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ABSTRACT

Rats and hamsters were administered a single dose of A/-[1-
14C]nitroso(2-hydroxypropyl)(2-oxopropyl)amine (HPOP), and

their urinary metabolites were examined at various time intervals.
In both species, urinary excretion of radiolabeled metabolites
reached a plateau at 6 h following injection. At this time, 35 and
28% of the total dose was found in the urine of rats and
hamsters, respectively. Separation by liquid chromatography and
subsequent characterization by nuclear magnetic resonance, gas
chromatography-mass spectroscopy, and infrared showed that
the major metabolites in rat urine were HPOP, A/-nitrosobis(2-

hydroxypropyl)amine (BHP), and their glucuronic acid conju
gates. The conjugates accounted for 30 and 9%, while free
HPOP and BHP accounted for 42 and 16% of the total metabo
lites, respectively. Hamster urine, on the other hand, contained
free HPOP, BHP, their glucuronic acid conjugates, and a sulfate
ester of HPOP not found in rat urine. Six h following administra
tion of HPOP, hamster urine contained BHP, BHP glucuronide,
HPOP, HPOP glucuronide, and HPOP sulfate ester at levels of
35, 9, 16, 9, and 14%, respectively. These data suggest that
hamsters reduce HPOP to BHP more efficiently than rats, while
rats are more effective in forming their glucuronic acid conju
gates. Hamsters differ significantly from rats in their capacity to
form and excrete the sulfate ester of HPOP.

INTRODUCTION

Several animal models have been developed for the study of
carcinomas of the exocrine pancreas induced by various chemi
cals (1-3). One of the most successful is the hamster, in which

pancreatic ductal carcinomas are induced in the pancreas by
NNDM2 (4), BOP, and other A/-nitrosamines (5). This model has

received additional attention since both BOP and NNDM fail to
induce pancreatic cancer in the rat (6, 7). The different effect of
these 2 nitrosamines in the rat and hamster has been attributed
to metabolic differences in the 2 species; however, in vivo studies
have revealed more similarities than differences (8-10). A com
mon metabolite of BOP and NNDM, HPOP, has been found to
induce pancreatic tumors in both the hamster and rat, although
their histogenesis appears to be different (11, 12). The same is
true for BHP, which is a secondary metabolite of NNDM and
BOP formed by the reduction of HPOP (13).

BHP and HPOP are found in the urine, blood, and tissues of
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rats and hamsters treated with BOP and NNDM, but no sub
stantial differences in their levels have been described (8, 10,
14). In comparison to the in vivo metabolic studies, in vitro
metabolism has been more successful in pointing out differences
between the 2 species (15,16). Rat liver microsomes are 7 times
less active than hamster in their capacity to hydroxylate NNDM
(16); further, rat liver S-9 is 1.75 and 3.4 times less efficient than
hamster liver S-9 in reducing BOP to HPOP in the presence of

NADPH and NADH, respectively. Similar differences were ob
served with pancreatic preparations from the 2 species. Hamster
pancreas S-9 is 2.4 and 7.6 times more efficient than that of the

rat with NADPH or NADH, respectively, in reducing BOP to
HPOP.3 Similar results obtained with microsomal and cytosolic

liver and pancreas fractions have been published by Boux ef a/.
(15). Failure of the rat to develop pancreatic tumors upon the
administration of BOP or NNDM may be attributed to the slow
hepatic and/or pancreatic metabolism and the presence of an
effective mechanism for detoxication of their hydroxylated me
tabolites. Although the reactions leading to the formation of the
ultimate carcinogen remain unclear, it has been postulated that
the pancreatic carcinogenicity of NNDM or BOP may depend on
the formation of HPOP. This has been supported by recent
experiments which demonstrate that, at least in the rat, which
does not reduce BOP efficiently, HPOP was much more potent
than BOP in inducing DNA damage in the pancreas (17).

In view of the apparent importance of HPOP in pancreatic
carcinogenesis, our understanding of its metabolism is limited. A
previous study (8) has demonstrated that [1-14C]HPOP is exten

sively metabolized by hamsters, since only 8% of the adminis
tered dose is excreted as unchanged HPOP in the urine. Accord
ing to this study, 57% of the labeled a carbon of the nitrosamine
is found in exhaled CO2, while only 24% is found in the urine.
The remaining 19% was not accounted for, but it could in part
represent metabolites bound to DNA and protein. In addition to
unchanged HPOP, urine contained 3% of the dose as BHP, while
the remaining 13% was not identified. In vitro experiments have
demonstrated the enzymatic reduction of HPOP to BHP but have
failed to demonstrate any other type of reaction, including Â«-
hydroxylation (14). Unlike other aliphatic or cyclic (18-20) nitros
amines, HPOP has resisted metabolism by subcellular fractions
from liver and pancreas in the presence of NADPH or NADH,
and therefore, it may require other cofactors for its conversion
to a proximate carcinogen. In order to elucidate the nature of the
cofactors required for the metabolism of HPOP, it was necessary
to return to whole animal experiments. The experiments to be
described involve a comparison of the in vivo metabolism be
tween the hamster and rat and demonstrate the existence of
metabolic pathways which have not been previously reported
(8).

