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Abstract—The metabolism of 5-azacytidine, radiolabeled in the 4- or 6-position with carbon-14, was
studied in mice. High pressure liquid chromatographic analysis of urine from mice given [4-"*C]- or
[6-1*C]-5-azacytidine showed that six radioactive peaks were present and that peaks V and VI were
the major peaks excreted. Similar analysis of urine from mice given the labeled compounds and tetra-
hydrouridine, a deaminase inhibitor, indicated that peaks I, II and V were deaminated metabolites.
Peak V appeared to contain components with the 6-carbon absent, whereas peak VI contained
components, in a 1:1 ratio, with the 6-carbon either present or absent. Co-chromatography of urine
from treated mice with authentic standards indicated that peaks I, ITI, I'V were 5-azauracil, 5-azacytosine
and 5-azacytidine, respectively. These data, along with the characterization of peaks V and VI by gas—
liquid chromatography and mass spectrometry, indicated that the metabolism of 5-azacytidine in mice

is similar to that proposed by other investigators.

The cytidine analog, S-azacytidine (5-azaCR) was
first synthesized in 1964 [1], and since that time it
has received considerable attention. It has anti-
microbial [2, 3] and antineoplastic activity against
experimental [4-6] and human [7-13] tumors.

The mechanism of action of the compound has
been investigated extensively {2, 4, 14-24]; its mode
of antitumor action, however, is not entirely clear.
Based primarily on reports by the Czechoslovakian
group [14, 24-27], Neil ez al. [28] proposed a scheme
for the metabolism of 5-azaCR, which included
enzymic and non-enzymic degradative pathways.
The identification of metabolites of 5-azaCR has
been based primarily on the detection of its products
from bacteria [27], rodent urine [14, 25], and hydro-
lytic studies in vitro [24, 29]. Detection was accom-
plished by physical methods such as paper chroma-
tography, electrophoresis [14, 24] and ultraviolet
absorbance [29], or by chemical methods [24] which
rely on reagent reaction with selective chemical
groups to yield characteristic colors.

In the present report, the metabolism of 5-azaCR
from mouse urine was studied by utilizing high pres-
sure liquid chromatography (h.p.l.c.), gas-liquid
chromatography (g.l.c.) and mass spectrometry
(m.s.) and by evaluating the effect of the anti-
metabolite, tetrahydrouridine (THU}, on the overall
metabolism of {4-**C]-5-azaCR and [6-"*C]-5-azaCR.

MATERIALS AND METHODS

5-Azacytidine (NSC 102816) and tetrahydrouri-
dine (NSC 112907) were obtained from the National
Cancer Institute, Bethesda MD. [4-"*C]-5-AzaCR,
50 mCi/mmole (radiochemical purity, 96 per cent),
was supplied by the Monsanto Research Corp., Day-
ton, OH, through the National Cancer Institute. The
[6-**C]-5-azaCR, 9.5 mCi/mmole (radiochemical

* To whom reprint requests should be sent.

purity, 87 per cent), was purchased from Dr, J,
Moravek of Nova Chemicals, Rosemead, CA. The
radiochemical purity of the drugs was determined
by h.p.L.c. Solvents used for chromatographic analy-
sis were obtained from Burdick and Jackson Lab-
oratories, Inc., Muskegon, MI. All other chemicals
were reagent grade.

High pressure liguid chromatography was per-
formed on a Waters model ALC-202/R-401W/UV
liquid chromatograph (Waters Associates, Milford,
MA). Samples were eluted from the column
[250 x 4.2 mm i.d., packed with Merck LiChrosorb
Si-60 5 u (E. M. Laboratories, Inc., Elmsford, NY)]
with chloroform-methanol-water-acetic acid (30:
10:1.7:0.42, v/v from 0 to 22 ml and with methanol
from 22 to 27 ml, at a flow rate of 1 ml/min. Recovery
of radioactivity from the column ranged from 88 to
97 per cent. Radioactive samples were counted in
Aqueous Counting Scintillant (Amersham/Searle
Corp., Arlington Heights, IL) in a Searle Analytic
Mark III liquid scintillation system, and appropriate
fractions were combined, dried under a stream of
nitrogen, and stored at —20° until needed.

