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The mutagenicities and endocrine-disrupting ac-
tivities of two isomers of mononitrated 1-hydro-
xypyrene [1-hydroxy-x-nitropyrenes (1-OH-x-NPs);
x = 2 and 5], which are not only photoreaction prod-
ucts of 1-nitropyrene (1-NP) but also constituent of
ambient airborne particles, were evaluated for the
first time using the Ames plate incorporation assay
and the yeast two-hybrid assay, respectively. The mu-
tagenicity of 1-OH-5-NP was weakly positive in the
absence of rat liver S9, but was enhanced up to 3-fold
with the metabolic activation by S9. On the contrary,
1-OH-2-NP did not exhibit significant mutagenicity in
the presence or absence of S9. 1-OH-5-NP showed
weak estrogenic activity, but 1-OH-2-NP did not show
any estrogenic activity. The concentration of 1-OH-
5-NP that gave 10% of activity of 1.0 x 10-* M 178-
estradiol (E;) was 5.4 x 10~7 M. 1-OH-5-NP exhibited
stronger antiestrogenic and antiandrogenic activities
than 1-OH-2-NP. 1-OH-5-NP at a concentration of 1.0
x 10~% M inhibited 71 and 90% of 8-galactosidase ac-
tivity induced by 1.0 x 10~ M of E; and 1.0 x 108 M
of Sa-dihydrotestosterone (DHT), respectively. On
the other hand, 1.0 x 10~°M of 1-OH-2-NP inhib-
ited 16 and 43% of B-galactosidase activity induced
by 1.0 x 10~° M of E; and 1.0 x 10~8 M of DHT, re-
spectively. These findings point out the need for deter-
mining the environmental sources and distribution of
1-OH-2-NP and 1-OH-5-NP as well as the other hy-
droxynitropyrene isomers.
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INTRODUCTION

Numerous polycyclic aromatic hydrocarbons
(PAHs) have been detected in organic extracts of
airborne particles, and concerns are rising that
they may affect human health through their mu-
tagenic and carcinogenic effects. Nitrated poly-
cyclic aromatic hydrocarbons (NPAHs) are also a
class of mutagens/carcinogens found in the atmo-
sphere, and some of them exhibit stronger muta-
genicity/carcinogenicity than their parent PAHs."
1-Nitropyrene (1-NP) is believed to be emit-
ted into the atmosphere from combustion pro-
cesses of fossil fuel such as diesel fuel” and is
one of the most abundant NPAHs in the atmo-
sphere.” 1-NP taken up by humans and animals
is metabolized to hydroxynitropyrenes (OHNPs;
Fig. 1), such as 1-hydroxy-3-nitropyrene (1-OH-3-
NP), 1-hydroxy-6-nitropyrene (1-OH-6-NP), and 1-
hydroxy-8-nitropyrene (1-OH-8-NP) in the pres-
ence of cytochrome P450 enzymes.*> We recently
found that these OHNP isomers were also produced
from a photoreaction of 1-NP in the atmosphere as
well as the other isomers, 1-hydroxy-2-nitropyrene
(1-OH-2-NP) and 1-hydroxy-5-nitropyrene (1-OH-
5-NP).9 Several groups reported that 1-OH-3-NP,
1-OH-6-NP, and 1-OH-8-NP are weakly muta-
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Fig. 1. Structure of OHNP
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genic,” !9 but the mutagenicities of 1-OH-2-NP
and 1-OH-5-NP are unknown.

