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ABSTRACT

The metabolic activation of the carcinogens /V-nitrosobis(2-oxopro-
pyl)amine (BOP) and jV-nitroso(2-hydroxypropylX2-oxopropyI)amine

(HPOP) by Fischer rat and Syrian hamster hepatocytes was investigated
in order to determine the existence of species differences in the induction
oÃcell mutation. The conversion of BOP and HPOP into forms mutagenic
to V79 cells was studied by using the hepatocyte-mediated mutageÂ»Â¡city

assay. Mutations at the hypoxanthine:guanine phosphoribosyltransferase
locus and the Na-K-ATPase locus were scored by the induction of 6-
thioguanine resistance ( I(.' i or ouabain resistance (Oitti >. respectively.

Hepatocytes of both species were capable of converting BOP and HPOP
to mutagens for V79 cells in a dose-dependent manner. Metabolism of

BOP by rat hepatocytes resulted in higher mutation frequencies than
that by hamster hepatocytes. At a BOP concentration of 240 /IM, rat
hepatocyte metabolism yielded 90.7 Id mutants and 19.5 Oua' mutants
per 10s V79 cells. At the same concentration, hamster hepatocyte metab
olism of BOP yielded 54.1 I (,' mutants and 13.0 Oua' mutants per IIP

V79 cells. These results did not correlate with the known carcinogenic
potency of BOP in the hamster as compared to the rat. Hamster hepa
tocytes carried out the catabolism of BOP to CO2 at faster rates than rat
hepatocytes; therefore, the species difference in mutagenic activation was
not due to a defect in BOP uptake or metabolism by hamster hepatocytes.
In contrast, metabolism of HPOP by hamster hepatocytes resulted in
significantly higher mutation frequencies than that by rat hepatocytes.
At an HPOP concentration of 240 *tM, hamster hepatocyte metabolism
yielded 83.5 TG' mutants per 10s V79 cells; rat hepatocyte metabolism
yielded only 19.8 TG' mutants per 10s V79 cells. This species difference

in mutagenic activation correlated well with the known potency of HPOP
as a carcinogen for the hamster as compared to the rat. Since hamster
pancreatic cells and subcellular fractions are known to have very limited
capacity to perform the metabolic activation of HPOP, the results of this
study imply that liver metabolism plays an important role in the conver
sion of HPOP to an agent(s) which subsequently affects the hamster
pancreas. The mutagenic potency of BOP versus HPOP was compared
after metabolism by hepatocytes from both species. Following their
metabolism by hamster hepatocytes, the two compounds were nearly-

equivalent in mutagenic potency. After metabolism by rat hepatocytes,
BOP was a significantly more potent mutagen than HPOP. This result
was not consistent with the concept that cell mutation induced by BOP
requires its conversion to HPOP and suggests that rat liver may convert
BOP to a mutagen by another pathway(s) independent from its enzymatic
reduction to HPOP.

INTRODUCTION

In addition to their well known organ specific effects, many
nitrosamines also display species specificity (1, 2). This is
illustrated by the case of the Â¿3-oxidizedderivatives of nitroso-
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dipropylamine: BOP,' HPOP, and BHP. For example, BOP is

a potent carcinogen for the hamster pancreas and liver (3, 4),
while in the rat, BOP induces tumors in a wide spectrum of
organs (5, 6), but the pancreas remains resistant.

Most studies on the basis for species specificity have focused
on whole animals and were aimed at identifying various metab
olites and their rates of appearance in body fluids (7,8). Another
approach involves the determination in vitro of the sites of
metabolic activation. This is usually accomplished by measuring
the ability of intact cells or subcellular fractions of the target
organs to convert a carcinogen to an agent which induces
genetic alterations (9). In the case of the carcinogens BOP and
HPOP, we previously used a cell-mediated mutagenicity assay
to compare the ability of hamster and rat pancreatic acinar cells
to convert BOP and HPOP to mutagenic metabolites (10).
Contrary to the original hypothesis, it was discovered that rat
acinar cells were comparable to hamster acinar cells in catalyz
ing the activation of BOP or HPOP to mutagenic metabolites.
Thus, we concluded that metabolic activation in the pancreas
alone could not explain the difference in organotropic response
of the two species to these carcinogens. Other in vitro experi
ments suggested that the liver was the major site of metabolism
of BOP (11, 12), and possibly also of HPOP (13). Since
subcellular fractions of liver do not possess the cofactors re
quired for complete metabolism of BOP and HPOP, we com
pared the ability of isolated rat and hamster hepatocytes to
carry out the mutagenic activation of these compounds.

