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Abstract Keywords

Inhalation of naphthalene causes olfactory epithelial nasal tumors in rats (but not in mice) and  Cytotoxicity, dose-response, genotoxicity,
benign lung adenomas in mice (but not in rats). The limited available human data have not iden- hazard identification, human equivalent
tified an association between naphthalene exposure and increased respiratory cancer risk. As- concentrations, human relevance, risk
sessing naphthalene’s carcinogenicity in humans, therefore, depends entirely on experimental assessment, site concordance

evidence from rodents. We evaluated the respiratory carcinogenicity of naphthalene in rodents, .

and its potential relevance to humans, using our Hypothesis-Based Weight-of-Evidence (HBWoE) ~ History

approach. We systematically and comparatively reviewed data relevant to key elements in the  Received 2 February 2014
hypothesized modes of action (MoA) to determine which is best supported by the available  Revised 8 June 2015
data, allowing all of the data from each realm of investigation to inform interpretation of one  Accepted 9 June 2015
another. Our analysis supports a mechanism that involves initial metabolism of naphthalene

to the epoxide, followed by GSH depletion, cytotoxicity, chronic inflammation, regenerative

hyperplasia, and tumor formation, with possible weak genotoxicity from downstream metabo-

lites occurring only at high cytotoxic doses, strongly supporting a non-mutagenic threshold MoA

in the rat nose. We also conducted a dose-response analysis, based on the likely MoA, which sug-

gests that the rat nasal MoA is not relevant in human respiratory tissues at typical environmental

exposures. Our analysis illustrates how a thorough WoE evaluation can be used to supporta MoA,

even when a mechanism of action cannot be fully elucidated. A non-mutagenic threshold MoA

for naphthalene-induced rat nasal tumors should be considered as a basis to determine human

relevance and to guide regulatory and risk-management decisions.
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Introduction

Naphthalene is a natural constituent of coal tar and crude oil,
from which it is produced and sold commercially. It is a white
solid that readily evaporates and is present in several consumer
products, such as mothballs and moth crystals, and in house-
hold deodorant blocks. It is also used in making dyes, resins,
tanning agents, and insecticides. It is released into the air in
smoke from burning wood or tobacco.

The International Agency for Research on Cancer (IARC) clas-
sifies naphthalene as “Possibly carcinogenic to humans (Group
2B)” (IARC 2002), stating that “There is sufficient evidence in
experimental animals for the carcinogenicity of naphthalene,” but
“There is inadequate evidence in humans for the carcinogenicity
of naphthalene” (IARC 2002). The National Toxicology Program
(NTP) more recently classified naphthalene as “Reasonably antic-
ipated to be a human carcinogen” based on inadequate epidemiol-
ogy studies but “sufficient evidence from studies in experimental
animals” (NTP 2011). In their reviews, neither NTP nor IARC
included a discussion of a possible mode of action (MoA) for
naphthalene carcinogenesis and the relevance to humans.

Inhalation of naphthalene causes olfactory and respira-
tory epithelial nasal tumors in rats (but not in mice) (NTP,
1992, 2000); there was a significant increase in neuroblasto-
mas of the olfactory tissue in females and a significant trend
with dose in both sexes, and males exhibited a significant
increase in adenomas of the nasal respiratory epithelium at
all exposure levels. Inhalation of naphthalene also caused
a significant increase in benign lung adenomas in female
mice (but not in rats, or in male mice) (NTP 1992, 2000).
There are no other animal inhalation carcinogenesis studies
for naphthalene. Although there are no systematic epide-
miology studies relating naphthalene exposure and cancer,
studies of respiratory tract cancers in humans and their
potential causative agents have not identified naphthalene
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exposure as associated with tumor risk (Griego et al. 2008;
Lewis 2012). In fact, there is strong evidence indicating a
lack of a tumorigenic effect in humans (particularly nasal
tumors), despite the lack of systematic investigation, for
occupationally-exposed people and for people in the general
population. The question of naphthalene’s carcinogenicity
in humans, therefore, depends entirely on the experimental
evidence from rats and mice, along with mechanistic infor-
mation that bears on whether the rat nasal tumors or the
mouse lung tumors are likely to be indicative of a potential
for human respiratory cancer risk. Nasal tumors are rare in
humans; therefore, one would expect to see an increase in
these tumors if present. However, lung tumors are not rare,
and therefore, the lack of evidence for naphthalene’s lung
carcinogenicity in humans is a less compelling refutation.
There are several important observations with respect to
naphthalene-induced tumors in rats and mice from the existing
NTP bioassays. First, the tumors are confined to specific epi-
thelial tissues of the respiratory tract that are directly exposed
to naphthalene vapors, suggesting a very specific and local
mechanism of action. In mice, adenomas are localized to bron-
chioles, and in rats, distinct but similar tumors are located in
nasal olfactory and respiratory epithelia (NTP 1992, 2000).
Second, in both rats and mice, there is widespread cytotoxic-
ity and inflammation at all doses evaluated in the tissues where
tumors occur, likely due to exceedance of the maximum tolerated
dose (MTD) (North et al. 2008). Tissues beyond the nasal and
lung epithelia do not show such cytotoxicity and hyperplasia, and
they do not have tumors. Target tissue toxicity with cell-killing
and regenerative hyperplasia is thought to be the immediate and
primary carcinogenic process for many carcinogens, followed
by cell proliferation, clonal expansion of somatic mutations, and
tumor promotion. In the NTP inhalation bioassay, the tumors
occur only where there is marked tissue toxicity (nasal and lung
epithelia), strongly suggesting a causal role (North et al. 2008).
Third, in the nasal (rats and mice) and lung (mice) tissues where
toxicity occurs, there is concentrated and localized metabolic
activity toward naphthalene (Bogen et al. 2008). In these tissues,
naphthalene is metabolized to its reactive 1,2-epoxide by cyto-
chrome P450 (CYP). The epoxide can be further conjugated with
glutathione (GSH) and detoxified, but at high naphthalene expo-
sures, GSH can become depleted, resulting in toxicity, possibly
from downstream toxic metabolites such as 1,2-naphthoquinone.
In fact, inhibiting naphthalene metabolism eliminates respiratory
cytotoxicity. Further, naphthalene is metabolized in other tissues
as well, such as the liver; in these tissues, however, there is no
evident tissue injury following naphthalene exposure in the NTP
bioassays, likely because GSH levels and resynthesis are suffi-
cient to prevent significant GSH depletion. Exposure to naphtha-
lene by intraperitoneal (IP) injection—either a single injection,
or repeatedly at high enough concentrations where mouse lung
tissue does not become tolerant (Buckpitt et al. 2002)—results
in metabolic activation and cytotoxicity in the same respiratory
tract epithelia as in inhalation studies, indicating that the localiza-
tion of effects in rats and mice is attributable to localized high
metabolic activity rather than to the direct inhalation exposure of
the tissues (Van Winkle et al. 1995, 1997; Buckpitt et al. 2002;
Plopper et al. 1992a,b). It is also notable that CYP2F is largely
localized in the tissues where tumors occur and has considerable
metabolic activity toward naphthalene, raising the possibility
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that the localization of tumor response may be dependent on this
particular CYP isozyme (Bogen et al. 2008).

There are also observations that clearly reflect differences
across species and tissues. A key difference is that naphthalene
metabolism is very active in mouse nasal tissue (Bogen et al.
2008), resulting in nasal toxicity but, unlike the rat nose, there are
no nasal tumors in mice. If tissue toxicity from local naphthalene
metabolism is thought to be critical and sufficient for generation
of rat nasal tumors, then one must account for why the tissue tox-
icity in the mouse nose does not also lead to tumors. It is notable
that a CYP isozyme other than CYP2F (i.e., CYP2AS5) has been
shown to be primarily responsible for naphthalene metabolism
in the mouse nose (Li et al. 2011; Hu et al. 2014). Perhaps this
difference accounts for mouse nasal toxicity but not tumors;
further investigation would help to elucidate this possibility.

Overall, the high degree of localization of naphthalene
metabolic enzymes, in combination with GSH depletion and
cytotoxicity in tissues where tumors occur, along with the lack
of tumors in tissues where these events do not occur, suggest
that these events are involved in naphthalene’s carcinogenic
MoA in rodents. Moreover, the balance and types of the activi-
ties of the specific CYPs involved in naphthalene metabolism
in target tissues, in combination with enzymes responsible
for detoxification or further metabolism to toxic naphthalene
metabolites, is ultimately what determines the potential for
naphthalene to cause tissue injury, and this balance will vary
across tissues and species. The extent to which the tumor
responses come from a common underlying mechanism across
species provides support for the overall MoA.

The distinction between mechanism of action and MoA is
important. A MoA can be thought of as a biological change
at the cellular level, with intermediate complexity between
molecular events and physiological outcomes, whereas a
mechanism of action describes specific biological changes
at the molecular level. Different chemicals may have similar
modes of action but very different underlying mechanisms of
action for carcinogenesis. There are a number of carcinogen-
esis models that have been proposed in the history of carcino-
genesis that are not necessarily exclusive for a given chemical
(Vineis et al. 2010). For the purposes of our analysis, we have
divided the general models into two categories (or two modes
of action for carcinogenesis) based on the relative doses likely
required for each. One category (which we call a “mutagenic
MoA”) involves direct reaction of the chemical or metabolites
of the chemical with DNA, which can lead to mutations that
are not reversible, and, therefore, possibly leads to tumor for-
mation. Importantly, this MoA can potentially occur at low
exposure concentrations. The other category (which we call a
“non-mutagenic MoA”) involves mechanisms of carcinogen-
esis that require a higher level of exposure to the chemical
before detoxification mechanisms are saturated, and there is
enough exposure to the cells and tissues that other types of
toxicity, which are often reversible (i.e., not involving direct
reaction of the parent compound or one of its metabolites
with DNA and subsequent mutations), can occur, which can
lead to secondary mutations and tumor formation. The “non-
mutagenic MoA” category includes mechanisms involving
inflammation, cytotoxicity, regenerative hyperplasia, genomic
instability, epigenetics, mitogenesis, and apoptosis, all leading
to cell proliferation and clonal expansion, possible selection of
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spontaneous mutations, and tissue disorganization (see a recent
discussion of models of carcinogenesis in Vineis et al. 2010).
Understanding the MoA is most important for regulatory deci-
sion making since critical doses for one or the other MoA may be
very different, driving very different health-protective exposure
concentrations and potential risks. Therefore, although ideally
one would want to understand both the mechanism and mode
of action for a chemical of concern, when data are not sufficient
to fully understand the mechanism, it still may be possible to
sufficiently understand the MoA and apply that understanding
to regulatory and risk-management decisions. Our analysis
includes consideration of mechanistic data and attempts to
determine a potential mechanism of action for naphthalene car-
cinogenesis. In the end, however, following integration of all of
the relevant data, we conclude that the mechanism of action for
nasal carcinogenesis in rats is still not entirely clear, and instead
focus on the MoA for our dose—response analysis.

Although naphthalene is known to cause adverse non-can-
cer effects beyond respiratory tissue (i.e., cataracts—predom-
inantly in rodents, and hemolytic anemia—predominantly in
humans) (ATSDR 2005), our analysis focuses on cancer end-
points and the non-cancer events that bear on the carcinogenic
mechanism of action and MoA. Although there is not always
concordance of tumor location across species, our analysis
suggests that naphthalene-induced tumors in other organs in
humans is not likely. Therefore, our evaluation focuses on the
respiratory carcinogenicity of naphthalene in rodents, and its
potential relevance to human respiratory cancers, using our
Hypothesis-Based Weight-of-Evidence (HBWoE) approach.
Our HBWOE approach is outlined in several recent weight-of-
evidence evaluations conducted by our group, one of which
is an evaluation of naphthalene (Rhomberg et al. 2010, 2011;
Prueitt et al. 2011; Bailey et al. 2012). In the present paper,
we provide an update to the earlier evaluation of Rhomberg
et al. (2010), incorporating new data that have been published
since 2010. We then use the results of our HBWoE evalua-
tion to estimate human equivalent concentrations (HECs) for
naphthalene carcinogenicity based on a recently developed
rat/human physiologically-based pharmacokinetic (PBPK)
model (Campbell et al. 2014) that predicts metabolized doses
of naphthalene in respiratory tissue.

