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SUMMARY

The metabolism of hexamethylmelamine (HMM), an an-
tineoplastic drug, was studied in man and rats. After
administration of HMM-ring-14C to two patients, peak plasma

levels of radioactivity were seen 1 hr after drug administration
and the plasma half-life of radioactivity was 13 hr. Patients
excreted 61% of the radioactivity in the urine within 24 hr and
89% within 72 hr. No expired 14C02 was found in the breath

of patients within 6 hr of administration, and less than 0.2% of
radioactivity was found in the feces in 48 hr. Rats that were
given HMM-ring-14C i.p. excreted 74% radioactivity in urine,
19% in feces, and none as 14C02 within 24 hr. Urinary

metabolites were isolated by ion exchange methods, identified
by gas chromatography-mass spectrometry, and quantitated
using thin-layer chromatography with a radiochromatogram
scanner. The urinary metabolites of HMM in both rats and
man were A^-demethylated homologs of HMM. These experi
ments suggest that in man and rats there is no significant
metabolic cleavage of the s-triazine ring and that methyl-
melamines and melamine appear to be the only major urinary
metabolites of HMM. In vitro assays for inhibition of
dihydrofolate reducÃase from rat liver revealed that neither
HMM nor its metabolites exhibited inhibition of this enzyme.

INTRODUCTION

HMM2 is an experimental anticancer drug currently

undergoing clinical trials. Since the discovery of its antineo-
plastic properties (5,7), HMM has shown reproducible activity
in a variety of rodent tumor systems (13, 14, 16,31,36, 37).
Clinical trials of HMM, recently reviewed by Blum et al. (2),
have demonstrated consistent activity against particular cell
types of lung cancer (29), cervical carcinoma (35), ovarian
carcinoma, lymphoma, and breast cancer (2). HMM has also
shown other biological manifestations in several species. It was
shown to possess chemosterilizing and mutagenic properties in
houseflies (9, 25). In rats, HMM was reported to possess
antiinflammatory properties (38) and it is also weakly
tumorigenic (10). The uptake of precursors into the DNA,
RNA, and protein of Ehrlich ascites cells in vitro was inhibited

'Supported in part by Grants CA-13290 and CA-14520 from the
National Cancer Institute, USPHS. Presented in part at the 64th Annual
Meeting of the American Association for Cancer Research, Atlantic
City, N.J., April 1973 (41).

2The abbreviations used are: HMM, 2,4,6-tris(dimethylamino)-s-
triazine (NSC 13875); TLC, thin-layer chromatography.
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by HMM (15). The mechanism of action for these biological
activities of HMM is unknown, thus demonstrating the need
for further studies with this compound.

The metabolism of HMM has been studied in several species.
The identification of W-demethylated metabolites of HMM in
houseflies has been reported (8). The metabolism in humans
and rats was studied utilizing HMM-methyl-14C (40), and the

urinary metabolites were identified as methylmelamines and
melamine, which are jV-demethylated homologs of HMM. The
studies with HMM-methyl-I4C left several unanswered ques

tions regarding the metabolism of HMM. (a) Does the s-triazine
ring undergo cleavage? The stability of other s-triazine ring
compounds in mammalian systems has been shown (11, 24,
42). However, Chang et al (8) commented that, 'The

s-triazine ringofhemel [HMM] probably does open during the
metabolic process." (b) Is the radioactivity in the unidentified

compounds that is isolated in the 0.1 N HC1 eluate from the
Dowex SOW (H+) columns (40) due to methyl groups that

were lost by ./V-demethylation or to other HMM metabolites?
(c) Are there other urinary metabolites of HMM besides the
./V-demethylated melamines? This report attempts to answer
these questions by presenting the results of studies on the
metabolism of HMM-ring-14C in humans and rats.

MATERIALS AND METHODS

Chemicals. Unlabeled HMM was provided by the Clinical
Branch, Collaborative Research, National Cancer Institute,
USPHS. Samples of the other methylmelamine compounds
were generously provided by Dr. J. M. Smith, Jr., of Lederle
Laboratories, Pearl River, N.Y. Melamine (Aldrich Chemical
Co., Milwaukee, Wis.) was recrystallized from water.

