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ABSTRACT

The carcinogenic activities of 1-nitropyrene, a mutagenic component
of diesel exhaust, and its reduced derivatives 1-nitrosopyrene and I-
aminopyrene were evaluated in male and female Sprague-Dawley rats.
Within 24 h of birth, groups of 22-36 rats were treated by gavage with
trioctanoin or the appropriate compound in trioctanoin once weekly for
16 weeks. The approximate total doses per rat were as follows: I-
nitropyrene, high dose (800 Â¿Â¿mol);1-nitropyrene, low dose (320 fimol);
1-nitrosopyrene (320 Mmol); 1-aminopyrene (320 Mmol). The experiment
was terminated after 94 weeks. The main site of tumor induction was the
mammary glands of female rats. Percentages of incidences of mammary
adenocarcinomas in female rats were as follows: 1-nitropyrene, high dose
(63%); 1-nitropyrene, low dose (42%); 1-nitrosopyrene (19%); 1-amino-
pyrene (4%); trioctanoin (3%). These incidences were significantly greater
than those of controls for the female rats treated with either 1-nitropyrene
or 3-nitrosopyrene. Low and generally insignificant incidences of tumors
of a variety of other sites were also observed in rats treated with I-
nitropyrene. The induction of mammary tumors by 1-nitropyrene confirms
the results of a previous study (Hirose et a/., Cancer Res., 44: 1158-
1162, 1984). The present results also demonstrate that, under the con
ditions of this bioassay, 1-nitropyrene was significantly more carcinogenic
than either 1-nitrosopyrene or 1-aminopyrene.

INTRODUCTION

Numerous studies have indicated that organic extracts of
diesel exhaust, among many other environmental sources, con
tain nitropolycyclic aromatic hydrocarbons (1-18). In the case
of diesel engine emissions it was estimated that the amounts of
1-nitropyrene and dinitropyrenes emitted annually in the
United States are > 14,000 and 200 kg, respectively (19). It was
also reported that 30-40% of the mutagenicity of diesel partic-
ulate extract could be attributed to 1-nitropyrene and dinitro
pyrenes (20). More than 100 nitro compounds have been iden
tified in diesel engine emissions (20); 1-nitropyrene is one of
the most abundant (14). Most members of this class of com
pounds are capable of inducing mutations as shown in various
short term in vitro assays, and representative examples have
been reported to induce tumors in long term studies using rats,
mice, hamsters, and dogs (20). Upon i.p. injection into A/J
mice and newborn CD-I mice, 1-nitropyrene induced lung and
liver tumors, respectively (21, 22). In newborn Sprague-Dawley
rats, it induced adenocarcinomas in the mammary glands and
malignant fibrous histocytomas at the site of injection (23).
Although 1-nitropyrene had been reported to cause s.c. tumors
in F344 rats, these results were later corrected as negative due
to contamination with significant amounts of tumorigenic
dinitropyrenes (24, 25). On mouse skin, 1-nitropyrene had no
detectable tumor-initiating activity (26, 27).

In order to assess the possible risk associated with human
exposure to diesel exhaust, further studies to evaluate the
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carcinogenic potency of representative nitropolycyclic aromatic
hydrocarbons, and in particular 1-nitropyrene, are required. In
this study we examined the carcinogen icity of 1-nitropyrene,
free of dinitropyrenes, following p.o. administration to
Sprague-Dawley rats. We chose to administer the compound
p.o. because this route seemed more relevant to human exposure
than s.c. injection, and it also avoids the problem of accumu
lation of the compound at the injection site, as noted in previous
studies (23). We also tested 1-nitrosopyrene and 1-aminopy
rene, which are formed by nitroreduction of 1-nitropyrene (28-
30).

