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ABSTRACT

The comparative Carcinogenicities of A'-hydroxy-A'-acetyl-l-aminopy-
rene, /V-acetyl-l-aminopyrene, and 1-, 2-, and 4-nitropyrene were deter
mined following i.p. injection into weanling female CD rats (67 jÂ¿mol/kg
body weight in dimethyl sulfoxide; 3 times/week for 4 weeks). At sacrifice
61 weeks after the first injection the incidences of malignant mammary
tumors were increased significantly to 45 and 24% in the 4-nitropyrene-
and ÃY-hydroxy-yV-acetyl-2-aminofluorene-treated groups, respectively.
Cellular altered foci in the liver were increased significantly in the V-
acetyl-1-aminopyrene-, A'-hydroxy-A'-acety 1-1-aminopyrene-, and /V-hy-
droxy-/V-acetyl-2-aminofluorene-treated groups; the latter two com
pounds also led to significantly increased formation of hyperplastic
nodules in this organ. Significant increases in leukemia induction were
observed in animals treated with 2-nitropyrene or /V-hydroxy-/V-acetyl-
2-aminofluorenc.

In an experiment designed to compare the influence of the route of
administration on the carcinogenic potential of this agent, 1-nitropyrene
was injected i.p. or s.c. into weanling female CD rats (100 /Â¿mol/kgbody
weight; once a week for 4 weeks). The animals were sacrificed at 87 to
90 weeks after the first treatment. The incidences of mammary gland
tumors in animals receiving injections of 1-nitropyrene by either route
(59%) were significantly higher than in solvent-injected controls (37%).
The incidences of adenocarcinoma in the i.p. 1-nitropyrene group (28%)
and fibroadenoma in the s.c. 1-nitropyrene group (52%) were significantly
higher than in the control animals (7 and 27%, respectively). These data
suggest that the demonstration of the weak carcinogenicity of 1-nitropy
rene is probably more a function of the length of the observation period
than of the routes of administration used here.

A further exploration of the effect of the route of administration
involved treatment of weanling female CD rats by direct injection of 1-,
2-, or 4-nitropyrene into the mammary fat pads. A total of 2.04 jimol of
the nitrocompound in dimethyl sulfoxide was injected into the mammary
glands under each of the 6 left nipples. The right mammary glands were
treated with the solvent only. Injections of the thoracic nipple areas were
carried out on day 1; inguinal areas were treated on day 2. The animals
were sacrificed after 77 weeks. The number of mammary tumor-bearing
animals (23 of 28), the number with fibroadenoma (15 of 28), and the
number with adenocarcinoma (19 of 28) were significantly increased in
the 4-nitropyrene-treated group as compared with animals treated with
only dimethyl sulfoxide. Animals that had received 1- or 2-nitropyrene
or the solvent dimethyl sulfoxide had mammary tumor incidences of only
21 to 22%. A majority of the animals that had been given 4-nitropyrene
(i.e., 22 of 28) had tumors of the treated mammary glands as compared
with only a few that developed tumors of the solvent-treated mammary
glands (i.e., 5 of 28).These data confirm the carcinogenicity of 1-nitro
pyrene for rat mammary gland and demonstrate that 4-nitropyrene is the
most potent of the three isomerie mononitropyrenes for this organ. The
direct carcinogenicity of 4-nitropyrene for the mammary gland establishes
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that this target organ possesses the enzymes necessary for the metabolic
activation of this carcinogen.

INTRODUCTION

Nitropyrenes are environmental contaminants that are pro
duced as by-products of combustion (1). Their structural rela
tionship to the carcinogenic aromatic amines provided for their
initial detection by use of mutagenicity tests with Salmonella
typhimurium strains (2-6). Enzymes of mammalian and micro-
bial systems can reduce the nitropyrenes to products that are
capable of undergoing spontaneous reaction with nucleic acid
or of being further metabolized by 0-acetylation to yield prod
ucts that can react with C-8 of guanine (7-10). These adducts
are analogous to the major products observed with aromatic
amines, such as 2-aminofluorene and 4-aminobiphenyl, that
have been linked to their tumorigenic activity (11-13).