The synthesis of HMM-ring-14C was a slight modification of
a method used to synthesize triethylenemelamine-ring-14C

(24). A tube containing 353 mg of unlabeled urea, 14 mg of
urea-14C (10 mCi; New England Nuclear, Boston, Mass.), and
534 mg of NH4C1 was heated at 245Â° for 20 min. After

cooling, the white solid that had formed was washed with cold
0.1 N HC1 and filtered. The undissolved cyanuric acid-ring-14C

was rinsed with cold water and cold acetone and then dried.
After the labeled cyanuric acid was placed in a tube, 1250 mg
of PC1S and 0.5 ml of POC13 were added, and the mixture was
heated at 150Â°for 40 min. After cooling, ice chips were added

to decompose the excess reagents. Next, solid Na2CO3 was
added to the cyanuric chloride-ring-14C that had been formed,

until the solution was alkaline and no further evolution of
CO2 could be seen. Then 1.7 ml of 25% dimethylamine in
water were added and the mixture was heated at 95Â°for 1 hr.
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Another 0.3 ml of dimethylamine solution was added and the
mixture was heated at 95Â° for 2 hr more. After cooling
overnight, 22 mg (5.1% yield) of HMM-ring-14C were filtered
out and dried; m.p. 169-172Â°, literature (17) 172-174Â°.

Radioactivity measurements were performed on a Nuclear-
Chicago liquid scintillation counter as previously described
(21). The specific activity was determined to be 26.0/uCi/mg.
The radiopurity of the HMM-ring-14C was found to be greater

than 98.5% by TLC (8).
Administration and Collection Procedures. Patients selected

for study were those accepted for Phase II or Phase III clinical
cancer chemotherapy trials with HMM utilizing study proto
cols approved by the University of Wisconsin Center for
Health Sciences Committee for Review of Clinical Research
and Investigation Involving Human Subjects. Patient A. G. was
a 62-year-old male with squamous cell tumor of the tonsil;
Patient A. H. was a 51-year-old male with squamous cell lung
carcinoma. Both patients received a clinical dose p.o. of HMM,
4 mg/kg, (A. G., 200 mg; A. H., 350 mg) together with
HMM-ring-14C, 100 Â¿(Ci,at 7 a.m. on the day of the

experiment, followed by another dose of unlabeled HMM, 4
mg/kg, at 7 p.m. The HMM-ring-14C was dissolved in a small

portion of HC1 and was added to orange juice.
The expired breath, urine, and feces from patients were

collected and assayed for radioactivity as previously described
(40). Whole blood was assayed for radioactivity by the
perchloric acid:hydrogen peroxide digestion method (22). The
radioactivity levels in hemolyzed erythrocytes were assayed
after centrifugation and washing of the erythrocytes 3 times
with 3 ml 0.9% NaCl solution; the erythrocytes were also
digested with perchloric acid and hydrogen peroxide. Plasma
proteins were precipitated with 20% sulfosalicylic acid and
rinsed twice with 2 ml of 20% sulfosalicylic acid and once with
2 ml of water (30). Aliquots of the precipitated plasma
proteins were mixed with 0.5 ml of NCS solubilizing solution
(Amersham/Searle Corp., Arlington Heights, 111.)and counted.

Sprague-Dawley male rats (Sprague-Dawley, Inc., Madison,
Wis.) weighing 180 to 220 g were used throughout the
experiments. Four rats were each given an i.p. dose of 5 mg of
HMM dissolved in a minimum of HC1 containing 19.1 juCi of
HMM-ring-14C. They were housed in glass metabolism cages

and their CO2 , urine, and feces were prepared and assayed for
radioactivity (40).

Chromatographie Procedures. Acidified (0.1 N HC1) urines
were applied to Dowex 1 (Cl~) columns, the columns were

rinsed with 0.1 N HC1, and aliquots were assayed for
radioactivity. The radioactive 0.1 N rinse was then applied to
Dowex 50W (H+) columns for stepwise elution (40). The
Dowex SOW (H+) columns were eluted with 200 ml of 0.1,

0.5, 1.0, 2.4, and 6 N HC1 solutions, and each eluate was
assayed for radioactivity.

