of the dose, consist of the dealkylation product,
@-phenylglutarimide, and the dehydrogenation product, a-ethyl, a-phenyl-
gluconimide (24 to 27) (Fig. 3). Three glucuronides have been isolated as
crystalline derivatives after treatment with diazomethane and acetic anhy-
dride. The aglycones have been shown to have the structures illustrated in
Figure 4 (27).

CHCH, CHECH, CHyCHOH
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Fic. 4. Aglycones of glucuronides formed from glutethimide.

These compounds prove that hydroxylation occurs in both the ethyl group
and the glutarimide ring. The isolation of a 1-hydroxyethyl derivative is
noteworthy inasmuch as such compounds have been proposed as inter-
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mediates in dealkylations involving rupture of a carbon-carbon bond. The
N-methyl group in two of the compounds was probably introduced by the
treatment with diazomethane. Although N-methylation has long been rec-
ognized as an important biochemical reaction of natural substrates and has
been observed in connection with the metabolism of a few foreign amines
(eg., pyridine, quinoline, p-methylaminoazobenzene), there is no satisfac-
tory evidence for methylation of an imido group.

Ethinamate and hydroxydione—The metabolism of ethinamate (1-
ethynylcyclohexyl carbamate) (Fig. 5) has been studied in rats. Hydrolytic
cleavage of the ester is a minor reaction. Most of the drug is hydroxylated,
but the position of the hydroxyl group in the cyclohexyl ring has not been
established. About half of the hydroxyethinamate is excreted as such; the
remainder is excreted as a glucuronide (28).

COCHZ0COCH,CH,CO0Na

HCEC_ OCONH,

Ethinamate Hydroxydione

F1e. 5. Structures of ethinamate and hydroxydione.

Hydroxydione (pregnane-21-0l-3,20-dione hemisuccinate sodium (Fig.
5), which has been used for intravenous and basal anesthesia, is metabolized
in man by reduction of the 3-keto group to a hydroxyl group which is then
conjugated with glucuronic acid. The ester linkage is hydrolyzed. Among
the metabolites identified, the principal excretory product is the monoglu-
curonide of 21,3-a-pregnanediol-20-one; however, the 21-hydroxy group is
also partly conjugated. Inasmuch as only 15 to 20 per cent of the drug can
be accounted for, oxidation of the side chain to form derivatives of 3-hy-
droxy- and 3-keto-etiocholanic acid has been suggested (29 to 32).

ANTIEPILEPTICS

Drugs containing an N-alkyl group—Convincing evidence has. been
presented that the five drugs shown in Figure 6 (N-methyl derivatives of
barbituric acid, hydantoin or oxazolidine 2,4-dione) are almost completely
demethylated in man (33). When these drugs are administered chronically
in the treatment of epilepsy the concentrations in the body of the products
of demethylation far exceed those of unchanged drug. The demethylated
derivatives of the five drugs are known to possess antiepileptic activity.
Therefore, there is a serious question whether any therapeutic benefits are
achieved by administering any of these drugs in preference to the products
of demethylation. This is a problem which can be solved only by means of
controlled clinical investigation.
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F16, 6. Structures of antiepileptics.

Barbital and 5,5-dimethyloxazolidine-2,4-dione, the products of demethy-
lation of metharbital and trimethadione, respectively, are eliminated almost
completely unchanged, although excretion in man has not been studied as
thoroughly as in experimental animals (9, 34). It is not known whether
5-ethyl,5-methyloxazolidine-2,4-dione resulting from the demethylation of
paradione completely resists chemical alteration in the body; at least a por-
tion of the compound is excreted unchanged (35). Phenobarbital, which is
formed from mephobarbital, is excreted partly unchanged and partly as
p-hydroxyphenobarbital (36 to 39), which for all practical purposes lacks
hypnotic activity (39). Presumably, phenobarbital is also metabolized to
other products which are still unknown. In the dog, p-hydroxyphenobarbital
is excreted entirely conjugated, for the most part with glucuronic acid (39),
but in man it is only partly conjugated, and the nature of the conjugation is
uncertain (37, 38, 39). Nirvanol (5-ethyl,5-phenylhydantoin) produced by
the demethylation of mesantoin is also excreted by man partly unchanged
and partly as p-hydroxynirvanol (40, 41). The p-hydroxynirvanol in dog
urine is largely conjugated with glucuronic acid (40); it is not known
whether this is also true in man.

Diphenylhydantoin and primidone—A study with N15-labeled diphenyl-
hydantoin (Fig. 7) has proved that hydrolysis of the hydantoin ring does
not occur to an important extent in dogs (42). In man and the dog, a large
part of the drug is converted to 5-(p-hydroxyphenyl),5-phenylhydantoin,
which is subjected to further metabolic alteration (43). Both species excrete
about 50 per cent of a dose of diphenylhydantoin as the p-hydroxy deriva-
tive; 75 per cent of this is conjugated with glucuronic acid, and less than
1 per cent is excreted in the free form (42, 43). Hydroxylation of a phenyl
group causes the carbon atom in the 5-position of the hydantoin ring to
become asymmetric. The phenolic metabolite in the urine of man consists
almost entirely of the levorotatory isomer. The dog excretes both isomers
with a slight preponderance of the dextrorotatory form (43).

Primidone (5-ethyl,5-phenyl-4,6-dioxo-hexahydropyrimidine) (Fig. 7)
is metabolized in part through oxidation to phenobarbital (44). In man the
extent of this conversion is of the order of 15 per cent; in dogs it amounts
to only 5 per cent. In rats ethylphenylmalonamide may also be a metabolite

(45). :



Annu. Rev. Pharmacol. 1961.1:45-63. Downloaded from www.annualreviews.org
by Texas State University - San Marcos on 12/17/11. For personal use only.

50 MAYNERT
G ©

whJe L

Diphenylhydantoin Primidone

Fic. 7. Structures of diphenylhydantoin and primidone,

ANALGESICS

Morphine and related drugs—The literature on the narcotic analgesics
up to 1957 has been reviewed (46). More recent papers on morphine (47 to
51), levorphanol (52), heroin (53), and codeine (54) are generally in
agreement with earlier reports and do not require discussion. A study on
the narcotic antagonist, levallorphan (levo-3-hydroxy-N-allylmorphinan),
has revealed that all of the common laboratory animals excrete small
amounts of the free and conjugated deallylation product, 3-hydroxymor-
phinan, in the urine (55). Another metabolite which differs from levallor-
phan in possessing an extra oxygen atom has been isolated from rat urine
but not yet identified. Rats excrete only 5 per cent of a large dose of leval-
lorphan as unchanged drug in its free and conjugated forms (55). In con-
trast, 44 to 60 per cent of a dose of nalorphine can be accounted for as free
and conjugated drug in dogs (56). Studies with liver microsomes have
shown that nalorphine can be deallylated to normorphme or conjugated
with glucuronic acid (48, 57).

6-Dimethylamino-4,4-diphenyl-3-hexanone, which has received clinical
use in Japan, has been reported to be metabolized in rats through reduction
of the ketone group to a hydroxy! group (58). Whether a similar reduction
occurs with methadone, 6-dimethylamino-4,4-diphenyl-3-heptanone, is not
known.