There are 3 isomers of mononitropyrene (Fig. 1). 1-Nitro-
pyrene is the major isomer detected in combustion products. 2-
Nitropyrene is detected in the atmosphere and is believed to be
formed by photochemical processes involving the reaction of
pyrene with peroxy nitrogen derivatives (1). 4-Nitropyrene ap
parently exists only as a synthetic product. These three com
pounds differ markedly in their mutagenicity in S. typhimurium,
with the 2- and 4-isomers, being 10 to 20 times more mutagenic
than the l-isomer in strain TA985 (14).

Earlier studies in our laboratories had demonstrated that 1-
nitropyrene administered by s.c. injection was capable of induc
ing mammary tumors in outbred newborn CD rats (15). The
induction of mammary tumors by 1-nitropyrene following ad
ministration p.o. to newborn rats has also been published (16).
Since the activation of the isomers of mononitropyrenes ap
pears to be related to the location of the nitro group on the ring
system,5 we studied the relative Carcinogenicities of these iso

mers and the possible effects of the route of administration in
the female CD rat. Reduced and acetylated derivatives of 1-
nitropyrene that might be expected to play a role in the carcin
ogenicity of the parent compound have been included for com
parative purposes.

MATERIALS AND METHODS

Chemicals

The structures of the compounds used in this study are shown in Fig.
1. 1-Nitropyrene (17), 4-nitropyrene (18), A'-acetyl-1-aminopyrene (10),

and /V-hydroxy-7V-acetyl-2-aminofluorene (13) were synthesized, and
their purities were established by the published procedures indicated.
2-Nitropyrene was purchased from the Midwest Research Institute
(Kansas City, MO; lot MRI-81-245-55). Dimethyl sulfoxide was pur
chased from J. T. Baker Chemical Co. (Philipsburg, NJ).

A/-Hydroxy-A/-acetyl-l -aminopyrene was prepared from 1-nitropy
rene by a modification of the method of Westra (19). 1-Nitropyrene
was reduced in the presence of 3 equivalents of anhydrous hydrazine
and then acetylated in the presence of 4 equivalents of acetyl chloride.

5T. M. Reid, M-S. Lee, and C. M. King, unpublished results.
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CARCINOGENICITY OF MONONITROPYRENES

1-NITROPYRENE 2-NITROPVRENE 4-NITROPYRENE

N-ACETYL-1-AMINOPYRENE N-HYDROXY-N-ACETYL-1-AMINOPYRENE

Fig. 1. Structures of compounds tested.

The resulting hydroxamic acid was extracted into an aqueous sodium
hydroxide solution and precipitated upon acidification of the solution.
A 69% yield of the hydroxamic acid was obtained from 725 mg of 1-
nitropyrene. Three Â«crystallizations from methanol:acetone:benzene
gave a product with a melting point of 186-188Â°C. Thin-layer chro-

matography on silica gel disclosed a single component [Rr 0.32, ben-
zene:ethanol (9:1); Rf 0.30, benzene:acetone (1:1)] that gave a positive
test with FeClj. Tests of this compound yielded the following data: IR
absorption, 3012, 2825 cirr' (OH), 1603 cm~' (C=O), and 839, 822,
759, 717, and 678 cm~' [characteristics of 1-substituted pyrene (20)];

UV absorption in 95% ethanol, 342 nm (<= 35,380), 327 nm (25,880),
shoulder ~ 312 nm (11,110), 276 nm (37,860), 266 nm (24,220), 241
nm (61,460), shoulder 232 nm (42,100); mass spectrum, m/e (% relative
abundance), M+, 275 (52.8), 259 (29.3), 233 (39.1), 232 (69.3), 231
(10.0), 216(100), 202 (21.1 ), 201 ( 18.6); 'H-nuclear magnetic resonance

(300 MHz, CDClj, tetramethylsilane as an external standard), 5, 9.28
(s,6 1 H, N-OH, disappeared upon addition of D2O), 8.03-8.31 (m, 9

aromatic protons), 1.98 (s, 3 H, CH3CO).