3D. M. Kokkinakis, unpublished observations.
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IN VIVO METABOLISM OF HPOP IN RAT AND HAMSTER

MATERIALS AND METHODS

Chemicals. [1-14C]BHP was synthesized from Di_-[1-14C]lacticacid

(Amersham Corp., Chicago, IL) according to the method of Kupper et al.
(21). [1-14C]HPOP was synthesized from [1-14C]BHP according to the

following method. BHP was dissolved in 100 volumes of mÃ©thylÃ¨ne
chloride to which 2 equivalents of pyridinium chlorochromate (Aldrich
Chemical Co., Milwaukee, Wl) were added slowly with vigorous stirring.
The mixture was cooled to 4Â°C,and the reaction was allowed to proceed

for 12 h. At the end of this period, an additional equivalent of pyridinium
chlorochromate was added, and the reaction was allowed to continue
for 6 h. Solvent was evaporated under vacuum, and the colored residue
was suspended in an equal volume of water. The pH was adjusted to
7.0, and the precipitated matter was removed by centrifugation at 2000
x g. The supernatant was passed through a Sep-Pak cartridge (Waters

Associates, Inc.), and the filtrate was discarded. The cartridge was then
washed with 10% methanol in water to elute the HPOP, small amounts
of BOP, and unreacted BHP. The eluates were concentrated under
vacuum, and the 3 nitrosamines were separated on a Ci8 reverse-phase
preparative column (Perkin Elmer Corp., Norwalk, CT) with 15% aceto-
nitrile in water at a flow rate of 15 ml/min. The high-pressure LC
purification step was repeated 3 times. Isolated [1-14C]HPOP was

99.95% chromatographically pure, yields of HPOP and BOP were ap
proximately 72 and 9%, respectively, while 3% of the radioactivity
accounted for unreacted BHP.

In Vivo Metabolism. Male Syrian hamsters 8 to 10 weeks old and
Sprague Dawley rats 5 weeks old (Charles River, Wilmington, DE) were
starved for 12 h, following which a single s.c. or i.p. dose of [1 -14C]HPOP

(160 mg/kg) (specific activity, 160 Â¿iCi/mmo!)was administered. Animals
were kept in metabolic cages, and urine was collected. At 1, 2, 4, 6, and
8 h after injection, the animals were anesthetized with ether, and the
remaining urine was withdrawn from the bladder and combined with that
already excreted. Three ml of blood were also withdrawn from the vena
cava. Urine was centrifugea at 2000 x g for 5 min, and the supernatant
was filtered through a Millex GS 0.22-^m (Millipore Co.) filter and frozen
at -70Â°C until used. Blood samples were treated according to the
method previously described (14) and stored at -70Â°C.

Sulfate-dependent metabolism was studied following the administra
tion of Na235SO4(specific activity, 100 mCi/mmol) (Amersham Corp.) by

gavage to hamsters, followed 2 h later by s.c. injection of cold HPOP
(160 mg/kg). Blood and urine were collected and treated as described
above.

LC Methods. The LC system consisted of a Perkin Elmer LC-85
variable wavelength detector set at 220 nm, a Radiomatic high-pressure

radioactivity detector (Radiomatic Instruments and Chemical Co., Inc.,
Tampa, FL) set on the 14Cdpm integrator mode, a Model 7125 rheodyne

loop injector with a 25-^1 sample loop for analytical work or a 2-ml loop

for preparative purposes, and a Perkin Elmer Sigma 15 chromatography
data station. An LC-18-DB (25 cm x 4.6 mm) or a 25-cm x 10-mm

semipreparative column (Supelco, Inc., Belief onte, PA) was used for
analytical or preparative work, respectively. Urine and blood samples
were analyzed according to the following procedures. The pH was
adjusted to 7.0 with NaHCO3, and 10 to 20 /Â¿Iwere injected into the
analytical column and eluted with 7% acetonitrile in water at a flow rate
of 2 ml/min (System A). The remaining sample was acidified with 0.1 M
phosphoric acid to pH 3.85, and 10 to 20 ÃŸ\were injected into the column
and eluted with 0.5 ITIMammonium phosphate buffer, pH 4.15, at a flow
rate of 2.5 ml/min (System B). For preparative purposes, a 0.5-ml sample

was injected in the semipreparative column and eluted with 0.25 mw
sodium phosphate buffer, pH 4.15, at a rate of 8 ml/min for 7 min,
followed by 0.25 ITIMsodium phosphate, pH 4.15, containing 3% meth
anol for an additional 7 min (System C). In all cases, the column was
washed with 30% acetonitrile in water following each run and equilibrated
for at least 15 min with running buffer prior to each new injection.