Amwileridine and propoxyphene.—Anileridine (Fig. 8), which differs from
meperidine in having a p-aminophenylethyl in place of a methyl group, is
metabolized by hydrolysis of the ester and acetylation of the amino group. In
man four metabolites have been determined in the urine: unchanged drug (5
per cent), anileridine acid (7 to 14 per cent), acetyl anileridine (0.5 to 2 per
cent), and acetyl anileridine acid (1 to 2 per cent). In man, the rat, and
the guinea pig an additional 15 to 35 per cent of the dose is excreted as
unidentified diazotizable substances; in the rat this fraction consists largely
of p-acetylaminophenylacetic acid or some closely related compound (59).

The fate of a-dl-propoxyphene (Fig. 8), has been studied in rats and man.
Rats given the drug labeled with C* in one of the N-methyl groups excrete
38 per cent of the radioactivity in the expired air, 35 per cent in the feces, and
15 per cent in the urine. The product of mono-demethylation has been isolated
from human urine by means of a dinitrophenyl derivative (60).
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Fic. 8. Structures of anileridine and propoxyphene,

TRANQUILIZING AGENTS

Phenothiazine derivatives—Promazine and chlorpromazine (Fig. 9)
appear to be metabolized by sulfoxidation, hydroxylation, and demethyla-
tion. Chlorpromazine sulfoxide has been isolated from the urine of dogs; in
man it accounts for about 5 per cent of a dose of the drug (61). The

(CHy)3N{CHgly

S
Fic. 9. Structure of chlorpromazine.

pharmacological actions of this metabolite differ qualitatively and quantita-
tively from chlorpromazine (62); it is a weak sedative in man and is
thought to contribute little to the action of the parent compound (63).
Sulfoxide metabolites of promazine (64) and mepazine (10[(1l-methyl-3-
piperidyl )methyl] phenothiazine) (65) have also been reported. A study of
the fate in rats of chlorpromazine labeled with C** in one of the methyl
groups has proved demethylation to be an important process; as much as 17
per cent of the isotope is exhaled as carbon dioxide in six hours, and con-
siderable amounts are eliminated during the following six hours (66). After
the administration of S3%-labeled promazine to dogs, the products of mono-
demethylation of the drug and the corresponding sulfoxide are excreted
in the urine, but these two metabolites together account for less than 5
per cent of the dose (64). In man both methyl groups may be removed from
the dimethylamino group of chlorpromazine; the mono-methyl and the com-
pletely demethylated sulfoxide derivatives have been stated to be the major
extractable metabolites, but quantitative data are lacking (67). Removal of
the entire dimethylaminopropyl group apparently does not occur, at least
in dogs; this is suggested by the fact that radioactive sulfate is a product
after S35-labeled phenothiazine but not after labeled promazine (64). How-
ever, sulfate has been reported as a metabolite of chlorpromazine in mice
(68). Treatment of human urine with $-glucuronidase has been shown to
liberate additional metabolites of chlorpromazine that have not yet been
definitely identified but may be presumed to contain hydroxyl groups in the
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phenothiazine ring (69, 70). No metabolites of promazine or chlorprom-
azine containing the sulfone group have been detected; chlorpromazine sul-
fone has been shown to be rapidly metabolized to products of unknown
structure by liver microsomes (71).

Reserpine—In all species examined, only minute amounts of reserpine
(Fig. 10) are excreted unchanged in the urine. The earliest study of the
fate of this drug revealed that 30 to 60 per cent of an oral or intravenous
dose was excreted by mice as 3,4,5-trimethoxybenzoic acid, a compound
which is excreted entirely unchanged by this species (72). However, it
seems unlikely that hydrolysis to methyl reserpate and trimethoxybenzoic
acid is the primary biochemical transformation of reserpine. Rats given
reserpine by mouth excrete 22 per cent of the drug in the urine and 45
per cent in the feces as methyl reserpate. However, if the same dose is

OCH,

_OCHy

OCH,

F1c. 10, Structure of reserpine.

given subcutaneously or intraperitoneally, the urinary excretion of methyl
reserpate amounts to less than 1 per cent of the dose. It has been demon-
strated that the intestine of the rat differs from that of the dog or the
monkey in being capable of hydrolyzing reserpine to methyl reserpate. A
considerable part of the methyl reserpate formed in the intestine of the rat
appears to be absorbed and excreted unchanged in the urine. The very
small amount of this compound in the urine after parenterally alministered
reserpine indicates that mcthyl reserpate is not an important intermediary
product in the rat when the oral route is avoided. In the dog and the monkey
only small amounts of methyl reserpate are found in the tissues and excreta,
regardless of the route of administration (73).

Apart from hydrolysis, the only chemical change which has been demon-
strated for reserpine is O-demethylation, Rats injected with drug labeled
with C* in the 4-methyl group of the trimethoxybenzoyl moiety excrete 24
per cent of the radioactivity in the breath in six hours (74). O-Demethylation
products of reserpine and trimethoxybenzoic acid (syringoyl methyl re-
serpate and syringic acid) have been detected in rat tissues (75), but ade-
quate quantitative data to assess the importance of these metabolites is lack-
ing. No correlation has yet been found between the concentrations of re-
serpine or its metabolites in the brain and the duration of pharmacological
effects (75, 76, 77). It may be that reserpine or one of its metabolites causes
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some change in body chemistry which persists long after the drug and its
products are completely eliminated, but this can scarcely be accepted as
proved until the distribution and fate of all of the metabolites of reserpine
are known.

Meprobamate—The administration of C'¢-labeled meprobamate to man,
dogs, or rats leads to the urinary excretion of four radioactive products in
addition to unchanged drug (Fig. 11) (10 to 20 per cent of the dose) (78,

" CHy
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Fic. 11. Structure of meprobamate.

79). Two metabolites appear to be alcoholic derivatives obtained from
oxidation of the methyl and propyl groups. One of these has been proved
to be 2-hydroxymethyl,2-n-propyl-propane-1-3,diol dicarbamate; this com-
pound, which lacks sedative activity, accounts for 60 per cent of the urinary
metabolites in dogs (78). The other two products are glucuronic acid con-
jugates. Acid hydrolysis of one of these yields the hydroxymethyl deriva-
tive of meprobamate; the combination with glucuronic acid may involve
either the hydroxyl group or the amino groups of the metabolite. Treatment
of the other conjugate with acid yields unchanged meprobamate; this sub-
stance appears to be an N-glucuronide (80).

N-glucuronides have been considered as metabolites of aromatic amines
for over 10 years (81, 82, 83), but much remains to be learned about this
class of compounds. They are very rapidly hydrolyzed in acidic solutions
but are not attacked by @-glucuronidase (84). Their formation from uri-
dine diphosphate glucuronic acid is catalyzed by the microsomal enzyme
system involved in the formation of ether and ester glucuronides (84);
however, they are also formed in aqueous solution by the nonenzymatic con-
densation of amines with glucuronic acid (81, 85, 86). Other drugs reported
to form N-glucuronides are 4,4-diaminodiphenylsulfone (86), sulfanilamide
(87), and sulfapyridine (88).