Methods
Literature reviews and data collection

We included all studies that were reviewed and discussed in
our earlier paper (Rhomberg et al. 2010), along with more
recent studies identified through PubMed literature searches.
For our current analysis, we conducted similar literature
searches in PubMed for more recent epidemiology, animal,
toxicokinetic, genotoxicity, and other mechanistic studies
using the search terms ‘“naphthalene,” “genotoxicity,”
“metabolism,” and ‘“toxicokinetic.” These searches were
conducted weekly throughout the duration of our analysis, to
ensure that we were including the most current information.
In order to remain aware of new results relevant to naphtha-
lene as soon as they became available, we worked closely with
the Naphthalene Research Committee and with researchers
sponsored by this Committee who were involved in projects
investigating naphthalene toxicity and metabolism.
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Hypothesis-based weight-of-evidence (HBWoE)
methodology

The ultimate goal of the HBWoE approach is to weigh all of
the data from each realm of investigation (i.e., epidemiology,
animal data, toxicokinetics, genotoxicity, and other mechanis-
tic data), allowing the data sets to inform interpretation of one
another. Our approach is to look systematically and compara-
tively at the various key elements in the metabolism and the
hypothesized MoAs for inhaled naphthalene, to try to identify
the responsible and necessary elements for carcinogenesis.
For each key event, and for each species and tissue, we apply
three key lines of questioning:

1. Whatis necessary in the proposed naphthalene MoA? What
is sufficient, and are other elements also necessary?

2. For those events or processes proposed as critical to the
observed carcinogenic effects of naphthalene, what other
observable manifestations should they have (in other tissues
or species)? Are these other manifestations indeed found?

3. If either the operation or the necessity of these proposed
critical events were disproven, how else would one account
for the array of outcomes?

The steps in our HBWOE approach are illustrated in
Figure 1. The first two steps are presented in the first five main
sections of this paper where we examined the data for particu-
lar endpoints across studies within each realm of investigation
(epidemiology, animal bioassays, toxicokinetics, genotoxic-
ity, other mechanistic data), considering study quality, and
evaluating consistency, specificity, and reproducibility of the
reported outcomes.

Systematically review individual studies potentially relevant to
causal question at hand, focusing on evaluation of study
quality.

Within a given realm of evidence (e.g., epidemiology,
experimental animal, or mode of action studies),
systematically examine the data for particular endpoints
across studies, evaluating consistency, specificity, and
reproducibility of outcomes.

Identify and articulate lines of argument (“hypotheses”), newly
proposed or those already put forth, that bear on the available
data, and discuss how studies aer used for each hypothesis to
infer human risk.

Evaluate the logic of the proposed hypotheses with respect to
each line of evidence.

Evaluate the logic of the proposed hypotheses with respect to
all lines of evidence holistically so that all of the data are
integrated and allowed to inform interpretation of one another.

Describe and compare the various accounts of the
observations at hand, with a discussion of how well each
overarching hypothesis is supported by all of the available
data, the uncertainties and inconsistencies in the data set, and
any ad hoc assumptions required to support each hypothesis.

Formulate conclusions and any proposed next steps (e.g.,
sharpening of proposed hypotheses already put forth;
propose additional testing to clarify data gaps).

Figure 1. The seven key aspects of the Hypothesis-Based Weight-of-
Evidence (HBWOoE) approach.
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For Step 3, we articulate the hypotheses that have been put
forth within the scientific community regarding the MoA for
naphthalene-induced respiratory carcinogenesis.

The data for each realm of investigation are summarized
later in the HBWOE section in the context of the proposed
MoAs (Step 4) and in the context of all of the data combined
(Step 5), so that all realms of investigation are allowed to
inform interpretation of one another.

Next, in Step 6, we compare two alternative contentions for
the nature of the MoA and ask, for each one, if it were the true
characterization of the underlying processes, how (and how
well) it would serve to explain the patterns of outcomes among
the available studies. We formulate these sets of explanations
of the observed results across all lines of evidence into two
competing accounts. One account lays out the reasoning and
explanations contingent on accepting one overarching MoA
hypothesis. The other account lays out the alternative explana-
tions and reasoning, based on the same array of studies, that
would be needed if the other overarching hypothesis were true.

Briefly, one overarching hypothesis proposes that naphtha-
lene causes tumors in rodents via a “mutagenic MoA”—that
is, by direct interaction of the agent or its metabolites with
DNA to cause somatic mutations that are the basis of cell
transformation. Such a process would be presumed to operate
qualitatively in humans and at lower exposure levels, at least to
some degree. One can consider that direct mutagenesis is the
sole relevant effect; alternatively, one could consider variants
of the hypothesis that suggest direct mutagenesis acts alone
at low exposures, but at higher exposures, its effect may be
exacerbated by co-occurring cytotoxicity or other cellular dys-
function, or diminished by mutations occurring in dying cells.
Each variant would be presumed to produce low-dose risk, but
their dose-response patterns would be expected to differ.

The alternative overarching hypothesis is a “non-mutagenic
MoA” that identifies cytotoxicity, or other marked cellular
dysfunction, occurring once a threshold tissue exposure is
exceeded, as the necessary factor in inducing added risk of
cellular transformation. Again, one can consider this dysfunc-
tion to be the sole relevant factor, or one can consider a variant
in which the effects are exacerbated by mutagenic effects at
high doses, either because mutations are secondary to high-
dose cellular toxicity or because the mutagenic metabolites
are generated only at doses that are also sufficient to cause
cytotoxicity, inflammation, or hyperplasia. Such a MoA would
make the relevance of high-exposure rodent tumors to the
assessment of lower-exposure human risk less clear. It also
opens possibilities that species-, sex-, and dose-specific fac-
tors that influence the susceptibility to such high-dose tissue
toxicity are also important to the interpretation of relevance of
animal bioassay results to typical human exposures.

In the evaluation of these alternatives, we consider how
each experimental result could have arisen under the opera-
tion of each alternative overarching MoA hypothesis. This
includes tentative explanations for uncertainties and inconsis-
tencies among the data sets, as well as any ad hoc assump-
tions that may be required in order to reconcile an observation
with the overarching MoA. The various competing accounts
are weighed by comparing the reasoning for each account,
including ad hoc assumptions and overall plausibility of
explanations needed for each, and how likely it is that
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additional studies will support a given explanation. The most
compelling account is the one requiring the fewest number
of ad hoc assumptions and implausible explanations of
the data.

Dose-response analysis and human equivalent
concentrations

We applied United States Environmental Protection Agency’s
(US EPA’s) Benchmark Dose Software (BMDS) Version
2.3.1 (US EPA 2012a, 2012b) to conduct the dose—response
modeling and to estimate points of departure (PODs) from the
incidence of cytotoxic lesions of concern in rat nasal tissue. In
all analyses of benchmark dose (BMD), a benchmark response
(BMR) of 10% increase in extra risk was used as the basis for
the BMD, with the corresponding 95% lower confidence limit
on the benchmark dose (BMDL,) also calculated (US EPA
2012a). The average of all BMDL,, models that adequately
fit the data was selected as the POD. As discussed later in this
paper, for the data used in our dose—response analysis, the
average and best-fit BMDL, models were very similar.

We applied a recently developed computational fluid
dynamic (CFD)-PBPK model (Campbell et al. 2014) that
predicts metabolized doses of naphthalene in rat and human
respiratory tissue, to estimate HECs for naphthalene carcino-
genicity.

Human studies

There is very little information about cancer risk in humans
associated with naphthalene exposure. The human data are
limited to a few case reports and one nested case-control study
of oral/oropharyngeal cancer. To our knowledge, there are
no cohort or case-control studies of naphthalene and lung or
nasal cancer risk. Lung cancer has been addressed in several
occupational studies of industries where naphthalene exposure
may occur, but the interpretation of these studies is limited due
to low or unquantified naphthalene exposure and concurrent
exposure to other chemical agents.

Case reports

Since nasal cancer is rare in humans, case reports may be useful
for identifying possible associations. To date, there have been
no case reports of nasal cancer in association with naphthalene
exposure. Reviews by Griego et al. (2008) and Lewis (2012)
have identified two reports of naphthalene exposure and cancer
cases involving either laryngeal cancer or colorectal cancer (in
the latter report, the patients had ingested naphthalene). The
former report described four cases of laryngeal cancer among
15 workers at a German naphthalene purification plant. All of
the cases were smokers, however, and were exposed to other
potentially cancer-causing chemicals. Smoking is known to be
highly associated with laryngeal cancer (Bosetti et al. 2006;
Talamini et al. 2002).

Case-control studies

Olsson et al. (2010) conducted a case-control study of
433 lung cancer cases and 1,253 controls, nested within a
cohort of 38,296 European and Israeli asphalt workers, as an
update of an earlier study by Boffetta et al. (2003a). Although

Weight-of-evidence evaluation and risk assessment 5

naphthalene exposure was not studied specifically, naphthalene
may account for up to 90% of occupational inhalation exposure
to polycyclic aromatic hydrocarbons (PAHs) for asphalt work-
ers (NIOSH 2000). The authors found no significant associa-
tion between lung cancer and any exposure to asphalt fumes
(OR =1.12; 95% CI=0.84-1.49) when adjusted for tobacco
smoking and exposure to coal tar. In addition, there were no
significant trends for lung cancer risk and exposure duration,
average exposure, or cumulative exposure.

Merletti et al. (1991) conducted a population-based case-
control study of 86 oral or oropharyngeal cancer cases and
373 controls in Italy. This group evaluated the risk associated
with 40 occupations, 41 industries, and 16 specific chemicals,
including naphthalene. Naphthalene was not associated with
the risk of oral or oropharyngeal cancer in this study. The
results must be interpreted with caution, however, due to the
small number of cases and the large number of comparisons.

Occupational cohort studies

Lewis (2012) reviewed several studies of lung cancer risk in
connection with industries and occupations in which naph-
thalene exposure is common, including the petroleum (Wong
and Raabe, 2000; Consonni et al. 1999; Lewis et al. 2003;
Rushton, 1993), asphalt (Boffetta et al. 2003a,b; Olsson et al.
2010; Fayerweather 2007), and creosote industries (Wong and
Harris, 2005), and jet-fuel handlers (D’Mello and Yamane,
2007; Yamane, 2006). No association with lung or nasal can-
cer was reported in any of the studies. Lewis (2012) noted that
all of the studies had limitations such as lack of exposure data,
low levels of naphthalene exposure, exposure to other chemi-
cal agents, and in some studies, small numbers of cancer cases.
Lewis (2012) concluded that the insufficiencies in the data did
not allow for ruling out a potential association. He did note,
however, that none of the studies provided any evidence of an
association between naphthalene and lung or nasal cancer.

Overall analysis of data quality and consistency of results
from human studies

All of the studies described here (with the exception of two
case studies) were negative for an association between naph-
thalene and cancer. There are many data gaps, however, in the
epidemiology literature for naphthalene. While case reports
can be informative, they cannot be regarded as proof of an
association. Only one case report has been identified that
involves naphthalene inhalation exposure and any cancer
(laryngeal). The four cases described in this report all had
confounding factors, however, including smoking and expo-
sure to other potentially cancer-causing chemicals. Two case-
control studies revealed no association between lung or oral/
oropharyngeal cancers and exposure to asphalt fumes or naph-
thalene. While both of these studies provide evidence of no
association, they each have limitations such as low numbers
of cases and a lack of exposure quantifications. Most of these
studies were occupational, with exposures likely ranging from
10-3,000 pg/m? (0.002 to 0.6 ppm) (Griego et al. 2008). Back-
ground and residential naphthalene exposure levels are much
lower, ranging from 0.001-10 pg/m? (Griego et al. 2008). The
occupational cohort studies, which provide no evidence of
naphthalene exposure and lung cancer, also have limitations
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that preclude drawing any definitive conclusions. None of
these studies addressed naphthalene exposure specifically, and
all involved exposure to additional chemical agents.