Fractions containing unknown metabolites were collected from the
semipreparative column and dried under vacuum at 70Â°C in a rotatory

evaporator. The salt residue was suspended in ethanol and removed by
centrifugation. The supernatant was dried under vacuum at 30Â°C, and

the residue was dissolved in water and reinjected in the column for
further purification. This process was repeated until each metabolite was
chromatographically pure.

NMR Spectroscopy. Ethanolic solutions of purified urinary metabolites
were carefully dried under a gentle stream of nitrogen. The residues
were dissolved in acetonitrile-ck or methanol-d4 of minimum isotopie
purity, 99.96% (Aldrich). Solutions were transferred to 5-mm NMR tubes

under nitrogen, and the NMR spectra were taken on a Jeol Fx 270 (270
MHz) instrument.

Mass Spectra. Although most of the urinary metabolites which were
nonextractable with organic solvents resisted solubilization and deriva-

tization by commonly used trimethylsilylating preparations, certain me
tabolites were successfully derivatized with hexamethyldisilazane, tri-
methylchlorosilane in pyridine (Sil-Prep; Alltech Associates, Inc., Deer-

field, IL). Purified metabolites in ethanol were dried under a gentle
nitrogen stream, a 50- to 100-fold excess of Sil-Prep reagent was added
quickly, and the mixture was heated to 60Â°Cfor 20 min under a nitrogen

atmosphere. Derivatized samples were analyzed on a Hewlett Packard
5985A GC-MS unit. Gas chromatography was performed on a Hewlett
Packard Model 5730 gas Chromatograph equipped with a 2-mm x 6-ft
glass column packed with 5% SP-2100 (Supelco, Inc.) on 100/200
Supelcoport. The column oven was kept constant at 200Â°C, and the

flow rate of the carrier gas (nitrogen) was 20 ml/min.
IR Spectra. Concentrated metabolite solutions in ethanol were dried

on a KR5 plate under a nitrogen stream to form a thin liquid film. The
spectra were taken on a FTIR Nicolet 7199 spectrophotometer.

In Vitro Assays. Urine (0.2 ml) or the purified metabolites in water,
containing 2 x 103 dpm of 14C, were incubated with 20 units of 0-

glucuronidase (EC 3.2.1.31) from Escherichia coli or /3-glucuronidase-
arylsulfatase (EC 3.2.1 and EC 3.1.6.1) from Helix pomatia (Boehringer-
Mannheim Biochemicals, Indianapolis, IN) in the presence of 0.1 M Tris-
chloride buffer, pH 7.0, at 36Â°C for 24 h. The volume of the reaction

mixture was 0.6 ml. Incubations in the absence of the enymes were also
carried out, and the LC chromatograms of the 2 incubation mixtures
were compared.

Enzymatic synthesis of glucuronides of HPOP and BHP used rat or
hamster liver microsomal fractions prepared as previously described (11),
which were incubated with 1 HIM [14C]HPOP or [14C]BHP in 0.1 M
phosphate buffer, pH 7.1, at 30Â°C in the presence of 2 ITIM UDP-

glucuronic acid (Sigma) and 5 ITIMMgCI2. The glucuronides of BHP and
HPOP formed were isolated by LC, derivatized, and analyzed by GC-MS

as described.

RESULTS

The LC analysis of the urine of hamsters and rats given
injections s.c. of [1-14C]HPOP is shown in Chart 1. Unmetabo-

lized HPOP eluted as 2 peaks which have been previously shown
to represent the open and the closed isomerie forms of HPOP
(14). BHP eluted before HPOP as a single peak. Additional peaks
eluted near the solvent front. These contained metabolites which
were not extractable with organic solvents and are collectively
referred to as nonextractable metabolites. In the hamster, the
amount of radioactivity excreted in the urine increased progres
sively with time, and no additional increases were observed after
6 h (Table 1). The amount of radioactivity (29% of the total dose)
was essentially the same regardless of the route (s.c. or i.p.) by
which HPOP was introduced. Plasma contained radioactivity
equivalent to 5% of the total dose 1 h after injection, and this
declined rapidly and reached 1% of the dose within 6 h. Six h
after injection, HPOP in the urine and plasma was only 4.5 and
0.22% of the total dose, respectively, suggesting that HPOP had
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Chart 1. LC profiles of metabolites in the urine of hamsters (A)and rats (B) 6 h
after treatment with [1-"C]HPOP. Urine samples were collected and chromato-
graphedas described in "Materialsand Methods" (SystemA). NEM, nonextractable

metabolites.