CENTRAL NERVOUS SYSTEM STIMULANTS

Iproniazid.—This monoamine oxidase inhibitor, which has been em-
ployed clinically as a psychomotor stimulant, is subjected to two different
chemical reactions in mice, rats, and rabbits (89) (Fig. 12). One part of

GOOH  CONHNHCH(CHJ), GONHNH,
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Fi1c. 12. Metabolism of iproniazid.
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the drug is hydrolyzed to isonicotinic acid and isopropylhydrazine; another
part is dealkylated to form isoniazid (isonicotinic acid hydrazide) and ace-
tone. After the administration to rats of iproniazid labeled with C1¢ in the
isonicotinic acid moiety, 98 per cent of the radioactivity appears in the
urine in 24 hours, and almost all of this is in the form of isonicotinic acid
and unchanged drug (90). These findings suggest that the principal meta-
bolic pathway for iproniazid involves hydrolysis to isonicotinic acid and
isopropylhydrazine, because, if isoniazid were formed to any considerable
extent, one would expect to find N-acetyl,N’-isonicotinoylhydrazine and the
isonicotinoylhydrazones of pyruvic and a-ketoglutaric acids in the urine
(91, 92). However, other investigators have found the acetyl derivative of
isoniazid in urine after the administration of iproniazid, although quantita-
tive data are not available (89). When iproniazid containing C¢ in the
isopropyl group is administered to mice, rats, or rabbits, as much as 60 per
cent of the isotope is excreted in the breath. Radioactive acetone can be
detected in the tissues and excreta; very large doses of iproniazid appear
to inhibit the oxidation of acetone to CO,. The labeled acetone could arise
from the dealkylation of either iproniazid or isopropylhydrazine. Two
metabolites of iproniazid detected in the urine by paper chromatography
have been considered to be isopropylhydrazones of normal tissue constit-
uents, but they have not been definitely identified (89).

Although isopropylhydrazine is known to be quite potent with respect to
both toxicity and mono, amine oxidase inhibition, the role of this compound
in causing the effects of iproniazide i vivo has yet to be clarified. In this
connection it is interesting to note that benzohydrazide (C,H,CONHNH,)
and p-chloro- and p-methyl-benzohydrazides, which are quite toxic, are
extensively hydrolyzed in rabbits to the corresponding carboxylic acids and
hydrazine. The less toxic salicylohydrazide and p-hydroxybenzohydrazide
are less extensively hydrolyzed, and are metabolized primarily through con-
jugation with glucuronic acid (93, 94, 95).

Other stimulants.—Methylphenidate (Fig. 13) is metabolized primarily
through hydrolysis of its ester linkage. After the administration of drug
labeled with C# in the carbonyl group to rats, none of the isotope appears
in the breath, and only minute amounts are found in the feces. A negligible
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F1c. 13. Structures of central nervous system stimulants.
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quantity of the drug is excreted unchanged. The major urinary product is
phenyl(2-piperidyl) acetic acid (62 per cent of the dose). Two other metab-
olites have been detected but their structures are unknown (96).

The fate of bemegride (Fig. 13) has been studied in a patient who
received this drug for the treatment of poisoning with phenobarbital. Un-
changed bemegride and a metabolite containing a hydroxyl group were
isolated in pure form from the urine. The metabolite gives a positive iodo-
form test; this reaction proves conclusively that the hydroxyl group is
located in the ethyl group on the carbon atom immediately adjacent to the
glutarimide ring (97).

Some new work on the metabolism in the rat of pentylenetetrazole (Fig.
13) labeled with C** has yielded interesting results (98). Most of the in-
jected radioactivity appears in the urine in 48 hours. When the urine or
extracts of it are subjected to paper chromatography, only one compound
can be detected, and this is indistinguishable from unchanged drug. On the
other hand, by means of biological methods it has been shown quite clearly
that the drug is metabolized to an inactive compound. Furthermore, partial
hepatectomy prolongs the sojourn of the drug in the body and nephrectomy
is without effect. It would seem that the only explanation for these appar-
ently contradictory observations is that pentylenetetrazole is metabolized
in the rat to a very labile conjugate of unknown structure which reverts to
the drug in urine. However, it is difficult to imagine what kind of conjuga-
tion could be involved.

CARrpIAC GLYCOSIDES

Recent research has revealed that hydroxylation and cleavage of the
sugar moieties are important reactions in the metabolism of the cardiac
glycosides. In man and the rat digitoxin yields several metabolites, one of
which is digoxin (12-hydroxydigitoxin) (99). In the rat injected with dig-
itoxin the digitoxose chain undergoes a stepwise degradation to yield the
bis-digitoxosides and the mono-digitoxosides of digitoxigenin and digoxi-
genin. The principal metabolite of digitoxin in the rat is digoxigenin-bis-
digitoxoside (62 per cent of the dose). Unchanged drug accounts for 6 per
cent of the dose and digoxin, 20 per cent (100, 101).

The cleavage of the sugars of cardiac glycosides has also been demon-
strated in a study of K-strophanthoside and thevetin (102). After oral or
subcutaneous administration of strophanthoside, unchanged drug can be
detected in the bile but not in the excreta. However, both the urine and the
feces contain the product (cymarin) formed from the cleavage of two
molecules of glucose. Homogenates of tissues do not cause hydrolysis of
strophanthoside but incubation with rat feces leads to a rapid formation of
cymarin. Similar findings have been obtained with thevetin. This work
raises the question of the relative importance of tissue enzymes and the
intestinal flora in the chemical transformations observed with other cardiac
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glycosides. The literature on this problem is quite unsatisfactory. For
example, some workers have failed to detect any oxidation of digitoxin
in vitro (103), whereas others find that oxidation and cleavage occur not
only in the liver but in blood or plasma (104). One is forced to consider
the possibility that the presence or absence of bacteria may play some part
in causing the discrepancy in results.

The excretion of the cardiac glycosides into the bile appears to depend
upon their polarity or their partition coefficients. After parenteral admin-
istration to rats, more than 60 per cent of a dose of a polar drug like ouabain
(105) or lanatoside C (106) appears unchanged in the bile. Under the
same conditions, less than 10 per cent of a dose of a less polar drug like
digitoxin or digoxin enters the bile (106). Secretion into the bile and a
limited reabsorption from the gastrointestinal tract provide an explanation
for the short duration of action of ouabain and the lanatosides, but further
work will be necessary to establish this point.

SULFONAMIDES

Carbonic anhydrase inhibitors.—A study of the metabolic fate of 2-ben-
zothiazolesulfonamide has provided an explanation for its failure to inhibit

N N N
U \c-sozNue-;@ s @ ‘%'S'Cs“a"s
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F16. 14. Metabolism of 2-benzothiazolesulfonamide.

carbonic anhydrase in vivo (107). After intravenous administration to dogs,
no unchanged drug appears in the urine, but a metabolite accounting for
about 25 per cent of the dose can be isolated. This compound has been
proved to be the glucuronide of 2-mercaptobenzothiazole (Fig. 14). As such
it is the first thioglucuronide (S-glucuronide) to be isolated in pure form.
Small amounts of 2-mercaptobenzothiazole and 2-hydroxybenzothiazole
have also been isolated from urine. The reduction of the sulfonamide group
to a sulfhydryl group is a metabolic reaction which has not been described
previously. In the light of earlier observations that thiophenol leads to an
increased excretion of ethereal sulfates as well as glucuronides (1), it is
possible that mercaptobenzothiazole is also conjugated with sulfuric acid.
Acetazoleamide, a carbonic anhydrase inhibitor active in vivo, is excreted
largely (more than 70 per cent) unchanged (108).