MATERIALS AND METHODS

Chemicals. Trioctanoin was obtained from Fluka Chemical Corp.,
Ronkonkoma, NY, and was distilled before use (220-230'C at 0.5-0.6

torr). Commercial 1-nitropyrene (Aldrich Chemical Co., Inc., Milwau
kee, WI) was purified by column chromatography on silica gel with
elution by 10% benzene in hexane. Its purity was assessed by gas
chromatography with electron capture detection. A Hewlett-Packard
Model 5830A gas Chromatograph equipped with a 63Nielectron capture
detector and a DB-5 capillary column (60 m, 0.25 Mm,J & W Scientific,
Inc., Rancho Cordova, CA) were used for this analysis. The oven
temperature was set at 315Â°C,the detector temperature at 325"C, and
the injection port temperature at 295*C. Helium was the carrier gas

(flow rate, 1 ml/min). The make-up gas consisted of 5% methane in
argon and the split ratio was 20:1. Standard samples of dinitropyrenes
were prepared as described in the literature (31). 1-Nitropyrene was
eluted at 16.9 min, l ,3-dinitropyrene at 24.6 min, 1,6-dinitropyrene at
26.7 min, and 1.8-dinitropyrene at 28.2 min. The purity of 1-nitropy
rene was >99.9%; no dinitropyrenes were detected.

1-Aminopyrene was purchased from Aldrich Chemical Co. and pu
rified by column chromatography on silica gel with elution by 10%
ethyl acetate in benzene. Its purity was 99.9% based on high perform
ance liquid Chromatographie analysis with a Vydac Cu-lO-p reverse
phase column (4.6 mm x 25 cm; Separations Group, Hesperia, CA)
eluted with a linear gradient from 0% CH3OH-H2O to 90% CH3OH-
11:() in 100 min at a flow of 1.0 ml/min. It was eluted at 83 min.

1-Nitrosopyrene was prepared as described previously (29). A solu
tion of 1-aminopyrene (1.08 g, 4.9 mmol) in 300 ml of CH2C12 was
cooled to 0Â°C,and /n-chloroperbenzoic acid (1.73 g, 10 mmol) in 100

ml of CH2Cl2 was added dropwise under an atmosphere of N2. After
addition of the peracid, stirring was continued for 45 min. The reaction
mixture was washed with l N NaOH, H2O, 6 N HC1, and H2O. The
crude product in CH2C12was purified by column chromatography on
silica gel with elution by hexane to give 1-nitrosopyrene (400 mg, 1.7
mmol, 35%). This reaction was repeated several times in order to obtain
ample material for the bioassay. Its mass spectrum and proton nuclear
magnetic resonance spectrum were consistent with those previously
reported and its purity was >99.9% according to high performance
liquid Chromatographie analysis as described above for 1-aminopyrene.
It was eluted at 104.5 min.

Tumorigenicity Experiment. Thirty-six pregnant Sprague-Dawley rats
were obtained from Charles River Breeding Laboratories, Inc., Kings
ton, NY. Preliminary experiments were carried out with the use of 5
newborn rats per group. Each animal was treated by gavage with the
appropriate compound in trioctanoin at day 1 (within 24 h of birth),
day 8, and day 15 of life. Doses were as follows: 1-nitropyrene, high
dose (250 Â¿imol/kgbody weight; 40.5 /Â¿mol/mltrioctanoin); 1-nitro
pyrene, low dose (100 Mfnol/kg body weight; 16.2 Â¿imol/mltrioctanoin);
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1-nitrosopyrene (100 Â¿jmol/kgbody weight; 16.2 Mmol/ml trioctanoin);
1-aminopyrene (100 f/mol/kg body weight; 16.2 Mmol/ml trioctanoin).
The average weight of the newborn rats was 6.5 g. For every 6.5 g body
weight, 40 /iI of trioctanoin or the appropriate compound in trioctanoin
were used. The animal weights were monitored for 1 month. The results
of this preliminary experiment indicated that the animals tolerated
these doses without any weight loss.