Animal studies
Mice

In mice, following inhalation, the respiratory tract is the tar-
get for naphthalene toxicity. NTP conducted a 2-year bioas-
say (NTP 1992; Abdo et al. 1992; also summarized by North
et al. 2008) in which B6C3F, mice were exposed via inhala-
tion to 0, 10, or 30 parts per million (ppm) naphthalene for 6
h/day, 5 days/week, for 104 weeks. Only females exhibited a
significant increase in combined incidence of alveolar/bron-
chiolar adenomas and carcinomas at the highest dose (7/70,
18/69, 34/135 [male] and 5/69, 2/65, 29/135 [female]) (See
summary tables of neoplastic and non-neoplastic effects in
rats and mice in Rhomberg et al. 2010). Chronic inflam-
mation of alveolar/bronchiolar lung tissue was observed in
both sexes at both naphthalene exposures. There were no
significant increases in lung tissue hyperplasia at any expo-
sure. There was no evidence of nasal tumors in either sex
at any exposure; however, all treatment groups exhibited
significant increases in nasal inflammation, metaplasia of
the olfactory epithelium, and hyperplasia of the respiratory
epithelium. Based on the outcome of this assay, NTP con-
cluded that there was no evidence of carcinogenic activity
in male mice, and some evidence of carcinogenic activity in
female mice.

Adkins et al. (1986) exposed strain A/J mice to 0, 10, or
30 ppm naphthalene by inhalation, 6 h/day, 5 days/week, for
6 months. The authors noted no effects on the total number of
lung tumors per mouse, but there was a significant increase in
the number of lung tumors per tumor-bearing mouse in both
the 10 and 30 ppm exposure groups.

One study evaluated subchronic (13-week) exposure
to naphthalene in mice via oral gavage (12.5, 25, 50, 100,
and 200 mg/kg) (Battelle 1980a) and observed little to no
toxicity in lungs. Since nasal tissue was not evaluated, it is
not clear whether toxicity occurred. The major effects were
roughened hair coat and decreased body weight gain. As
discussed in a review by Buckpitt et al. (2002), single naph-
thalene doses as low as 50 mg/kg did lead to lung toxicity
(Plopper et al. 1992b), with nasal toxicity also occurring at
single doses of 400 mg/kg. The lack of toxicity in the mouse
lung following a 13-week exposure at 200 mg/kg in the
Battelle study is consistent with studies discussed by
Buckpitt et al. (2002), where mouse lung tolerance was
observed following intraperitoneal doses of 200 mg/kg or
less for 7 days. Buckpitt referred to another study by Shop
et al. (1984, cited in Buckpitt et al. 2002), in which the
authors observed no lung toxicity at 267 mg/kg for 14 days
and 133 mg/kg for 90 days in mice; the authors did not look
at doses higher than 133 mg/kg for 90 days.

Van Winkle et al. (1995, 1997) monitored Club cell injury
and repair in mice following acute (single dose) IP injections
of naphthalene (200 mg/kg). This group observed regenerative
repair (hyperplasia) of lung tissue during the first few days
following injections.
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Rats

In rats, aside from the occurrence of cataracts in some studies,
the respiratory tract was observed to be the target for naph-
thalene inhalation toxicity (ATSDR 2005). NTP conducted
a 2-year bioassay study in F344/N rats (NTP 2000; Abdo
et al. 2001; also summarized by North et al. 2008). Rats were
exposed by inhalation to 0, 10, 30, or 60 ppm naphthalene
for 6 h/day, 5 days/week, for 105 weeks. In nasal tissue, there
was a significant increase in neuroblastomas of the olfactory
tissue in females in the 60 ppm exposure group, and there
was a significant trend with dose in both sexes (0/49, 0/49,
4/48, 3/48 [male] and 0/49, 2/49, 3/49, 12/49 [female]). Males
exhibited a significant increase in adenomas of the nasal
respiratory epithelium at all exposure levels (0/49, 6/49, 8/48,
15/48 [male] and 0/49, 0/49, 4/49, 2/49 [female]). For both
sexes, at all exposure levels, there were significant increases in
inflammation and hyperplasia in both olfactory and respiratory
epithelial tissues. In lung tissue, there was some evidence of
hyperplasia in females but not in males, and some inflamma-
tion in males but not females. NTP noted that it was not clear
whether these changes were exposure-related, since minimal
inflammatory foci are often found in chamber control rats. No
increases in lung tumors were observed. Based on the outcome
of this assay, NTP concluded that there was clear evidence of
carcinogenic activity in male and female rats.

Schmahl (1955) exposed 28 BD I and BD III rats to 10-20
mg/day (equivalent to approximately 25-50 mg/kg-d) of
naphthalene via ingestion (added to food) and observed no
increased incidence of toxicity or tumor formation follow-
ing up to 700 days of exposure. In the same publication, the
author reported no increase in tumors and no toxicity follow-
ing weekly subcutaneous or IP injections of 20 mg/rat, for up
to 40 weeks. Another study evaluated subchronic (13-week)
exposure to naphthalene in rats via oral gavage (25, 50, 100,
200, and 400 mg/kg) (Battelle 1980b) and observed little to no
toxicity in lung tissue. Since nasal tissue did not appear to be
evaluated, it is not clear whether nasal toxicity occurred in this
study. The major effects were roughened hair coat, decreased
body weight gain, renal tubular necrosis in one male rat at 400
mg/kg, and depletion of thymic lymphocytes in two female
rats at 400 mg/kg. Although the exposure period was longer in
the Schmahl study, results from both studies were consistent
with very little to no lung toxicity in short-term studies where
rats were given single IP injections of naphthalene ranging
from 200 to 1,600 mg/kg (Buckpitt et al. 2002; Plopper et al.
1992b). These results are consistent with the lack of toxicity
in rat lung following inhalation of naphthalene. As discussed
by Buckpitt et al. (2002), rat nasal toxicity was observed from
single oral exposures of 200—1,600 mg/kg in a study by Plop-
per et al. (1992b).

Shorter-term inhalation studies in rats have been conducted
by Dodd et al. (2010, 2012). These authors conducted 1-day
and 5-day studies to assess nasal toxicity of naphthalene in
Fischer 344 (F344) and Sprague-Dawley (SD) rats (Dodd et al.
2010). In the 1-day study, rats were exposed via inhalation to 0,
0.1, 0.3, 1, 10, or 30 ppm naphthalene for 6 h. Necrosis of the
olfactory tissue occurred in a concentration-dependent man-
ner, starting at the lowest naphthalene concentration in SD rats
(0.1 ppm), but only at exposures of 1 ppm or higher in F344
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rats. Necrosis of the respiratory epithelium occurred in all rats
at the two highest concentrations only (10 and 30 ppm). In the
5-day study, rats were exposed via inhalation to 0, 0.1, 1, or
10 ppm naphthalene for 6 h/day. In this study, concentration-
dependent necrosis of olfactory tissue occurred in all exposure
groups for SD rats but only at exposures of 1 ppm or higher
in F344 rats. It is not clear why there is a difference in effects
for the two rat strains; the authors concluded that “overall the
strain difference was minimal.” Since the NTP carcinogenicity
assay was conducted on F344 rats, 90-day exposure studies
were conducted in this strain.

Dodd et al. (2012) conducted a 90-day study to observe the
toxicity of various concentrations of naphthalene on nasal tis-
sue in F344 rats. Rats were exposed via inhalation to 0, 0.1,
1, 10, or 30 ppm naphthalene for 6 h/day, 5 days/week. After
90 days, no toxicity was observed in the 0.1 ppm exposure
group, and minimal hyperplasia of the respiratory epithelium
was observed in the 1 ppm group. At 10 and 30 ppm, there
was mild hyperplasia and metaplasia of the respiratory epithe-
lium; degeneration, necrosis, and basal cell hyperplasia of the
olfactory tissue; and hypertrophy/hyperplasia of goblet cells
in the nasopharyngeal duct. Some recovery of the olfactory
tissue was observed after a 4-week recovery period, but some
degeneration and basal cell hyperplasia were still evident.
Recovery of the respiratory epithelium at 4 weeks was nearly
complete at all doses. The authors concluded that the thresh-
old for cytotoxicity seen in this study may indicate a threshold
for tumorigenicity as well.

Cichocki et al. (2014) observed an increase in cytotoxicity
(via membrane permeability to ethidium homodimer-1) in rat
nasal epithelium and olfactory mucosa following exposures to
15 and 30 ppm naphthalene for 6 h.

Primates

There are no in vivo naphthalene bioassays in primates. A
preliminary study by Van Winkle et al. (2014) examined
cytotoxic effects in nasal epithelial tissue explants of male
and female rhesus monkey following exposures to 10, 50, 100,
and 500 uM naphthalene in a tissue culture medium for 3 h.
The highest dose of 500 uM is likely equivalent to an inhaled
concentration greater than 10 ppm, based on predicted nasal
epithelial tissue concentrations in mice for a range of naphtha-
lene inhalation exposure concentrations (Morris 2013). Van
Winkle et al. (1996) established the reflection of in vivo condi-
tions in an explant model for mouse lung, which likely would
reflect in vivo conditions in rat and primate respiratory tissue
as well. Tissue incubation and preparation conditions (other
than a slightly different exposure time and dose) were the same
as those described in DeStefano-Shields et al. (2010), in which
naphthalene metabolism was shown to occur via observation
of naphthalene metabolite protein adducts. Van Winkle et al.
(2014) also included a positive control for GSH activity (acro-
lein). The authors found that naphthalene caused only minimal
cytotoxicity in primate nasal epithelium.

Although explant studies can be quite informative with
regard to a qualitative understanding of local metabolism and
effects in a given tissue, there are several issues that should
be considered with respect to how well explant studies reflect
the in vivo environment. One drawback is that only local
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metabolism can be measured. As discussed in the toxicokinet-
ics section, the majority of inhaled naphthalene in humans is
metabolized in the liver (approximately 90%); therefore, the
explant model does not reflect in vivo clearance of naphtha-
lene through the liver. Further, although the explant assays
are designed to closely reflect the in vivo environment (Van
Winkle et al. 1996), there is some uncertainty as to how well
the explant studies compare to in vivo physiology in the pri-
mate nose (tissue oxygenation, blood supply, GSH cycling,
CYP450 activity, etc.), and the results, therefore, should be
interpreted carefully.

Overall analysis of data quality and consistency of results
from animal studies

While the NTP’s chronic exposure studies of mouse (NTP
1992) and rat (NTP 2000) provided evidence of naphthalene
carcinogenicity, this occurred concurrently with cytotoxic-
ity in the target tissues (mouse lung and rat nose). In fact,
cytotoxicity was observed at all doses in both assays. Cyto-
toxicity was also observed in mouse nasal tissue, but without
tumor formation. Since naphthalene was tested for carcino-
genicity only at dose levels that were above the maximum
tolerated dose, the results must be interpreted with caution.
Shorter-term rat studies by Dodd et al. (2012), at inhalation
exposures that included the NTP dose range, confirmed that
cytotoxicity occurs in rat nasal tissue at doses lower than
those used in the NTP study. The Dodd studies had the
advantage of testing a wider range of doses than those that
were associated with cytotoxicity in the NTP rat study, and
they identified a cytotoxicity threshold for nasal toxicity in
rats that was well below the lowest exposures of the NTP
studies. These results should be taken into consideration
when extrapolating from effects of naphthalene in rodents to
potential effects in humans.

Toxicokinetics
Absorption and distribution

Upon inhalation, naphthalene is presumed to undergo absorp-
tion by passive diffusion across the alveolar membranes
(ATSDR 2005). Two pharmacokinetic models have been
developed to describe the distribution of naphthalene follow-
ing inhalation in rats and mice (Willems et al. 2001) and in
humans (Campbell et al. 2014).

Metabolism

The toxicity of naphthalene is dependent on its metabolism to
reactive species. Because the patterns of toxicity are observed
regardless of the route of administration (as discussed above),
it is presumed that differences in the toxic response in different
species and in various tissues within a species are due to dif-
ferences in metabolism and bioactivation in the target tissues.