Sulfonylureas—These drugs, which are useful in the treatment of dia-
betes mellitus, are metabolized by reactions of substituents in the benzene
ring and by modification of the substituted urea group (Fig. 15). In man
the only important reaction of tolbutamide is oxidation of the p-methyl
group to a carboxylic acid group; practically all of the drug is excreted as
N-4-carboxybenzenesulfonyl,N’-s-butyl urea, which has no hypoglycemic
activity (109, 110). Dogs convert tolbutamide to p-toluenesulfonyl urea and
p-toluenesulfonamide, but quantitative data are lacking (111, 112). In the
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Fic. 15. Structures of the sulfonylureas.

dog chlorpropamide is excreted partly unchanged (27 to 33 per cent), and
partly as p-chlorobenzenesulfonyl urea (35 to 40 per cent) and the cor-
responding sulfonamide (16 to 24 per cent) (113). The drug appears to
undergo less change in man (114), but p-chlorobenzenesulfonamide is also
a metabolite in this species (113). Metahexamide has not been studied in
man, but the dog excretes some of this drug as 3-amino-4-methylbenzene-
sulfonamide (115). The only data on the fate of carbutamide were obtained
by use of the Bratton-Marshall method for aromatic amines; the results
indicated that in man about one third of the excreted amino group was
acetylated (116). Now that it is known that aromatic amines may be ex-
creted as N-glucuronides and N-sulfates as well as acetylated derivatives
and that some of these conjugates are very labile under conditions required
for diazotization, this classical method for dividing excreted amines into
free and acetylated fractions does not necessarily yield a meaningful result.

DiaGNoSTIC AGENTS

Bromsulfalein.—Employed clinically to test hepatic function, this drug
(Fig. 16) is largely metabolized to derivatives which have the same color.
After the administration of S3°-labeled bromsulfalein to dogs, four metab-
olites, none colorless, can be detected in the bile (117). The metabolites ap-
pear to be similar in man and all other species studied, although marked
quantitative differences occur (118, 119, 120). Attempts to demonstrate con-
jugation with sulfuric or glucuronic acid have been unsuccessful (121, 122,

F1c. 16. Structure of bromsulfalein.
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123), although the drug apparently forms a glucuronide in the presence of
liver microsomes (124). A number of studies have shown that the metabo-
lites contain amino acids (120, 122, 123, 125). Although none of the metabo-
lites has been definitely identified, it sems likely that conjugation with glu-
tathione is involved. Hydrolysis of the metabolites yields cysteine, glycine,
and glutamic acid (120, 122, 125). Furthermore, in two of the metabolites
the sulfur of the cysteine has been demonstrated to be involved in a thio-
ether linkage (125). Compounds similar to the metabolites are formed by
the reaction of the drug with glutathione or cysteine in vitro (125, 126, 127).
The reaction of bromsulfalein with a sulfhydryl group in vivo could involve
replacement of either a bromine or a hydrogen atom in one of the aromatic
rings. Although loss of a bromine atom would seem more likely, an analysis
of one of the metabolites isolated from rat bile after the administration of
labeled drug indicated that the ratio of Br to S3% was the same as in the
drug itself (118). It has been shown that after administration to rats one of
the metabolites is converted in part to a second metabolite; when the sec-
ond metabolite is administered, it appears in the bile entirely unchanged
(128). If the metabolism of bromsulfalein involves a condensation with
glutathione, some of the products detected may arise by stepwise removal

of glycine and glutamic acid and the acetylation of the cysteine residue to
form a mercapturic acid. The possibility of the introduction of two sulfhy-
dryl-containing moieties into bromsulfalein seems less likely.

Evidence that a condensation with glutathione is the primary step in the
formation of mercapturic acids has been strengthened in the past few years.
However, larger SH-containing peptides and proteins may sometimes be
involved (129). Several foreign compounds leading to mercapturic acids
have been shown to cause a decrease in liver glutathione (130). The in-
cubation of rat liver slices with naphthalene leads to the formation of a
compound that is almost certainly S-(1,2,dihydro-2-hydroxy-1-naphthyl)-
glutathione (131). The ingestion of l-bromobutane causes the excretion
of three metabolites containing sulfur. One of these, after hydrolysis, yields
glutamic acid, glycine, and S-butyl-L-cysteine; the second metabolite yields
only glycine and S-butyl-L-cysteine. The third compound is #-butylmercap-
turic acid (N-acetyl-S-butyl-L-cysteine) (132).

ANTICANCER AGENTS

The availability of a recent review (133) on the fate of drugs employed
in the treatment of cancer makes it permissible to confine the present dis-
cussion to busulfan and some of the phosphoramides.

Busulfan.—This drug has been studied after separate labeling of the
sulfur and the carbon of the tetramethylene chain. After the administration
of the S3%5-labeled drug, the isotope appears in the urine largely in the form
of methanesulfonic acid (134, 135). The administration of the C'*-labeled
drug to man or the rat causes the appearance of a large number of radio-
active compounds in the urine (134, 136) ; this result has been interpreted
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as suggesting alkylation of unknown body constituents. In the rat and the
rabbit the major metabolite is 3-hydroxytetrahydrothiophene-1,1-dioxide
(137, 138) (Fig. 17). The pathway for the formation of this compound may
involve the alkylation of a cysteine-containing substance by the drug to
form the S-f-alanyltetrahydrothiophenium ion which is then converted to
tetrahydrothiophene, which is metabolized by oxidation to the sulfone and
hydroxylation,

_ CHgCHy +
CHyS0, 0CH,CH,CH, CH 0S0,CHy > | S CH,CH(NH,) COOH
CHp—CH,

OH
- J > ) > 0
s S S
> 0 0

Fic. 17. Metabolism of busulfan.

Phosphoramides.—Inasmuch as alkylating agents have been thought to
be highly reactive under biological conditions, it was surprising to discover
that considerable quantities of unchanged busulfan appear in the urine of
rats (134, 135). Another alkylating agent, N,N’,N”-triethylenephosphora-
mide (TEPA) is even more stable in vivo. In rats this drug is excreted
largely unchanged (139). However, in man and the mouse most of it is
converted to inorganic phosphate (136, 140). In the rat, the dog, and the
rabbit TEPA is a major metabolite of thio-TEPA (Fig. 18) (141, 142); the

CHp CHg,

. - 1t _
3 _' 3

Thio- TEPA TEPA

F1G. 18. Metabolism of thio-TEPA.

mouse also degrades this compound almost completely to inorganic phosphate
(141). Another thiophosphoramide, OPSPA, which differs from thio-TEPA
in having a morpholino group in place of one of the ethylene imino groups,
has also been shown to be excreted by man and the rat largely as the oxygen
analogue (143). The fact that some of the alkylating agents are excreted un-
changed should not be taken to suggest that any therapeutic benefit derived
from these substances is not the result of the alkylation of some critical
tissue constituent. However, that these drugs do act through alkylation is
also unproved.



