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Abstract

Naphthalene (NP) has been designated a ‘reasonably anticipated human carcinogen’ because of positive responses in carcinogenicity
bioassays in rodents. Whereas CYP2F enzymes are widely regarded as responsible for NP bioactivation, other metabolic enzymes—in-
cluding CYP1A1 and CYP1A2—produce NP-1,2-oxide in vitro. We investigated the role of these aryl hydrocarbon receptor (AHR)-
mediated enzymes in NP toxicity in two ways. First, NP was assessed for the ability to activate transcription via the AHR in an in vitro
luciferase reporter assay and was found to have no activity. Second, mice deficient in AHR, CYP1A1 or CYP1A2 were dosed with NP
alone, or following pretreatment with the CYP2F inhibitor 5-phenyl-1-pentyne. None of the knockout mice were protected from olfac-
tory toxicity of NP. In contrast, CYP1A1- and CYP1A2-null mice pretreated with S-phenyl-1-pentyne exhibited no NP olfactory tox-

icity. These results suggest that AHR-mediated enzymes do not contribute significantly to NP bioactivation in the intact animal.

© 2006 Elsevier Inc. All rights reserved.
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Naphthalene (NP) is a widespread environmental
contaminant because of its generation as a combustion
by-product, use as a pesticide and pesticide synthesis inter-
mediate, and as component of fuels such as JP-8 [1-3].
Toxicity associated with NP exposure was, until recently,
associated primarily with cataract formation, hemolytic
anemia, and respiratory tract irritation [4-6]. However,
bioassays conducted by the National Toxicology Program
have opened the debate as to whether NP poses a cancer
risk to exposed humans [7,8]. Specifically, chronic bioas-
says conducted in B6C3F; mice and F344/N rats, in which
NP was administered via inhalation for 2 yr (0-30 ppm for
mice; 0-60 ppm for rats), showed “clear evidence” of car-
cinogenicity. An excess of nasal respiratory epithelial ade-
nomas was observed in male rats, whereas female rats
developed predominantly olfactory mucosal neuroblasto-
mas. Mice exhibited nasal irritation, but not an excess of
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nasal tumors, and female mice developed an excess of pul-
monary alveolar/bronchiolar adenomas. NP is currently
the subject of widespread public and scientific scrutiny.
NP was listed for the first time in the 11th edition of the
NTP Report on Carcinogens as a ‘reasonably anticipated
human carcinogen’ [9]; and NP is classified as a group
2B, or possible human carcinogen, by the International
Agency for Research on Cancer [10].

The mechanism of NP’s carcinogenic activity is not
understood. NP is widely regarded as non-mutagenic,
based on the results of in vitro mutagenicity assays showing
that NP is non-mutagenic =+ liver S9 activation in multiple
Salmonella typhimurium strains. However, cytogenetic tests
with cultured Chinese hamster ovary cells showed an
increase in sister chromatid exchanges 4+ metabolic activa-
tion and an increase in chromosomal aberrations with liver
S9 activation [7,8]. Further, the 1,2- and 1,4-naphthoqui-
none metabolites of NP are mutagenic in vitro [11,12].

Multiple metabolic enzymes, including mouse, human,
rat, and goat cytochrome P450s (CYPs), metabolize NP
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(Table 1), but the relative contributions of the various
CYPs in vivo have not been systematically evaluated.
Mouse CYP2F2 has a low K, and high V., for NP,
whereas human CYP2F1 and rat CYP2F4 have a consider-
ably lower turnover rate (less than 0.1% of mouse
CYP2F2) [13,14]. Both CYP1Al and CYP1A2 have been
reported to metabolize NP in wvitro [15,16], and both of
these enzymes are under the transcriptional control of the
aryl hydrocarbon receptor (AHR). In contrast, AHR-regu-
lated CYP1BI1 appears not to have catalytic activity in NP
metabolism [17].

Table 1
Cytochrome P450 enzymes shown to catalyze initial epoxidation reaction
of NP

Enzyme Citation
CYPI1ALl [15]

CYP1A2 [16]
CYP2A5/6 [18]

CYP2B isoforms [19,20]
CYP2E1 [21]

CYP2F isoforms [13,14,22-24]

The goals of this study were to follow up on the in vitro
observations of other laboratories as to the relative contri-
butions of enzymes under transcriptional control of the
AHR to NP bioactivation and to determine whether NP
itself can activate gene transcription via the AHR.

Methods

Chemicals. Naphthalene and dimethyl sulfoxide were obtained from
Fisher Scientific; 5-phenyl-1-pentyne was purchased from GFS (Columbus
OH); TCDD was purchased from Accustandard, Inc. (New Haven, CT).

Mice. Ahr—/—, Cyplal—/—, and Cypla2—/— knockout mice were
generated from in-house breeding colonies, and wild-type littermates were
used as controls. Generation of the respective knockout mouse lines has
been previously described [25-27], and these mice are maintained on the
C57BL/6J background. Female mice were 6-8 weeks of age when treated.
Mice were maintained on 12 h light/dark cycles and received rodent chow
(Teklad/Harlan LM-485; Indianapolis, IN, USA) and tap water ad libitum.
Mice received one of the following treatments by intraperitoneal injection:
[a] 200 mg/kg of NP in corn oil [Mazola] (all genotypes; n = 4/genotype);
[b] corn oil only (all genotypes; n = 4/genotype); [¢] 200 mg/kg 5-phenyl-1-
pentyne, diluted in corn oil, followed 2h later by 200 mg/kg NP
(Cyplal—/—, Cypla2—/—, and wild type mice; n = 4/genotype); [d]
5-phenyl-1-pentyne in corn oil only (Cyplal—/—, Cypla2—/—, and wild