The hepatocyte-V79 cell-mediated mutagenesis assay was
used in the current study because this system is potentially
useful for answering questions concerning the role of liver
metabolism in species specificity. Primary hepatocytes are
known to possess the enzymes and cofactors required to metab
olize xenobiotic compounds in a manner closely resembling
hepatic metabolism in vivo (14, 15), and V79 cells are sensitive
targets for the detection of mutagenic products formed during
nitrosamine metabolism (10, 16, 17).

MATERIALS AND METHODS

Chemicals. BOP was obtained from the Ash-Stevens Corp. (Detroit,
Ml) and was found to be greater than 98% pure by HPLC under
conditions previously described (11). [1-'4C]BOP (specific activity, 21.5

mCi/mmol) was obtained from Amersham Corp., Arlington Heights,
IL). HPOP was synthesized by oxidation of BHP (Sigma Chemical
Co., St. Louis, MO). BHP (2 g, 0.013 mol) was dissolved in mÃ©thylÃ¨ne
chloride (128 ml) and cooled in an ice bath. Two equivalents of
pyridinium chlorochromate (Aldrich Chemical Co., Milwaukee, WI)
were added with vigorous stirring. The mixture was stirred for 12 h at
5Â°C,then an additional equivalent of pyridinium chlorochromate was

3The abbreviations used are: BOP, Â¿V-nitrosobis(2-oxopropyl)amine; HPOP,
;V-nitroso(2-hydroxypropyl)(2-oxopropyl)amine; BHP, A'-nitrosobis(2-hydroxy-
propyljamine; HPLC, high performance liquid chromatography; DMEM, Dul-
becco's modified Eagle's medium; PBS, phosphate buffered saline [NaCl (8 g/

liter), KCI (0.2 g/liter), KH2PO4 (0.2 g/liter), Na2HPO4 7H2O (2.16 g/liter)];
DMSO, dimethyl sulfoxide; Oua' ouabain resistant; TG', thioguanine resistant.
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added and the mixture was stirred another 6 h. MÃ©thylÃ¨nechloride was
removed under a stream of nitrogen and the residual oil was neutralized
to pH 7. The solution was filtered through glass wool and extracted
with ethyl acetate. This extract was dried with Na2SO4 and solvent was
removed in vacuo. The product was taken up in mÃ©thylÃ¨nechloride (5
ml) and applied to a glass column (2.2 x 35 cm) packed with silica gel
slurry (50 g). Upon elution with mÃ©thylÃ¨nechloride:ethyl acetate mix
tures (19:1, 75 ml; 9:1, 75 ml; 17:3, 75 ml; 4:1, 75 ml; 3:1, 75 ml),
BOP was eluted first followed by HPOP. After thin layer Chromato
graphie analysis, fractions corresponding to HPOP were combined and
solvent removed in vacuo. The HPOP (0.76 g; 38% yield) was greater
than 98% pure as determined by HPLC (11).

Thin layer chromatography plates were type 60-F254 obtained from
E. Merck (Darmstadt, West Germany). HPLC grade solvents were
obtained from Fisher Scientific (Oak Lawn, NJ). Silica gel (70-230
mesh) was obtained from Sigma Chemical Co. Collagenase (type IV)
was obtained from Cooper Biomedicai (Freehold, NJ).

Media. Tissue culture media supplies were obtained from GIBCO
(Grand Island, NY) or Irvine Scientific (Santa Ana, CA). Fetal bovine
serum was obtained from Dutchland Laboratories (Denver, PA) and
was heat inactivated (56Â°C;30 min) before use. DMEM was supple

mented with antibiotics, L-glutamine (2 IHM), 4-(2-hydroxyethyl)-l-

piperazineethanesulfonic acid (18 mM), and fetal bovine serum (10%)
to make complete DMEM.

Preparation of Hepatocytes. Cells were dissociated by a two-step in
situ perfusion technique as described by Seglen (18). Livers of male
Fischer F-344 rats ( 150-200 g; Charles River Laboratories, Wilming
ton, MA) and male Syrian golden hamsters (100-150 g; Charles River)
were perfused through the portal vein with calcium-free buffer (225 ml)
at a rate of 18 ml/min. After the initial perfusion, the buffer was
changed to one containing ( ;i( I. (740 mg/liter) and collagenase (100
units/ml), and perfusion was continued with 120 ml of collagenase
buffer at a rate of 18 ml/min. At the completion of this perfusion, the
liver was excised, the capsule disrupted, and the cells dispersed into
complete DMEM containing gentamicin (50 fig/ml). The cell suspen
sion was filtered through nylon mesh (250-iim pore size) and preincu-
bated in DMEM by shaking at 37Â°Cfor 30 min (18). The resulting

suspension was refiltered through nylon mesh (\00-fim pore size) and
nonparenchymal cells were removed by two 1-min centrifugations at
40 x g. Cell pellets were resuspended in complete DMEM and cells
were counted in a hemocytometer chamber. The yield of hepatocytes
was 150-200 x 106per liver and the viability was 85-90% as determined

by trypan blue exclusion.
Hepatocyte-mediated Mutagenicity. In the cocultivation experiments,