Annu. Rev. Pharmacol. 1961.1:45-63. Downloaded from www.annualreviews.org
by Texas State University - San Marcos on 12/17/11. For personal use only.

60 MAYNERT

MISCELLANEOUS DRUGS

Nicotine.—Studies in the rat (144) and in the dog (145) with nicotine
uniformly labeled with C** have demonstrated that practically all of the
isotope is eliminated in the urine. Five metabolites which have been isolated
(146 to 149) from dog urine are shown in Figure 19. The position of the
hydroxyl group in hydroxycotinine has not been established. All of these
compounds with the exception of N-methylnicotine (which has not been
sought) have also been detected in the urine of man after smoking or after
the ingestion of nicotine (150). The administration to the dog of cotinine,
which is less toxic than nicotine, causes the excretion of hydroxycotinine
and desmethylcotinine plus some N-methylcotinine (148, 149) ; presumably,

T CHCH,CH,COOH
+ I N + | I’IHCHZ'
N CH3 \N
c

Nicotine N- Methylnicotine ¥- 3 - Pyridyl - ¥ ~ methy(=
aminobutyric Acid

OH
5 = =
- N0
+ N + H
NT SH, N
Cotinine Hydroxycotinine’ Desmethylcotinine

F1c. 19. Metabolism of nicotine.

the latter compound is also a metabolite of nicotine. Earlier work indicated
that cotinine was formed primarily by the cyclization of ¥-3-pyridyl-y-
methylaminobutyric acid ; this reaction proceeds readily in vitro under physi-
ological conditions (146, 147). However, the oxidation of nicotine to coti-
nine by liver microsomes does not appear to involve the amino acid to an
important extent; 5’-hydroxynicotine seems a more likely intermediate (151,
152). Also, cotinine could not be detected in the urine of rabbits given y-3-
pyridyl-y-methylaminobutyric acid (151). 6-Hydroxynicotine is a product
of the metabolism of nicotine by bacteria (153, 154); whether this com-
pound is also formed in mammals is not known.

Thiouracil—The fate of this drug is of interest because it illustrates
S-methylation as a biochemical reaction of foreign compounds. After the
administration of S®5-labeled thiouracil to rats, 60 per cent of the isotope is
excreted in the urine as unchanged drug, 6 per cent as 2-methylthiouracil,
and 5 per cent as inorganic sulfate (Fig. 20) (155). The desulfuration
product, uracil, has also been isolated (156). Other drugs shown to undergo
S-methylation are 5-iodo-2-thiouracil (157) and 6-mercaptopurine (158).
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F1c. 20. Metabolism of thiouracil.

Other drugs.—Because of limiations in space it is not possible to discuss

recent work on atropine (159), 2-(butylaminomethyl) 14-benzodioxane
(160), carbromal (161), chlorzoxazone (162), N,N-diethyltryptamine
(163), N,N-dimethyltryptamine (164), Dimedion (165), ethyl trichloramate
(166), hydralazine (167), isocarboxazid (168), lysergic acid diethylamide
(169), mescaline (170), papaverine (171), and zoxazolamine (172).

LITERATURE CITED
1. Williams, R. T., Detoxication Mech-

10.
11.
12.

13.

14.
15.
16.
17.
18.

. Axelrod, J,

anisms (Chapman & Hall, Ltd.,
London, England, 796 pp., 1959)

. Brodie, B. B., Gillette, J. R.,, and

La Du, B. N,, Aun. Rev. Biochem.,
27, 427 (1958)

. Fishman, W. H., Ann. Rev. Biochem.,

25, 659 (1956)

. Axelrod, J., Physiol. Revs., 39, 751

(1959)

. Leuthardt, F., Arch. exptl. Pathol.

Pharmakol., 238, 8 (1960)
Arch. exptl. Pathol.
Pharmakol., 238, 24 (1960)

. Tsukamoto, H., Yoshimura, H., and

Toki, S., Chem. & Pharm. Bull.
(Tokyo), 6, 15 (1958)

. Tsukamoto, H., Yoshimura, H., and

Toki, S., Chem. & Pharm. Bull.
(Tokyo), 6, 88 (1958)

. Maynert, E. W., and van Dyke, H. B,,

Pharmacol. Revs., 1, 217 (1949)

Maynert, E. W., Federation Proc., 11,
625 (1952)

Raventos, J., J. Pharm. and
Pharmacol., 6, 217 (1954)

Doran, W. J. Medicinal Chemistry,
IV, 24-32 (John Wiley & Sons,
Inc, New York, N.Y. 334 pp,,
1959)

Taylor, J. D., Richards, R, K., and
Tabern, D. L., J. Pharmacol. Exptl.
Therap., 104, 93 (1952)

Bush, M. T. Federation Proc., 19,
30 (1960)

Deininger, R., Arch. exptl. Pathol.
Pharmakol., 225, 127 (1955)

Deininger, R., Arch. exptl. Pathol.
Pharmakol., 227, 316 (1956)

Goldschmidt, S., and Koss, F. W,,
Z. physiol. Chem., 316, 224 (1959)

Goldschmidt, S., and Wehr, R, Z.
physiol. Chem., 308, 9 (1957)

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.
29.
30.
31.

32.

33.
34.

35.

Bernhard, K., and Brubacher, G.,
Proc. Intern. Conf. Peaceful Uses
Atomic Engery, Geneva, 1955, 10,
490 (1956)

Pribilla, O., Arzneimittel-Forsch., 6,
756 (1956)

Bernhard, K., Just, M., Lutz, A. H,,
and Vuilleumier, J. P., Helv,
Chim. Acta, 40, 436 (1957)

Krautwald, H., Kuschinsky, G., and
Riedel, H., Arch. exptl. Pathol.
Pharmakol., 193, 219 (1939)

Sheppard, H., D’Asaro, B. S., and
Plummer, A. J., J. Am. Pharm.
Assoc., Sci. Ed., 45, 681 (1956)

Kebrle, J., and Hoffman, K., Experi-
entia, 12, 21 (1956)

Bernhard, K., Just, M., Vuilleumier,
J. P, and Brubacher, G., Helv.
Chim. Acta, 39, 596 (1956)

Kebrle, J., and Hoffman, K., Helv.
Chim. Acta, 39, 767 (1956)

Kebrle, J., Schmid, K., Hoffman, K.,
Vuilleumier, J. P., and Bernhard,
K., Helv. Chim. Acta, 42, 417
(1959)

McMahon, R. E., J. Am. Chem. Soc.,
80, 411 (1958)

Langecker, H., Acta Endocrinol., 28,
148 (1958)

Langecker, H., Acta Endocrinol., 30,
369 (1959)

Langecker, H., Arch. exptl. Pathol.
Pharmakol., 236, 12 (1959)

Langecker, H., and Rupprecht, A.,
Arzneimittel Wochschr., 14, 538
(1959)

Butler, T. C.,, and Waddell, W. J.,
Neurology, 8, Suppl. 1, 106 (1958)

Waddell, W. J., and Butler, T. C,,
Proc. Soc. Exptl. Biol. Med., 96,
563 (1957)

Butler, T. C., J. Pharmacol. Exptl.