Gas-liquid chromatography was performed in a
Hewlett—Packard 5700A or a Varian 2800 gas chro-
matograph with a flame ionization detector and a
5t X 1/8in or 6ft X 1/8ini.d. glass column containing
20% SE-30 on Gas Chrom Z or 1% SE-30 on Gas
Chrom Q (Applied Science Laboratories, Inc., State
College, PA), respectively. Radioactive components
in the gas effluent were trapped by inserting a short
disposable glass Pasteur pipette containing loosely
packed glass wool into the externally heated gas
outlet, The pippette was flushed several times with
scintillation solvent and the washes and glass wool
were counted for radioactivity as described above.

Mass spectrometry was performed on a DuPont
21-491 instrument interfaced with the Hewlett~Pack-
ard 5700A gas-liquid chromatograph and a Hewlett-
Packard 2100A computer.

609



610

Methanolysis of h.p.l.c. fractions was accom-
plished by heating the samples at 65° for 16hr in
methanolic HCl which was prepared by adding acetyl
chloride (5 ml) and methanol (95 ml) (reagent kit,
Applied Science Laboratories, Inc.).

Trimethylsilylation of h.p.l.c. fractions was carried
out in Teflon-lined screwtop culture tubes with a
1:1 mixture of N, O-bis(trimethylsilyl)trifluoro-
acetamide (Regis Chemical Co. Chicago, IL) and
pyridine (v/v). The sealed vessel was heated at 105°
for 30 min, and samples of the mixture were injected
into the gas chromatograph for g.l.c. or g.l.c.—m.s.
analysis.

Blood, obtained from Beagle dogs by carotid
puncture, was centrifuged iu a table top clinical
centrifuge at maximum speed for 5 min to separate
the plasma from the other components. Plasma and
5-azaCR at the appropriate concentration were
incubated at 37° for 10 min, and the mixture was
deproteinized by the addition of 19 vol of absolute
ethanol. The precipitate was separated from the
mixture by centrifugation, and the supernatant frac-
tion was dried under nitrogen and stored at —20°
until needed.

Female BDF; mice (20 g mean weight) were given
5-azaCR (4-"C or 6-"C), 50 mg/kg (2.6-6.2 pCi),
alone or in combination with THU, 10 mg/kg. Drugs
were dissolved in saline and administered to animals
i.p. The animals were housed in Roth metabolism
cages and fed food and water ad lib. Air which
passed through a 20 X 7 cm glass column packed with
Ascarite and Drierite flowed through the system with
the aid of a vacuum of approximately 125 mm Hg
at the outlet of the cage. Air exiting from the system
was passed through three successive KOH (8 M)
solutions to trap expired CO; and after 8 hr aliquots
of the KOH samples were counted by liquid scintil-
lation to determine the amount of *CQO; present.
The urinary collection vessel was encased with dry
ice to minimize degradation of drug and metabolites
during the 8-hr collection period. The urines were
lyophilized and stored at —20° until needed or resus-
pended in 1.0 mi of distilled water and analyzed by
h.plec.

RESULTS

Effect of tetrahydrouridine on the metabolism of
5-azacytidine. High-pressure liquid chromatographic
analysis of urine from mice given [4-"*C]-5-azaCR
showed six major fractions. Peaks I-IV were radio-
active and u.v.-absorbent, and peaks V and VI were
radicactive and non-u.v. absorbent (Fig. 1).
Although Fig. 1 shows u.v.-absorbance associated
with peak V1, previous studies showed evidence that
the peak was not u.v.-absorbent.* In a recent study
[30], we reported that THU, when administered with
[4-*C]-5-azaCR at concentration ratios of 0.01:1 to

* In earlier studies, peak VI was allowed to elute from
the column prior to a methanol wash. Under these con-
ditions u.v.-absorbance did not overlap with peak VI, and
no radioactivity was eluted after the peak. Based on these
findings, subsequent chromatographic runs were shortened
by washing the column with methanol immediately after
the elution of peak V.
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Fig. 1. High-pressure liquid chromatographic analyses of

urine collected from BDF: mice after dosing with [4-1*C}-

S-azaCR (3.7 uCi/mg), SOmg/kg. The column was

15cm X 4.2 mm i.d., packed with 5 um silica. Eluents were

chloroform-methanol-water—acetic acid (30:10:1.7; 0.42)

(0-22 ml) and methanol (22-27 mi), flow rate | ml/min.
C peaks are labeled I-VI, where IV is 5-azaCR.