Naphthalene is metabolized by a variety of CYP isozymes.
These include CYP2F2, CYP1A1, CYP1A2, CYP2AS, and
CYP2EI in mice; CYP2F4, CYP2EIL, CYP1A2, and CYP2B
in rats; CYP1A1, CYP2BI1, and CYP2EI in rhesus monkeys;
and CYP2F1, CYP2A13, CYPIAl, CYP2A6, CYP2E],
CYP2B6, and CYP2S1 in humans (Buckpitt et al. 2002;
Bogen et al. 2008; Boland et al. 2004; Fukami et al. 2008;
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Cruzan et al. 2009; Li et al. 2011; Lewis et al. 2009; Genter
et al. 2006; Green et al. 2001; Karlgren et al. 2005; Simmonds
et al. 2004; Thornton-Manning and Dahl 1997).

Naphthalene metabolism is complex, and the ultimate toxic
metabolite(s) is/are not known. The first step in naphthalene
metabolism is CYP-mediated formation of 1,2-naphthalene
epoxide. This epoxide may react directly with cellular nucleo-
philes to form covalent adducts, or it may be transformed
to other reactive metabolites (Bogen 2008). Alternatively,
the epoxide may undergo detoxification via GSH conjuga-
tion and subsequent elimination in the urine as mercapturic
acids (Bogen 2008; Buckpitt et al. 2002). The latter pathway
is likely predominant at low levels of naphthalene exposure.
At higher levels of exposure, GSH may be depleted, allowing
for the formation of reactive metabolites. One such pathway is
the spontaneous rearrangement of naphthalene 1,2-epoxide to
I-naphthol (a major naphthalene metabolite) and subsequent
metabolism to 1,4-naphthoquinone and other reactive metabo-
lites. Another is the epoxide hydrolase-catalyzed formation
of 1,2-dihydroxy-1,2-dihydronaphthalene (or dihydrodiol)
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and subsequent formation of 1,2-naphthoquinone and other
reactive metabolites (see Figure 2). The relative amounts of
intermediate metabolites, generation of reactive species, and
the relative importance of the alternate pathways will vary
depending on the species and type of tissue in which the
metabolism is taking place.

The relative amounts of different enantiomers of reactive
metabolites produced in different tissues and species also
appear to play a role in naphthalene toxicity. For example, the
rate of formation of the 1R,2S-epoxide enantiomer correlates
well with the toxicity of naphthalene among species, tissues,
and cell types. The 1S,2R-epoxide is not as clearly associated
with toxicity (Buckpitt et al. 1992). In the mouse lung, 1R,2S-
epoxide is the predominant enantiomer (EUR 2003; Buckpitt
et al. 1992; Cruzan et al. 2009), correlating with toxicity. In
nasal mucosa, the 1R,2S-epoxide is predominant in mice, rats,
and hamsters (Buckpitt et al. 1992), correlating with toxicity
in mice and rats. In rat, hamster, monkey, and human lung tis-
sue, the 1S,2R-epoxide is predominant (Cruzan et al. 2009;
Buckpitt et al. 1992). The 1R,2S-epoxide has been shown in
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mouse hepatocytes to be metabolized to the dihydrodiol at a
much faster rate than the 15,2R-epoxide (Buckpitt et al. 2002).
This may contribute to the greater cytotoxicity of the 1R,25-
epoxide compared to the 15,2R-epoxide.

Mice

Club cells (nonciliated bronchiolar epithelial cells) are the
primary target for naphthalene toxicity in mouse lung tissue,
and this is true regardless of the route of exposure (Buckpitt
et al. 2002; Plopper et al. 1992a,b). Within the mouse lung,
Club cells have the highest capacity to metabolize naphthalene
compared to other cell types (Bogen et al. 2008).

CYP2F2 isolated from mouse liver catalyzes naphthalene
epoxidation (Nagata et al. 1990), and the enzyme is believed to
be predominantly responsible for the metabolism of naphtha-
lene to naphthalene 1,2-epoxide in the mouse lung (Buckpitt
et al. 2002; Bogen et al. 2008). The concentration of CYP2F2
in mouse airway subcompartments is 6—40 times higher than
the concentration of CYP2F4, the homologous enzyme, in rat
airway subcompartments (Baldwin et al. 2004). CYP2F2 has
high activity in the mouse lung, with the highest concentra-
tion of the enzyme found in the distal airways. It is highly
localized in mouse Club cells (Buckpitt et al. 1992) and is
stereoselective for the formation of the 1R,2S-naphthalene
epoxide enantiomer (Buckpitt et al. 2002). The rate of naph-
thalene metabolism is much higher in the mouse lung than
in the rat lung, and, consequently, the rate of GSH depletion
upon exposure to naphthalene is also higher (Buckpitt et al.
2002). Depletion of GSH in the mouse lung leads to greater
toxicity to Club cells, indicating that GSH conjugation is a
major detoxification pathway in mouse Club cells (Warren
et al. 1982; West et al. 2000; Phimister et al. 2004). This is
evidenced by the fact that covalent binding of reactive naph-
thalene metabolites to mouse lung proteins is only observed
after GSH is depleted (Buckpitt and Warren 1983; Warren
et al. 1982; Phimister et al. 2004).

Naphthalene is extensively metabolized in mouse nasal tis-
sue, and the metabolism contributes to its uptake (Morris 2013).
In this study, upper respiratory tract uptake was concentration-
dependent, with more efficient uptake at lower exposure con-
centrations (90% at 0.5 ppm) and less efficient uptake at higher
exposure concentrations (50% at 30 ppm), with elimination
of the effect upon treatment with 5-phenyl-1-pentyne CYP
inhibitor, indicating saturation of naphthalene uptake and
metabolism at high exposure concentrations. Mouse nasal tis-
sue GSH is depleted upon exposure to naphthalene, indicating
the involvement of GSH in the metabolic pathway for this tis-
sue (Phimister et al. 2004). There is some evidence that CYP
enzymes other than CYP2F2 may be involved in naphthalene
metabolism in mouse nasal tissue. Although the mouse nasal
olfactory epithelium is high in CYP2F2, it also is abundant in
other CYP enzymes, such as CYP2A5 (Cruzan et al. 2009). Li
etal. (2011) developed a Cyp2f2-null mouse strain. Upon expo-
sure to naphthalene, the null mice were protected against lung
toxicity but not against nasal toxicity (olfactory mucosa, or
OM). The authors concluded that bioactivation of naphthalene
by CYP2F2 is not necessary for OM toxicity and suggested
that CYP2AS, which is abundant in mouse OM tissue, may be
involved in naphthalene metabolism and toxicity in the mouse
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OM (Li et al. 2011). Recently, the same researchers developed
a Cyp2a5-null mouse strain and conducted a similar experi-
ment to determine whether mouse CYP2AS plays a role in
the toxicity of naphthalene in the mouse OM (Hu et al. 2014).
The authors found that upon naphthalene exposure, the null
mice were more resistant than the wild type to OM toxicity but
not to lung toxicity, indicating that CYP2AS5 plays an essential
role in naphthalene-induced OM toxicity in the mouse.

Genter et al. (2006) have ruled out the involvement of
CYP1Al and CYPIA2 in mouse olfactory naphthalene
metabolism and toxicity. This group developed Cyplal-null
and Cypla2-null mice, and tested them for naphthalene tox-
icity. Neither strain of knockout mice were protected against
toxicity. When these mice were treated with 5-phenyl-1-
pentyne, a CYP2F enzyme inhibitor, they did not exhibit nasal
toxicity from naphthalene exposure. The authors suggested
that CYP2F is involved in naphthalene toxicity in mouse nasal
tissue. This conclusion is inconsistent with the results from
the more recent study by Hu et al. (2014); however, CYPs
other than CYP2F are sensitive to 5-phenyl-1-pentyne inhibi-
tion (including CYP2E1 and CYP2AS) (Roberts et al. 1998;
Green et al. 2001).

Buckpitt et al. (2013) measured the kinetics of naphthalene
metabolism in microsomes isolated from mouse nasal and
airway subcompartments and compared the metabolism rates
to those in microsomes isolated from comparable tissues in
rats and rhesus monkeys. Similar high rates of metabolism
were observed in mouse nasal olfactory (K _=350.2 uM,
V. . =365 min~!) and airway tissues (K _=81.9 uM,
Viax = 48.3 min~!), and these were comparable to the rates
in the rat olfactory epithelium and much higher than rates in
monkey nasal and monkey and rat airway tissue (discussed
below). The rates of naphthalene metabolism in mouse tis-
sues correlated well with their susceptibility to naphthalene
toxicity.

Kedderis et al. (2014) conducted an in vitro study using
lung, nasal epithelial, and liver cells from F344 rats, B6C3F1
mice, and humans to evaluate dose-response relationships
for naphthalene-induced GSH depletion and cytotoxicity,
and generation of naphthalene metabolites (dihydrodiol,
1,2-naphthoquinone, 1,4-naphthoquinone, naphthalene diol
epoxide). Although there were some intriguing differences
in generation of these metabolites across species and tis-
sues (e.g., generation of 1,2-naphthoquinone in rat but not
mouse nasal epithelial cells), the results of this study are
difficult to interpret given the extremely high incubation
concentrations applied (i.e., above saturation for CYP-
mediated epoxidation at 500-2000 uM) and results that
are inconsistent with observations in vivo. For example, rat
nasal epithelial and mouse lung cells (where toxicity and
tumor formation have been observed in vivo) and mouse
nasal epithelial cells (where toxicity has been observed in
vivo), although showing GSH depletion and metabolism to
toxic metabolites of naphthalene, showed no statistically
significant decrease in cell survival, even with concentra-
tions as high as 2000 uM (likely equivalent to an inhaled
concentration > 40 ppm in mice [Morris 2013]). Rat lung
cells (where toxicity and tumors have not been observed
in vivo) also exhibited GSH depletion and metabolism to
toxic metabolites of naphthalene with little decrease in cell



10 L. A. Bailey et al.

survival. The results from human lung and nasal cells are
also inconsistent; these cells exhibited GSH depletion and
decreased cell survival but with no detectable metabolites of
naphthalene. Although data suggest very low metabolism of
naphthalene in these tissues in humans (discussed below),
the GSH depletion suggests some metabolic capacity, yet
no observable metabolites. The authors suggested that the
results in human cells may have been due to a smaller GSH
pool than in rodents.

Rats

In rats, as discussed above, the main target of naphthalene
toxicity is the nasal tissue. Rat lung tissue is not a target,
and rat Club cells are not affected by naphthalene admin-
istered by IP injection (Buckpitt et al. 2002; Plopper et al.
1992a,b) or by inhalation exposure (West et al. 2001). The
olfactory tissue has higher concentrations of CYP proteins
than any other tissue in the rat (Baldwin et al. 2004), and the
rate of naphthalene metabolism in the olfactory epithelium is
40 times higher than that in the septal non-olfactory epithe-
lium (Morris and Buckpitt 2009). The rat enzyme CYP2F4
is homologous to the mouse CYP2F2 and is present in high
concentrations in rat nasal tissue (Baldwin et al. 2004). The
concentration of CYP2F4 is much lower in rat lung than in
nasal tissue, corresponding to the lower toxicity in the rat
lung (Baldwin et al. 2004). Another CYP enzyme, CYP2E],
is also concentrated in rat nasal tissue (Cruzan et al. 2009).
The relative contributions of these two enzymes to naphtha-
lene metabolism in the rat nose is not yet known. In rats, as
in mice, the uptake and metabolism of naphthalene in nasal
tissue is greatly reduced by the inhibition of CYP metabolism
(Morris and Buckpitt 2009).

Injury to the rat nasal olfactory tissue occurs regardless of
the route of naphthalene administration. The pattern of injury,
however, differs by route. When naphthalene is administered
as an IP injection, the injury to the olfactory cells is evenly
distributed throughout the nasal mucosa. When naphthalene
is administered via inhalation, the amount of injury correlates
with the amount of airflow that reaches the different nasal
regions (Lee et al. 2005).