Recently several kinds of PAH derivatives
have been found to act as endocrine disruptors
which may cause the dysfunction of human and
wildlife endocrine systems, abnormal development
of reproductive systems, and immunodeficiencies.
For example, several monohydroxylated deriva-
tives of PAHs (OHPAHSs) have significant estro-
genic/antiestrogenic activities, as shown by a re-
porter gene assay' " and by a yeast two-hybrid assay
system based on the ligand-dependent interaction of
the estrogen receptor (ER) and its co-activator.'?
Furthermore, mono- and dihydroxy metabolites of
PAHs appear to act as antiandrogenic chemicals, as
shown by a reporter gene assay based on Chinese
hamster ovary (CHO) cells transiently cotransfected
with a human androgen receptor (hAR) vector and
an MMTV-LUC vector.'> We have also found that
1-OH-3-NP, 1-OH-6-NP, and 1-OH-8-NP show sig-
nificant estrogenic, antiestrogenic, and antiandro-
genic activities in the yeast two-hybrid assay sys-
tem.'” These results imply that 1-OH-2-NP and
1-OH-5-NP, whose structures are similar to those
of OHPAHSs and other OHNP isomers, also exhibit
endocrine-disrupting activities.

In this study, theirfore, we first examined the
mutagenicities and endocrine-disrupting activities
of 1-OH-2-NP and 1-OH-5-NP. For these analyses,
we used the Ames plate incorporation assay and the
yeast two-hybrid assay, respectively.

MATERIALS AND METHODS

Synthesis of OHNPs—— 1-OH-2-NP  was
synthesized by nitration of 1-hydroxypyrene
(OHPy) by 4-nitro-4-methyl-2,3,5,6-tetrabromo-
2,5-cyclohexadien-1-one in diethyl ether at
room temperature for 2hr according to the lit-
eratures.® 1319 1-OH-5-NP was obtained by a
photoreaction of 1-NP according to the previous
report.®’ Each OHNP isomer was purified by
preparative normal phase HPLC (SUPELCO, St.
Louis, MO, U.S.A.; Supelcosil PLC-SI, 21.2 mm
IDx25mm, eluted with CH)Cl, containing
0.5mM CH3COOH at 10 ml/min). To identify the
synthetic compounds, their EI-MS and 'H NMR
analyses were performed.

Chemicals —— 4-Nitro-4-methyl-2,3,5,6-tetrabromo-
2,5-cyclohexadien-1-one was purchased from
Tokyo Chemical Industry Co., Ltd (Tokyo, Japan).

1-NP and OHPy were obtained from Sigma-Aldrich
(St. Louis, MO, U.S.A.). 178-Estradiol (E;) and
Sa-dihydrotestosterone (DHT) were purchased
from Wako Pure Chemicals (Osaka, Japan). 4-
Hydroxytamoxifen (4-OHT) and hydroxyflutamide
(OHF1) were obtained from Sigma-Aldrich and
Toronto Research Chemical Inc. (North York,
Canada), respectively. Test compounds were dis-
solved in ethanol and stored at —20°C until use.
All other chemicals were of the highest quality
available from commercial sources.

Mutagenicity Assay —— Mutagenic activities of
OHNPs were assayed with Salmonella typhimurium
strains TA98 and TA100 according to the method
developed by Maron and Ames'” including a slight
modification of preincubation'® in the presence or
absence of S9 mix.

Yeast Two-hybrid Assay —— Estrogenic, antie-
strogenic, androgenic, and antiandrogenic activities
of OHNPs were evaluated with the yeast two-hybrid
assay following Nishikawa’s method with some
modifications.'? 1%:20) Briefly, yeast cells (Saccha-
romyces cerevisiae Y190) expressing human es-
trogen receptor (hERa@) and hAR or two-hybrid
system control yeast cells (Saccharomyces cere-
visiae Y190 transfected with the pGBK7-53 and
pGADT7-T) were grown overnight at 30°C with
shaking in synthetic defined medium free from tryp-
tophan and leucine, and treated with each test com-
pound at 30°C for 4hr. After the incubation, the
treated cells were collected and enzymatically di-
gested with 1 mg/ml Zymolyase 20T at 37°C for
30min. 2-Nitrophenyl-8-D-galactoside was added
to the lysate to a final concentration of 4 mg/ml. Af-
ter incubation at 30°C for 45 min, the reaction was
terminated by the addition of 1M NayCOs3. The
yeast debris was removed by centrifugation and the
absorbance of supernatant was measured at 415 nm.
Estrogenic activity was evaluated by the 10% rela-
tive effective concentration (REC;g), which is de-
fined as the concentration of the test compounds
showing 10% of the highest -galactosidase activ-
ity of E;. Antiestrogenic and antiandrogenic activ-
ities were evaluated by 1C,p, which is the concen-
tration of the test compounds that inhibit 20% of -
galactosidase activity induced by 1.0 x 10~ M E,
and 1.0 x 1078 M DHT, respectively.