Urines were prepared for gas chromatography and mass
spectrometry as previously described (40). TLC of urines was
done utilizing MN CEL-300-10 cellulose plates (Brinkmann
Instrument Co., Westbury, N.Y.) and a developing solvent
(23) of 25% dimethylamine:methanol:water (4:9:2). Devel
oped plates were assayed for radioactivity utilizing a Packard
7201 radiochromatogram scanner equipped with a Disc
integrator.

Assay for Inhibition of Dihydrofolate Reductase. Rat liver

was homogenized in a VirTis Model 23 homogenizer for 2 min
in 0.1 M phosphate buffer (pH 7). The homogenate was
centrifuged for 70 min at 78,000 X g in a Beckman L-2
ultracentrifuge, and the supernatant was poured off and
strained through double layers of cheesecloth. This super
natant was utilized as a crude source of dihydrofolate
reducÃase in an assay for the inhibition of dihydrofolate
reducÃaseaccording to Ihe method of Roth and Burchall (28).
Dihydrofolate (Sigma Chemical Co., St. Louis, Mo.) was
incubaled with the crude enzyme preparalion in Ihe presence
of NADPH, mercaptoethanol, and pH 7 buffer. Reduction of
dihydrofolale to tetrahydrofolate was accompanied by the
disappearance of NADPH, which was monitored at 340 nm in
a Beckman Model 25 spectrophotometer. HMM and all the
yV-demethylated melamines were added at a final concentra
tion of 1CT3 and IGT4 M to observe whether any of these

compounds inhibited dihydrofolate reducÃase, as measured by
their abilily to prevent the disappearance of NADPH.
Aminopterin (K & K Laboralories, Plainview, N.Y.) was used
as a known inhibilor of dihydrofolale reducÃase.

RESULTS

Distribution of HMM-Ring-I4C in Humans and Rats.

Recovery of radioactivily in urine afler adminislralion of
HMM-ring-14C lo 2 cancer palients was as follows: in 24 hr

each palienl excreted 61% of the tolal dose of radioaclivily;
A. G. excreled 25% and A. H. excreted 21% from 24 to 48 hr;
A. G. excreted 5% and A. H. excreted 4% from 48 lo 72 hr.
Total urinary excretion of radioaclivily was 91% for A. G. and
86% for A. H. (a porlion of Ihe urine sample from O lo 24 hr
was accidenlally losl by A. H.). The amounls of radioaclivily
in the feces of Patients A.G. and A.H. within 48 hr after
administration were 0.2 and 0.1%, respectively. No radioacliv-
ity could be found as expired I4CO2 in the breath of the

patients during the 1st 6 hr afler Ihe adminislralion of
HMM-ring-14C.

Plasma levels of radioaclivily reached a maximum of 4380
and 3270 dpm/ml of plasma 1 hr after adminislralion lo
Patients A.G. and A.H., respectively. Chart 1 shows the
plasma levels of radioactivily; the half-life of radioactivily in
Ihese patients was 13 hr. Hemolyzed erythrocytes that had
been washed 3 times conlained 6 lo 9% of Ihe radioactivity in
1 ml of whole blood. Proteins lhat were precipitated from
plasma with sulfosalicylic acid and washed 3 times contained
only 1 to 2% of the activity in 1 ml of plasma.

Recovery of excreted radioactivity after administration of
HMM-ring-14C lo rals is shown in Table 1. The excrelion of

radioaclivily in rats was similar to lhal of humans, excepl lhal
rals appeared lo excrele Ihe radioactivity more rapidly; also
the amount of radioactivily observed in the feces of rats (20%)
was much grealer lhan lhal found in human feces (0.1%). The
low levels of radioaclivily in human feces are not in agreement
wilh a previous study (39); perhaps fecal samples should have
been collecled for longer lhan 48 hr, and Ihis mighl account
for Ihe difference. A lissue dislribution study of radioactivily
afler adminislralion of HMM-ring-14 C in rals revealed no