undergone extensive metabolism. The BMP concentration in the
plasma reached a maximum between 2 and 4 h after injection
and continued to accumulate in the urine for an additional 2 h.
Since 29% of the total dose is found in the urine at 8 h, yet only
12% is HPOP and BHP, and no other known metabolites were
detected, 17% of the total dose or more than half of the material
excreted remains unidentified. This unknown component is the
nonextractable metabolite fraction. Nonextractable metabolites
were separated from the urine of rat or hamster using the LC
system described in Chart 2. Under these conditions, the nonex
tractable metabolite fraction in hamster urine was resolved into
8 distinctive peaks, while the fraction in rat urine was resolved
into 6 peaks. In both cases, HPOP and BHP eluted under a
single peak at 16 min after the column was washed with 30%
acetonitrile in water.

Since glucuronidation is a major pathway for the detoxication
of hydroxylated xenobiotics, rat and hamster urine was treated
with /3-glucuronidase or 0-glucuronidase-arylsulfatase in order to

release HPOP or BHP from possible glucuronic acid conjugates.
A comparison of the composition of rat urine before and after
treatment with /3-glucuronidase (Table 2) shows that the contents

of HPOP and BHP increased from 35 to 64, and from 16 to 26%,
respectively. At the same time, Metabolites 4 and 6 disappeared.
Similar results were observed when hamster urine was treated
with |3-glucuronidase (Table 2) or /3-glucuronidase-arylsulfatase

(data not shown). These results suggest that Metabolites 4 and
6 in the urine of both species are glucuronic acid conjugates of

HPOP and BHP. This was confirmed by GC-MS and NMR

spectroscopy.
The mass spectrum of the TMS derivative of Compound 6 is

shown in Chart 3. The molecular ion peak of derivatized BHP
glucuronide is expected to occur at m/z 698, and a peak at 683
was obtained with Compound 6 which was interpreted to be the
molecular ion of BHP-glucuronide minus a methyl group. Loss

of a methyl group is frequently observed with TMS derivatives
and has also been observed for the TMS derivative of BHP (data
not shown). This, along with the presence of a peak at 465,
which represents a fragment containing the glucuronic acid
moiety, is strong evidence that Compound 6 is the monoglucu-

ronide of BHP. The mass spectrum of Compound 4 could not
be obtained because its TMS derivative decomposed in the gas
chromatography column. However, Compound 4 was isolated in
sufficiently large amounts (0.5 mg) to obtain an accurately inte
grated NMR spectrum (Chart 4). Based on this spectrum, Com
pound 4 was identified as the monoglucuronide of the open
isomerie form of HPOP. The doublet and singlet signals at 51.265
and 52.250, respectively, contained 3 protons each and were
assigned to the 2 methyl groups of HPOP. The 2 doublets at
54.268 and Â¿4.500contained 2 protons each and were assigned
to the 2 mÃ©thylÃ¨negroups, while the multiplet at 54.150 con
tained one proton and was assigned to the methine group of
HPOP. The remainder of the spectrum belonged to the glucuronic
acid moiety. The 3 doublets of doublets between 53 and 3.5
were assigned to the 3 protons geminai to the hydroxyl groups.
The 2 doublets at 54.365 and 53.810 were assigned to the 2
protons geminai to the /3-glycosidic oxygen and the carboxyl

group, respectively. Spin decoupling confirmed the above as
signments.

The ability of rat and hamster livers to synthesize BHP and
HPOP glucuronides was investigated (Table 3). Rat liver micro-

somes had twice the activity of hamster liver microsomes to
glucuronidate both nitrosamines. Enzymatically synthesized glu
curonides of HPOP and BHP eluted as 2 peaks each in the LC
system described in Chart 2, possibly because they exist in 2
rotomeric forms (22). Retention times for HPOP-glucuronides
were 6.8 and 11.8 min, while for BHP-glucuronides, they were

8.8 and 9.2 min. When Metabolites 4 (retention time, 6.8 min)
and 6 (retention time, 9.2 min) were isolated and allowed to
equilibrate, they eluted as 2 peaks each, having retention times
similar to those observed with the compounds formed enzymat-

ically. Therefore, it appears that Metabolites 4 and 8 and the 2

Table 1
Levels of total metabolites,HPOP,and BHP in hamster urine and plasma at various time intervals following

administration of [ 1-"CÂ¡HPOP
Animals were given injections s.c. of 16 mg of [1-14C]HPOP(specific activity, 0.2 mCi/mmol). Urine and

blood were removed and analyzed at the times indicated as described in 'Materials and Methods."