C,8H13N02

Calculated: C 78.55, H 4.73, N, 5.09
Found: C 78.08, H 4.86, N, 4.98

Animals

Weanling female CD rats (~95 g) were obtained from the Charles
River Breeding Laboratories, Inc. (Wilmington, MA), housed 3 or 4 to
a solid-bottomed plastic cage on hardwood chips, and maintained in an
air-conditioned room at 22-24Â°Cand a relative humidity of 55% on a

12-h light-dark cycle. Animals were provided access to a commercial
diet (Wayne Rodent Blox; Continental Grain Co., Chicago, IL) and
water. Treatments were initiated at 30 days of age. Each treatment
group initially consisted of 30 animals. Body weights were measured
prior to carcinogen treatment during the first month and then monthly,
and the mammary glands were palpated every other week beginning 3
months after the first treatment. The nature and location of any
palpable tumors and swellings observed were recorded and monitored
until the end of the experiment. Animals were killed when moribund
and necropsied.

Treatment Protocols

Comparison by i.p. Injection. 1-, 2-, and 4-nitropyrene; /V-hydroxy-
jV-acetyl-1-aminopyrene; /V-acetyl-1-aminopyrene; and A'-hydroxy-A'-
acetyl-2-aminofluorene were dissolved in dimethyl sulfoxide (25 /zmol/
ml) for i.p. injection at a dose of 67 ^mol/kg body weight. Control
animals received only dimethyl sulfoxide. Injections were given 3 times/
week and were continued for 4 weeks. This regimen resulted in a total
administered dose of 119 /Â¿mol.At 61 weeks the surviving animals were
killed.

6The abbreviations used are: s, singlet: m. multiplet.

Comparison of 1-Nitropyrene Carcinogenicity following i.p. or s.c.
Injection. 1-Nitropyrene was dissolved in dimethyl sulfoxide (70 ^mol/
ml) and administered at a dose of 100 ^mol/kg body weight by either
i.p. or s.c. injection, the latter in the suprascapular region. A total of
four injections were given at weekly intervals. Total cumulative doses
of 77.3 and 74.3 Â¿<molwere administered by i.p. and s.c. injections,
respectively. Two control groups received dimethyl sulfoxide, either i.p.
or s.c. The surviving animals were killed 87 to 90 weeks after the
initiation of treatment.

Direct Injection into the Mammary Gland. 1-, 2-, or 4-nitropyrene
was dissolved in dimethyl sulfoxide (20.3 Â¿Â¡mol/ml).In a modification
of a previously reported technique (11), the mammary tissue underlying
each of the 3 left thoracic nipples was injected with 0.1 ml of one of
the solutions. The corresponding 3 right nipple areas were treated with
dimethyl sulfoxide. The next day the inguinal nipple areas received
similar injections. The total dose injected was 12.3 /Â¿mol.Preliminary
experiments demonstrated that this technique deposited dye solutions
into the mammary fat pad and that this dose of dimethyl sulfoxide was
the highest that would not result in weight loss as compared to nonin-
jected control animals. The animals surviving at 77 weeks were killed
and necropsied.

Tissue Evaluation

At necropsy, the liver, right and left kidneys, spleen, and, after
measuring for size, tumors were weighed. All organs were examined
macroscopically; particular attention was given to the mammary glands.
The tissues were fixed in phosphate-buffered formalin solution (pH
7.4), embedded in paraffin, sectioned, stained with hematoxylin and
eosin, and examined histologically. The number of hyperplastic nodules
and cellular altered foci in the liver were counted microscopically. The
area of the liver sections was measured by use of a planimeter (model
39231; Gelman Science, Inc., Ann Arbor, MI) on photocopies of the
slides. The number of foci or hyperplastic nodules/cm2 liver section
was calculated (13). For statistical analysis, x2 and Student's t tests

were applied wherever appropriate.

RESULTS

Comparison by i.p. Injection. Under the experimental condi
tions, the final body weights of all treated groups were less than
those of the dimethyl sulfoxide-treated control group, but the
differences were not significant. The weights and the or-
gan:body weight ratios of liver, kidney, and spleen were not
significantly different between the treated and the control
groups. At autopsy, some animals were found to have adhesions
of the serosa of the alimentary tracts and swollen mesentery
lymph nodes. Histologically, these changes were not neoplastic
and may have resulted from the injection of the dimethyl
sulfoxide, since they were not associated with the administra
tion of a specific test compound.

