muscle such as the myocardium, for at least 2 hr following drug ad-
ministration. This concentration may well have continued beyond
2 hr, as reported by Pluss et al. (10), without being detected be-
cause of the relatively low sensitivity of whole-body section autora-
diography. In any event, these observations are consistent with mi-
noxidil having a direct relaxant effect on peripheral vascular
smooth muscle.
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Metabolism of Minoxidil, a New Hypotensive Agent II:
Biotransformation following Oral Administration to

Rats, Dogs, and Monkeys

RICHARD C. THOMAS * and HARRY HARPOOTLIJAN

Abstract O The biotransformation of minoxidil (2,4-diamino-6-
piperidinopyrimidine 3-oxide) was studied in the rat, dog, and
monkey and compared to reported results in the human. Chroma-
tographic profiles of urinary metabolites show that each species
excreted substantially the same metabolites but in quite different
relative amounts. The monkey and the human exhibited similar
metabolite profiles, whereas the dog and rat were quantitatively
different from each other and from the monkey and human. The
major excretory product for the monkey and human was a glucuro-
nide conjugate of minoxidil. Substantially smaller amounts of un-
changed minoxidil, 2,4-diamino-6-(4’-hydroxypiperidino)pyrimi-
dine 3-oxide, and more polar metabolites also were excreted by
these two species. The major excretory product in the rat was un-
changed minoxidil. Almost as much (combined) of the two acidic
metabolites, 2,4-diamino-6-(4’-carboxy-n-butylamine)pyrimidine
and its 3-oxide, also were produced. Smaller amounts of the glucu-
ronide of minoxidil, 2,4-diamino-8-(4’-hydroxypiperidino)pyrimi-
dine 3-oxide, its 3’-hydroxy isomer, and 2,4-diamino-6-piper-
idinopyrimidine also were excreted by the rat. The major metabo-
lite of minoxidil excreted by the dog was the 4’-hydroxy metabo-
lite. Smaller amounts of unchanged minoxidil and polar metabo-
lites and much smaller amounts of the glucuronide of minoxidil,
the 3’-hydroxy metabolite, and 2,4-diamino-6-piperidinopyrimi-
dine also were excreted by the dog. Evidence was obtained for a
glucuronide conjugate of the 4’-hydroxy metabolite in this species.
The major circulatory material in dog plasma was the 4’-hydroxy
metabolite, whereas it was the glucuronide of minoxidil in monkey
plasma.

Keyphrases 01 Minoxidil—biotransformation in rat, dog, and
monkey after oral administration, compared to reported human
metabolism [ Metabolism, minoxidil—biotransformation in rat,
dog, and monkey after oral administration, compared to reported
human metabolism

As part of a program to develop minoxidil (2,4-di-
amino-6-piperidinopyrimidine 3-oxide, I) as an orally
active hypotensive agent, metabolism studies with
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the drug were undertaken in three animal species:
the rat, dog, and monkey. Previous reports described
studies that showed that minoxidil, following its oral
administration, was rapidly and well absorbed, rapid-
ly and widely distributed, and rapidly eliminated,
primarily via urine, by the rat, dog, and monkey (1)
and by the human (2). Tissue distribution studies in
the rat using *C-minoxidil were reported previously
(1, 3).

These results, based on measurements of un-
changed drug and total drug-related material, were
not sufficient for selecting one species as being most
like the human in its disposition of minoxidil. Such a
selection was of particular importance for this drug
because it causes an apparently species-specific,
right-atrial lesion in the dog (4). Therefore, studies
were undertaken to compare the biotransformation
of minoxidil in the three animal species and to see if
at least one of them was similar to the human in this
aspect of the drug’s disposition. These studies were
extended to identify the metabolites of minoxidil
produced by each animal species and to determine
the kinetics of absorption, distribution, and excretion
of the unchanged drug and its metabolites by each
species.

This report is concerned with comparing the bio-
transformation of minoxidil in the three animal
species and humans, including characterization, iso-
lation, identification, and quantification of metabo-
lites in urine and blood plasma. A subsequent report
will deal with the kinetics of absorption, distribution,
and excretion of minoxidil and its metabolites by
each animal species.



I

EXPERIMENTAL

Radioactivity Measurements—Samples were counted with
liquid scintillation spectrometers! interfaced to keypunches2. Rou-
tine calculations were made with a computer3. Duplicate (usually
0.1- or 0.5-ml) aliquots of solutions were counted in 15 ml of count-
ing solvent [toluene-dioxane-methanol (350:350:210 v/v) contain-
ing 73 g of naphthalene, 4.6 g of 2,5-diphenyloxazole, and 0.080 g of
1,4-bis-2-(5-phenyloxazolyl)benzene/liter]. Counting efficiencies
xere determined by the internal standard technique using toluene-

C.