2:1, was effective in increasing the urinary excretion
of 5-azaCR (peak IV) by 2 to 6-fold, respectively,
which was consistent with the mechanism of action
of THU as an inhibitor of cytidine deaminase [31,
32]. Table 1 shows that 5-azaCR, labeled in either
the 4- or 6-position and administered with THU to
mice, resulted in a decrease in the levels of radio-
activity in h.p.lL.c. peaks T (about 4-fold) and II
(about 3- to 7-fold). Peak IV increased approxi-
mately 6- and 4-fold when THU was administered
with [4-C]- or [6-"*C]-5-azaCR, respectively. Peak
V decreased approximately 3-fold with the co-
administration of [4-'%C}-5-azaCR and THU,
whereas the peak was absent or barely detectable
with [6-'*C}-5-azaCR or {6-"*C]-5-azaCR and THU,
respectively. There was a 2-fold decrease in the level
of peak VI due to [6-*C]-5-azaCR when compared
to the level due to [4-1%C}-5-azaCR; both levels,
however, increased about 2-fold when THU was
given with either of the labeled drugs. Table 1 shows
a 2-fold increase in the level of radioactivity in peak
IIT when THU was co-administered with [4-"C}-5-
azaCR, but the levels are relatively small. These
findings are supported by a similar study [30]. The
table also shows that there was approximately a 3-
fold increase in peak III with [6-'*C]-5-azaCR when
compared to that with [4-*C]-5-azaCR. This increase
in radioactivity in the peak was probably due to the
contaminant, [6-"*C]-5-azacytosine (13 per cent as
determined by h.p.l.c.), in the stock preparation of
[6-1*C]-5-azaCR.
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Table 1. Effect of THU on the urinary metabolites of [4-*C]- and [6-'*C]-5-azacytidine in BDF; mice*
High-pressure chromatographic fractions Per cent of
administered

Treatment I I i v \" \%! dose
[6-1C]-5-azaCR 289=54 247+32 16043 8328 0 88=0.6 405114
[6-%C}-5-azaCR + THU ~ 7.2%2.4 75:09 20448 33339 46+52 189+48 41.4= 37
[4-1*C]-5-azaCR 23209 199+60 4.6+01 36=x20 26550 19118 450=109
[4-C}-5-azaCR + THU 6.0 1.9 27+12 86=17 204+18 93+12 47.9+42 293=118

* Conditions for dosing animals were the same as those shown in Table 2. The values shown in h.p.Lc. peaks I-VI
represent the per cent recovery of radicactivity from the column (from three or more analyses, mean = S.D.). The urine
samples shown in Table 2 were used for analyses in these studies.

The per cent recovery of radioactivity in expired
air and urine from mice dosed with {4-"*C}- or [6-
19C}-5-azaCR and with or without THU is shown in
Table 2. Less than 1 per cent of the dose from mice
given [4-"*C]-5-azaCR was recovered as “CO:,
whereas approximately 20 per cent of the dose was
recovered as *CO- from mice given [6-'*C]-5-azaCR.
These data indicate that the triazine ring of the
molecule was cleaved at the number 6-carbon which
the animals expired as CO,. THU had no effect on
the recovery of radioactivity in expired air or urine.

Characterization of the urinary metabolites of 5-
azaCR. Co-chromatography of urine, from mice
given 5-azaCR, with authentic samples of 5-azauracil
(5-azaU), 5-azacytosine (5-azaC) and 5-azaCR indi-
cated that h.p.l.c. peaks I, III and I'V were, respec-
tively, similar to the authentic standards. Peak II
was not characterized.