Tumors observed in the experiment are listed in Table 1. The
number of rats bearing tumors was significantly greater only in
the 4-nitropyrene group, compared with the control group (P
< 0.025). However, the incidences of mammary adenocarci-
noma in the 4-nitropyrene and A'-hydroxy-7V-acetyl-2-aminoflu-
orene groups and of leukemia/lymphoma in the 2-nitropyrene
and A/-hydroxy-A/-acetyI-2-aminofluorene groups were also sig
nificantly higher than in the control group. Additionally, a
Zymbal's gland carcinoma was observed in the 4-nitropyrene

group. No other tumors suggestive of carcinogenic activity were
observed in the other organs.

The predominant neoplastic response was the induction of
mammary tumors that were classified as adenocarcinoma, ad
enoma, or fibroadenoma (Table 1). The first putative mammary
tumor was detected at 89 days in an animal in the /V-acetyl-1-
aminopyrene-treated group.
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CARCINOGENICITY OF MONONITROPYRENES

Table 1 Tumor induction by i.p. injection of female CD rats with nitropyrenes and related compounds

Rats with
tumors/effective

no.Compound1-Nilropyrene2-Nitropyrene4-Nitropyrene,V-Hy

droxy-jY-acetyl- 1-aminopyreneÃV-Acetyl-

1-aminopyrene/V-Hydroxy-jV-acetyl-2-aminofluoreneSolvent

controlof

rats*12/2912/2824/2918/2916/3018/2915/29No.

of ratswithTotal('V)4(14)1

(4)17(59)'5(17)6(20)8(28)4(14)Fibro

adenoma2161533mammary

tumorsAdenoma0031001Adenocar-cinoma2013'31V1Total412666105No.of mammarytumorsFibro

adenoma2181533Adenoma0031001Adenocar-cinoma20154171Av.

induction
periodformammary

tumors(mean
Â±SD,days)'403

Â±30431
Â±0272

Â±123367
Â±105374

Â±68289
Â±113318

Â±81No.

of rats
withleukemia/lymphoma26"0006"0

" The compounds Â»eredissolved in dimethyl sulfoxide (25 jimol/ml) and injected i.p. (67 /jmol/kg; 3 times/week for 4 weeks) into immature female CD rats
starting at 30 days of age as described in "Materials and Methods." The experiment was terminated 61 weeks after the first injection.

"Other tumors observed include: 1-nitropyrenc. 7 pituitary adenomas. 2 pituitary adenocarcinomas. 2 adrenal cortical adenomas. 1 hemangioma in small intestine;
2-nitropyrene, 6 pituitary adenomas, 2 pituitary adenocarcinomas. 4 adrcnocortical adenomas, 1 adrenal pheochromocytoma; 4-nitropyrene. 1 Zymbal's gland
sebaceous carcinoma, 3 pituitary adenomas, 2 pituitary adenocarcinomas. 3 adrenocortical adenomas, 3 adrenal pheochromocytomas; .V-hydroxy-iV-acetyl-1-
aminopyrene. 1 each thyroid adenoma and adenocarcinoma, 1 preputial adenoma, 1 hepatocellular carcinoma. 1 bladder transitional cell carcinoma. 8 pituitary
adenomas. 2 pituitary adenocarcinomas, 3 adrenocortical adenomas. 3 adrenal pheochromocytomas; .V-acetyl-1-aminopyrene. 1 bladder papilloma. 1 hepatocellular
carcinoma, 7 pituitary adenomas, 3 adrenocortical adenomas, 5 adrenal pheochromocytomas; A'-hydroxy-A'-acetyl-2-aminofluorene, 1 small intestine adenocarcinoma,

1 endomctrial stromal polyp. 2 hepatocellular carcinomas, 6 pituitary adenomas. 5 adrenocortical adenomas, 3 adrenal pheochromocytomas; dimethyl sulfoxide, 8
pituitary adenomas. 2 pituitary adenocarcinomas. 4 adrenocortical adenomas. 1 adrenal pheochromocytoma.