Radiochromatogram Scanning—Paper and thin-layer chro-
matograms, when they contained sufficient radioactivity, were
scanned for radioactivity using chromatogram scanners* having
Geiger detectors. The resulting chart-strip tracings were integrat-
ed with a mechanical planimeter® or with an electronic digitizer
system® to determine quantitatively the relative distribution of ra-
dioactivity along the length of the chromatogram.

When a chromatogram did not contain sufficient radloactlwty
for quantification by Geiger detection, it was cut into sequential
segments (1 cm in the case of paper chromatograms and 0.5 cm in
the case of thin-layer chromatograms). Then the segments, each in
a vial with 10 ml of counting solvent containing 3% water, were
counted by liquid scintillation spectrometry. The resulting raw
data were processed by the computer system to give a plot of the
distribution of radioactivity along the length of the chromatogram,
in a format similar to that of a chart-strip tracing, together with a
tabular printout of derived data. Based on the plot, the tabular
data were used to quantify the relative distribution of radioactivity
along the length of the chromatogram.

Preparation of Samples for Chromatography—Samples of
urine and blood plasma containing sufficient radioactivity were
applied directly to the paper or thin-layer medium for chromatog-
raphy, usually as 2.5-cm streaks. Samples containing lower levels
of radioactivity, as well as all enzyme incubation samples, were ly-
ophilized and the residues were reconstituted at a greater concen-
tration with water or were leached three times with methanol. The
methanol was removed with a nitrogen stream, and the residue was
dissolved in a small volume of 1-butanol-methanol (1:2 v/v) for ap-
plication to the chromatography medium in a manner similar to
that for whole urine and blood plasma. The leaching procedure re-
sulted in chromatographic metabolite patterns quantitatively
identical to those obtained by direct chromatography of whole
urine and blood plasma.

Enzyme Hydrolysis—Samples of whole urine and extracts of
urine and blood plasma were incubated with 8-glucuronidase’ at a
concentration of approximately 1000 Fishman units/ml in 0.05 M,
pH 5.5 sodium acetate buffer for 24 hr at 37°. Occasionally, sam-

ples were hydrolyzed under similar conditions with a mixture of.

B-glucuronidase and sulfatase®.
Paper Chromatography and TLC—Paper chromatography
was carried out on 86 X 15-cm sheets? by a descending technique

! Model 3375, Packard Instrument Co., Downers Grove, IlI.
;Models 026 and 029, International Business Machmes, White Plains,
N
3 Model 370/145, International Business Machines, White Plains, N.Y.
4 Model 880 pﬁper and model 885 thin-layer scanners, Vanguard Instru-
ment Co., North Haven, Conn.
5 Model 700AR Lasico, Los Angeles Scientific Instruments Co., Los An-
geles, Calif.
Model 9864 digitizer and model 9810 calculator, Hewlett-Packard
Cor}) Loveland, Colo.
Ketodase Warner-Chilcott.
8 Glu.sulase Endo Laboratories.
 Whatman No. 2 paper, W. and R. Balston, Ltd., London, England

in the 1-butanol-piperidine-water (82:2:16 v/v) system (System I).
Occasionally, the 1-butanol-acetic acid-water (4:1:1 v/v) system
(System II) was used. TLC was carried out on 20 X 5-cm films of
silica gel, 0.25 mm thick, in the benzene-methanol-ammonium hy-
droxide (100:100:1 v/v) system (System III). Occasionally, solvent
systems containing 2% piperidine in water and 10% methanol in
chloroform (Systems IV and V, respectively) were used.

Appropriate standard compounds were run on each chromato-
gram. In certain cases, standard compounds were mixed with sam-
ples prior to chromatography to act as internal standards. Fol-
lowing solvent development, the chromatograms were viewed
under UV light to locate standards and, when possible, drug-relat-
ed materials by the UV absorption. In addition, certain chromato-
grams were sprayed with a 10% solution of ferric chloride in water.
Minoxidil and its metabolites containing the N-oxide group pro-
duced a blue color (against a yellow background), whereas minoxi-
dil metabolites not containing an N-oxide group produced no
color.