unusually high localization of radioactivily in any lissues.
Chromatographie Studies of HMM Metabolites. The results
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chromatogram scanner revealed the presence of 4 major
radioactive metabolites in both humans and rats (see Chart 3);
the RF values of the radioactive metabolites were identical to
samples of the authentic compounds indicated. Quantitation
of metabolites with a Disc integrator tracing of the radioactiv
ity on the TLC plates gave the proportional amounts of the
major radioactive metabolites in 24-hr urines. Multiplication of
these proportions by the total percentage of radioactivity in
the 24-hr urines gave estimates of the percentages of the

Table 2
Percentage of radioactivity in 24-hr urines eluted from ion-exchange

columns with HC1
Twenty-four-hr urines after administration of HMM-ring-'"C were

acidified (0.1 N HC1) and placed on Dowex 1 (Cl~) columns. After
elution, these 0.1 N fractions were transferred to Dowex SOW (H*)

columns, which were then eluted with 0.1, 0.5, 1.0, 2.4, and 6.2 N HC1.
Aliquots of each eluate were counted in a liquid scintillation counter.
The values represent the percentage of the total radioactivity in 24-hr
urines that were eluted in each particular fraction.

5 10 15 20 25 3O 35 40 45 50 55 60

HOURS AFTER ADMINISTRATION OF
HMM-RING-I4C

Chart 1. Plasma levels of radioactivity after administration of
HMM-ring-14C to cancer patients.

Table 1
Recovery of excreted radioactivity after administration of

HMM-ring-1"C to rats
Hour rats were each given 5 mg i.p. of HMM-ring-14C containing

19.1 Â¿eCi.Twenty-four-hr samples were collected and aliquots were
counted in a liquid scintillation counter. The values represent the
average values for 4 rats of the percentage of the total dose of
radioactivity recovered.

Recovery (%)

CO,UrineFecesTotal

CO2 , urine, and fecesDay

1741993Day24153-dayDay3total<0.011

79201

99

of stepwise elution of radioactive urinary metabolites of
HMM-ring-14Cfrom ion-exchange columns with HC1solutions

are shown in Table 2. After concentration and treatment with
NH4OH, the 6.2 N eluates from the Dowex SOW(H+) columns

were analyzed by gas chromatography (40). The human
urinary metabolites observed were (Chart 2) pentamethyl-
melamine, W2rAf2X'rA'6-tetramethylmelamine, TV2JV2̂ V4-tri-
methylmelamine, A^^^-trimethylmelamine, N2JV2-d\-
methylmelamine, A'2.jV'-dimethylmelamine, monomethylmel-

amine, and melamine. The identities of the metabolites were
confirmed by mass spectrometry. The rat urinary metabolites
were the same as those observed in humans. These metabolites
were the same as those identified previously except for
A^rA^-dimethylmelamine which has not been detected as a
metabolite of HMMin previous studies (8,40).

The concentrated urine samples were also used for TLC.
Assay of thin-layer chromatograms of urines on a radio-

Humans0
RatsbDowex

1(er)columns0.1

N
HC199.1

99.0Radioactivity

(%)0.1

N
HC10.10.1Dowex0.5

N
HC10.1

0.2SOW

(H*1.0

N
HC10.2

0.6)

columns2.4

N
HC10.3

5.56.2

N
HC195.6

92.4

" Average of 2 patients.
b Average of 4 animals.

VJ
J

O ? 4 6 8 IO 12 14 16

RETENTION TIME, MINUTES

Chart 2. Gas chromatogram of 24-hr urine of Patient A. G. after
administration of HMM. Preparation of urine is described in text. Gas
Chromatographie conditions were the following: 60-cm glass column
(4-mm inside diameter) containing 15% diethylene glycol succinate on
Chromosorb W (60 to 80 mesh); nitrogen carrier gas (120 ml/min);
hydrogen (40 ml/min) and air (275 ml/min) were used for the alkali
flame ionization detector (40); column temperature was programmed at
6Â°/minfrom 160Â°to 250Â°and held for 4 min. The peaks correspond to