' As determined by palpation.
'/>< 0.001.
' P < 0.005.
rP< 0.025.

Table 2 Liver lesions induced by i.p. injection of female CD rats with mononitropyrenes and related compounds'

Compound1-Nitropyrene2-Nitropyrene4-Nitropvrene.V-Hydroxy-.V-acetyl-l-ammopvreneÂ¿V-Acetyl-

1-aminopyrenejV-Hydroxy-A'-acetyl-2-

aminofluoreneSolvent
controlEffective

no. ofrats292S2929302929No.

of rats with
hepatocellular

carcinoma0001120No.

of rats with
hyperplastic

nodule0027Â»211s0No.

of hyperplastic
nodules/cm2

(mean Â±SD)0.07

Â±0.270.15

+0.270.08

Â±0.360.31

Â±0.44No.

of rats with
alteredfoci00117Â»11Â»17Â»0No.

of cellular
altered foci/cm2

(mean Â±SD)0.07

Â±0.360.62

+0.720.41

Â±0.761.35Â±

1.79

"The compounds were dissolved in dimethyl sulfoxide (25 ^mol/ml) and injected (i.p. (67 nmol/kg: 3 times/week for 4 weeks) into immature female CD rats
starting at 30 days of age as described in "Materials and Methods." The experiment was terminated 61 weeks after the first injection. The results of tumor induction

in these animals are shown in Table 1.
4P < 0.005.

Sixteen weeks or longer after the first injections, rats that
had been given 4-nitropyrene had more palpable mammary
tumors than the animals in the other groups. 4-Nitropyrene
was the most potent of the chemicals examined for carcinogen-
icity in this study; the incidences of mammary tumors and
mammary adenocarcinoma were highly significant as compared
with the solvent-treated controls. The positive control used in
this study, /V-hydroxy-/V-acetyl-2-aminofluorene, also induced
a significant but lower number of mammary adenocarcinomas
as judged by the same criteria. Lung mÃ©tastaseswere observed
in two animals that had been given A'-hydroxy-A'-acetyl-l-
aminopyrene and in one given A'-hydroxy-/V-acetyl-2-

aminofluorene.
Two hepatocellular carcinomas were observed in animals

treated with /V-hydroxy-/V-acetyl-2-aminofluorene, and one was
observed in each of the animals given /V-acetyl-1 -aminopyrene
or /V-hydroxy-/V-acetyl-l -aminopyrene (Table 2). The incidence
of hyperplastic nodules in the livers of animals that had been
given the two hydroxamic acids, i.e., /V-hydroxy-/V-acetyl-2-
aminofluorene and /V-hydroxy-TV-acety1-1-aminopyrene, were
significantly higher than in the control animals. The number of
animals with cellular altered foci were also increased by these
two compounds and, to a lesser extent, by the other acetylated
compound, /V-acetyl-1 -aminopyrene.

Comparison by i.p. and s.c. Injection. The failure of 1-nitro-
pyrene to induce mammary tumors in the experiment described

above prompted an experiment designed to compare the influ
ence of the route of administration on the carcinogenic potential
of this agent, since a previous study had shown 1-nitropyrene

to induce mammary tumors following s.c. injection to newborn
rats. 1-Nitropyrene was injected i.p. or s.c. into weanling female

CD rats at a dose of 100 //mol/kg body weight once a week for
4 weeks. Control animals received injections of the solvent,
dimethyl sulfoxide, alone. The animals were sacrificed at 87 to
90 weeks after the first treatment.

1-Nitropyrene injected i.p. or s.c. under the experimental

conditions did not significantly change the body or liver
weights. The tumors observed in this experiment are listed in
Table 3. Although 1-nitropyrene injected i.p. or s.c. did not

increase the overall tumor burden, the incidences of mammary
gland tumors of animals given injections of 1-nitropyrene by
either route (59%) were higher than in the solvent-injected

controls (37%). The incidences of mammary adenocarcinoma
in the i.p. 1-nitropyrene group (28%) and fibroadenoma in the
s.c. 1-nitropyrene group (52%) were significantly higher than

those of the control group (7 and 27%, respectively). The total
number of mammary tumors in these 1-nitropyrene groups was

also greater than in the respective control groups. Additionally,
1 bladder papilloma (a rare tumor in the rat) was observed in
the group receiving s.c. injections of 1-nitropyrene.
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CARCINOGENICITYOF MONONITROPYRENES

Table 3 Tumors induced hy i.p. or s.c. injection ofl-nitropyrene into female CD rats'

Rats with tumors/No. of rats with mammarytumorseffective

no. of
Compound rats* Total(%)1-Nitropyrene.