Lee et al. (2005) also monitored the metabolism of naph-
thalene in incubations with microsomes from different nasal
regions. They found that naphthalene was metabolized at
high rates by microsomes from the olfactory mucosa of the
septum and of the ethmoturbinates, but at much lower rates
by microsomes from the non-olfactory region of the septum.
These rates correlated with the amount of CYP enzymes
present in the tissues. The majority of metabolites in all
incubations were GSH conjugates of naphthalene-1,2-epox-
ide. The primary metabolite in all three regions, accounting
for approximately 70-78% of naphthalene metabolites, was
1R-hydroxy-2R-gluththionyl-1,2-dihydronapthalene, which
is derived from the 1R,2S-naphthalene epoxide.

Buckpitt et al. (2013) also measured rates of naphthalene
metabolism in microsomes from rat tissue subcompartments.
The authors found a high rate of metabolism in rat nasal
respiratory (K =11.6 uM, V_ = 8.8 min~ 1Y and olfactory
(K, =70 uM, V=425 min~ ') tissue, but a much lower
rate in rat lung airway tissue (K =3.1 uM, VvV =0.45
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min~ ). The differences in naphthalene metabolism rates cor-
relate well with the toxicity of naphthalene in these tissues.

Cichocki et al. (2014) observed a significant reduction in
GSH levels in both male and female rat nasal olfactory and
respiratory epithelial tissue following naphthalene inhalation
exposure concentrations of 1, 3, 10, and 30 ppm for 4 and 6
h, with greater loss in the respiratory epithelium than olfac-
tory. These results indicate that GSH conjugation is a major
detoxification pathway in rat nose.

Humans and other primates

The human enzyme CYP2F1 shares 82% homology with mouse
CYP2F2 and is also found in the lung. Unlike mouse CYP2F2,
CYP2F1 has a slight stereoselectivity for the formation of the
1S,2R-naphthalene epoxide (Buckpitt et al. 2002). The rate
of human CYP2F1 metabolism of naphthalene is also less
than 0.1% that of mouse CYP2F2 (Buckpitt et al. 2002), and
human Club cells have barely detectable amounts of CYP2F1
(Cruzan et al. 2009). Recombinant human lung CYP2F1 has
been shown to metabolize naphthalene to naphthalene epoxide
in human lymphoblastoid cells at very low rates (Lanza et al.
1999; Bogen et al. 2008). CYP2F1 messenger ribonucleic acid
(mRNA) has been identified in human respiratory tissue, but
results in much lower expression than CYP2F4 in rats (Bogen
et al. 2008; Raunio et al. 1999; Ding and Kaminsky, 2003).

Another human CYP enzyme, CYP2A13, has also been
shown to catalyze the metabolism of naphthalene. This enzyme
is predominantly expressed in the respiratory tract, with the
highest concentrations in the nasal mucosa, followed by the
lung and trachea (Lewis et al. 2009; Fukami et al. 2008; Su
et al. 2000). In an in vitro cell-free assay, CYP2A13 catalyzed
the conversion of naphthalene preferentially to 1-naphthol
rather than 2-naphthol, and the conversion of 1-naphthol to
1,2- and 1,4-naphthoquinone (Fukami et al. 2008). CYP1A1,
CYP1A2, CYP2A6, CYP2D6, CYP2El, CYP2S1, and
CYP3A4 are also expressed in human respiratory tissue and
may contribute to naphthalene metabolism, although the rela-
tive quantities of these enzymes are not known (Chang et al.
2006; Ding and Kaminsky, 2003; Fukami et al. 2008; Karlgren
et al. 2005). Cho et al. (2006) showed that in liver microsomes,
CYP2EI activated naphthalene to 1-naphthol and 2-naphthol.
This group also showed that CYP1A2 was the most active
isoform for producing the dihydrodiol and 1-naphthol metabo-
lites in liver microsomes, CYP1A2 and 2D6*1 were the most
active isoform for producing 1,4-naphthoquinone, CYP3A4
was most effective for 2-naphthol production, and CYP2A6
and CYP3A4 were most active in metabolizing the dihy-
drodiol. The relative activities of these processes in lung tissue
are unknown.

Klotz et al. (2011) investigated the urinary naphthalene
metabolites of 55 occupationally exposed workers. These
authors detected 1,2-dihydroxynaphthalene (1,2-DHN) as the
main urinary metabolite in 54 of the 55 subjects, at approxi-
mately 10-fold the amounts of 1- and 2-naphthol. In control
subjects, the relative amounts of all three metabolites were
comparable to each other. This may provide evidence for satu-
ration of the metabolic pathways that produce 1-naphthol and
2-naphthol. 1,2-DHN is a precursor to 1,2-naphthoquinone
(see Figure 2).
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Other investigators have detected 1- and 2-naphthol in
the urine of urban children (Orjuela et al. 2012) and work-
ers exposed to bitumen (asphalt) fumes (Marczynski et al.
2011). These groups did not report on levels of urinary 1,2-
DHN. Naphthalene excretion will be further discussed later
in this paper.

Rhesus macaques have been used as models for human
metabolism. In rhesus macaque lung microsomes, the rate of
naphthalene metabolism is very slow compared to the rates in
rodents, and is nearly identical to the rate observed in human
lung microsomes (Buckpitt et al. 1992). In both species,
the 1S,2R-naphthalene epoxide enantiomer is preferentially
formed (Buckpitt et al. 1992; Buckpitt and Bahnson, 1986)
and has been shown in mouse hepatocytes to be metabolized to
the dihydrodiol at slower rates than the 1R,2S enantiomer that
is formed in other rodents (Buckpitt et al. 2002). Microsomes
isolated from rhesus macaque lungs metabolize naphthalene
at rates 100-fold lower than mouse lung microsomes and
10-fold lower than rat lung microsomes (Buckpitt et al. 1992).
Rhesus macaque nasal tissue has far less CYP2F than rodent
nasal tissue, with one-tenth the amount of that in rats and one-
twentieth the amount in mice (Baldwin et al. 2004). CYP2F
was undetected in rhesus macaque pulmonary tissue in immu-
nolocalization studies (Baldwin et al. 2004).

The rates of naphthalene metabolism in rhesus macaque
nasal and airway tissue microsomes were measured by Buck-
pitt et al. (2013). The rates in rhesus macaque tissues were
low; alveolar subcompartments (K = 1.14 uM, Vi = 0.019
min~!) were well below (V,ax 2500-fold lower) those from
mouse lung airway, and nasal compartments (V__  ranged
from 0.1 to 1.49 min~ ') were well below those from rat and
mouse nasal tissue (V_ 10- to 400-fold lower). These results
suggest that primate nasal and lung tissue do not metabolize
naphthalene as extensively as mouse and rat nasal and mouse
lung tissue.

A preliminary study by Van Winkle et al. (2014) examined
GSH depletion in nasal epithelial tissue explants of male and
female rhesus monkey following exposures to 10, 50, 100, and
500 uM naphthalene for 3 h. The authors found that naphtha-
lene only began to deplete GSH at the highest concentration
(500 uM), which is likely equivalent to an inhaled naphthalene
concentration of greater than 10 ppm (based on predictions
in the mouse nose) (Morris 2013). As discussed later in this
paper, naphthalene exposure concentrations in the general
population are approximately 0.95 pg/m? (0.00017 ppm)
(ATSDR 2005).

A recent study by Ding et al. (2014) evaluated expres-
sion and activity of CYP2F1 toward naphthalene in a
CYP2A13/2F1 humanized mouse (on a Cyp2abfgs-null back-
ground). The authors found that CYP2A13 and/or CYP2F1
were active toward naphthalene in the humanized mouse, with
CYP2F1 contributing to metabolism primarily in the lung and
CYP2A13 contributing to metabolism primarily in the nasal
mucosa.

Covalent binding of metabolites to proteins

The ultimate cause of naphthalene toxicity is not com-
pletely understood, but evidence suggests that it could be
related to covalent binding of reactive metabolites to cellular
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constituents, especially proteins (Bogen 2008). Protein adducts
of naphthalene metabolites have been observed in cell-free
systems in vitro (Pham et al. 2012a,b), in isolated mouse Club
cells in culture (Cho et al. 1994), tissue preparations of mouse
and monkey lung (Boland et al. 2004; Cho et al. 1994; Lin
et al. 2006), rat and monkey nasal tissue (DeStefano-Shields
et al. 2010), and the mouse trachea (Cho et al. 1994). The
doses in these studies were fairly high (250 to 500 uM), likely
comparable to inhalation concentrations of greater than 10
ppm in mice (Van Winkle et al. 2014; Morris 2013).

Covalent binding of metabolites to DNA is discussed in the
genotoxicity section.

Mice. The toxicity of naphthalene to mouse Club cells cor-
relates well with the amount of covalent binding of reactive
metabolites to proteins in these cells compared to non-target
cells (Cho et al. 1994). Cho et al. (1994) observed highly selec-
tive binding of reactive naphthalene metabolites to proteins of
specific molecular weights in Club cells in vitro compared to
other lung cell types. Cho et al. (1994) also measured naphtha-
lene metabolite binding in dissected mouse lung airway sub-
compartments. They found that the greatest amount of binding
occurred in the subcompartment that included the distal bron-
chioles. Lin et al. (2005) studied the binding of naphthalene
metabolites to mouse lung airway proteins in an in situ model.
These investigators found that the adducted proteins included
several involved in protein folding and translocation, mito-
chondrial proteins associated with production of adenosine
triphosphate (ATP), and antioxidant enzymes. Any or all of
these adducts may be involved in the selective toxicity to Club
cells. Zheng et al. (1997) reported that 1,2-naphthoquinone
covalently bound to proteins in mouse Club cells after expo-
sure in vitro, and Waidyanatha and Rappaport (2008) observed
albumin and hemoglobin adducts of naphthalene-1,2-epoxide,
1,2-naphthoquinone, and 1,4-naphthoquinone in mouse blood
after IP injection of these chemicals.

Rats. DeStefano-Shields et al. (2010) measured the rates of
naphthalene metabolite protein adduct formation in rat nasal
tissue explants. They found that the rates were similar to those
found in the mouse distal airway epithelium (Cho et al. 1994),
suggesting that protein binding correlates well with toxic-
ity. Adducted proteins in the rat nose included structural and
catalytic proteins and some involved in the unfolded protein
response. Cho et al. (1994) observed that protein adduct for-
mation in rat tracheal tissue occurred at very low rates com-
pared to adduct formation in mouse trachea and Club cells
(less than 1% of the amount in Club cells and less than 10% of
the amount in isolated mouse trachea). These differences also
correlate with the relative toxicities of naphthalene in these
tissues.

Waidyanatha et al. (2002) measured the rates of covalent
binding of naphthalene-1,2-epoxide, 1,2-naphthoquinone, and
1,4-naphthoquinone to albumin and hemoglobin of rats after
IP injection of these chemicals. The authors found that all
three naphthalene metabolites formed adducts with both
proteins in a dose-dependent manner.

Humans and other primates. DeStefano-Shields et al. (2010)
also incubated naphthalene (250 uM) with nasal epithelium
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explants isolated from rhesus macaques. The rate of formation
of covalently bound metabolites in rhesus macaque nasal epi-
thelium was similar to that in the rat and lower than the rate in
mouse distal airway epithelium by about half. This is in contrast
to the relative amounts of CYP2F enzymes and the rates of naph-
thalene metabolism, which are much lower in rhesus macaques
than in rodent airway tissues (Buckpitt et al. 1992; Baldwin
et al. 2004). Similarly, in isolated lung tissue incubated with
500 uM naphthalene, Boland et al. (2004) showed that rates of
reactive naphthalene metabolite covalent protein binding were
only 2- to 3-fold lower in rhesus macaque lung tissue than in
mouse lung tissue (by comparison to Cho et al. 1994), although
the rates of formation of naphthalene metabolites in the rhe-
sus macaque airway epithelium were about 70-fold lower than
those in the mouse. A naphthalene incubation concentration of
500 uM in the explant studies is roughly equivalent to naphtha-
lene concentrations in mouse nasal tissue following inhalation
concentrations of greater than 10 ppm (Morris 2013). There-
fore, exposure concentrations in these explant studies are high
and could contribute to high levels of in vitro protein binding
that may not occur in vivo at lower exposure concentrations (see
more discussion in the HBWOoE section).