Preparation of 2,4-Diamino-6-(4’-hydroxypiperidino)pyri-
midine 3-Oxide (III)-A mixture of 0.160 g (1 mmole) of 2,4-di-
amino-6-chloropyrimidine 3-oxide and 0.505 g of 4-hydroxypiperi-
dine was heated with stirring under nitrogen in an oil bath at 130°
for 2.5 hr. After standing at room temperature overnight, the vis-
cous oil was leached with acetone. The acetone leaching was evapo-
rated in vacuo and the residue was taken up in methanol and ap-
plied to a 4 X 15-cm silica gel barl®. The silica gel bar was devel-
oped by the ascending technique in a mixture of acetone-methanol
(70:30 v/v).

The UV light-absorbing zone near the origin of the bar was re-
moved and eluted with methanol, the methanol was evaporated in
vacuo, and the residue was recrystallized from acetone-methanol
to yield 0.050 g of a crystalline solid. Its IR, UV, and NMR spectra
were reasonable for the subject compound. Mass spectrometry re-
vealed a molecular ion of 225 and a fragmentation pattern consis-
tent with that expected for the subject compound.

Anal.—Calc. for CgH15N50a: C, 47.98; H, 6.71; N, 31.09. Found:
C, 47.67; H, 6.55; N, 30.65.

Chromatography in Systems I and III revealed a single UV-ab-
sorbing zone in each case.

Preparation of 2,4-Diamino-6-(3'-hydroxypiperidino)pyri-
midine 3-Oxide (IV)—Compound IV was prepared from 3-hy-
droxypiperidine in a manner identical to that described for the 4’-
hydroxypiperidino compound; 0.030 g of product was obtained. Its
IR, UV, and NMR spectra were reasonable for the subject com-
pound. Mass spectrometry revealed a molecular ion of 225 and a
fragmentation pattern consistent with that expected for the
subject compound.

Anal.—Calc. for CgH15N502: C, 47.98; H, 6.71; N, 31.09. Found:
C, 47.07; H, 6.53; N, 30.14.

Chromatography in Systems I and III revealed a single UV-ab-
sorbing zone in each case.

Isolation of Dog Metabolites—The 0-2-hr urine of a dog
which had received a tracer dose of “C-minoxidil was mixed with
the urine of four dogs which had received two successive 10-mg/kg
oral doses of nonradioactive minoxidil (1). The urine mixture was
adjusted to pH 10 with ammonium hydroxide and passed through
a 4.8 X 68-cm column of polystyrene polymer resin!!. The column
then was rinsed with three column volumes of water and eluted
with three column volumes of acetone.

The acetone eluate was evaporated to dryness in vacuo, and the
residue was taken up in methanol and applied to a 8 X 90-cm col-
umn of silica gel'? packed with a mixture of benzene-methanol-
ammonium hydroxide (75:25:1 v/v). The column was eluted with 3
mixtures of benzene-methanol-ammonium hydroxide while col-
lecting 50-ml fractions as follows: 10 liters of a 75:25:1 (v/v) mix-
ture, 4 liters of a 70:30:1 (v/v) mixture, and 8 liters of a 60:40:1
(v/v) mixture,

Two major zones of radioactivity emerged. Chromatographical-
ly, the first zone was a mixture of minoxidil and a more polar ma-
terial and the second zone was essentially the more polar material
alone. The fractions comprising each zone were combined and

10 Unibar, Analtech Inc., Wilmington, Del.

11 ¥ AD-2, Rohm and Haas Co., Philadelphia, Pa.

12 Rifty to 200-pm particles. "Available from Brinkmann Instruments,
Westbury, N.Y.
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Table I—Urinary Excretion of Minoxidil and Metabolites for the 0—24-hr Period following Oral Administration of

14C-Minoxidil to the Rat, Dog, and Monkey

Percent of Total Drug-Related Material in Urine

Carboxy Minoxidil 4'-Hydroxy- 3'-Hydroxy- Reduced
Metabolites Glucuronide  minoxidil minoxidil Minoxidil Minoxidil
Species Total Polar (VI/VII) (I1I) (1V) (I) (II)
Ratea 38 — 6 12 1 43 <1
Rat (chronic)? —f
Before 43 (34)% 4 14 1 29 4
After 38 (28)8 2 9 1 35 10
Dog¢ 42 = 5 29 4 13 <1
Dog (chronic)d
Before 27 —f 2 47 4 19 <1
After 33 —f 4 35 4 18 3
Monkey¢ 21 —f 51 8 0 10 <1

4A single 5-mg/kg radioactive dose to each of three rats. A 15-mg/kg radioactive dose to each of six rats before and after nine successive,
daily, 150-mg/kg nonradioactive doses. €A single 0.55-mg/kg radioactive dose to each of three dogs. A 1-mg/kg radioactive dose to ecach of
four dogs before and after 30 successive, daily, 10-mg/kg nonradioactive doses. €A single 1-mg/kg radioactive dose to each of three monkeys.