the following metabolites: /, pentamethylmelamine; 2,
A^.A^r/V^'-tetramethylmelamine; 3, Ar3,ArJrAr4-trimethylmelamine;
4, JVÃ®,jV4,JV6-trimethylmelamine; 5, N2 .A^-dimethylmelamine; tÃ,
N* JV4-dimethylmelamine; 7, monomethylmelamine; 8, melamine; 9,

unknown.
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various metabolites as shown in Table 3. The activity in the
miscellaneous category includes a mixture of the other
methylmelamines identified by gas chromatography and also
of any possible unidentified metabolites. The percentage
values of the metabolites in Table 3 correspond to the molar
percentages of the metabolites since the specific activity per
mole of melamine metabolites is identical to the specific
activity of HMM-ring-14C.

Assay for Inhibition of Dihydrofolate ReducÃase. No
inhibition of rat liver dihydrofolate reducÃase was observed
with HMM or any of its W-demethylated homologs at
concentrations as high as IO"3 M. Aminopterin in the same

system demonstrated inhibition at concentrations as low as
HT7 M.

DISCUSSION

These experiments indicate that the s-triazine ring is very
stable and that it does not undergo cleavage. This is suggested
by the fact that there is no production of I4C02 after
administration of HMM-ring-14C to either man or rats. The

identification of the major urinary metabolites as methyl
melamines and melamine also confirms the stability of the
s-triazine ring in mammalian systems. Of interest, however, are
the studies by Raska et al. on the metabolism of 5-azacytidine,
another s-triazine compound used as a cancer chemotherapy
agent. They studied the metabolism of 5-azacytidine in mice
(26) and identified by paper chromatography and electro-
phoresis several products that were formed by ring cleavage
including guanidine, guanylurea ribonucleoside, biuret, and
1-formylbiuret. However, they stated that those products were
the result of spontaneous decomposition of 5-azacytidine and
of one of its metabolites, 5-azauracil. Although not ruling out
the possibility of the existence of metabolites formed from
ring cleavage, the results of our experiments show that any
metabolites formed from the opening of the s-triazine ring of
HMM in man or rats would be present in small quantities.

After administration of HMM-methyl-l4C to rats, 29% of

the urinary radioactivity could be eluted from the Dowex SOW
(H*) columns with 0.1 N HC1 (40), while only 0.1% of the

radioactivity was eluted in this fraction from urines of
HMM-ring-I4C-treated rats. This proves that the radioactivity

in the 0.1 N HC1 fraction of the urines from the HMM-methyl-
14C-treated rats was due to methyl-14C groups that resulted

from yV-demethylation of HMM. Since there was only very
little activity in the 0.1 N eluate from the urine of
HMM-ring-'4C-treated rats, this eliminates the possibility that

the source of the 29% of radioactivity in the 0.1 N eluate of
the HMM-methyl-I4C-treated rats was due to s-triazine

metabolites; in such a case there would have been a
corresponding amount of radioactivity in the 0.1 N eluate of
the HMM-ring-l4C-treated rats.

The results in Table 2 show that 96% (in humans) and 92%
(in rats) of the radioactivity in 24-hr urines were eluted from
Dowex 50W (H+) columns in the 6.2 N HC1 fractions. TLC

and gas chromatography analysis of these 6.2 N fractions
revealed the presence of the methylmelamines and melamine
metabolites. TLC analysis of untreated rat 24-hr urines of
HMM-ring-14C-dosed rats showed an almost identical radio-

chromatogram suggesting that the methylmelamines and

SOLVENT DEVELOPMENT >

Chart 3. Radiochromatogram scan of 24-hr urine of rat after
administration of HMM. Radiochromatogram reveals the 4 major
radioactive urinary metabolites: 1, melamine; 2, monomethylmelamine;
3, /V2,./v"'-dimethylmelaniine;4, A^.^^V'-trimethylmelamine.