The role of adduct formation with specific proteins in the
toxicity of naphthalene is not clear. Lin et al. (2006) investi-
gated the specific adducts formed in rhesus macaque vs mouse
airway tissue. The only adducted proteins these authors found
in common in both rhesus macaque and mouse tissue were
actin, HSP70, and o~ 1-anti-trypsin precursor. Rhesus macaque
adducts included more cytoskeletal, chaperone, and metabolic
enzyme proteins, while mouse adducts included more proteins
involved in folding and translation, ATP synthase, and redox
protection. These findings suggest that differences in protein
targets among species may contribute to the differences in spe-
cies susceptibility to naphthalene toxicity.

Lin et al. (2009) also observed adducts of 1,2- and 1,4-
naphthoquinone with serum albumin in the blood of human
subjects. Levels of 1,2-naphthoquinone adducts were 5—6 times
higher than those of 1,4-naphthoquinone. In contrast, the authors
calculated cumulative tissue doses of 1,4-naphthoquinone to be
about 3-fold higher than those of 1,2-naphthoquinone.

As discussed earlier, however, despite relatively high levels
of protein binding in the primate nasal epithelium observed by
DeStefano-Shields et al. (2010), a preliminary study by Van
Winkle et al. (2014) found minimal toxicity in primate nasal
tissue under similar experimental conditions.

Cell-free binding. Pham et al. (2012b) observed covalent
binding of naphthalene metabolites naphthalene epoxide,
naphthalene diol epoxide, 1,2-naphthoquinone, and 1,4-
naphthoquinone to model peptides in a cell-free system.
The binding occurred on cysteine, lysine, and histidine resi-
dues, and on the N-terminus of the peptides. Both quinone
metabolites formed covalent bonds at higher rates than the
epoxides, suggesting a greater reactivity for the quinones. The
same metabolites incubated with the model proteins actin and
protein disulfide isomerase (PDI) in a cell-free system also
exhibited covalent binding to cysteine, lysine, and histidine
residues on these proteins (Pham et al. 2012a). In this study,
naphthalene epoxide bound at fewer sites than did naphtha-
lene diol epoxide or the quinones. When the authors incubated
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naphthalene with actin or PDI in the presence of microsomes
from a target tissue (rat nasal) or a non-target tissue (mouse
liver), they again observed covalent binding to the model
proteins but were unable to ascertain specific binding sites on
the proteins or specific adducted metabolites of naphthalene
(Pham et al. 2012a).

Excretion

Naphthalene, in the form of various metabolites, is mainly
excreted in the urine. One of the major urinary metabolites is
the glucuronide conjugate of 1-naphthol. Naphthalene conju-
gated to GSH is converted to premercapturic and mercapturic
acids, and also excreted in urine. This is a major pathway of
excretion in rodents, but its importance in primates is unclear
(ATSDR 2005).

There is little information on the excretion of naphthalene
in humans after inhalation exposure. In naphthalene-exposed
workers, urinary levels of 1-naphthol (a major urinary metab-
olite of naphthalene) reached a peak at 1 h after the end of
the workers’ shifts (Bieniek 1994, 1997). The mean excretion
rate of 1-naphthol in these workers was 0.57 mg/h, and the
half-time for urinary excretion was about 4 h (Bieniek 1994,
1997). Klotz et al. (2011) compared urinary metabolites of
naphthalene-exposed workers to those of control subjects and
found differing ratios of metabolites 1,2-dihydroxynaphtha-
lene (1,2-DHN), 1-naphthol, and 2-naphthol in the 2 groups.
This study is discussed in more detail above. Wu et al. (2005)
also found evidence of metabolite 1,2-DHN, as well as other
DHNS, and 1- and 2-naphthol in the urine of workers and con-
trols. One- and 2-naphthol have also been detected in the urine
of urban children (Orjuela et al. 2012) and of workers exposed
to bitumen fumes (Marczynski et al. 2011). To date, there are
no readily available studies of excretion following inhalation
exposure in rodents.

Toxicokinetic models

A hybrid computational fluid dynamic (CFD)-PBPK model
for naphthalene in rats and humans was recently developed
(Campbell et al. 2014) to describe naphthalene tissue con-
centrations and rates of metabolism in the upper respiratory
tract (nasal respiratory and olfactory epithelium, and lung)
and liver. As discussed by the authors, the model predictions
provided good concordance with measurements in vivo (i.e.,
naphthalene blood concentrations following intravenous and
inhalation exposures in the rat NTP studies, in addition to upper
respiratory tract extraction data in naive rats and rats treated
with a CYP2F inhibitor [5-phenyl pentene]). The model also
predicted rat naphthalene olfactory and respiratory tissue con-
centrations consistent with those reported in a mouse hybrid
CFD-PBPK model (Morris 2013). For our purposes, two limi-
tations of the model are (1) that only the first metabolic step
(the generation of the epoxide) is modeled, with no descrip-
tion of the fate of this or subsequent metabolites; and (2) there
is no similar version of the model describing metabolism and
disposition in the mouse nose, lung, and liver.

As illustrated in Figure 3, the amount of naphthalene
metabolized in the rat nose is about 5-fold higher than that
from the same inhaled dose in humans, based on the PBPK
model results. Based on naphthalene tissue concentrations
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Figure 3. Amount of naphthalene metabolized in rat and human dorsal olfactory, ventral respiratory, lung, and liver tissue per inhaled dose in accordance
with the hybrid CFD-PBPK model for naphthalene (Campbell et al. 2014).

following 0.1 ppm naphthalene exposure in rats (6 h/day,
5 days/wk)—the concentration considered to be a no-observed-
adverse-effect level (NOAEL) for rat nasal lesions in the
Dodd et al. (2012) 90-day rat study—Campbell et al. (2014)
estimated regional gas dosimetry ratios (RGDRs) of 0.18 for
dorsal olfactory tissue, 0.93 for ventral respiratory tissue, and
0.73 for the lung. RGDRs for the NOAEL, however, are much
higher if based on the amount of naphthalene metabolized
(i.e., 5.56 for dorsal olfactory tissue, 21 for ventral respira-
tory tissue, and 20.5 for the lung), reflecting the much lower
metabolic activity toward naphthalene in the primate upper
respiratory tract compared to rats.

The CFD-PBPK model reports metabolized dose in rate
“per gram tissue.” We estimated the total amount of naph-
thalene metabolized in each of the tissues shown in Figure 3
(dorsal olfactory, ventral respiratory, liver, and lung) based on
information provided in Campbell et al. (2014) with respect to
percent bodyweight for each organ and an assumption of 300
g and 70 kg total body weight for rats and humans, respec-
tively. Our estimates suggest that the majority of naphthalene
is metabolized in the liver in both rats and humans (i.e., 5%,
14%, 0.3%, and 69% in rat dorsal olfactory, ventral respiratory,
lung, and liver tissue, respectively; and 0.02%, 0.4%, 0.3%, and
89% in human dorsal olfactory, ventral respiratory, lung, and
liver tissue, respectively). The totals add up to approximately
90%; the remaining naphthalene is likely exhaled or metabo-
lized in other areas of the respiratory tract (e.g., trachea). Lack
of toxicity in the liver is most likely due to high GSH levels
in this tissue.

Overall analysis of data quality and consistency of results
from toxicokinetic studies

There is a multitude of carefully conducted studies, produced
by several different groups of investigators, showing clear
consistencies in the data for naphthalene metabolism and
toxicity. One of the most striking consistencies seen across
studies is the role of CYP2F in mediating naphthalene toxicity
and carcinogenicity. In rodent species and tissues with sus-
ceptibility to naphthalene toxicity and tumors (rat nose and

mouse lung) at high doses, high concentrations of CYP2F are
observed (Buckpitt et al. 1992; Morris and Buckpitt 2009;
Baldwin et al. 2004). A recent study by Li et al. (2011) indi-
cated that although CYP2F is likely involved in mouse lung
toxicity, CYP2F is not involved in mouse nasal toxicity, where
tumors are not observed.

The relationship is less well defined in rhesus monkeys
and humans, but both primate species have lower amounts of
CYP2F in airway tissues (Buckpitt et al. 1992, 2002; Baldwin
et al. 2004; Cruzan et al. 2009) and may also exhibit less toxic-
ity. It is also evident that the formation of the 1R,2S-epoxide
correlates well with toxicity across species and tissues, and
that the 1S,2R-epoxide, the predominant isomer in primates,
is less relevant to toxicity (Buckpitt et al. 1992, 2002; Cru-
zan et al. 2009). Studies have also consistently shown that the
depletion of GSH in target tissues is a necessary step before
toxicity can occur (Buckpitt and Warren, 1983; Warren et al.
1982; West et al. 2000; Phimister et al. 2004).

The recent CFD-PBPK model (Campbell et al. 2014)
addresses species differences in the metabolism of naphtha-
lene in the upper respiratory tract of rats and humans. The
model suggests that metabolism of naphthalene is very low
in the rat lung, consistent with little toxicity in that tissue, and
higher in the rat nose where toxicity and tumors are observed.
The model indicates that naphthalene metabolism in human
nose and lung tissue is also very low, suggesting little toxicity
in these tissues.

The relationship between covalent binding of naphthalene
metabolites to proteins and tissue toxicity is uncertain, given
the discrepancy between the rates of naphthalene metabolism
in primates and rodents and the amount of protein binding
observed in their respective tissues. While rodents exhibit
70-fold higher rates of naphthalene metabolism compared to
primates (humans and rhesus monkey), the observed differ-
ences in protein adduct levels in rodents compared to rhesus
monkeys are only 1- to 3-fold higher (Boland et al. 2004;
DeStefano-Shields et al. 2010). Differences in protein tar-
gets among species, however, as shown by Lin et al. (2006),
may contribute to the differences in species susceptibility to
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naphthalene toxicity. Further, it is also possible that these
results are an artifact of the explant model and do not reflect
the in vivo environment (see further discussion in the HBWoE
section).

Genotoxicity

A considerable number of published studies reveal little evi-
dence indicating naphthalene to be mutagenic. In 2005, the
Agency for Toxic Substances and Disease Registry (ATSDR)
reviewed the genotoxicity studies that were available at that time.
The majority of these studies (close to 80%) reported negative
results. In a review of 15 assays of reverse mutation of bacterial
genes, ATSDR (2005) reported 14 negative and 1 weakly posi-
tive result. The weak positive result was from an assay for 1,2-
naphthoquinone (Flowers-Geary 1996), a reactive metabolite of
naphthalene. In other types of bacterial gene mutation assays, 6
studies reported negative results both with and without rat S9
activation, and one study reported a positive result with S9 acti-
vation only. Out of 16 assays using eukaryotic cells in vitro, four
reported positive results for genotoxic effects (sister chromatid
exchange or chromosomal aberrations) and the rest reported
negative results, including those for gene mutation and cell
transformation. Among six in vitro assays that were conducted
on human cells, only one showed a positive result for sister chro-
matid exchange associated with 1,2- and 1,4-naphthoquinone in
human mononuclear leukocytes (Wilson et al. 1996). Among
in vivo studies with eukaryotic organisms, five assays yielded
negative results and five yielded positive results. Most of the
studies tested genotoxicity rather than mutagenicity. Genotoxic-
ity refers to DNA damage (e.g., DNA adducts or abasic sites).
However, this damage can often be repaired before DNA repli-
cation occurs and therefore will not always lead to mutations.
Observations of genotoxicity, therefore, cannot be taken to equal
observations of mutagenicity. Further, most of the studies that
were positive were found at high concentrations of naphthalene.
These studies indicate that positive genotoxic results may be the
result of: 1) saturation of detoxification mechanisms and genera-
tion of downstream genotoxic metabolites (likely to occur only
at high concentrations that deplete detoxification mechanisms);
and/or 2) secondary genotoxic effects due to cytotoxicity.