Distribution of
total dose(%)Urine

Total
As HPOP
AsBHPPlasma

Total
As HPOP
As BHPTimes

after injection(h)14.10

Â±0.80a

1.25 Â±0.16
0.27 Â±0.025.08

Â±1.02
3.85 Â±0.63
0.20 Â±0.04212.20Â±

1.54
3.63 Â±0.38
2.06Â±0.194.12

+ 0.86
2.55 Â±0.51
0.53 Â±0.09419.16

Â±2.15
4.50 Â±0.51
4.97 Â±0.512.06

Â±0.53
0.68 Â±0.10
0.55 Â±0.13628.80

Â±3.08
4.50 Â±0.49
7.50 Â±0.681.00

Â±0.21
0.22 Â±0.05
0.28 Â±0.06829.00

Â±2.95
4.51 Â±0.40
7.62 Â±0.721.10Â±0.35

0.23 Â±0.06
0.31 Â±0.06*

Mean Â±SE.
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Chart 2. LC profiles of nonextractable metabolites in the urine of hamsters (A)
and rats (ÃŸ)6 h after treatment with [1-'4C]HPOP. Urine samples were collected
and chromatographed as described in "Materials and Methods" (System B).

compounds under Peak 6 (Chart 2) are glucuronides of HPOP
and BMP, respectively.

Compounds 1,2,3, 5, and 7 were isolated in their pure forms
and then allowed to equilibrate for 24 h at 10Â°C.Equilibration

would be expected to yield 2 rotomeric forms of those com
pounds which have retained their nitroso functionality (22). Since
equilibration of Compound 5 resulted in the formation of 2
Â¡somerswhich had identical retention times with those obtained
from Compound 7, it appears that both are rotomers of the same
nitrosamine.

Metabolite 5 purified from hamster urine exhibited an NMR
spectrum quite similar to that of the open form of HPOP (Table
4). Accordingly, the following proton assignments were made:
the doublet at 51.239 contained 3 protons and was assigned to
a methyl group adjacent to a methine; the singlet at Â¿2.093
contained 3 protons and was assigned to a methyl adjacent to
a carbonyl group; and the doublet at Â¿4.292contained 2 protons
and was assigned to a mÃ©thylÃ¨negroup adjacent to a methine
group. The 2 doublets at 54.388 and 54.589 contained one proton
each and were assigned to the protons of the mÃ©thylÃ¨negroup
adjacent to the carbonyl. The large coupling constant of 17.10
Hz was similar to that observed with HPOP, suggesting that, in
both compounds, the mÃ©thylÃ¨neprotons are restricted from
rotating, due to the presence of the carbonyl and nitroso func
tionalities in a syn orientation. Finally, the multiplet at 54.576 was
assigned to the methine proton. Spin decoupling experiments
demonstrated the coupling of the methine proton with the methyl
protons (51.239) and the mÃ©thylÃ¨neprotons (54.292), since irra
diation at 54.576 resulted in the collapse of the methyl and
mÃ©thylÃ¨nedoublets into singlets. Coupling between the 2 pro

tons of the mÃ©thylÃ¨negroup next to the carbonyl function was
demonstrated by irradiating one doublet and observing the col
lapse of the other into a singlet.

The only substantial difference between the NMR spectra of
HPOP and Compound 5 was the chemical shift of the methine
protons. The methine proton of Compound 5 resonated at lower
field than that of HPOP, suggesting that the hydroxyl group of
HPOP had been replaced by a strong electrophile. The IR spec
trum of Compound 5 showed a strong absorption at 1730 cm"1,

which suggested the presence of a carbonyl group. A doublet at
1448 and 1647 cnr1 indicated the presence of an Nâ€”NOgroup.
Absorption at 1360 cnr1 was characteristic of a Câ€”CO bond,
and bands at 2985, 2935, 2853, and 2863 cm"1 were due to

methyl and mÃ©thylÃ¨negroups. Finally, strong bands at 1252,
1035, and 946 cnr1 suggested the presence of a sulfate group.