RESULTS AND DISCUSSION

Table 1 shows the mutagenicities of OHNPs ob-
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Table 1. Specific Mutagenicities of OHNPs and 1-NP, and Relative Mutagenicities of OHNPs
to 1-NP Evaluated by Ames Assay

Compound TA98 TA100
-S9 +S9 -S9 +S9
Specific mutagenicity ©
1-OH-2-NP 28 46 118 164
1-OH-5-NP 73 255 209 589
1-NP 1605 165 539 236
DMSO 22 29 122 127
Relative mutagenicity to 1-NP?
1-OH-2-NP ¥ 0.02 0.3 0.2 0.7
1-OH-5-NP ¥ 0.05 1.5 0.4 2.5
1-OH-3-NP 0.39 0.69 1.49 0.8%
1-OH-6-NP 0.069 1.59 2.59 2.49
1-OH-8-NP 0.099 0.39 — —°

DMSO: used as a negative control.

a) This study. Specific mutagenicity, expressed as rever-

tants/40 nmol-test compound, was calculated by least squares linear regression from linear portion of dose-
response curve. b) Calculated based on the specific mutagenicities. ¢) Obtained from reference 9. d) Ob-
tained from reference 10. ¢) Not available in reference 10.

Table 2. REC;, and IC,, Values for OHNPs and Reference Chemicals in Yeast

Two-hybrid Assay

Compound REC,® 1Cy®

Estrogenic Antiestrogenic Antiandrogenic

activity activity activity

1-OH-2-NP¥ — 1.3x107° 3.7x 1077
1-OH-5-NP¥ 5.4x1077 2.5x 1077 32x107%
1-OH-3-NP? 6.0x 1077 1.1x107° 2.3x 1077
1-OH-6-NP? 6.0x 1078 1.0x 1076 3.1x1077
1-OH-8-NP? 9.0x 107’ 7.0x 1077 5.1x1078
E,9 6.0x 107!
4-OHT® 5.3x107¢
OHF19 5.3x107¢

a) This study. b) Taken from reference 14. c¢) Concentration of the test compounds
showing 10% of the highest B-galactosidase activity of E. d) Significant induction of g-
galactosidase activity was not observed at concentrations between 1.0 x 1078 and 1.0 x 107 M.
e) Concentration of the test compounds that inhibit 20% of S-galactosidase activity induced by

10° M E, or 10~8 M DHT.

tained in this study. 1-OH-2-NP was not mutageni-
cally active in either TA98 or TA100 with or with-
out metabolic activation by S9. The mutagenicity
of 1-OH-5-NP in the TA98 and TA100 strains was
weakly positive in the absence of S9, i.e., the num-
bers of revertants were 2-3-fold greater than the
number of spontaneous revertants in the negative
control [dimethyl sulfoxide (DMSO)]. On the other
hand, the mutagenic activities of 1-OH-5-NP in both
the strains were enhanced approximately 3-fold by
the addition of S9. The mutagenicities of 1-OH-5-
NP relative to the mutagenicity of 1-NP are given in
Table 1 together with those of the other OHNP iso-
mers. With S9 activation, they were 1.5 and 2.5 in
TA98 and TA100, respectively, i.e., the mutagenic-

ity of 1-OH-5-NP was higher than that of 1-NP, as
was the case of 1-OH-6-NP in the presence of S9.
These results are consistent with previous findings
that some OHINP isomers need metabolic activation
to exhibit mutagenicity.® %21