25 cm2 T-flasks (Costar) were seeded with 12.5 x 10* V79 cells in 4 ml
of complete DMEM. After approximately 24 h, 2.5 x IO6primary rat
or hamster hepatocytes were added per flask. After maximum hepato-

cyte attachment (5 h), the medium was changed to complete DMEM
containing the nitrosamine to be tested. The nitrosamines were dis
solved in sterile DMSO before dilution into medium. Control flasks
without nitrosamine contained the highest concentration of DMSO
used in any test flask (final concentration of DMSO was always less
than 0.4%). The level of attachment of hepatocytes was 85-90%. Since
the addition of more than 2.5 x K)'1hepatocytes per flask did not cause

an increase in the number of cells attached, this cell number was used
for all dose-response experiments.

After 40 h of exposure to the nitrosamine, the test medium was
removed and replaced by fresh complete DMEM. Cell monolayers were
then rinsed with PBS and dissociated by trypsin:EDTA treatment as
previously described (10). The V79 cells could be distinguished from
hepatocytes in a hemocytometer, since the latter were largely rendered
nonviable by exposure to trypsin and appeared as large, granular cells
which could be distinguished from the small, nongranular V79 cells.

Following dissociation of the cocultures, the V79 cells (300 per dish)
were seeded in 60-mm dishes (Falcon) in complete DMEM to determine
cloning efficiency (6 dishes/dose). Cells plated for cloning efficiency
were counted 7 days after seeding. Oua' was determined by seeding 2
x IO5 V79 cells per 100-mm dish in 8 ml of complete DMEM (10

dishes/dose). After 2 days, ouabain was added in complete DMEM to

a final concentration of 1 mM. Oua' colonies were counted 12-14 days

after cell seeding.
To select for TGr mutants, V79 cells were seeded at 1 x IO5cells per

100-mm dish (2 dishes/dose) for the first 5 days of expression (16).
Following this, the cells were dissociated and reseeded at 300 cells per
60-mm dish to determine cloning efficiency (6 dishes/dose). Another
batch of cells was seeded at 2 x IO4 cells per 60-mm dish in 4 ml of
complete DMEM (20 dishes/dose) for selection of TG' mutants. Two

days later, 6-thioguanine was added to a final concentration of 40 //M.
and TGr colonies were counted 10-12 days after cell seeding. Ou<f and
TGr mutation frequencies were calculated per IO5 survivors, based on

cloning efficiency and the number of V79 cells seeded for mutant
selection. For dose-response experiments, the results are the means of
2 or 3 separate experiments done in duplicate per dose. Tests for
significance were performed by using Student's t test (19).

Determination of to. Production. Hepatocytes were placed in glass
vials (20 ml) at a final density of 4 x 10' cells/ml in complete DMEM.
The reaction was started by addition of either [I-14C]BOP or [1-
I4C]BOP and unlabeled BOP. The vials were immediately closed with

screw caps which were lined with glass microfiber filters (Fisher brand;
25-mm diameter) saturated with 0.2 ml of NaOH (1 mM). Vials were
incubated with shaking at 37*C. At 30-min intervals, a new cap con

taining a filter freshly saturated with NaOH was placed on each vial.
The filters were collected and placed in scintillation vials and heated at
60Â°Cto remove volatile metabolites (20). After 4 h, the dried filters

were wetted with 1 ml of NaOH (0.5 mM), followed by 8 ml of 3A70B
counting cocktail (Research Products International. Mount Prospect,
IL). Radioactivity was determined by scintillation counting. The
amount of CO2 evolved was determined from the specific activity of
[1-MC]BOP added to each vial.

Stability of BOP in Buffer and Medium. BOP (0.5 mM) was dissolved
in PBS, DMEM, or complete DMEM, each buffered at pH 7.2. The
solutions were incubated in closed flasks (PBS) or open flasks (DMEM
or complete DMEM) at 37Â°Cin an atmosphere of 5% CO2-air. At
appropriate intervals, aliquots of solution were frozen at â€”70"Cuntil

analysis. Samples were thawed and SO,.l aliquots were injected onto
an HPLC system consisting of an Alltech octadecylsilane column (4.6
x 25 cm; Alltech Associates, Deerfield, IL), a Gilson Model 201 UV-
visible detector set at 254 nm, a Glenco System 1 liquid Chromatograph,
and a Hewlett-Packard Model 3392 integrator. The samples were eluted
under isocratic conditions (11) with wateracetonitrile (85:15) at a flow
rate of 1 ml/min. Nitrosodiethylamine (Aldrich Chemical Co.) was
used as the internal standard.