These data suggest that Compound 5 is a sulfate ester of the
open form of HPOP which is resistant to hydrolysis by arylsul-

fatase.
In order to prove that this is the case, cold HPOP was injected

into animals pretreated with Na235S04. LC analysis (System B)

of urine from hamsters pretreated with Na2SO4 alone showed 3
radioactive peaks (Chart 5A). The peak near the solvent front
contains free sulfate, while those eluted at 14.5 and 16 min could
be sulfate esters of lipophilic endogenous substrates of sulfo-

transferases. Urine of hamsters treated with HPOP in addition to
Na235SO4(Chart 5ÃŸ)showed 2 35S-containing peaks at 7.0 and

10.2 min, respectively. These latter 2 peaks coeluted with the
UV peaks characteristic for Compound 5. The amount of
Na235S04 administered was not expected to affect the sulfate

pool in the hamster. Therefore, the amount of HPOP sulfate
excreted, as calculated from the peak which eluted at 7.0 min
(UV trace, Chart 6B), was, as expected, 4.9% of the dose.
However, when additional cold Na2SO4(30 mg) was administered
2 h prior to the injection of HPOP, the amount of sulfate ester
excreted was close to 9.2% of the HPOP dose. This suggests
that HPOP sulfate ester formation depends on the level of the
sulfate pool. Urine of rats treated with Na235SO4prior to the

administration of cold HPOP did not show radioactive peaks at
7.0 and 10.2 min when analyzed by LC (System B). Rats failed
to form the sulfate ester of HPOP even when pretreated with
cold Na2S04 up to 40 mg/animal.

A comparison of the metabolite content of hamster and rat
urine (Table 5) shows that rats excreted much larger amounts
of unmetabolized HPOP than hamsters. At 6 h, the rat had
excreted 14.6% of the total dose versus only 4.5% for the

Table 2
Effect of ÃŸ-glucuronidaseon the metabolite composition of hamsterand rat urine

Animalswere given injections of [1-14C]HPOP(16 mg), and urine was collected at 6 h, treated with /3-glucuronidase,and analyzedas described
in 'Materials and Methods."

% of metabolite in urine

Nonextractablemetabolites

HPOP BMP

RaturineControl+

(Ã-glucuronidaseHamster

urineControl+

(3-glucuronidase35.0

Â±0.8a64.0

Â±1.29.0

Â±0.622.0
Â±0.916.0

+0.726.0
Â±1.135.0

Â±0.943.0
Â±0.91.5

Â±0.23.1
Â±0.35.0

Â±0.35.0
Â±0.41.3

Â±0.21
.6 Â±0.33.0

Â±0.12.0
Â±0.1008.0

Â±0.38.0
Â±0.430.0

Â±0.9010.0

Â±0.500014.0Â±0.614.0
Â±0.59.0

Â±0.509.0

Â±0.30

" Mean Â±SE.
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Chart3. Mass spectrum (70 eV) of the IMS-derivative of nonextractable Me
tabolite 6 from rat urine.
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Chart 4. NMR spectrum (270 MHz) of nonextractable Metabolite 4 from rat
urine. Metabolite 4 (1 mg) isolated by LC as described in "Materials and Methods"

(System C) from rat urine was dissolved in 0.5 ml of acetonitrile-ds, and its spectrum
was taken at 0Â°C.

Table 3
UDP-glucuronyl transferase activity of the liver of hamster and rat

Reaction mixtures (2 ml) contained 0.1 M phosphate buffer, pH 7.1, 2 mu OOP
glucuronic acid, 1 mm HPOP or BHP (specific activity, 0.2 mCi/mmol), 5 mM MgCI2,
and 10 mg of microsomal protein. Reaction mixtures were incubated at 30Â°Cfor 2

h.

BHP HPOP

Glucuronide Unreacted
substrate (%)

Glucuronide Unreacted
substrate (%)

Hamster 0.1 Â±0.01a 99.8 Â±0.05 0.05 Â±0.01 99.9 Â±0.06

Rat 0.4 Â±0.01 99.3 Â±0.04 0.30 Â±0.01 99.4 Â±0.03
* Mean Â±SE.

hamster. The hamster, on the other hand, excreted larger
amounts of BHP than the rat. At 6 h, 9.8 and 5.6% of the dose
had been excreted as BHP by hamsters and rats, respectively.
At the same time, rats excreted 13.65% of the dose as BHP and
HPOP glucuronides, while hamsters excreted only 5.32% of the
total dose in these forms. Thus, detoxication via excretion of
HPOP, BHP, HPOP, and BHP glucuronides is more effective in
the rat (33.95% of the dose) than in the hamster (19.48%). On
the other hand, the hamster synthesized and excreted a sulfate
ester of HPOP which did not exceed 5% of the total dose and
appeared only in the first 2 h following injection. If the formation
of a sulfate ester is only a pathway for detoxication of HPOP in
the hamster, its effectiveness is questionable.