Annu. Rev. Pharmacol. 1961.1:45-63. Downloaded from www.annualreviews.org
by Texas State University - San Marcos on 12/17/11. For personal use only.

62

36.
37.
38.
39.
40.
41,
42,
43,
44,

45.

46.

47.

48.

49.

50.
sl

52.

53.
54.
55.

56.

57.

58.

MAYNERT

Therap., 113, 17°8 (1955)

Butler, T. C., Science, 120, 494
(1954)

Algeri, E. J., and McBay, A. J., Sci-
ence, 123, 183 (1956)

Curry, A. S. J. Pharm. and
Pharmacol., 7, 1072 (1955)

Butler, T. C., J. Pharmacol. Exptl.
Therap., 116, 326 (1956)

Butler, T. C., J. Pharmacol. Exptl.
Therap., 104, 299 (1952)

Butler, T. C., J. Pharmacol. Exptl.
Therap., 117, 160 (1956)

Maynert, E. W., J. Pharmacol. Exptl.
Therap. (In press)

Butler, T. C., J. Pharmacol. Exptl.
Therap., 119, 1 (1957)

Butler, T. C., and Waddell, W. J.,
Proc. Soc. Exptl. Biol. Med., 93,
544 (1956)

Goodman, L. S, Swinyard, E. A,
Brown, W. C., Schiffman, D. O.,
Grewal, M. S., and Bliss, E. L.,
J. Pharmacol. Exptl, Therap., 108,
428 (1953)

Schaumann, O., In Handbuch der
Experimentelle. ~ Pharmakologie,
Erganzungswerk, 12, 43~60
(Springer-Verlzag, Berlin, Ger-
many, 367 pp., 1957)

Adler, T. K., Ellott, H. W,, and
George, R., J. Pharmacol. Exptl.
Therap., 120, 475 (1957)

Axelrod, J. and Inscoe, J. K., Proc.
Soc. Exptl. Biol. Med., 103, 675
(1960)

Fujimoto, J. M., and Way, E. L,
J. Pharmacol. Exptl. Therap., 121,
340 (1957)

Paerregaard, P., Acta Pharmacol.
Toxicol., 14, 53 (1957)

Paerregaard, P., and Poulsen, E,
Acta Pharmacol. Toxicol., 14, 390
(1958)

Woods, L. A., Mellett, L. B., and
Andersen, K. S., J. Pharmacol.
Exptl. Therap., 124, 1 (1958)

Way, E. L., Young, J., and Kemp, J.,
Federation Proc., 18, 457 (1959)

Paerregaard, P., Acta Pharmacol.
Toxicol., 14, 394 (1958)

Mannering, G. J.,, and Schanker,
L. S, J. Pharmacol. Exptl.
Therap., 124, 296 (1958)

Woods, L. A., and Muehlenbeck, H.
E. J. Pharmacol. Exptl. Therap.,
120, 52 (1957)

Axelrod, J., and Cochin, J., J.
Pharmacol. Exptl. Therap., 121,
107 (1957)

Yoshida, S., Kagaku to Sésa, 11, 78
(1958) ; cited by Chem. Abstr., 53,
7419 (1959)

59.
60.

61.

62.

63.

64.

65.

66.
67.

68.
69.
70.

71

72.

73.

74.

75.

76.

77.

78.

79.

Porter, C. C., J. Pharmacol. Exptl.
Therap., 120, 447 (1957)

Lee, H. M., Scott, E. G., and Poh-
land, A., J. Pharmacol. Exptl,
Therap., 125, 14 (1959)

Salzman, N. P., and Brodie, B. B.,
J. Pharmacol. Exptl. Therap., 118,
46 (1956)

Moran, N. C., and Butler, W. M. J.
Pharmacol. Exptl. Therap., 118,
328 (1956)

Davidson, J. D., Terry, L. L., and
Sjoerdsma, A., J. Pharmacol.
Exptl. Therap., 121, 8 (1957)

Walkenstein, S. S., and Seifter, ],
J. Pharmacol. Exptl. Therap., 125,
283 (1959)

Hoffman, I, Nieshulz, O. Popen-
diker, K., and Tauchert, E,
Arzneimittel-Forsch., 9, 133 (1959)

Ross, J. J., Young, R. L., and Maass,
A. R, Science, 128, 1279 (1958)

Fishman, V., and Goldenberg, H.,
Proc. Soc. Exptl. Biol. Med., 104,
99 (1960)

Christensen, J.,, and Ware, A. W,
Federation Proc., 15, 410 (1956)
Nadeau, G., and Sobolewski, G., Can.
Med. Assoc. J., 80, 826 (1959)
Lin, T. H., Reynolds, L. W., Rondish,
1. M, and Van Loon, E. J.,, Proc.
Soc. Exptl. Biol. Med., 102, 602

(1959)

Kamm, J. J.,:Gillette, J. R., and
Brodie, B. B., Federation Proc.,
17, 382 (1958)

Numerof, P., Gordon, M., and Kelly,
J. M, J. Pharmacol. Expil.
Therap., 115, 427 (1955)

Glazko, A. J., Dill, W. A., Wolf,
L. M., and Kazenko, A, J.
Pharmacol. Exptl. Therap., 118,
377 (1956) -

Sheppard, H., Lucas, R. C., and
Tsien, W. H., Arch. intern.
pharmacodynamie, 103, 256 (1955)

Sheppard, H., Tsien, W. H., Sigg,
E. B, Lucas, R. C, and Plummer,
A. J, Arch. intern. pharmaco-
dynamie, 113, 160 (1957)

Hess, S. M., Shore, P. A, and
Brodie, B. B., J. Pharmacol. Exptl.
Therap., 118, 84 (1956)

Sheppard, H., Tsein, W. H., Plum-
mer, A. J, Peets, E. A, Giletti,
B. U., and Shulert, A. R, Proc.
Soc. Exptl. Biol. Med., 97, 717
(1958)

Walkenstein, S. S., Knebel, C. M.,
Macmullen, J. A., and Seifter, J.,
J. Pharmacol. Exptl. Therap., 123,
254 (1958)

Agranoff, B. W, Bradley, R. M., and



Annu. Rev. Pharmacol. 1961.1:45-63. Downloaded from www.annualreviews.org
by Texas State University - San Marcos on 12/17/11. For personal use only.

80.
81.

82.

83.
84.

8s.

86.
87.
88.

89.
90.

91.

92.

93.

94.
95.

96.

97.
98.

99.

100.

101.

102.

103.