Peak V was isolated from mouse urine by h.p.l.c.
and derivatized with pyridine:bis (trimethylsilyl)tri-
fluoroacetamide reagent. Gas-liquid chromato-
graphic analysis of the derivatized sample showed
a major radioactive peak which eluted at 50° and a
minor radioactive peak which eluted at 110° when
the oven temperature was programmed at 4%/min.
Mass spectrometric analysis of the early g.l.c. radio-
active peak indicated a molecular weight of 115 for
the peak with a base ion at m/e 100 (Fig. 2). Deri-
vatization of h.p.l.c. peak V with the same reagent
and pyridine:bis(trideuteromethylsilyl)trifluroaceta-
mide-dis reagent (50% deuterium), which contained
nine deuterium atoms per mole, and analysis by

g.l.c. showed a corresponding nine mass unit increase
of the early g.l.c. peak (Fig. 3). This mass unit shift
indicated the presence of a single trimethylsilyl
{TMS) group and that the mass of the underivatized
molecule was 43 (115 minus 72). Several compounds,
e.g. cyanic acid, having this molecular weight were
considered. Trimethylsilylation of a commercial
preparation of the potassium salt of cyanic acid and
analysis by g.l.c. showed a peak with g.1.c. properties
and a m.s. fragmentation pattern identical to those
of the early g.l.c. peak obtained from h.p.l.c. peak
V. Similarly, analysis of the second g.1.c. peak from
h.p.l.c. peak V indicated it was bis(trimethyl-
silyl)cyanamide with a molecular weight of 186 and
the M*-15 ion at mfe 171 (Fig. 4).

It appeared, however, that cyanate and cyanamide
could have been produced during the derivatization
of the h.p.l.c. fractions. For example, biuret and
urea derivatized under the same conditions and ana-
lyzed by g.l.c.-m.s. indicated the following struc-
tures: TMS—OCN, TMS—NH-—CO—NH—TMS
and TMS—N=C=N—TMS. Biuret, urea or cyan-
ate, however, did not co-chromatograph by h.p.l.c.
with peak V, lending support to the indication that
cyanate and cyanamide originated during the deri-
vatization of h.p.l.c. peak V.

High-pressure liquid chromatography peak V was
subjected to acid methanolysis which should have
resulted in cleavage of any ribosyl linkage to yield
the corresponding methyl glycoside. After trime-
thylsilylation of the mixture, g.l.c. analysis showed
a major peak which eluted at 153°. Mass spectro-

Table 2. Effect of THU on the metabolism of [4-**C}- and [6-"*C]-5-azacytidine in
BDF; mice*

Per cent recovery of administered dose

Treatment Urine HC0o;, Total

[6-4C]}-5-azaCR 47 x 14 194 67 =17
[6-1%C}-5-azaCR + THU 455 21%3 66 = 10
[4-1*C}-5-azaCR 46 = 11 0.5+0.1 47+ 12
[4-"C]-5-azaCR + THU 31x12 0.5%0 3112

* Mice were dosed i.p. with THU, 10 mg/kg, immediately prior to 5-azaCR (2.6~
6.2 uCi), 50 mg/kg, and urine and CO; were collected over an 8-hr period. Three
or more animals were used for each experiment and each experiment was run in
triplicate. The values shown are expressed as the per cent recovery of administered

radioactivity (mean * S.D.}.
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Fig. 2. Mass spectrum of trimethylsilyl cyanate (early g.1.c. peak). High-pressure liquid chromatography
peak V, from urine of mice given [4-1“C]-5-azaCR, was derivatized for g.l.c.-m.s. analysis as described
in Materials and Methods.
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Fig. 3. Mass spectrum of trimethylsilyl cyanate (early g.l.c. peak). The conditions were the same as in
Fig. 2 except that the derivatization mixture was 50% N, O-bis(trideuteromethylsilyl)trifluoroacetamide-
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Fig. 4. Mass spectrum of bis(trimethylsilyl)cyanamide. The conditions were the same as in Fig. 2.
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metric analysis of this peak showed a mass spectrum
identical with methyl-a-p-ribofuranoside-2,3,4,0-
trimethylsilyl ether.

[4-#C])-5-AzaCR, when incubated with dog
plasma, readily decomposed to give h.p.l.c. peak
VI. The peak obtained in this manner co-eluted with
peak VI from mouse, dog and human urines.* After
acid methanolysis and trimethylsilylation, g.l.c.
analysis of the non-radiolabeled species indicated
the presence of ribose. Analysis of the volatile radio-
labeled species by g.l.c.—m.s. indicated a single
radioactive peak which was identical in its g.l.c.
properties and mass spectral fragmentation with
bis(trimethylsilyl)cyanamide. The fragmentation
pattern was identical to the second g.l.c. peak seen
in the g.l.c.—m.s. analyses of h.p.l.c. peak V (Fig.
4).