DISCUSSION

This study demonstrates the involvement of several pathways
in the metabolism of HPOP by rat and hamster and that the 2
species exhibit significant differences in their metabolism of this
compound as reflected by the metabolite composition of the
urine. That these pathways have been demonstrated by the
study of urine, and in some cases blood, suggests that they are
primarily involved in the detoxication of HPOP rather than its
activation. However, a clear distinction between detoxication
and activation reactions cannot be made without careful exami
nation of the biological and chemical properties of the products
formed. This has been demonstrated in many instances in which
both functionalization and conjugation reactions result in the
activation of certain compounds to their carcinogenic forms. For
example, a possible relationship between glucuronidation and
cancer of the bladder has been suggested for certain aromatic
amines (23), and a stimulation of benzo(a)pyrene metabolism
and DNA adduci formation has been observed in vitro following
the addition of UDP-glucuronic acid (24). In addition, Michejda ef

al. (25, 26) have demonstrated that conjugation of the hydroxyl
of a |3-hydroxynitrosamine with a tosyl group results in the
activation of the nitrosamine to a direct-acting mutagen. These
investigators suggested that, in vivo, sulfation of a 0-hydroxyni-

trosamine could result in its activation to a carcinogen. The
mechanism for such an activation is not clear, since sulfate
esters of nitrosamines have not been studied, but it appears that
steps similar to those described for the decomposition of the
tosyl esters might also be involved with sulfate esters of ÃŸ-
hydroxynitrosamines. According to the scheme proposed for
activation of 0-tosylnitrosamines, the process would involve a
nucleophilic attack of the nitroso oxygen on the /3-carbon which

bears the sulfate or tosyl group. This reaction could lead to the
formation of a reactive oxadiazolium ion which is the direct
mutagen at least in the case of the tosyl ester. However, such a
reaction would occur only if the tosyl or sulfate group is syn to
the nitroso functionality, an ani; orientation would not facilitate
cyclization to yield the oxadiazolium ring. Compound 5 as iso
lated from hamster urine does not qualify as a direct mutagen,
because the nitroso and sulfate groups are in an anti orientation.
Slow rotation of the nitroso group could account for the gradual
decomposition of this compound, but this process is too slow to
lead to any extensive alkylation. It is therefore more likely that
sulfation of the open or cyclic form of HPOP (14) in which the
hydroxyl group is syn to the nitroso functionality would result in
the formation of a direct mutagen which would be too reactive
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Table 4
NMRspectra of Metabolite 5 and the open isomerÃ¬eform of HPOP

NMR spectrum of hamster urine Metabolite
5' NMR spectrum of the open form of HPOP6

Chemical shin (5)
(ppm)1

.239 doublet
2.093 singlet
4.576 multiplet
4.292 doublet
4.388 doublet"
4.589 doublet"No.

of
protons3

3
1
211Coupling

constant(J)6.27NDC

5.60
17.10
17.10Chemical

shift (o)
(ppm)1.265

doublet
2.250 singlet
4.146 multiplet
4.210 doublet
4.263 doublet"
4.519 doublet"No.

of
protons33

1
2
1
1Coupling

constant(J)5.94ND

6.00
16.50
16.50Proton

assignmentCHjâ€”

CH(OH)â€”anti
CHs-CO-syn
ÃœH3-CH(OH)â€”anti
â€”CH(Ã–H)â€”CHjantiâ€”

CO-CH2syn

" The spectrum was taken in acetonitrile-da.
13The spectrum was taken in chloroform-d.
: ND, not determined.
' The 2 doublets compose an AB system.

Tables
Compositionof hamster and rat urine following administrationof [1-'4C]HPOP

Animalswere given injections s.c. of [1-<4C]HPOP(specificactivity, 160 i<Ci/mmo!)(16 mg). and urine was collected at the times indicated and analyzed as described
in 'Materials and Methods."

% of total

h after injec
tionHamster2(12)"4(20)6(28)Rat2(15)4(22)6(35)Nonextractable

metaboliteHPOP19.2

Â±2.1*12.8

Â±1.416.1
Â±1.052.3

Â±4.540.1
Â±3.541

.9 Â±3.7BHP18.8

Â±2.524.2
Â±2.835.1
Â±3.112.7

Â±1.514.9
Â±1.716.1
Â±1.712.0

Â±0.83.0
Â±0.75.0
+0.90.5

Â±0.11.0
Â±0.21.5

+ 0.221.0

Â±0.12.0
Â±0.13.0
Â±0.20.2

Â±0.10.5
Â±0.11.3
Â±0.136.2

Â±0.56.0
Â±0.78.3
Â±1.0000HPOP

glucu
ronide7.2

Â±0.68.8
Â±1.19.5

Â±1.222.0

Â±2.330.1
Â±3.430.5
Â±3.5HPOP

sulfate
ester35.8

Â±3.725.1
Â±3.014.3
Â±2.1000BHP

glucuro-
nide9.0+19.1

Â±18.9
+112.3

Â±17.9
Â±18.5

Â±1.1.2.0.5.1.1Other

un
knowns181051Total10099100100100100

'"'Numbers in parentheses, percentage of dose excreted.
0 Mean Â±SE.