Fig. 1. (A) Frontal section through the ethmoid turbinates of a C57BL/6J (wild type) mouse treated with 200 mg/kg NP and sacrificed 18 h later. Note
extensive sloughing of the olfactory epithelium from the dorsal nasal septum (S) and nasal turbinates (t) into the nasal airways (*). (B) Similar damage in
the nasal cavity of a Cyplal—/— mouse following the identical NP treatment. The lesions noted in the nasal cavities of Cypla2—/— mice are identical (not
shown). (C) Ahr—/— mice are similarly not protected from NP-induced olfactory epithelial sloughing. Note complete separation of the epithelium from the
basement membrane at the top of the panel (arrow). (D) Cyplal—/— pretreated with 200 mg/kg 5-phenyl-1-pentyne, followed 2 h later by 200 mg/kg NP.
Mice were sacrificed 18 h after NP treatment. Note smooth olfactory epithelium (OE) covering the nasal septum (S) and turbinates (t), as well as absence of
debris from nasal airways (*). The histological appearance of this nasal cavity is indistinguishable from vehicle treated controls of all genotypes (not
shown). Paraffin sections were stained with hematoxylin and eosin; micrographs were photographed at 4x magnification.
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type mice; n=4/genotype). Mice were sacrificed by carbon dioxide
asphyxiation 18 h after NP administration. Lungs were examined grossly
for evidence of hemorrhagic lesions; nasal cavities were flushed with
neutral buffered formalin, fixed overnight in formalin, and then decalcified
in 10% formic acid containing Rexyn ion exchange resin. After paraffin
embedding, sectioning at 5-um thickness, and staining with hematoxylin
and eosin, sections corresponding to approximately Level 3 and Level 4 of
the nasal cavity were examined by light microscopy [28]. Olfactory
mucosal toxicity has been reported to be a more sensitive endpoint for NP
toxicity in mice than lung toxicity [29], and hence our decision to examine
this tissue histologically.

AHR-mediated gene transcription assay. A wild-type Hepa-1 cell line
with a stably integrated pAhRDtkLuc3 was grown to confluence as pre-
viously described [30] and then seeded into 24-well culture plates. After
allowing 24 h for cells to adhere to wells, the cultures were treated with
DMSO; TCDD (10 nM in DMSO); or NP at concentrations of 0.5, 1, 10,
or 50 uM (n =4 wells per treatment). Cells were harvested 24 h later in
Reporter Lysis buffer (Promega) and luminescence was determined at
495 nm. Protein concentrations were measured using the Bradford acid
assay (Bio-Rad), and results were expressed as means and standard errors
of the mean for each treatment condition.

Results
Knockout mouse studies

Wild-type, Cyplal—/—, and Cypla2—/— mice treated
with 5-phenyl-1-pentyne + NP showed no overt sign of
toxicity 18 h after treatment and were completely protected
from the olfactory toxicity of NP. In contrast, the non-pre-
treated NP-treated wild-type, Cyplal—/—, and Cypla2—/—
mice showed labored breathing and hemorrhagic lungs
upon sacrifice, as well as nearly 100% sloughing of the
olfactory mucosa (Fig. 1). Ahr—/— mice were similarly
not protected from NP-induced olfactory mucosal degener-
ation and pulmonary hemorrhage.

Gene transcription assay

Fig. 2 shows the results of studies designed to determine
whether NP activates gene transcription via the AHR.
Clearly, whereas TCDD was effective in this assay, NP
had no activity over a 100-fold range of concentrations
(0.5-50 uM).
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Fig. 2. NP is negative over a 100-fold range of concentrations (0.5-50 pM
NP; V = DMSO vehicle treatment) for activity in induction of transcrip-
tion through the AHR. The AHR ligand 2,3,7,8-tetrachlorodibenzo-[p}-
dioxin (TCDD; 10nM) gave a strong positive response, but all NP
concentrations tested were indistinguishable from the vehicle control
(means + SEM).

Discussion

The results of our in vivo NP treatment studies
revealed that mice in which the Ahr gene is ablated are
not protected from NP cytotoxicity. We also investigated
the impact of the absence of the Cyplal and Cypla2
genes on susceptibility to NP-induced respiratory tract
damage, given that both genes are inducible in lung,
and the expressed proteins have been shown to convert
NP to NP-1,2-oxide in vitro [15,16,31]. NP did not stim-
ulate gene transcription via the AHR in our study, sug-
gesting that neither CYP1A1 nor 1A2 would be present
in the lung given that they are undetectable in the
absence of administration of an inducing agent such as
3-methylcholanthrene [31]. Therefore, our observation
that Cyplal—/— and Cypla2—/— mice are not different
from wild-type mice in their susceptibility to the respira-
tory tract toxicity of NP is not surprising.

In addition, this study shows that inhibition of CYP2F2
by 5-phenyl-1-pentyne treatment decreases the respiratory
tract toxicity of NP in both knockout strains of mice. This
effect is presumably due to inhibition of bioactivation of NP
to the pneumotoxicant NP-1,2-oxide by CYP2F2
[32-34]. These results suggest that, in the absence of
CYP2F?2 (or in the presence of a CYP2F isozyme that has
less activity toward NP than murine CYP2F2, such as
human CYP2F1 or rat CYP2F4), the respiratory tract tox-
icity and carcinogenicity of NP would be a less significant
risk. In the presence of CYP1A1 and 1A2 inducers, howev-
er, we cannot rule out the possibility that these enzymes
might contribute to the bioactivation or detoxication of
NP. These studies confirm previous results that the respira-
tory tract toxicity of NP in the mouse results from CYP2F2
bioactivation of NP to one or more species that deplete cel-
lular glutathione and thereby cause cytotoxicity [29].
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