Ancluded in Total Polar but not differentiated. £Included in Total Polar.

evaporated to dryness in vacuo, and the residues were further pu-
rified by chromatography on 4 X 12-cm silica gel bars!® in a ben-
zene—methanol (70:30 v/v) mixture. The material corresponding to
the first zone of the silica gel column was recrystallized from etha-
nol-water, water, and methanol-water (with the aid of charcoal3)
to yield 0.015 g of white crystals. This material corresponded to
minoxidil according to UV, IR, and mass spectrometry.

Anal.—Calc. for CoH;5N50: C, 51.66; H, 7.23; N, 33.47. Found:
C, 51.55; H, 7.19; N, 34.03.

Chromatography in Systems I and ITI-V revealed a single UV-
absorbing zone corresponding to minoxidil. The material corre-
sponding to the second zone on the silica gel column was recrystal-
lized three times from methanol-acetone (with the aid of char-
coal'®) to yield 0.030 g of white crystals. This material corre-
sponded to 2,4-diamino-8-(4’-hydroxypiperidino)pyrimidine 3-
oxide according to UV, IR, and mass spectrometry.

Anal.—Calc. for CgH5N502: C, 47.98; H, 6.71; N, 31.09. Found:
C, 48.02; H, 6.76; N, 30.72.

Chromatography in Systems I and III revealed a single UV-ab-
sorbing zone corresponding to the 4’-hydroxypiperidino com-
pound. NMR spectrometry showed that the carbinol hydrogen was
not at the C-2/, C-3’, C-5', or C-6’ position of the piperidino ring, so
it must have been at the C-4’ position. The coupling to the C-3’
and C-5 methylene hydrogens of the piperidino ring indicated
that the hydroxy group was equatorial.

Isolation of Rat Metabolites—Each of six female rats!4,
weighing approximately 200 g, was given a 3-mg (24.4 uCi) dose of
14C.minoxidil, nine successive 30-mg daily doses of nonradioactive
minoxidil, and a final 3-mg (24.4 xCi) dose of YC-minoxidil by oral
intubation of a solution or suspension in water. The rats were
placed in individual metabolism cages, and urine was collected at
24-hr intervals and frozen for the duration of the study. Small
samples of each urine collection for the 0-24-hr period following
administration of the radioactive doses were set aside for analysis.
The bulk of the radioactive urine collections was combined with
the nonradioactive collections for metabolite isolation.

The composite urine was adjusted to pH 9 with ammonium hy-
droxide and passed through a 2.8 X 77-cm column of polystyrene
resin!l. The column was rinsed with three column volumes of
water, which had been adjusted to pH 9, and then eluted with
three column volumes of 50% methanol in water. The methanol el-
uate was evaporated to dryness in vacuo and set aside. The aque-
ous wash was adjusted to pH 4 with acetic acid and passed through
a 2.8 X 77-cm column of polystyrene resin!l. The column was
rinsed with three column volumes of water, which had been adjust-
ed to pH 4, and then eluted with three column volumes of 50%
methanol in water. The rinse water was discarded and the metha-
nol eluate was evaporated to dryness in vacuo.

A 10% aliquot of the pH 9 polystyrene resin!! column eluate in 5
ml of benzene-methanol-ammonium hydroxide (50:50:1 v/v) was

13 Darco G60, Atlas Powder Co., Wilmington, Del.
14 Sprague-Dawley (Upjohn strain).
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applied to a 2.5 X 51-cm column of silica gel'>. The column was
eluted with the same solvent mixture while collecting 10-ml frac-
tions. Two major zones of radioactivity emerged. Chromatographi-
cally (Systems I-V), the first zone corresponded to 2,4-diamino-6-
piperidinopyrimidine and the second zone corresponded to minox-
idil. The contents of the tubes corresponding to the second zone
were combined and evaporated to dryness, and the residue was re-
crystallized three times from ethanol-water (with the aid of char-
coal!®) to yield 0.010 g of crystals. This material corresponded to
minoxidil according to UV spectrometry and chromatography in
Systems I and I11-V.

Anal.—Calc. for CoH;;N50: C, 51.66; H, 7.23; N, 33.47. Found:
C, 51.67; H, 7.48; N, 32.94.

This material gave a positive N-oxide test with ferric chloride
solution, whereas the material that corresponded chromatographi-
cally to 2,4-diamino-6-piperidinopyrimidine did not.