Reviews of naphthalene genotoxicity data by Schreiner
(2003), Brusick et al. (2008), and Brusick (2008) discussed
the lack of evidence for naphthalene genotoxicity. Brusick
(2008) recently reviewed the studies described above and
identified several factors that may influence the interpretation
of the genotoxicity assay results. Notably, Brusick (2008) con-
cluded that most of the positive assays were either technically
unsuited for testing the class of compounds to which naph-
thalene belongs, thereby generating unreliable data, or were
subject to secondary genotoxic effects due to the cytotoxicity
of naphthalene or its metabolites.

A number of naphthalene genotoxicity studies have become
available since the ATSDR review was published. Most of these,
discussed below, also point to a cytotoxic effect for naphthalene.

Recent rodent assays

Meng et al. (2011) looked at the ability of naphthalene to
induce mutations in the p53 tumor suppressor gene in rat nasal
tissue in vivo after 90 days of exposure at low (noncytotoxic)
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and high (cytotoxic) concentrations (0.1, 1.0, 10, and 30 ppm
naphthalene). There were no increases in pS3 mutations at
any dose, but there was a significant decreasing trend in p53
mutations with increasing naphthalene dose in male respira-
tory epithelia. The authors concluded that these results were
most consistent with a loss of spontaneous p53 mutations due
to chronic cytotoxicity.

Karagiannis et al. (2012) injected naphthalene at 200 mg/
kg (single dose) into mice (intraperitoneally), and recorded
lung function, airway epithelial damage, and DNA strand
breaks in lung tissue, using YH2AX as a molecular marker
for DNA damage, at time points up to 72 h after injection.
Significant airway epithelial damage was observed, with a
maximum at 12 h and a decrease in damage at later time
points. Significant increase in DNA strand breaks occurred,
but not until 24 h, with a maximum at 48 h. The results of
this study suggest that genotoxicity occurs subsequent to
cytotoxicity in the mouse lung following naphthalene expo-
sure, reaching a maximum only after the maximum cytotoxic
damage was observed.

Recent mammalian in vitro assays

Recio et al. (2012) conducted an in vitro assay to determine
dose-response associations for naphthalene-induced micro-
nuclei and cytotoxicity in human lymphoblasts. This group
also looked at the effects of GSH on the dose-response
relationships. Significant increases in micronuclei were only
observed at naphthalene concentrations that also induced
cytotoxicity, as measured by cell survival. The no-observed-
effect level (NOEL) for induction of micronuclei was deter-
mined to be between 2.5 and 10 uM. In the presence of 5 mM
GSH, however, no genotoxicity or cytotoxicity was observed
at naphthalene concentrations up to 500 uM. The authors
interpreted these results as evidence for a NOEL for naph-
thalene genotoxicity, indicating a cytotoxic MoA. They also
concluded that naphthalene can be effectively detoxified by
biological levels of GSH.

Kapuci et al. (2012) reported that naphthalene, 1-naphthol,
and 2-naphthol all induced DNA fragmentation, as mea-
sured by the terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) assay, at concentrations that
were not cytotoxic in human lymphocytes in culture. These
authors found that the genotoxic effect occurred in the
presence of 10—100 uM naphthalene or 2-naphthol, and in
the presence of 50—100 uM 1-naphthol. These results are
inconsistent with the Recio et al. (2012) and Karagiannis
et al. (2012) studies described above, which showed geno-
toxicity only at cytotoxic concentrations of naphthalene.
The human lymphoblast micronucleus assay employed by
Recio et al. (2012) has high predictivity for genotoxicity
in vivo (Pfuhler et al. 2011). The TUNEL assay used by
Kapuci et al. (2012) is generally used to measure DNA frag-
mentation that occurs during apoptosis, not to specifically
evaluate genotoxic events (Morley et al. 2006), and has a
high degree of false positives as an apoptosis assay (Ribble
etal. 2005). Therefore, it is likely that the genotoxicity at low
doses in the Kapuci et al. (2012) study is due to problems
with the assay and should not necessarily be attributed to
naphthalene. This would explain the inconsistencies between
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results from Kapuci et al. (2012) and the Recio et al. (2012)
and Karagiannis et al. (2012) studies.

Recent human sudies

Three recent studies have reported on the genotoxic effects
of naphthalene in humans. Orjuela et al. (2012) investigated
the relationship between chromosomal aberrations in the
lymphocytes of 5-year-old urban minority children and their
urinary levels of 1- and 2-naphthol. The authors reported
a statistically significant increase in chromosomal aberra-
tions and translocations with increasing levels of naphtha-
lene metabolites. They also measured three other categories
of urinary PAH metabolites (pyrene, fluoranthene, and
phenanthrene) and found no associations between any of
these and lymphocyte chromosomal aberrations and translo-
cations. The measurements of naphthalene metabolites and
chromosomal aberrations did not vary according to whether
or not the child was in the presence of a smoker during the
48 h before urine collection. It should be noted, however,
that total PAH metabolites were not measured, nor were
any other urinary components measured that might impact
lymphocyte genotoxicity. Therefore, it is not possible to
attribute the increase in chromosomal aberrations to naph-
thalene exposure.

Krieg et al. (2012) studied genotoxicity in leukocytes of jet
fuel-exposed workers, who are routinely exposed to naphtha-
lene as a component of jet fuel. The authors found no rela-
tionship between naphthalene exposure as measured in breath
samples and in air during work shifts, and leukocyte genotox-
icity, as measured by the comet assay.

Marczynski et al. (2011) looked at the relationship between
occupational exposure to bitumen and DNA damage (oxidative
and strand breaks via comet assay) in lymphocytes. Although
exposed workers had statistically significant increases in
DNA damage compared to unexposed workers, the amount
of damage was within the range for unexposed and healthy
populations, and there were no exposure-response relation-
ships with ambient air measurements of bitumen fumes/aero-
sols or with urinary metabolites of naphthalene. Because of
the lack of exposure-response relationships, the authors did
not attribute the DNA damage in lymphocytes of workers to
bitumen exposure.

DNA adducts

There is very little information about DNA adduct forma-
tion with naphthalene metabolites. Saeed et al. (2007, 2009)
showed that 1,2-naphthoquinone can react with DNA in vitro
and in vivo in mouse skin to form depurinating N3- adenine
and N’-guanine adducts. The significance of this is unclear,
since a recent review by Boysen et al. (2009) suggests that
the unstable N’-guanine adducts, or their apurinic sites, are
not the cause of mutagenesis in cells and tissues, and that
stable adducts may be more relevant. Studies by Kim et al.
(1995) and Kim et al. (2000) suggest that naphthalene can
induce stable N° adducts of deoxyadenosine from the tetra-
hydro diol epoxide (“diol epoxide”) of naphthalene. These
adducts are well downstream of the initial naphthalene epox-
ide and would not likely form until GSH has been depleted
and cytotoxicity has already occurred. Further, the presence
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of DNA adducts does not equal mutagenesis since there is
an opportunity for the damage to be repaired prior to DNA
replication.

Overall analysis of data quality and consistency of results
from genotoxicity studies

The majority of genotoxicity studies for naphthalene have
yielded negative results. The positive results were mainly
observed in assays for genotoxicity rather than mutagenicity.
Most cell culture and in vivo studies that were positive for
genotoxicity were also positive for cytotoxicity at the same
doses, casting doubt on the interpretation of these results as
being due to direct reaction of naphthalene metabolites with
DNA at less than cytotoxic doses. In addition, many of the
genotoxicity assays were determined by Brusick (2008) to be
technically unsuitable and thus of little use in determining the
genotoxicity of naphthalene. A more recent study by Kapuci
et al. (2012) also applied a technically unsuitable method:
the authors used DNA fragmentation that is generally used to
measure apoptosis, not genotoxicity. Thus, the evidence for
genotoxicity and/or mutagenicity of naphthalene is not strong.
Unfortunately, most of the investigations into the genotoxicity
of naphthalene were not conducted on target tissues (mouse
lung and rat nasal). The two studies that were conducted on
rodent target tissue found either no increase in genotoxicity
(Meng et al. 2011), or genotoxicity only in connection with
cytotoxicity (Karagiannis et al. 2012).

Of the four recent genotoxicity studies of naphthalene
in human cells or tissue, three found either no evidence of
increased DNA damage due to naphthalene exposure (Krieg
et al. 2012; Marczynski et al. 2011), or DNA damage only in
the presence of cytotoxicity (Recio et al. 2012). The human
studies by Krieg et al. (2012) and Marczynski et al. (2011)
were well conducted and included analyses of exposure—
response relationships. The study by Recio et al. (2012) was an
examination of naphthalene effects in vitro using a range of dose
levels. Although the Recio et al. (2012) study is consistent with
a cytotoxic MoA (with a possible genotoxic component only at
cytotoxic doses), all three studies were conducted using lym-
phocytes/lymphoblasts, and did not provide specific information
about naphthalene effects on human respiratory tissue. The study
by Orjuela et al. (2012), also on lymphocytes, found an asso-
ciation between chromosomal aberrations and urinary levels of
1- and 2-naphthol. Again, results in lymphocytes do not provide
information on potential human respiratory target tissues. Fur-
ther, the authors did not measure total urinary PAH metabolites
or other agents that might be genotoxic to lymphocytes.

Potential mechanisms of action

Several potential mechanisms have been proposed for naph-
thalene carcinogenesis to support a more general MoA. In
addition to cytotoxicity, which has always been observed
in target tissues for tumor formation, evidence has been
reported for protein adducts and oxidative damage by reac-
tive oxygen species, with limited evidence for direct DNA
damage by naphthalene-specific metabolites. While all of
these potential mechanisms may be present in target tissue,
it is not clear how, or if, they are involved in the initiation of
tumor formation.
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Potential mechanisms of cytotoxicity and genotoxicity
are described above and will not be reiterated here. Here, we
summarize the potential involvement of protein adducts and
reactive oxygen species in naphthalene carcinogenesis based
on the data previously discussed, and also present recent
toxicogenomic evidence of potential mechanisms of action. The
potential mechanisms in the context of the MoA are evaluated
more fully in our HBWoE evaluation in the following section.

Protein adducts

Evidence from several studies suggests that naphthalene toxic-
ity could be related to covalent binding of reactive metabolites
to cellular constituents, especially proteins (Bogen 2008). Pro-
tein adducts of naphthalene metabolites have been observed
in various cultured cells (Cho et al. 1994), target respiratory
tissues in rodents and non-human primates (Boland et al.
2004; Cho et al. 1994; Lin et al. 2006; DeStefano-Shields et al.
2010), and cell-free systems (Pham et al. 2012a,b).

The amount of adducted proteins has been observed to
correlate with the degree of naphthalene toxicity in both
target and non-target tissues in rodents (Cho et al. 1994,
DeStefano-Shields et al. 2010). As discussed above, there is
a discrepancy between the rates of naphthalene metabolism
in primates and rodents and the amount of protein binding
observed in their respective tissues. While rodents exhibit
much higher rates of naphthalene metabolism in respiratory
tissues compared to primates (humans and rhesus monkey),
the levels of protein adduct in monkey and rodent lung and
nasal respiratory tissues are similar (Boland et al.; 2004;
DeStefano-Shields et al. 2010).

The targeted proteins in the rat nose appear to be involved
in protein folding and repair, including heat-shock proteins
(HSP60 and HSP70), potentially leading to thiol oxidation and
protein unfolding (DeStefano-Shields et al. 2010). Although
a specific mechanism is unclear, such disruption of functions
by key regulatory proteins might result in cytotoxicity and
or tumor promotion. Proteins found to covalently bind naph-
thalene metabolites specifically in the mouse lung are those
involved in protein folding and translocation, production of
ATP, and redox regulation proteins (Lin et al. 2005). Proteins
found to covalently bind naphthalene metabolites specifically
in rhesus monkey airway tissue are cytoskeletal, chaperone,
and metabolic enzyme proteins (Lin et al. 2006). The only
proteins modified in both species by naphthalene metabolites
are actin, HSP70 (heat-shock protein), and o-1 anti-trypsin
precursor (Lin et al. 2006). It is not clear how, or if, binding
of naphthalene metabolites (including which specific naphtha-
lene metabolites) to these proteins is involved in toxicity.