Table 3
Percentage of HMM metabolites in 24-hr urines

Aliquots of 24-h urines were spotted and developed on TLC plates.
These plates were analyzed by a radiochromatogram scanner and the
proportional amounts of the radioactive metabolites were calculated.
These proportional values were multiplied by the total percentage of
the radioactive dose in the corresponding 24-hr urines to give an
estimate of the amount of each metabolite in these urines

HMM metabolites (%)

TV2,yv4,N*-TrimethylmelaminejV'.A^-DimethylmelamineMonomethylmelamineMelamineMiscellaneous0TotalPatient

A.G.623235562PatientA.M.726195461Rats"233322574

a Average values for 4 rats.
b Percentage not found in the 4 major peaks.

melamine are the only major urinary metabolites of HMM and
also that these compounds are actually the urinary metabolites
and not compounds that are produced in the preparation and
treatment of the urine. Thus, it appears likely that, in man and
rats at least, methylmelamines and melamine are the only
major urinary metabolites of HMM; but perhaps this statement
should be qualified with the remark that the source of the
5.5% of urinary activity in the 2.4 N HC1 eluate from Dowex
SOW (H+) of rats treated with HMM-ring-'4C has not been

identified.
The peak plasma levels of radioactivity after administration

of either HMM-ring-14C or HMM-methyl-14C to patients occur

1 hr after drug administration. This contrasts to the peak
plasma levels of UV-absorbing metabolites, which occur at 2 to
3 hr after drug administration (4). This discrepancy may be
due to the fact that the radioactive drugs were given in
solution, while the unlabeled HMM utilized in the studies for
the determination of UV-absorbing materials was administered
in capsule form. Also, it has been reported earlier (4) that no
HMM nor UV-absorbing metabolites could be detected in
hemolyzed erythrocytes of patients receiving HMM therapy.
However, the sensitivity of these radiochemical techniques
shows the presence of HMM or its metabolites in hemolyzed
erythrocytes.
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It is not known whether HMM itself or a metabolic product
of HMM is responsible for the antineoplastic properties of
HMM. However, there is no evidence for the opening of the
s-triazine ring, and methylmelamines and melamine are the
only major urinary metabolites of HMM. These facts suggest
that either HMM itself, its TV-demethylaled urinary metab
olites, or unidentified intermediates formed during N-
demethylation are the active form of the drug.

Reports of screening against animal tumor systems for
several of the jV-demethylated homologs of HMM have been
published (6, 12, 14, 19, 20, 27, 32-34), but no antitumor
activity was reported. However, these are incomplete reports
covering only several of the TV-demethylated homologs of

HMM.
Melamine and all the methylmelamines showed chemo-

sterilizing properties in houseflies (3) and methylmelamines
containing 3 to 6 methyl groups per molecule were more
effective sterilants than melamines containing fewer methyl
groups (18). Especially interesting was the report that
A^r/V^A^^-tetramethyliTielairiine has more activity as a
chemosterilant than HMM (8). Although there may be no
relationship between chemosterilizing and antitumor proper
ties, this information together with the fact that various
methylmelamines are metabolites of HMM in man suggests
that all the methylmelamines should be screened for their
antitumor activity. Perhaps one of these methylmelamines
might ultimately demonstrate more activity or less toxicity
than HMM as a cancer chemotherapeutic agent in man.

The mechanism of action of HMM is unknown. Bofkovec
and DeMilo (3) have stated that HMM is not an alkylating
agent, and Worzalla et al. (40) demonstrated that HMM and its
./V-demethylated homologs do not react with p-nitrobenzyl-
pyridine, which is a chemical test for alkylating agents.
Because some s-triazine compounds act as folate antagonists
(1), in vitro assays for inhibition of dihydrofolate reducÃase
were conducted. No inhibition of either crude rat liver or
purified human dihydrofolate reducÃaseenzymes (J. Berlino,
Yale University, New Haven, Conn., personal communication)
could be detecled for HMM or ils W-demethylated homologs.
Bofkovec and DeMilo (3) also showed lhat the chemosleriliz-
ing aclivity of HMM was not diminished when a 100-fold
excess of folie acid was administered together with HMM.
These facls make il unlikely lhal HMM owes ils anlilumor
aclivily to anlifolale action.
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