The pH 4 polystyrene resin!! column eluate was subjected to
countercurrent distribution in the 1-butanol-acetic acid—water (9:
1:10 v/v) system; 100 ml of each phase was used per tube for 20
transfers of the lower phase. The contents of tubes 11-16, which
contained the major radioactive zone, were combined and evapo-
rated to dryness in a nitrogen stream. The residue was recrystal-
lized twice from acetone-water (with the aid of charcoal'®) to ob-
tain 0.026 g of crystals. Mass spectrometry, using an electron-im-
pact technique, revealed an apparent molecular ion of 225 mass
units and a fragmentation pattern consistent with 2,4-diamino-6-
(4’-carboxy-n-butylamino)pyrimidine. UV spectrometry support-
ed this structure.

NMR spectrometry suggested that the material was actually a
mixture of the proposed compound and its 3-oxide (in a ratio of
approximately 2 to 1) on the basis of comparisons with the spectra
of 2,4-diamino-6-piperidinopyrimidine and its 3-oxide (minoxidil).
This finding was supported by resolution of the material into two
radioactive and UV-absorbing zones, only one of which gave a pos-
itive N-oxide test with ferric chloride solution, when subjected to
chromatography in Systems I (for 6 days) and IV. In this case, the
ratio of N-oxide to the reduced form was found to be nearly 1:1
based on radioactivity.

Mass spectrometry with a different instrument, using a field-
desorption technique!?, revealed two molecular ions, one at 225
mass units, attributable to the initially proposed compound, and
the other at 241 mass units, attributable to its 3-oxide. Use of an
electron-impact technique and careful regulation of the probe tem-
perature with this same instrument'” revealed an apparent molec-
ular ion at 241 mass units and a fragmentation pattern consistent
with a mixture of the two materials.

Anal.—Calec. for a 1:1 mixture of CogH;5N502 and CgH15N503: C,
46.40; H, 6.49; N, 30.03. Found: C, 46.08; H, 6.52; N, 30.41.

15 Ten to 40-um particles containing 13% CaSQ,. Available from Brink-
mann Instruments, Westbury, N.Y

16 Nuchar C-190, West Virginia Pulp and Paper Co., New York, N.Y.

17 Model CH-5, Varian MAT/USA, Springfield, N.J.



Table II—Areas under Minoxidil and Metabolite Plasma Level Curves for the 0—8-hr Period following Oral Administration

of '*C-Minoxidil o the Dog and Monkey

Percent of Total Drug-Related Area

Minoxidil 4'-Hydroxy- 3'-Hydroxy-
Glucuronide minoxidil minoxidil
Speciest Total Polar (V) (11I) (1V) Minoxidil? (I)

Dog 14 <1 46 3 23
Dog (chronic)

Before 12 <1 49 <1 26

After 17 <1 46 <1 27
Monkey 17 64 7 <1 9

aSee Table I for drug dosages and numbers of animals. 2Includes possible reduced minoxidil (11I).

RESULTS AND DISCUSSION

Initial studies involved comparative paper and thin-layer radi-
ochromatography of urine from rats, dogs, and monkeys which had
received 4C-minoxidil orally. In each case, radioactivity zones
were detected, indicating extensive metabolism of minoxidil. One
of these zones for each species had the same chromatographic mo-
bility as minoxidil. The other zones were attributed to then uni-
dentified metabolites of minoxidil. Judging from the relative
amount of radioactivity in each zone, the major metabolite was dif-
ferent for each species. However, each species produced certain
amounts of the major metabolites of the others. The urinary me-
tabolite patterns for the three animal species are illustrated in Fig.
1; the metabolite pattern for the human will be discussed later.
The peak designated I/II had the same mobility in System I as
standard minoxidil.

Attention was next turned to identifying the urinary excretion
products of minoxidil in the three animal species. In the case of the
dog, the peak designated I/II in Fig. 1 was tentatively identified as
unchanged minoxidil on the basis of its paper and thin-layer chro-
matographic mobilities. Subsequently, mass spectrometry of this
material, isolated by preparative paper chromatography and TLC,
gave spectra that were identical to that of minoxidil.

Finally, this material was isolated in crystalline form from dog
urine and identified as minoxidil by elemental and spectral analy-
ses. Material of the mobility designated I/II in Fig. 1 also was iso-
lated in crystalline form from rat urine and identified as minoxidil.
In the case of the monkey, the characterization of peak I/II in Fig.
1 was based entirely on paper chromatography and TLC.