Solvent control
1-Nitropyrene.
Solvent controli.p.

. i.p.
s.c.
. s.c.25/29

26/30
23/29
27/3017

11
17
11(59)

(37)
(59)
(37)Fibroadenoma14

915"

gAdenocarcinoma8"

2
64No.

oftumorsTotal28

15
28
14Fibroadenoma19

1319

9Adenocarcinoma9

295Av.

induction period for
mammary tumors

(mean Â±SD.days)'546

506474517Â±
72

Â±84
Â±93
Â±129

â€¢1-Nitropyrene (100 ^mol/kg body weight; 70 ><mol/ml dimethyl sulfoxidc) was injected 4 times i.p. or s.c. at weekly intervals into immature female CD rats as
described in "Materials and Methods." Surviving animals were sacrificed 87 to 90 weeks after the initiation of treatment.

'Tumors other than those of the mammary gland include: l-nitropyrene (i.p.). 9 pituitary adenomas, 6 pituitary adenocarcinomas. 4 adrenocortical adenomas. 2
adrenal pheochromocytomas. 1 pancreatic adenocarcinoma. 1 thyroid adenoma. 1 malignant fibrous histiocytoma: solvent control (i.p.). 8 pituitary adenomas. 6
pituitary adenocarcinomas. 5 adrenocortical adenomas. 6 adrenal pheochromocytomas. 2 lipomas. 1 uterine sarcoma. 2 uterine leiomyomas: l-nitropyrene (s.c.), 8
pituitary adenomas. 5 pituitary adenocarcinomas. 2 adenocortical adenomas. 2 adrenal pheochromocytomas. 1 skin squamous cell sarcoma. 1 bladder papilloma:
solvent control (s.c.). 10 pituitary adenomas. 6 pituitary adenocarcinomas, 6 adrenocortical adenomas. 3 adrenal pheochromocytomas, 1 uterine leiomyoma. 1 thyroid
adenocarcinoma.

' As determined by palpation.

Table 4 Tumor induction infernale CD rats following direct treatment of the left mammary glands with mononilropyrenes"

Rats with tumors/
effective no. of TotalNo.

of rats
withmammary

No. of rats with tumors tumors onNo. of tumors

1-Nitropvrene2-Nitropvrene4-NitropyreneSolvent

control16/2715/2824/28'15/286(22)6(21)23

(82)"6(21)5515'52319"12322"43353785175527623241

" The mononitropyrenes(2^mol/100>il dimethyl sulfoxide) were injected into the mammary tissue underlying each of the 3 left thoracic nipples: dimethyl sulfoxide

(100 Â»il)was injected into the right nipple areas of the same animals to serve as an internal control. The inguinal nipple areas Â»eretreated in a similar manner the
following day. Solvent controls received only dimethyl sulfoxide in both right and left nipple areas. Animals were observed for tumor induction for up to 77 weeks
prior to sacrifice of the surviving animals.

4 1-Nitropyrene. 2 pituitary adenomas. 11 pituitary adenocarcinomas: 2-nitropyrene, 2 pituitary adenomas. 9 pituitary adenocarcinomas. 1 thyroid adenoma. 1
leukemia. 2 adrenal pheochromocytomas; 4-nitropyrene, 1 pituitary adenoma. 5 pituitary adenocarcinomas, 1 thyroid adenocarcinoma. 1 Zymbal's gland carcinoma.

1 adrenocortical adenoma. 4 malignant fibrous histiocytomas; control. 2 cutaneous fibromas. 1 pituitary adenoma. 11 pituitary adenocarcinomas.
"P< 0.025.
I'P<0.00\.