Figure 2 shows the estrogenic activities of Ej
and the two isomers of OHNP. g-Galactosidase ac-
tivity increased with increasing E, concentration,
reaching a plateau at 1.0 x 107 M. A significant
induction of B-galactosidase activity was also ob-
served for 1-OH-5-NP (REC o = 5.4 x 10~7 M), but
no activity was observed for 1-OH-2-NP at concen-
trations between 1.0 x 1078 and 1.0 x 107% M. The
RECy and ICyq values for the OHNP isomers ob-
tained in this study and for the reference chemicals
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Fig. 2. Dose Response Curves of Estrogenic Activity of E; and
1-OH-x-NPs (x =2 and 5) in a Yeast Two-hybrid Assay
System
Each data point is the mean + S.D. (n = 3).
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Fig. 3. Antiestrogenic Activity of 4-OHT and 1-OH-x-NPs
(x = 2 and 5) against the Estrogenic Activity of E; in
a Yeast Two-hybrid Assay System
Antiestrogenic activities of 4-OHT and 1-OH-x-NPs were ex-
pressed as (-galactosidase activity relative to the level induced by
1.0 X 107° M E,. Each data point is the mean + S.D. (n = 3).

are summarized in Table 2. The estrogenic activity
of 1-OH-5-NP was lower than that of 1-OH-6-NP,
but higher than the estrogenic activities of the other
OHNP isomers previously reported!® or bisphenol
A (RECjg = 3 x 107°M),' a known estrogenic
compound. Figure 3 shows the antiestrogenic ac-
tivities of the tested OHNPs in the concentration
range from 1.0 x 1078 to 1.0 x 107% M. To obtain
these data, we used an E, concentration of 1.0 X
1072 M, which induced about 50% of the maximum
[-galactosidase activity. At a concentration of 1.0
x 1070 M, each of the OHNP isomers decreased the
induction of S-galactosidase activity by E,. 1-OH-
2-NP and 1-OH-5-NP showed 4 and 21 times higher
antiestrogenic activity, respectively, than 4-OHT, a
typical ER antagonist (Table 2). Figure 4 shows
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Fig. 4. Antiandrogenic Activity of OHFl and 1-OH-x-NPs
(x =2 and 5) against the Androgenic Activity of DHT
in a Yeast Two-hybrid Assay System

Antiandrogenic activities of OHFl and 1-OH-x-NPs were ex-
pressed as S-galactosidase activity relative to the level induced by

1.0 x 1078 M DHT. Each data point is the mean + S.D. (n = 3).

the results of the antiandrogenic activities for the
tested OHNPs. In the presence of OHNPs at con-
centrations between 1.0 x 1078 and 1.0 x 107°M,
the activity of 1.0 x 1078 M DHT, which induced
about 50% of the highest 8-galactosidase activity of
DHT, was inhibited concentration-dependently. The
highest inhibitory effect among the five OHNP iso-
mers was observed with 1-OH-5-NP as was the case
with antiestrogenic activity. The antiandrogenic ac-
tivities of 1-OH-2-NP and 1-OH-5-NP were 14 and
166 times higher than the antiandrogenic activity of
OHFI (Table 2). At concentrations less than 1.0 X
1079 M, neither OHNP isomer was cytotoxic to the
control yeast cells, which supports the idea that the
decreases of S-galactosidase induction observed in
this study were due to antiestrogenic/antiandrogenic
effects rather than cytotoxic effects. Neither 1-OH-
2-NP nor 1-OH-5-NP showed androgenic activity
at concentrations between 1.0 x 107 and 1.0 x
107 M. OHPAHS having four aromatic rings, such
as hydroxybenz[a]anthracenes, hydroxychrysenes,
and hydroxybenzo[c]phenanthrenes, were shown to
have strong endocrine-disrupting activities.??) In ad-
dition, it was reported that the four rings and a
phenolic hydroxyl group needed to be in a rect-
angular plane in order for OHPAHsS to bind to the
site of the receptor.’”) The OHNP isomers have the
same planar structure, which could account for their
endocrine-disrupting activities.

Because of the significant biological effects
of OHNPs, further studies of their environmental
sources, sinks, and distributions are needed to better
assess their risks.
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