During isolation of the rat urinary minoxidil, a radioactive mate-
rial was detected with the same mobility as minoxidil in System I
but with a greater relative mobility in Systems III-V. In contrast
to minoxidil, it did not produce a blue color when treated with fer-
ric chloride solution and, therefore, was considered to lack an N-
oxide function. Since it had the same mobility in Systems I and
ITI-V as 2,4-diamino-6-piperidinopyrimidine (II), it was character-
ized as this reduced form (II) of minoxidil. That particular study
involved chronic administration of minoxidil to rats [labeled Rat
(chronic) in Table I.

In another rat study, involving single 50-mg/kg doses of 14C-
minoxidil, II also was found in urine. However, in a third study,
using single 5-mg/kg doses of 14C-minoxidil in rats, II was not de-
tected in urine. Thus, at least when large or chronic doses of mi-
noxidil were administered to rats, I was excreted in urine. This
also was the case with the dog. This metabolite was not detected in
monkey urine.

Mass spectrometry of the material designated III in Fig. 1, iso-
lated by preparative paper chromatography and TLC of urine
from dogs that had received *C-minoxidil, indicated that this ma-
terial was a hydroxypiperidino form of minoxidil. Therefore, both
2,4-diamino-6-(4’-hydroxypiperidino)pyrimidine 3-oxide (IIT) and
2,4-diamino-6-(3’-hydroxypiperidino)pyrimidine 3-oxide (IV) were
prepared and characterized as standards. Paper chromatography
and TLC showed that the 4’-hydroxy standard had the same mo-
bility as the major peak designated III and the 3’-hydroxy stan-
dard had the same mobility as the minor peak designated IV.

Subsequently, III was isolated from dog urine in crystalline form
and identified as such by elemental and spectral analyses. NMR
was particularly valuable in confirming the 4’-position for the hy-
droxy group and showing that it was equatorial. With the rat and

monkey, characterization of peak III in Fig. 1 was based entirely
on paper chromatography and TLC. The characterization of IV in
Fig. 1 for the dog and rat was based solely on this small peak hav-
ing the same mobility as standard IV in System I. This metabolite
was not detected in monkey urine.

Characterization of the peak designated V in Fig. 1 was based
principally on results obtained by incubating urine containing this
radioactive metabolite with B-glucuronidase. For each animal
species, such incubation resulted in loss of peak V and a concomi-
tant and equivalent increase in peak I/II. Mass spectrometry of el-
uates of the zone corresponding to I/II from preparative thin-layer
chromatograms, following enzyme incubation of monkey urine,
confirmed that minoxidil was being released. Metabolite V was
thereby characterized as a glucuronic acid conjugate of minoxidil.
It is likely that conjugation was with the N-hydroxy tautomeric
form of minoxidil (Scheme 1), giving an O-glucuronide!®, Never-
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Figure 1—Composites of radiochromatograms (System I) repre-
senting 0-24-hr urine collections for the rat, dog, r.onkey, and
human.

18 The glucuronide conjugate is stable to hydrolysis in 0.1 N HC] at 35°;
N-glucuronides generally are hydrolyzed by such treatment.
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Scheme I—Biotransformation of minoxidil (the points of attach-
ment of the glucuronic acid moiety to V and VIII have not been
definitely established)

theless, conjugation through one amine nitrogen to give an N-glu-
curonide has not been completely ruled out.

Preliminary characterization of the metabolite peak designated
VI/VII in Fig. 1 was accomplished by mass spectrometry of appro-
priate eluates of preparative paper and thin-layer chromatograms
of urine from rats that had received 14C-minoxidil. These results
indicated that this metabolite was 2,4-diamino-6-(4’-carboxy-n-
butylamino)pyrimidine (VI), derived from minoxidil via oxidative
cleavage of the piperidine ring at the C—N bond. Subsequently,
the metabolite(s) was isolated in crystalline form from rat urine
and shown by elemental analysis and spectrometry to be a mixture
of VI and 2,4-diamino-6-(4’-carboxy-n-butylamino)pyrimidine 3-
oxide (VII) in a ratio of 1:1 or 2:1. The only evidence that these
materials were metabolites of minoxidil in dog and monkey urine
was that each species produced a urinary metabolite of minoxidil
having a mobility corresponding to the carboxy metabolites in Sys-
tem L. Studies are in progress to determine the importance of these
metabolites in the dog and monkey.

Evidence for urinary excretion of a glucuronide conjugate (VIII)
of the 4’-hydroxy metabolite by the dog was obtained. Incubation
with B-glucuronidase of urine from dogs that had received 4C-
minoxidil resulted in loss of radioactivity from the origin and a
concomitant and equivalent appearance of radioactivity in peak III
when chromatographed in System I. This could be an O-glucuro-
nide of the N-hydroxy group or the C-hydroxy group or perhaps
an N-glucuronide of one amino group of the 4’-hydroxy metabo-
lite. This material was not detected as a metabolite of minoxidil in
rat and monkey urine.