Chart 5. LC profiles of urine from hamsters
treated with Na235SO4(A) and with Na235SO4

followed by s.c. injection of HPOP (B). Urine
samples (40 <<l)were applied to an analytical
SupelcoLC-18-DBcolumnand eluted with 0.25
mMsodiumphosphatebuffer, pH 4.15, at a flow
rate of 2.5 ml/min for 10 min. At this time, a
lineargradient of methanol in the above buffer
(increasing 5%/min) was applied for an addi
tional 8 min. Under these conditions, nitrosa-
mine products of HPOP metabolism such as
HPOP-glucuronide, HPOP-sulfate, BHP-glucu-
ronide. and BHP were separated from endog
enous components of urine and eluted at 5.8,
7.0, 8.0, and 12.6 min, respectively.

u 0.8

T 8

9 IO 12 14
TIME(miniimi

S 10 12

TINE (Â»Â¡Mit

to be excreted in the urine. The absence of the sulfate ester of
the cyclic form of HPOP in the urine provides support for this
hypothesis.

The reduction of HPOP to BHP has already been shown in
hamsters in vivo (8, 9) and with the cytosolic fraction from
hamster liver and NADPH in vitro (14). In this study, HPOP
reduction appeared to be favored by hamster as compared to
the rat. Hamsters and rats excreted 12.3 and 8.6% of the total
HPOP dose as BHP or BHP glucuronide, respectively. This small
but significant difference between rat and hamster suggests that
the rat is not as efficient in reducing 0-keto nitrosamines in vivo.

This observation is in accordance with previously reported dif
ferences in ketone reducÃaseactivity between hamster and rat
both in subcellular fractions from liver and pancreas (15) and
also in the entire animal (8).

A second pathway for the metabolism of HPOP by hamster

and rat involves the conjugation of HPOP and its metabolite BHP
with glucuronic acid to yield mono-o-glucuronides. Glucuronida-
tion of metabolites of certain nitrosamines such as A/-nitrosonor-

nicotine (19) and dipropyl nitrosamine (27) has been shown to
take place in the rat. Formation of BHP glucuronides was sug
gested to occur in rats treated with large amounts of BHP (28);
such conjugation of BHP or HPOP was not found in the hamster
(8). The latter is inconsistent with the findings in this study, where
BHP and HPOP glucuronides were found in the urine and blood
of hamsters and rats at considerable concentrations. Glucuro
nide formation was most prominent in the rat; the greater effi
ciency of the rat was confirmed by in vitro studies.

In this study, free BHP in the urine of rats treated with HPOP
was 1.8 times more concentrated than its glucuronide conjugate;
this is in contrast to the results of an earlier study (28) in which
injection of a single large dose of BHP resulted in the excretion
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of 18 times more free than conjugated BMP. This discrepancy
suggests that injected BHP is not metabolized effectively. How
ever, when BHP was produced via the intracellular reduction of
HPOP, its metabolism as measured by glucuronidation was
greatly enhanced. Decreased carcinogenicity of BHP, as com
pared to BOP and HPOP, and its failure to produce DMA damage
in vitro when incubated with acinar cells (29) may be explained
as the result of its difficulty to enter the intracellular space. In a
similar vein, the weaker carcinogenicity (12, 30) and in vitro
mutagenicity (31) of HPOP as compared to BOP could also be
due to its decreased ability to cross the plasma membrane.

In addition to glucuronidation, the hamster, but not the rat,
also conjugates HPOP to yield the sulfate ester. This is the major
metabolite in the urine of hamsters 2 h after injection of HPOP.
The decline in the synthesis and excretion of the HPOP sulfate
ester at longer time intervals is most probably due to depletion
of the endogenous sulfate pool. This was demonstrated by the
increase in the amount of sulfate ester excreted after administra
tion of a dose of sulfate 2 h prior to the injection of HPOP. The
absence of sulfate esters of HPOP in the rat may be attributed
to either the preferential glucuronidation of HPOP or the lack of
an appropriate sulfotransferase.
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