DISCUSSION

Tetrahydrouridine was reported by others to
increase the level of 5-azaCR in plasma of mice [28]
and, in the present report, is shown to increase the
urinary excretion level of 5-azaCR (peak IV) and to
alter the profile of 5-azaCR equivalents in mouse
urine. With these facts, we have used THU and 5-
azaCR, labeled in the 4- or 6-position of the triazine
ring, to study the metabolism of 5-azaCR and, in
particular, to characterize the structure of h.p.l.c.
peaks V and VL.

As seen in Table 1, THU was effective in decreas-
ing the level of h.p.l.c. peaks I, IT and V and increas-
ing the level of peaks IV and VI. This effect by THU
indicated that peaks I, II and V were deaminated-
related compounds and that peaks IV and VI
retained the 4-amino group. Co-chromatography of
mouse urine with authentic standards of 5-azaU, 5-
azaC and 5-azaCR indicated that peaks I, III and
IV were these compounds, respectively. This evi-
dence is supported by the detection of 5-azaU and
5-azaCR in mouse urine by Raska et a/l. [14] and 5-
azaC as a degradation product of 5-azaCR in vitro
[24]. Peak II was not characterized, primarily
because of its instability. Based on the increase in
this peak due to the influence of THU (Table 1) and

* In a separate investigation, we used human cancer
patients and Beagle dogs to study the metabolism of 5-
azaCR. Urine from the patients and dogs given [4-'*C]-5-
azaCR was analyzed by h.p.l.c. which showed that h.p.l.c.
peaks I-VI were present in both cases. Furthermore, we
showed that peak VI from either human or dog co-chro-
matographed with that from mouse urine.

NH 2 0
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613

its instability, it was anticipated that peak II may be
S5-azauridine (5-azaUR, see Scheme B) which has
been identified in Escherichia coli culture after
incubation with 5-azaCR [27].

Peak IIT was not affected by THU, nor did its
total level in urine change when the excretion of
metabolites was quantitated over a period of time
[30]. The peak was also seen in stock preparations
of 5-azaCR. These data suggest that the presence of
peak III in the metabolic profile was due primarily
to its presence as a contaminant in the drug
preparation.

High-pressure liquid chromatography peaks V and
VI are present in abundance in urine of mice and
humans dosed with 5-azaCR, and they lack u.v.
absorbance. Cleavage of the triazine ring of 5-azaCR
during metabolism is supported by several experi-
ments: (1) detection of *CO: in expired air from
mice dosed with [6-"*C]-5-azaCR (Table 2); (2) dis-
appearance and reduction of radioactivity in h.p.l.c.
peaks V and VI, respectively, when [6-*C]-5-azaCR
is substituted for [4-“C]-5-azaCR (Table 1); and (3)
non-u.v. absorbance of h.p.l.c. peaks V and VI (Fig.
1). Non-chromophoric compounds have been
described as metabolites in vivo (14, 25] or degra-
dation products of 5-azaCR in vitro [24].

High-pressure liquid chromatography peak V gave
rise to cyanate and ribose (major components), and
peak VI gave rise to cyanamide and ribose when
analyzed by g.l.c.-m.s. Based on the work of others
(14, 24, 271, it was expected that the above constitu-
ent parts of the compound would be linked through
the number 2-carbon atom of the intact compound
to ribose. The comparative profile of urinary metab-
olites from [4-"*C]- or [6-*C]-5-azaCR (Table 1)
indicated that the linkage between the ribose and
cyanate was via the 2-carbon in peak V and that
approximately 50 per cent of the components of peak
VI linked via the 2-carbon between ribose and
cyanamide.

High-pressure liquid chromatography peak V rep-
resented approximately 27 per cent of the urinary
radioactivity when animals were dosed with [4-"*C]-
5-azaCR and this peak decreased in animals co-
administered THU. When [6-"C]-5-azaCR was
used, h.p.l.c. peak V essentially disappeared. Thus,
Scheme A is proposed to explain the formation of
peak V (ribofuranosylbiuret).