The results described thus far are summarized in Fig. 1 and
Scheme I. In Fig. 1, an attempt was made to present true, quanti-
tative relationships among the drug and its metabolites for the
various species. Scheme I shows the structures of the various me-
tabolites produced by the three animal species as well as their pos-

1370 / Journal of Pharmaceutical Sciences

sible relationships to one another. The points of attachment of the
glucuronic acid moiety to minoxidil and one of the metabolites are
somewhat speculative, but there is substantial evidence in each
case for the structure of the aglycone and for its conjugation with
glucuronic acid.

Once chromatographic profiles of urinary minoxidil metabolites
were obtained and most metabolites were identified, it was possi-
ble to quantify the biotransformation of minoxidil for each animal
species. Minoxidil and its metabolites in urine were quantified by
determining the amount of radioactivity associated with the drug
or a particular metabolite following separation by paper chroma-
tography and TLC. The results presented in Table I and Fig. 1
clearly show that the principal drug-related material excreted by
the rat was unchanged minoxidil, closely followed by the carboxy
metabolites. With the dog, the 4’-hydroxy metabolite was the prin-
cipal excretion product. The monkey excreted predominantly the
glucuronide conjugate of minoxidil.

The various drug-related materials in the circulation of the dog
and monkey were characterized and quantified by radiochromato-
graphy of blood plasma samples taken sequentially following oral
administration of ¥C-minoxidil. The results (Table II) are pre-
sented as the percent contribution each drug-related material
makes to the total area under the plasma radioactivity level versus
time curve during the 8-hr period following drug administration.
This method should take into account the persistence, as well as
the concentration, of each drug-related material in plasma.

As can be seen from Table II, the principal circulatory material
in the dog was the 4’-hydroxy metabolite; in the monkey, it was the
glucuronide of minoxidil. Substantial amounts of minoxidil and
the polar group of metabolites were circulated by both species. The
major drug-related material in circulation for the human was not
identified by Gottlieb et al. (2), but it was not minoxidil. Since the
major urinary excretion product in the human and the monkey was
the glucuronide of minoxidil, it seems reasonable that this was also
the major circulatory material in the human.

Gottlieb et al. (2) reported that the human excretes four minoxi-
dil-related products in urine following oral administration of 14C-
labeled drug. They were characterized as minoxidil, a glucuronide
of minoxidil, and two unidentified metabolites, designated M-II
and M-I. Their relative amounts in 0-24-hr urine collections were
12, 48, 18, and 21%, respectively, as determined by radiochroma-
tography in System I.

Experience with paper chromatography of monkey urine and
urine extracts containing the minoxidil glucuronide has shown this
glucuronide to have two apparent migration rates in System I. Al-
though the glucuronide usually migrated to one or the other of two
similar Ry values (0.2 and 0.3), at times it would appear as a dou-
blet occupying both locations. Certain samples, particularly those
with relatively great solids content, were more susceptible than
others to this variation in migration, including doublet formation.
Replicate paper chromatograms of such a sample over time could
result in the glucuronide displaying either, or both, Rs value unpre-
dictably.

Regardless of the particular chromatographic behavior, however,
hydrolysis of each sample resulted in complete loss of the glucuro-
nide and a concomitant and equivalent appearance of minoxidil.
The existence of two glucuronides of minoxidil (such as an O-glu-
curonide and an N-glucuronide) would not explain these observa-
tions. At the same time, these results do not preclude the presence
of two such materials. These results can be explained best by a sin-
gle glucuronide which, depending on its environment, either can be
partially modified by application to the paper or can exist in sever-
al ionic forms having different migration rates in System I.

Chromatography in System I of human urine samples, collected
by Gottlieb et al. (2), resulted in separation of three major zones of
radioactivity rather than four. These zones corresponded, in order
of increasing polarity, to minoxidil, the glucuronide of minoxidil,
and a very polar zone, sometimes resolvable into two components.
Integration of these chromatograms showed that our glucuronide
accounted for the sum of the glucuronide and Metabolite M-I or
M-I described by Gottlieb et al. (2). Hydrolysis of these urine sam-
ples with 8-glucuronidase resulted in the complete 10ss of the ma-
terial herein designated as the glucuronide and a concomitant and
equivalent appearance of minoxidil, as judged by chromatography
in System I. Similar hydrolysis studies using System III showed



that minoxidil, not 2,4-diamino-6-piperidinopyrimidine, was re-
leased from the glucuronide.