Tumor Induction by Direct Injection into the Mammary Gland.
A further exploration of the effect of the route of administration
involved treatment of weanling female CD rats by direct injec
tion of 1-, 2-, or 4-nitropyrene into the mammary fat pads, a
technique previously shown to yield mammary adenocarcinoma
following treatment with /V-hydroxy-A'-acetyl-Z-aminofluorene.

A total of 2.04 Â¿<molof the nitro compound in dimethyl sulf
oxide was injected into the mammary glands under each of the
6 left nipples. The right mammary glands were treated with the
solvent only. The injections of the thoracic nipple areas were
carried out on day 1, and the inguinal areas were treated on day
2. The animals were sacrificed after 77 weeks.

The number of tumor-bearing animals, the number of mam
mary tumor-bearing animals, the number with mammary fibro
adenoma, and the number with mammary adenocarcinoma
were significantly increased in the 4-nitropyrene-treated group
as compared with animals treated with only dimethyl sulfoxide
(Table 4). Neither 1- nor 2-nitropyrene significantly increased
the mammary tumor incidence as compared to that of the
solvent-treated animals. Mammary tumors were induced pre
dominantly in the left mammary glands that had been treated
with 4-nitropyrene.

DISCUSSION

The data reported here further confirm the carcinogenicity
of l-nitropyrene for the mammary gland of the outbred female
CD rat that had been demonstrated previously following s.c.
(15) or p.o. (16) administration to newborn female CD rats.
However, l-nitropyrene manifests a weak activity for this organ

in weanling animals that is evident only after prolonged periods
following treatment. As judged by the results reported here with
weanling animals, there appears to be little difference in mam
mary gland response to l-nitropyrene injected i.p. or s.c. Sur
prisingly, direct administration of l-nitropyrene to the mam
mary gland did not result in treatment-dependent tumor induc
tion, suggesting that the observation period, 77 weeks, was
insufficient or that systemic metabolism plays a role in tumor
induction by this compound. In this regard, neither of the two
reduced and acetylated derivatives of l-nitropyrene, i.e., N-
hydroxy-A'-acetyl-l-aminopyrene and jV-acetyl-l-aminopyrene,

induced mammary tumors. Both of these putative metabolites
produced neoplastic hepatic lesions in the relatively insensitive
female CD rats used in the current studies, thus suggesting a
possible potential for liver tumor induction in more sensitive
male animals. Although the hydroxamic acid derivative was
more efficient at producing liver lesions than the amide, as
might be expected, metabolic studies in vitro* have failed to

provide evidence for the metabolic activation of the hydroxamic
acid by pathways analogous to those previously demonstrated
for structurally related /V-hydroxy-/V-acetyI-2-aminofluorene
(21).

The weak carcinogenicity of l-nitropyrene for the rat mam
mary gland and the strong carcinogenicity of 1,6- and 1,8-
dinitropyrene have prompted concern that tumor induction by
preparations of the mononitro derivative may arise from inad
vertent contamination by dinitro compounds. This is unlikely
since no dinitropyrenes were detectable by mass spectroscopy
carried out in two independent laboratories; levels > 0.01%
would have been identified (15). Furthermore, the presence of
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CARCINOGENICITY OF MONONITROPYRENES

either 1,6- or 1,8-dinitropyrene in the present studies would
have resulted in extensive malignant fibrous histiocytoma for
mation (21). Injection into newborn animals of a total of 6
Â¿Â¿mols.c. of either dinitro isomer resulted in a 100% incidence
of this tumor within 20 weeks. Injection of adult Fischer 344
rats with as little as 10 pg of 1,6-dinitropyrene led to a high
incidence of tumors within 1 year (22). In the present study,
only 1 malignant fibrous histiocytoma developed in a total of
114 animals treated with 1-nitropyrene that were observed for
61 to 90 weeks following treatment.

Mice also appear to be relatively less susceptible to 1-nitro
pyrene tumorigenicity. This compound, injected i.p. into new
born mice, produced a low incidence of lung (23) and liver (24)
tumors. When applied to mouse skin, it did not produce skin
tumors (25, 26).