For the main bioassay, each group consisted of 6 litters of 7-9 pups.
We used the same doses as described above. Rats were assigned to
groups as indicated in Table 1. Within 24 h of birth each animal was
treated by gavage with trioctanoin or the appropriate compound in
trioctanoin once weekly for 16 weeks. During weeks 1-3, surgical
silicon tubing was inserted through the mouth and the compounds were
delivered by a microsyringe (32). At the age of 3 weeks, rats were
weaned, segregated according to sex, and were housed 3 per cage. A
standard syringe was used to deliver the compounds from weeks 4 to
16. The approximate total doses per rat were as follows: 1-nitropyrene,
high dose (800 ^mol); 1-nitropyrene, low dose (320 ^mol); 1-nitroso
pyrene (320 fiinol): 1-aminopyrene (320 Â¿imol).Body weights were
determined weekly during carcinogen administration and then every 4
weeks until termination. Animals were allowed free access to NIH-07
diet and tap water. The cages were solid bottom polycarbonate and
contained hardwood chip bedding. Laboratories were maintained at 21
Â±PC (SD) and 50 Â±10% humidity. Animals were kept on 12-h light,
12 h dark cycles. During the course of the experiment, moribund rats
were sacrificed. The remaining animals were necropsied when 94 weeks
old. Upon necropsy, gross lesions and samples of organs were fixed in
10% buffered formalin solution. The sections were stained with hema-
toxylin and eosin and examined histologically. The tumor incidences
were compared by using the x2 test. Tumor multiplicities, body weights,
and mean survivals were compared by using the Student's t test. The

appearance of the first palpable mammary tumors was statistically
analyzed by the Kolmogrov-Smirnov one-tailed test.

RESULTS

Weight curves are shown in Fig. 1. There was no significant
weight loss in any of the treated groups. Survival data are
summarized in Fig. 2 and Table 1. Survival times were signifi
cantly shorter (P < 0.01) in the rats treated with 1-nitropyrene
than in controls. Survival in the other groups was not affected
by treatment.

The incidence of palpable mammary tumors in female rats is
shown in Fig. 3. The first palpable mammary tumors were
observed at 20 and 24 weeks of age in the groups treated with
the higher and lower doses of 1-nitropyrene, respectively. In
the case of 1-nitrosopyrene, 1-aminopyrene, and in the control
groups, the first palpable mammary tumors were observed at
48 weeks of age. The incidences of palpable mammary tumors
in female rats administered the higher and lower doses of 1-
nitropyrene were significantly higher than in controls at 36 and
56 weeks, respectively. The palpable mammary tumor incidence
in female rats was also significantly higher than in controls at
64 weeks and at termination in both groups treated with 1-
nitropyrene (P < 0.0001). At termination, palpable mammary
tumors per female rat were as follows (mean Â±SD): 1-nitro
pyrene, high dose (3.5 Â±2.2); 1-nitropyrene, low dose (2.6 Â±
2.1); 1-nitrosopyrene (1.5 Â±1.5); 1-aminopyrene (1.9 Â±1.7);
trioctanoin (0.8 Â±0.8). These values were significantly higher
than those in controls (P < 0.005) in all treated groups. The
incidence of palpable mammary tumors in treated male rats
was not significantly different from that in control rats.

Upon histolÃ³gica! examination, the mammary tumors were
classified into adenomas, adenocarcinomas, fibromas, spindle
cell sarcomas, and myxomas (Table 1). 1-Nitropyrene at both
doses (groups 2 and 4) induced significant incidences of aden
ocarcinomas as compared to 1-nitrosopyrene (group 6), 1-
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Fig. 1. Mean body weights of Sprague-Dawley rats during and after p.o.

administration of 1-nitropyrene (D, high dose; â€¢.low dose); 1-nitrosopyrene (A);
1-aminopyrene (A); and trioctanoin (O). A, males; B, females; bar, period of
carcinogen treatment.

aminopyrene (group 8), and controls (group 10). 1-Nitrosopy-
rene also induced a significant number of adenocarcinomas
compared to controls.

Table 2 summarizes the numbers of animals with tumors
other than those of the mammary glands. The rats treated with
1-nitropyrene had tumors at a variety of sites. In two cases,
group 2 (lung) and group 3 (pancreas), the percentages of
incidences were significant compared to controls.