It appears that, as with monkey urine, a single glucuronide best
explains the results with human urine. In addition to minoxidil,
the glucuronide of minoxidil, and the very polar minoxidil-related
material in human urine, small (less than 3%) amounts of 2,4-di-
amino-6-(4’-hydroxypiperidino)pyrimidine 3-oxide and, in a few
samples, traces of 2,4-diamino-6-piperidinopyrimidine were found.
The more mobile component of the very polar zone of radioactivity
corresponded to the migration of the carboxy metabolites of
minoxidil. The urinary metabolite profile for the human is based
on the results reported by Gottlieb et al. (2) modified by our chro-
matographic results with human and monkey urine containing the
glucuronide of minoxidil as discussed.

The urinary metabolite profile for minoxidil in the human is
‘compared to those in the rat, dog, and monkey in Fig. 1. This com-
parison shows that each species, including the human, excreted
substantially the same metabolites but in quite different relative
amounts. The monkey and human exhibited similar metabolite

profiles, whereas the dog and rat were quantitatively different

from each other and from the monkey and human. Thus, of the
three animal species studied, the monkey is most like the human
in its biotransformation and disposition (1) of minoxidil.
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Antiradiation Compounds XV: Condensations of
Carbon Disulfide with Amino, Chloro, Cyanomethyl, and

Sulfonamido Heterocycles

WILLIAM O. FOYE *, JOEL M. KAUFFMAN, JOSEPH J. LANZILLO, and

EDWARD F. LaSALA

Abstract O Condensations of carbon disulfide were carried out
with amino, chloro, and diamino heterocycles to give condensed
ring thiazoline-2-thiones and imidazoline-2-thiones, with cyan-
omethyl heterocycles to give dithio acid derivatives, and with
heterocyclic sulfonamides to give sulfonyldithiocarbamates. Of
several examples tested, pyrido[3,2-d]thiazoline-2-thione, diso-
dium 2-(5-chloro-2-thienyl)-3,3-dimercaptoacrylonitrile, triethyl-
ammonium 4-sulfamoylphenyldithiocarbamate, ammonium g-
phenethyldithiocarbamate, and methyl N-(thiophene-2-sulfon-
ybhdithiocarbamate, only the last-named compound showed any
radiation protection for mice. Several compounds gave negative
tests for antimalarial activity.

Keyphrases O Antiradiation compounds—condensations of car-
bon disulfide with amino, chloro, cyanomethyl, and sulfonamido
heterocycles @ Carbon disulfide—condensation products with
amino, chloro, cyanomethyl, and sulfonamido heterocycles, poten-
tial antiradiation agents O Heterocycles (amino, chloro, cyan-
omethyl, and sulfonamido)—condensation products with carbon
disulfide, antiradiation activity

Condensation products of carbon disulfide with
amines (1, 2) and mercaptans (3), as well as with ac-
tive methylenes adjacent to cyano groups (4), have all
shown some degree of protection for animals against
ionizing radiation. With the dithiocarbamates, the
presence of heterocyclic rings, particularly when
strongly basic (5), provided greater protective prop-

erties. In the case of the dimercaptoacrylonitriles de-
rived from active methylene compounds, the pres-
ence of heterocyclic rings on the carbon alpha to the
dimercapto acid function generally resulted in hygro-
scopic products and sometimes compounds of low
stability.

The attempt accordingly has been made to obtain
condensation products of carbon disulfide with het-
erocyclic rings that have greater stability and also a
mercapto group two or three atoms distant from a
basic nitrogen or heteroatom, to provide an analogy
with the more protective aliphatic mercapto amines.

DISCUSSION

Condensations with Amino and Chloro Heterocycles—The
finding (6) that 4-chloro-5,6-diaminopyrimidine gave a thiazoline-
2-thione (I) with replacement of amino and chloro groups and not
the imidazoline-2-thione prompted a trial of this reaction on sever-
al suitably substituted heterocycles (Scheme I).

The pyridine analog (II) was prepared previously by Yamamoto
and Takahashi (7), who reported a decomposition point of 294°
and stated no percentage yield. Their product was obtained from
2-chloro-3-nitropyridine, sodium sulfide, hydrogen sulfide, and
carbon disulfide; sulfide reduction of the nitro group was involved.
In the present research, II was obtained in 73% yield, mp 310-314°
dec., from 3-amino-2-chloropyridine and carbon disulfide, with di-
methylformamide as the solvent.
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