METABOLIC FATE OF DRUGS 63

Axelrod, J., Proc. Soc. Expil.
Biol. Med., 96, 261 (1957)

Wiser, R., and Seifter, J., Federa-
tion Proc., 19, 390 (1960)

Smith, J. N., and Williams, R. T.,
Biochem. J., 44, 250 (1949)

Bushby, S. R. M., and Woiwod, A. J.,
Am. Rev. Tuberc. Pulmonary Dis-
eases, 725 123 (1955)

Boyland, E., and Manson, D.,
Biochem. J., 60, 2P (1955)

Axelrod, J., Inscoe, J. K., and Tom-
kins, G. M,, J. Biol. Chem., 232,
835 (1958)

Boyland, E., Manson, D., and Orr,
S. F. D., Biochem. J., 65, 417
(1957)

Bushby, S. R. M., and Woiwad, A. J.,
Biochem J., 63, 406 (1956)

Ishidate, M., cited by Fishman, W. H.,
Science, 130, 1660 (1959)

Ogiya, S., Yakugaku Zasshi, 79, 953
(1959); cited by Chem. Abstr.,
54, 2584 (1960)

Koechlin, B., and Iliev, V., Ann. N.Y.
Acad. Sci., 80, 864 (1959)

Nair, V., Biochem. Pharmacol., 3, 78
(1959)

Defranceschi, A., and Zamboni, V.,
Biochim. et Biophys. Acta, 13, 304
(1954)

Zamboni, V., and Defranceschi, A.,
Biochim. et Biophys. Acta, 14, 430
(1954)

Yard, A. S., and McKennis, H., J.
Pharmacol. Exptl. Therap., 114,
391 (1955)

MclIssac, W. M., and Williams, R. T,
Biochem. J., 66, 369 (1957)

El Masri, A. M., Smith, J. N., and
Williams, R. T., Biochem. J., 68,
587 (1958) .

Bernhard, K., Biihler, U., and Bickel,
M. H, Helv. Chim. Acta, 42,
802 (1959)

McCallum, N. E. W., J. Pharm. and
Pharmacol., 7, 276 (1955)

Esplin, D. W., and Woodbury, D. M.,
J. Pharmacol. Exptl. Therap., 118,
129 (1956)

Brown, B. T, Wright, S. E, and
Okita, G. T., Nature, 180, 607
(1957)

Repke, K., Klesczewski, S., and Roth,
L., Arch. exptl. Pathol. Pharmakol.,
237, 34 (1959)

Repke, K., Roth, L., and Klesczewski,
S., Arch. exptl. Pathol. Pharmakol.,
237, 155 (1959)

Engler, R., Holtz, P., and Raudonat,
H. W. Arch. exptl. Pathol.
Pharmakol., 233, 393 (1958)

Repke, K., Arch. exptl. Pathol.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

1185.

116.

117.

118.
119.
120.

121.

122.

123.

124.
125.

126.

Pharmakol., 236, 242 (1959)

Wright, S. E., The Metabolism of
Cardiac  Glycosides (Charles C
Thomas, Springfield, Ill., 144 pp.,
1959)

Cox, E., Roxburgh, G., and Wright,
S. E.,, J. Pharm. and Pharmacol.,
11, 535 (1959)

Cox, E., and Wright, S. E, J.
Pharmacol. Exptl. Therap., 126,
117 (1959)

Clapp, J. W., J. Biol. Chem., 223, 207
(1956)

Maren, T. H., Mayer, E., and Wads-
worth, B. C, Bull. Johns Hopkins
Hosp., 95, 199 (1954)

Wittenhagen, G., and Mohnike, G.,
Deut. med. Wochschr.,, 81, 887
(1956)

Louis, L. H., Fajans, S. S., Conn,
J. W, Struck, W. A, Wright,
J. B, and Johnson, J. L., J. Am.
Chem. Soc., 78, 5701 (1956)

Mohnike, G., and Wittenhagen, G.,
Deut. med. Wochschr., 82, 1556
(1957)

Mohnike, G., Wittenhagen, G., and
Langenbeck, W. Naturwissen-
schaften, 45, 13 (1958)

Welles, J. S., Root, M. A., and An-
dersen, R. C., Proc. Soc. Exptl.
Biol. Med., 101, 668 (1959)

Johnson, P, C., Hennes, A. R., Dris-
coll, T., and West, K. H., 4nn.
N.Y. Acad. Sci., 74, 459 (1959)

Root, M. A., Andersen, R. C, and
Welles, J. S, Metabolism Clin.
and Exptl., 8, 565 (1959)

Ridolfo, A. S., and Kirtley, W. R,,
J. Am. Med. Assoc., 160, 1285
(1956)

Brauer, R. W., Krebs, J. S., and
Pessotti, R. L., Am. J. Med., 9,
394 (1950)

Krebs, J. S., and Brauer, R. W., Am.
J. Physiol., 194, 37 (1958)

Combes, B., J. Clin. Invest., 38, 1426
(1959)

Meltzer, J. 1., Wheeler, H. O., and
Cranston, W. I, Proc. Soc. Exptl.
Biol. Med., 100, 174 (1959)

Brauer, R. W., Pessotti, R. L., and
Krebs, J. S, J. Clin. Invest., 34,
35 (1955)

Combes, B., Science, 129, 388 (1959)
Monroe, L. S., and Kittinger, A., Am.
J. Gastroenterol., 31, 634 (1959)
Brown, A. K., AM.A. J. Diseases

Children, 94, 510 (1957)

Grodsky, G. M., Carbone, J. V., and
Fanska, R., J. Clin. Invest., 38,
1981 (1959)

Javitt, N. B., Wheeler, H. O., Baker,



Annu. Rev. Pharmacol. 1961.1:45-63. Downloaded from www.annualreviews.org
by Texas State University - San Marcos on 12/17/11. For personal use only.

127.
128.
129.

130.

131.
132,
133.
134.

135.

136.

137.
138.
139.

140.

141.

142.

143,

144,

145.

146.

147.

148.

149.

150.

MAYNERT

K. J., and Ramos, O., J. Clin.
Invest., 38, 1015 (1959)

Bradley, S. E., Harvey Lectures, 54,
131 (1958-59)

Krebs, J. S., Am. J. Physiol., 197,
292 (1959)

Smith, J. T., and Wood, J. L., J.
Biol. Chem., 234, 3192 (1959)

Barnes, M. M., James, S. P., and
Wood, P. B., Biochem. J., 71, 680
(1959)

Booth, J., Boyland, E., and Sims, P.,
Biochem. J., 14, 117 (1960)

Bray, H. G, and James, S. P,
Biochem. J., 74, 6P (1960)

Mandel, H. G., Pharmacol. Revs., 11,
743 (1959)

Trams, E. G., Nadkarni, M. V., de
Quattro, V., Maengwyn-Davies,
G. D., and Smith, P. K., Biochem.
Pharmacol., 2, 7 (1959)

Peng, C. T., J. Pharmacol. Exptl.
Therap., 120, 229 (1957)

Nadkarni, M. V., Trams, E. G., and
Smith, P. K., Cancer Research, 19,
713 (1959)

Roberts, J. J., and Warwick, G. P.,
Biochem. J., 12, 3P (1959)

Roberts, J. J.,, and Warwick, G. P,
Nature, 184, 1288 (1959)

Craig, A. W., and Jackson, H., Brit.
J. Pharmacol., 10, 321 (1955)

Nadkarni, M. V., Goldenthal, E. I,
and Smith, P. K, Cancer Re-
search, 17, 97 (1957)

Craig, A. W., Fox, B. W., and Jack-
son, H.,, Biochem. Pharmacol., 3,
42 (1959)

Mellett, L. B.,, and Woods, L. A,
Federation Proc., 18, 422 (1959)
Maller, R. K., and Heidelberger, C.,
Cancer Research, 17, 296 (1957)
Ganz, A., Kelsey, F. E., and Geiling,
E. M. K, J. Pharmacol. Exptl.