DISCUSSION

Our results demonstrate that 1-nitropyrene, a major muta-
genie component in diesel engine emissions, induces mammary
tumors in female Sprague-Dawley rats. These results are con
sistent with those reported previously by Hirose et al. (23), who
administered 1-nitropyrene to newborn Sprague-Dawley rats
by s.c. injection at a dose of 100 /^mol/kg body weight/week
for 8 weeks, and terminated the experiment after 62 weeks.
They observed mammary tumors in 47% of the females and
mammary adenocarcinomas in 31%. It is difficult to estimate
the amounts of 1-nitropyrene responsible for mammary tumor
induction following s.c. injection because the compound accu
mulates at the injection site (23). In this study we administered
1-nitropyrene by gavage to avoid this problem. We also used
higher doses and maintained the animals for longer times than
those reported previously. These factors may be responsible for
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Fig. 2. Percentage of survival of Sprague-Dawley rats treated with 1-nitropy-
rene (D, high dose; â€¢,low dose); 1-nitrosopyrene (A); 1-aminopyrene (A); and
trioctanoin (O). (, males; H. females; bar, period of carcinogen treatment.

the somewhat higher incidences (42-63%) of mammary aden-
ocarcinomas found in our study.

Aromatic amines and polycyclic aromatic hydrocarbons have
been shown to induce mammary tumors in female Sprague-
Dawley rats. The classical hydrocarbon used in this model

system is 7,12-dimethylben/(a)an t tiracene (33) due to its high
potency as a mammary carcinogen; however, it is not known to
be present in our environment. Benzo(a)pyrene and 4-amino-
biphenyl have been shown to induce mammary tumors in female
Sprague-Dawley rats and both compounds are environmental
pollutants (34, 35). However, the role of these chemicals, if
any, in the etiology of human breast cancer is not known.
Nevertheless, it is interesting to compare the potency of 1-
nitropyrene, benzo(a)pyrene, and 4-aminobiphenyl as mam
mary carcinogens.

Dietary administration of 4-aminobiphenyl at a dose of 1.62-
mmol/kg diet to female Sprague-Dawley rats for 12 months
(approximate total dose of 9-12 mmol/rat) induced mammary
tumors in 66% of the animals (35). In the present study the
incidence of mammary adenocarcinomas induced by I-nitro

pyrene (total dose/rat, 0.8 mmol) was 63%. Other studies
demonstrated that 4-aminobiphenyl and some of its derivatives
administered s.o., i.p., or in the diet to various strains of rats at
doses either comparable to or higher than that used for 1-

nitropyrene in the present study, produced mammary tumor
incidences ranging from 30 to 90% (36-39). Intragastric ad
ministration of benzo(a)pyrene at a total dose of 0.19 mmol to
female Lew/Mai rats induced mammary tumors in 67% of the
animals (40). Based on our results and those reported previ
ously, it can be estimated that I-ni tropy rene, benzo(a)pyrene,
and 4-aminobiphenyl have comparable potency as mammary
carcinogens in rats. A comparative bioassay of these environ
mental agents in female Sprague-Dawley rats would be of

interest.
In order to gain insight into the role of nitrorcduction in 1-

nitropyrene tumorigenesis, we compared its activity with that
of its partially reduced derivative, 1-nitrosopyrene. It had been
shown by Wislocki et al. (22) that 1-nitrosopyrene induced
more hepatic tumors than 1-nitropyrene in newborn mice.
Based on these results the investigators suggested that nitrore-
duction may be the limiting step in the activation of 1-nitropy
rene in newborn mice. In the present study, however, 1-nitroso
pyrene was less tumorigenic than 1-nitropyrene. It is possible
that 1-nitrosopyrene is fully reduced to 1-aminopyrene either
in the gastrointestinal tract or in the liver before it reaches the
mammary glands. Based on our results we cannot exclude a
role for the nitroreduction pathway in rat mammary tumor
induction by 1-nitropyrene. However, nitroreduction of ring-

Table 1 Mammary tumors induced by Â¡-nitropyrene,1-nitrosopyrene, and 1-aminopyrene in Sprague-Dawley rats

Within 24 h of birth each animal was treated by gavage with trioctanoin or the appropriate compound in trioctanoin. The treatments were continued once weekly
for 16 weeks. The approximate total doses per animal were as follows: 1-nitropyrene, high dose (800 Â«imol);1-nitropyrene, low dose (320 Mmol); 1-nitrosopyrene and
1-aminopyrene (320 junol).