Time Course for Mutation Induction. Fischer rat hepatocytes were
isolated as described above and cocultured with V79 cells (2.5 x 10*

hepatocytes per flask). After attachment, the original medium in each
flask was changed to one containing BOP (240 MM).At time intervals
of 6, 18, and 26 h, the medium in two flasks was removed and replaced
by fresh, complete DMEM, then returned to an incubator for comple
tion of the 40-h coculture period. In this way, all cultures were given
the same expression time prior to enzymatic dissociation. After 40 h,
the V79 cells in each flask were dissociated and reseeded to determine
cytotoxicity and mutation as previously described.

RESULTS

Hepatocyte-mediated Mutagenesis. This system is similar to
other cell-mediated assays in which the procarcinogen is added
to subconfluent cultures of metabolizing cells and V79 fibro-
blasts (9, 10, 16). Using this system, Langenbach et al. showed
species specificity in the hepatic metabolism of nitrosodimeth-
ylamine (17). In addition, V79 cells were found to be more
sensitive than Salmonella typhimurium for detecting cell mu
tations following nitrosamine metabolism (17, 21). In the pres
ent experiments, the conditions for hepatocyte isolation and
culture from the two species were standardized by using the
same surgical procedure, identical perfusion buffers, and per
fusion times, and by the use of equivalent numbers of viable
cells for incubation with the promutagens. Assays with BOP
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Fig. I. Production of CO: during metabolism of BOP by isolated hepatocytes.

Primary hepatocytes (4 x 10^ per ml) were incubated in complete DMEM (2 ml)

with the concentrations of BOP indicated. I. metabolism of BOP by rat hepato
cytes. It. metabolism of BOP by hamster hepatocytes. The experimental condi
tions were described in "Materials and Methods." Hepatocytes which were

sonicated for 20 s before the addition of BOP (10 UM)gave a COÂ¡yield of less
than 0.006 nmol after a 4-h incubation at 37'C.

Table 3 Rate of metabolism of BOP to CO2 by isolated hepatocytes from Fischer
rats and Syrian hamsters

Rates of < <> formation were calculated by linear regression analysis (19) of
the linear portions of the curves for ( o. appearance presented in Fig. 1. The
experimental protocol was presented in "Materials and Methods."

Concentration OIM)
COj Formation

(nmol/h/10* cells)

Rat hepatocytes

Hamster hepatocytes

10
20
30
50
75

100
190

10
18
25
45
70
90

170

0.16 Â±0.01"

0.32 Â±0.05
0.46 Â±0.04
0.70 Â±0.09
0.80 Â±0.16
1.18 Â±0.10
1.62 Â±0.08

0.24 Â±0.06
0.47 Â±0.06
0.72 Â±0.14
1.32 Â±0.15
2.04 Â±0.36
2.32 Â±0.21
3.98 Â±0.42

' Mean Â±SD.
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Fig. 2. Stability of BOP as a function of incubation time at 37'C. The amount

of free BOP remaining at the times indicated was measured during incubation in
PBS (â€¢),DMEM (â€¢),and DMEM containing 10% fetal bovine serum (A).
Experimental conditions were described in "Materials and Methods."

tectable after only a 6-h incubation time, and the mutation
frequency continued to increase during the 40 h incubation
period. The experiment was conducted so that all cultures were
given the identical incubation time before dissociation and
reseeding to determine the mutation frequency. These results
indicated that hepatocytes continued to activate the promutagen
for an extended time (25), and that the intracellular concentra
tion of promutagen did not become limiting during the cocul-
ture period. Therefore, the primary benefit of the 40-h incuba
tion time appeared to be an increase in detection sensitivity for
the mutation assay.

DISCUSSION

Previous studies demonstrated that BOP is metabolized to
HPOP by subcellular fractions of hamster and rat liver (11,
12). In vivo, HPOP may undergo further reduction to BHP (7,
13) or it may be converted directly to glucuronide and sulfate
conjugates which appear in the urine (13, 26). The hamster is
capable of converting HPOP to its sulfate ester, a derivative
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cells and, if possible, determination of the identity and biolog
ical significance of the DNA adducts formed from each com
pound.
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