The percentage of h.p.l.c. peak VIin urine varied,
depending upon the position of the radiolabel. With
[4-*C]-5-azaCR, h.p.l.c. peak VI represented about
19 per cent of the 5-azaCR equivalents in urine and
increased to about 48 per cent in urine of animals
that were treated with THU. When [6-"*C]-5-azaCR

0
E«)J\H u Ii/u\

N—C » N NH,
)\ H + (,O2
I\IIH C” “mn
[
Ribose Ribose
Peak V

(Ribofuranosylbiuret)

Scheme A.
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was administered, the amount of h.p.l.c. peak VI
was about half that found using [4-*C]-5-azaCR and
increased approximately 2-fold in THU-treated
animals, which approximates the increase in h.p.l.c.
peak VI using [4-“C]-5-azaCR plus THU. These
data indicate that the fraction (h.p.l.c. peak VI) may
contain more than one component.

The components in peak VI may be: (1) 1-8-ribo-
furanosyl-3-guanylurea (RGU), to accommodate for
the loss of the number 6-carbon; (2) RGU bound
to contaminant biological material; (3) N-(formyl-
amidino)-N'-B-D-ribofuranosylurea (RGU-CHO),
the intermediate in the transformation of 5-azaCR
to RGU; (4) formate; or (5) formate bound to con-
taminant biological material. Items 3-5 would
account for the conservation of the radiolabeled
carbon of the 6-position of 5-azaCR. Although for-
mate was shown to be a hydrolytic product of 5-
azaCR in aqueous solution in vitro [33], [“C]-for-
mate was not retained in our h.p.l.c. system. It is
also doubtful that formate bound to contaminant
material would be detected by the methods used in

Ribose

Peak VIa
[Formylamidinoribofuranosylurea (RGU-CHO) ]

ca. 10% wy

P

NTTE Ty

'l\/ll
2 6
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this study. In all likelihood, formate in vivo would
become oxidized to CO:, which we believe accounts
for expired *CO; (Table 2). We theorize further
that RGU bound to contaminant biological material
would not be detected by our method of sample
preparation and analysis. The evidence in support
of RGU can be seen from several experiments. For
example, RGU has been shown to be a hydrolytic
product of 5-azaCR in vitro with a 70 per cent yield
[24] and was identified in the urine of mice treated
with 5-azaCR [14]. RGU-CHO, the proposed inter-
mediate in the decomposition of 5-azaCR to RGU,
was indicated in studies in vitro by two separate
reports [24, 29] and recently isolated as a hydrolytic
product of 5-azaCR in vitro [34]. Therefore, we
propose that peak VI is composed of RGU and
RGU-CHO and that Scheme B represents a quan-
titative metabolic pathway for 5-azaCR in mice.
Since excretion of the radiolabeled species in urine
(45 per cent) and expired air (20 per cent) rep-
resented about 65 per cent of the administered dose,
another possible excretory pathway, e.g. feces, is

NH
2
|
/4\
NH,
+ CO2
NH
|

N
/[\\\
o?

Peak VIb
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[Ribofuranosyl-
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Scheme B.
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indicated. In a previous study,* we showed that prior
to 8 hr, little radioactivity was recovered in feces of
mice; however, by 24 hr, about 15 per cent of the
administered dose was recovered in feces, i.e. an 80
per cent cumulative excretion of radiolabeled equiv-
alents. Based on the metabolic profile of [4-**C]-5-
azaCR (Table 1), approximately 20 per cent of the
administered dose is metabolized to peak VI, divided
equally between VIa and VIb, and about 70 per cent
of the dose is metabolized and divided equally among
the deaminated components (peaks I, [T and V). The
remaining radioactivity is accounted for by peaks ITI
(5 per cent) and IV (4 per cent).

The modification of the metabolic pathway by
THU supports the action of this analog as a deami-
nase inhibitor, since THU treatment resulted in a
decrease (14-35 per cent) of the deaminated com-
ponents and an increase (40 per cent) in the non-
deaminated component (peak VI). There is, quan-
titatively, a similar pattern of urinary metabolites in
humans and dogs. Therefore, the proposed Scheme
B may also be applicable to most mammalian species.
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