2-Nitropyrene, the isomer believed to result environmentally
from photochemical reactions (1), exhibited no ability to induce
mammary tumors in either experiment. However, the incidence
of leukemia was increased significantly in animals (i.e., 6 of 28)
given the compound repeatedly by i.p. injection; only 1 of 29
developed leukemia following direct application to the mam
mary glands. By comparison, the potent carcinogen ./V-hydroxy-
yV-acetyl-2-aminofluorene was the only other compound to sig
nificantly increase the incidence of leukemia. Of possible mech
anistic importance are the abilities of the hydroxamic acids of
both 2-aminopyrene and 2-aminofluorene to serve as substrates
for 7V,O-acetyltransfer (11, 13), while the hydroxamic acids
derived from 1- and 4-aminopyrene are unable to do so.5 At
tempts to demonstrate the activation of /V-hydroxy-1-amino-
pyrene by O-acetylation have not been successful; the potential
for activation of the other two isomers by O-acetylation is
unknown.5 Leukemia induction in female CD rats has also been
observed following i.p. treatment with either 1,6- or 1,8-dini
tropyrene (21).

4-Nitropyrene was the most potent carcinogen of the three
isomerie nitropyrenes, as evidenced by a significant increase in
the incidence of mammary adenocarcinoma, the multiplicity of
these tumors, and a decrease in the latent period of tumor
induction. Mammary tumor induction by the 4-isomer was
approximately twice as great as that by /V-hydroxy-A'-acetyl-2-

aminofluorene as judged by tumor incidence and multiplicity.
Only 2 of the 460 animals used in the studies reported here
developed ear duct tumors; both had been treated with 4-

nitropyrene. Although not statistically significant, these data
suggest that 4-nitropyrene may be carcinogenic for this organ.
4-Nitropyrene also induced malignant fibrous histiocytomas
when injected into the mammary gland. As indicated above, i.p.
or s.c. injections with either 1,6- or 1,8-dinitropyrene readily
induce these tumors (21). The greater carcinogenic activity of
4-nitropyrene, as compared to that of the other two isomers, is
consistent with the relative abilities of the 1- and 4-substituted
isomers to induce liver tumors and lung tumors in mice (24).

The protocol used for the direct injection of mammary gland
in the present study utilized solvent-treated control injections
into the right glands; the compounds, in the vehicle, were
injected into the contralateral mammary glands. Previously, the
compounds had been placed in contact with the mammary
tissues by use of a surgical technique (27) or by direct injection
(11) as in the present experiment. By injecting only the solvent
in the glands opposite those treated with the compound, a
control is provided for interactions between tissue damage and
systemic exposure to the agent. Failure of the injection of the
vehicle alone to increase mammary tumor formation in the

contralateral mammary glands of the 4-nitropyrene-treated an
imals supports the conclusion that the mammary gland has the
necessary enzymes to carry out the putative metabolic activation
of 4-nitropyrene and that systemic metabolism was not involved
in the tumor formation by this agent.

Experiments with S. iyphimurium TA 1538 have shown that
the relative order of mutagenicities is 1-nitropyrene Â« 2-
nitropyrene < 4-nitropyrene,5 a relationship that approximates

the carcinogenicities observed in the present experiments. The
molecular mechanisms responsible for the mutagenicity of these
three isomerie nitropyrenes for 5. typhimurium may be similar
to those involved in tumor induction, in that both are likely to
result from the reductive production of arylhydroxylamines that
react with DNA, with or without further esterification (7-10).
Alternative possibilities involving the production of reactive
epoxides have also been proposed (28, 29). In considering the
specific mechanisms that might be involved in producing these
biological effects with these structures it should be noted that
1- and 4-nitropyrene both have nitro groups adjacent to a fused
aromatic ring; 2-nitropyrene does not. Biochemical experi
ments have shown that o-substituents alter the ability of en
zymes to metabolize arylamines (30). Differences in tissue
susceptibility to the three isomerie nitropyrenes may reflect the
participation of different enzyme systems in the activation of
nitroarene derivatives because of structures that are constrained
by adjacent structural features. Since the structures of 1- and
4-nitropyrene are similar in the region of the nitro group it is
likely that other characteristics, possibly electronic, account for
the differences in their biological activities.
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