Therap., 103, 209 (1951)

Bennett, D. R., Tedeschi, R. E., and
Larson, P. S., Arch. intern. phar-
macodynamie, 98, 221 (1954)

McKennis, H., Turnbull, L. B., and
Bowman, E. R, J. Am. Chem.
Soc., 79, 6342 (1957)

McKennis, H.,, Turnbull, L. B, and
Bowman, E. R, J. Am. Chem.
Soc., 80, 6597 (1958)

McKennis, H., Turnbull, L. B., Bow-
man, E. R, and Wada, E., J. Am.
Chem. Soc., 81, 3951 (1951)

Turnbull, L. B., Bowman, E. R, and
McKennis, H., Federation Proc.,
19, 268 (1960)

Bowman, E. R, Turnbull, L. B., and

151.

152.

153.

154.
155.
156.

157.
158.

159.

160.

161.

162.

163.
164.
165.

166.

167.

168.
169.

170.

171.

172.

McKennis, H.,, J. Pharmacol. Ex-
ptl. Therap., 127, 92 (1959)
Hucker, H. B., and Gillette, J. R,,
Federation Proc., 19, 30 (1960)
Hucker, H. B., Gillette, J. R., and
Brodie, B. B, J. Pharmacol. Exptl.
Therap., 129, 94 (1960)
Frankenburg, W. G., and Vaitekunas,
A. A., Arch. Biochem. Biophys.,
58, 509 (1955)
Hochstein, L. I., and Rittenberg, S.
C., J. Biol. Chem., 234, 156 (1959)
Sarcione, E. J., and Sokal, J. E,, J.
Biol. Chem., 231, 605 (1958)

Spector, E., and Shideman, F. E,,
Biochem. Pharmacol,, 2, 182
(1959)

Sarcione, E. J., and Barrett, H. W,
Endocrinology, 63, 142 (1958)
Sarcione, E. J., and Stutzman, L.,

Proc., Soc. Exptl. Biol. Med., 101,

766 (1959)
Gabourel, J. D., and Gosselin, R. E.,
Arch. intern. pharmacodynamie,

115, 416 (1958)

McMahon, R. E,, J. Am. Chem. Soc.,
81, 5199 (1959)

Tamminen, V., and Alha, A. R., Swo-
men  Kemistilehti, 32B, 119
(1959); cited by Chem. Abstr.,
53, 22487 (1959)

Conney, A. H., and Burns, J. J, J.
Pharmacol. Exptl. Therap., 128,
340 (1960)

Szara, S., Hearst, E., and Putney, F,,
Federation Proc., 19, 23 (1960)
Szara, S., and Axelrod, J., Experi-

entia, 15, 216 (1959)

Butler, T. C.,, and Waddell, W. J.,
Arch. intern. pharmacodynamie,
109, 308 (1957)

Glazko, A. J., Dill, W. A,, Wolf, L.
M., and Kazenko, A., J. Pharma-

col. Exptl. Therap., 121, 119
(1957)
Douglass, C. D., and Hogan, R,

Proc. Soc. Exptl. Biol. Med., 100,
446 (1959)

Schwartz, M. A., Federation Proc.,
19, 277 (1960)

Axelrod, J., Brady, R. 0., Witkop,
B, and Evarts, E. V., Ann. N. V.
Acad. Sci., 66, 435 (1957)

Ratcliffe, J., and Smith, P., Chem. &
Ind. (London), 925 (1959)

Axelrod, J., Shofer, R., Inscoe, J. K.,
King, W. M., and Sjoerdsma, A.,
J. Pharmacol. Exptl. Therap., 124,
9 (1958)

Conney, A. H., Trousof, N., and
Burns, J. ], J. Pharmacol. Exptl.
Therap., 128, 333 (1960)



Annu. Rev. Pharmacol. 1961.1:45-63. Downloaded from www.annualreviews.org

by Texas State University - San Marcos on 12/17/11. For personal use only.

Further

ANNUAL
<> REVIEWS
Quick links to online content

CONTENTS

WHY AN ANNUAL REVIEW oF PHARMACOLOGY? T. Sollmann.
HicHLIGHTS OF PHARMACOLOGY IN JAPAN, H. Kumagai and H. Yamada

HicHLIGHTS OF PHARMACOLOGY IN LATIN AMERICA, E. G. Pardo and
R. Vargas

HicHLIGHTS OF SOVIET PHARMACOLOGY, S. V. Anichkov .
MEcHANISMS OF DRUG ABSORPTION AND DisTRIBUTION, L. S. Schanker
MEeraBoLic FATE oF Druas, E. W. Maynert

EFrFects oF TEMPERATURE ON THE AcCTION OF DRrugs, G. J. Fuhrman
and F. A. Fuhrman

BiocaemicaL EFrFects oF Drugs, J. J. Burns and P. A. Shore .

RECENT LABORATORY STUDIES AND CLINICAL OBSERVATIONS ON HYPER-
SENSITIVITY TO DRUGS AND USE oF DrRUGS IN ALLERGY, E. A. Carr,
Jr.and G. A. Aste .

METHODS FOR STUDYING THE BEHAVIORAL EFFEcTs oF Druecs, H. F.
Hunt

BeHAVIORAL PHARMACOLOGY, P. B. Dews and W. H. Morse .

PHARMACOLOGICALLY ACTIVE SUBSTANCES OF MAMMALIAN ORIGIN,
V. Erspamer

PHARMACOLOGY OF AUTONOMIC GANGLIA, U, Trendelenburg .
NEUROMUSCULAR PHARMACOLOGY, D. Grob .

CARDIOVASCULAR PHARMAcCOLOGY, M. deV. Cotten and N. C. Moran .
RenaL PHARMACOLOGY, J. Orloff and R. W. Berliner .

ENDOCRINE PrHARMACOLOGY: SELECTED Torics, P. L. Munson .

Tuae ActioN oF DrRuGs oN THE SKIN, A. Herxheimer .

Tue PHARMACOLOGY AND Tox1coLoGY OoF THE BONE SEEKERs, P. S.
Chen, Jr., A. R. Terepka and H. C. Hodge .

Tox1icoLogy oF ORGANIC COMPOUNDS OF INDUSTRIAL IMPORTANCE,
E. Browning

Review oF Reviews, C. D. Leake .
AuTHOR INDEX .

SusjecT INDEX .

vii

13
21
29
45

65
79

105

125
145

175
219
239
261
287
315
351

369

397
431
445
466



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee

	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee


	ar: 
	logo: 