GroupCompound2

3
4-Nitropyrene

-Nitropyrene
-Nitropyrene
-NitropyreneDose(iimol/kg

body wt/
wk)250

250
100
100SexM

F
M
FNo.

of
animals36

24
25
33Mean

survival
(wk Â±SD)Â°72

Â±18
72 Â±16
77 Â±23
75 Â±19Adenomas1

7
2

10No.

of animals with mammarytumorsAdenocarcinomas

Other2

15*'2

14"fibroma

sarcoma
fibroma
sarcoma
myxoma
fibromaTotal4

23*27*

" The means were significantly less than in controls (/' < 0.01), only in the groups administered 1-nitropyrene (groups 1-4).
* Significantly different from group 10, P < 0.01.
' Significantly different from groups 6 and 8, P < 0.01.
d Significantly different from group 10. P < 0.05.
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Table 2 Tumors, other than mammary tumors, observed in Sprague-Dawley rats following treatment with 1-nitropyrene, 1-nitrosopyrene, and 1-aminopyrene

No. of animals with tumors
Dose (/Â¿mol/
kg body wt/ No. of Pancreas

Group Compound wk) Sex animals Liver Lung (endocrine) Intestine Skin Lymphoma Thyroid Pituitary Miscellaneous

12345-Nitropyrene-Nitropyrene-Nitropyrene-Nitropyrene-Nitrosopyrene6

1-Nitrosopyrene7
1-Aminopyrene8
1-Aminopyrene9

Trioctanoin1
0 Trioctanoin250250100100100100100100MFMFMFMFMF362425332926232722315Â°2114>yiii314*15e126"22121321113

1781

162
218320y4*2*1>3*T!

Â°One adenoma and 4 hepatomas.
b Two adenomas, one squamous cell carcinoma, and one adenocarcinoma.
' Three adenocarcinomas in small intestine, one colon adenoma, and one colon adenocarcinoma.
* Papillomas.
' One bladder carcinoma and one parathyroid adenoma.
'One adenoma and two adenocarcinomas; /' < O.OScompared to group 10.
* Islet cell adenomas; significantly different from group 9, P = 0.03.
* One stomach papilloma, one stomach squamous cell carcinoma, one abdominal sarcoma, and one hypemephroma.
1One s.c. sarcoma and one abdominal sarcoma.
' One abdominal sarcoma.
* One stomach papilloma, one uterus interstitial stromal tumor, and one hypemephroma.
' One bladder papilloma and one adrenal paraganglioma.
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Fig. 3. Percentage of incidence of palpable mammary tumors in female
Sprague-Dawley rats following p.o. administration of 1-nitropyrene (Q, high dose;
â€¢,low dose); 1-nitrosopyrene (A); 1-aminopyrene (A); and trioctanoin (O).
Significant numbers of mammary tumors were not observed in male Sprague-
Dawley rats, bar, period of carcinogen treatment.

oxidized metabolites of 1-nitropyrene could also play an im
portant role in the observed tumorigenicity of 1-nitropyrene in
rats (41-44).

Many primary aromatic amines are capable of inducing tu
mors when they are chronically administered to experimental
animals. In this study, 1-aminopyrene failed to induce signifi
cant incidences of tumors. It structurally resembles 1-naphthyl-
amine which also lacks carcinogenic activity (45,46). Following
TV-oxidation, secondary steps are required for covalent binding
of aromatic amines to macromolecules (47). The extent of N-
hydroxylation and the stability of the hydroxylamines in vivo
are likely to be associated with the differences in tumorigenicity
of aromatic amines in rodents. Administration of 1- and 2-
naphthylamine to dogs, which led to cancer under chronic
conditions with the 2-isomer, gave rise to detectable amounts
of urinary 2-naphthylhydroxylamine but not 1-naphthylhydrox-
ylamine (48). Since both hydroxylamines are carcinogenic (49),
the inactivity of 1-naphthylamine has been attributed to its lack
of metabolism to 1-naphthylhydroxylamine (46-48). 1-Ami
nopyrene and 1-naphthylamine, unlike the carcinogens 2-naph-
thylamine, 2-aminofluorene, 2-aminoanthracene, 4-aminobi-
phenyl, and 4-aminostilbene, have peri hydrogen atoms adja
cent to their amino groups. The peri hydrogen atoms in 1-
aminopyrene and 1-naphthylamine may inhibit their W-oxida-
tion and thus could be important structural features responsible
for their lack of tumorigenic activities.
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