Reactive oxygen species

The generation of reactive oxygen species (ROS) has also
been suggested as a possible factor in tumorigenesis of
target tissues following administration of naphthalene (US
EPA 2004; Bagchi et al. 1998a,b, 2000, 2002). Generation
of ROS may occur by redox cycling of naphthoquinone, or
as a result of cytotoxicity and inflammation at the target site.
ROS generation may lead to lipid peroxidation, depletion of
reducing equivalents, and DNA oxidation or strand breaks
(ATSDR 2005).
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GSH depletion has been observed with high levels of
administered naphthalene, such as those that have been associ-
ated with tumor formation in the mouse lung, (Phimister et al.
2004). A significant reduction in GSH levels has also been
observed in the rat olfactory and nasal respiratory epithelium
at naphthalene inhalation exposure concentrations as low as 1
ppm (Cichocki et al. 2014). GSH protects cells against reactive
species, such as reactive xenobiotic metabolites and oxygen
radicals that are generated from those metabolites, or from
naturally occurring intracellular processes (Bergamini et al.
2004; Phimister et al. 2004). Thus, GSH depletion could lead
to cellular injury via naphthalene-metabolite-induced protein
adducts and/or oxidative stress, both of which may be precur-
sors to cytotoxicity-induced tumor formation.

Cichocki et al. (2014) also examined potential differences
in reduced (GSH) and oxidized glutathione (GSSG) levels in
nasal respiratory and olfactory mucosa of male and female rats
exposed to naphthalene vapor (1, 3, 10, or 30 ppm) for 4 or 6 h.
The authors found no accumulation of GSSG in either tissue at
any time point or dose, indicating no overwhelming response
to naphthalene-induced oxidative stress. These results suggest
that redox cycling of the 1,2-naphthoquinone, or 1,4-naphtho-
quinone, if formed, does not contribute to a large extent to
toxicity in rat nasal tissue.

The Cichocki et al. (2014) results are consistent with several
studies (albeit ones not conducted in target respiratory tissue),
showing that naphthalene metabolites (naphthalene epoxide,
1,2- naphthoquinone, and 1,4-naphthoquinone) react readily
with cellular proteins in rats and mice in a dose-dependent
manner, such that protein binding may be removing metabo-
lites from the opportunity to redox cycle (Zheng et al. 1997,
Waidyanatha et al. 2002; Waidyanatha and Rappaport, 2008;
Buckpitt et al. 2002). In other words, cytotoxicity would occur
well before any 1,2-naphthoquinone is available to undergo
redox cycling to generate ROS that could react with DNA.

Toxicogenomics

A recent study by Clewell et al. (2014) evaluated genomic
responses in the male and female rat nasal epithelium follow-
ing naphthalene exposures to 0.1, 1, 10, or 30 ppm (6 h/day,
5 days/week) for 90 days. There were a few significant gene
expression changes in the female (but not male) olfactory and
respiratory epithelium at 0.1 ppm. At the 1 ppm exposure
concentration, signaling pathway enrichment was altered
only in the male respiratory epithelium. A large number of
significant gene expression changes and pathway responses
were observed in both sexes and tissues at 10 and 30 ppm
naphthalene exposure. The genomic responses were related to
oxidative stress, GSH metabolism, cell cycle, inflammation,
and proliferation. The responses reflect results from the Dodd
et al. (2012) study, where animals were exposed to the same
concentrations and duration and exhibited no histopathologi-
cal findings at 0.1 ppm, only minimal effects (respiratory epi-
thelial hyperplasia) at 1 ppm, and marked cytotoxicity and
hyperplasia at 10 and 30 ppm.

A recent study by Cichocki et al. (2014) examined possible
sex differences in the induction of antielectrophilic genes (glu-
tamyl cysteine ligase [catalytic subunit] [gclc], nicotinamide
adenine dinucleotide phosphate-oxidase [NADPH], quinone
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oxidase 1 [ngol], and heme oxygenase-1 [hmoxI]) in rats
exposed via inhalation to 1, 3, 10, or 30 ppm naphthalene for
6 h. As discussed by the authors, these genes can be induced
upon electrophilic stress in response to the antioxidant response
element (ARE), and therefore can be used as biomarkers of cel-
lular oxidative stress. The authors found that these genes were
induced in the olfactory mucosa and respiratory epithelium
of both male and female rats following all naphthalene expo-
sure concentrations, and that gclc induction in particular was
increased more in male than in female olfactory mucosa. No
sex differences were observed in the respiratory epithelium.
Gclc codes for the protein responsible for the rate-limiting
step in GSH biosynthesis, and therefore could be important
in naphthalene detoxification. These results point to a possible
GSH-diminished adaptive response in female vs male rats that
could explain the greater sensitivity of female rats to olfactory
carcinogenicity following exposure to naphthalene. Clearly,
more data would be necessary before being able to draw a firm
conclusion.

Hypothesis-based weight-of-evidence evaluation

The first two steps of our HBWOoE evaluation, as outlined in Fig-
ure 1, are presented in the first five main sections of this paper
for each realm of investigation. Step 2 is further considered and
articulated in the context of the hypotheses in Steps 4 and 5
below. In this section, we present Steps 3-5 of the evaluation.

Hypotheses under consideration

The third step in the HBWOoE approach is to identify and artic-
ulate the main alternative conceptions about how naphthalene
carcinogenicity might operate. These overarching hypotheses
constitute the opposing sides of the main question (i.e., how
the body of relevant observations is informative about poten-
tial human risk) that one wants to address through a weight-of-
evidence evaluation. The hypotheses can be newly proposed
or may have already been put forth within the scientific com-
munity. The hypotheses are articulated so that one can evalu-
ate, throughout the process of weighing all the evidence, how
well each hypothesis is supported by the available data, how
well each hypothesis explains patterns in the data, what addi-
tional assumptions or hypothesized influences are necessary to
account for discordances, and whether other expected events
or processes for a given hypothesis were, in fact, observed.

We consider two overarching hypotheses that have been
put forth to explain the MoA for naphthalene carcinogenesis
in animals, with consideration of their potential relevance to
humans.

Mutagenic MoA

The first overarching hypothesis proposes a mutagenic MoA for
naphthalene. This hypothesis assumes that naphthalene meta-
bolites (e.g., naphthalene-1,2-epoxide, 1,2-naphthoquinone,
and 1,4-naphthoquinone) are generated early in the carcino-
genesis process and at subcytotoxic doses, and that one or
more of these metabolites react with DNA, or generate ROS
that can react with DNA, as an early, initiating genotoxic event
leading to mutations and tumors in mouse lung and rat nasal
tissue. It would presumably operate at some level in all tissues
and at all doses that are able to generate the metabolites that are
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DNA-reactive. This overarching hypothesis does not preclude
some contribution of high-dose cytotoxicity or other cellular
dysfunction in further promoting the mutagenic initiations, but
it sees the mutagenic effect as necessary and sufficient.

Non-mutagenic MoA

The second overarching MoA hypothesis proposes that the
critical and necessary factor in naphthalene tumorigenesis is
cytotoxicity, or other marked cellular dysfunctions that can
manifest in tissue disruption, such as chronic inflammation
or hyperplasia. It proposes that naphthalene can increase
cancer risks only in those tissues, and at those doses, caus-
ing such cellular and tissue dysfunction. It does not preclude
that, despite the absence of direct interaction of naphthalene
or naphthalene metabolites with DNA at low doses, there may
be processes that emerge from or along with cytotoxicity that
increase the chance of somatic mutation.

These overarching hypotheses are expressed at the level of
mode of action rather than specific mechanisms. A variety of
particular underlying mechanisms could be considered, and
it is worthwhile to trace through the degree to which avail-
able data can or cannot identify and characterize the potential
role of such possible mechanisms, since such considerations
constitute part of the assessment of biological plausibility, and
of the explanatory power of the overarching MoA hypothesis.
However, it is not necessary to identify and prove the contribu-
tion of any particular mechanistic detail in order to evaluate
the support for the more general MoA proposal. As we have
described them, the two contending overarching MoA propos-
als represent the main distinctions needed for the present anal-
ysis: (a) whether there is an impact on cancer risk from lower
doses, or whether there is an exposure threshold for cancer
risk corresponding to the levels needed to induce observable
tissue toxicity; and (b) whether the presence and character of
tissue toxicity is informative about tissue-, sex-, route-, and
species-specificity of where naphthalene-associated tumors
appear in animal bioassays, and how this specificity informs
the existence and nature of potential human risk.

Evaluation of the logic of the hypotheses for each line
of evidence and all evidence combined

For the fourth and fifth steps in the HBWoE approach, we
considered the logic of the two hypotheses in the context of
each line of evidence (epidemiology, animal studies, toxicoki-
netics, genotoxicity, and other mechanistic data), and also all
evidence combined. We do this by summarizing results from
Steps 1-2 for each realm of evidence (discussed above) and
asking specific questions based on our understanding of the
current data, and in the context of the proposed hypotheses.

Epidemiology

As discussed earlier in this paper, there are no epidemiology
studies that show an association between naphthalene expo-
sure and lung or nasal cancer in humans. In fact, there is very
little evidence of any cancer in humans linked to naphthalene
exposure. The data insufficiencies preclude any definitive
conclusions, especially concerning lung cancer, given its
high background in the population. Nasal cancers, however,
are very rare in humans, and a number of chemical exposures
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have been identified that increase nasal cancer risk. It is prob-
able that if naphthalene caused nasal cancers in humans, there
would be case study reports in the literature suggesting such
an association. The lack of any observation of effects when
there are clear exposures (e.g., in asphalt workers), in combi-
nation with nasal cancers being very rare in humans, suggests
no obvious association.

It is important to consider the epidemiology results in the
context of the protein adducts observed in monkey nasal respi-
ratory epithelial explants. Although the role of protein adducts
in primate respiratory tissue is unclear, and could be an experi-
mental artifact owing to high local metabolism with no clear-
ance through the liver, the lack of cytotoxicity in nasal explants
(Van Winkle et al. 2014), following the same exposures that
lead to protein adducts, is consistent with the lack of nasal
tumors in the epidemiology studies. These results further call
into question the relevance of the protein adduct results, sug-
gesting that the existence of protein adducts in other explant
tissues should be interpreted cautiously. Note that since Van
Winkle et al. (2014) is still a preliminary study, confirmation
of these results is needed.

In order to address the potential for naphthalene to cause
respiratory cancer in humans, we have compared naphthalene
metabolism rates across species and tissues (rat, mouse, pri-
mate nose and lung), and have considered studies evaluating
different CYP450s and other enzymes involved in metabolism
of naphthalene in human respiratory tissues compared to
rodents. We have also looked closely at tissue dosimetry in rats
and applied a rat/human PBPK model to estimate nasal and
lung tissue concentrations and metabolized doses in humans
to try to predict whether typical human exposures could lead
to respiratory tissue concentrations or metabolized doses that
may lead to carcinogenesis.

We describe our analysis further below, in consideration of
uncertainties and inconsistencies across studies and how they
impact human relevance.

Animal studies

Based on our understanding of the animal toxicity data, as
described earlier in this paper, we ask the following ques-
tions:

Is cytotoxicity sufficient to cause tumor formation in rodents?
Why are there no tumors in the mouse nose although there is
cytotoxicity?

Cytotoxicity appears to be necessary but not sufficient to cause
tumors in rodents, based on the observation that there is cyto-
toxicity in the mouse nose at high exposure concentrations but
no tumors. Although one could argue that mice simply need
a higher dose of naphthalene before nasal tumors would be
observed, the fact that the nasal respiratory epithelial hyper-
plasia in the mouse nose was quite extensive (67 out of 69
animals in the 10 ppm group, and 134 out of 135 animals in
the 30 ppm group; in fact, a higher frequency of respiratory
epithelial hyperplasia was observed in mouse vs rat nose),
and yet, not one animal had a nasal tumor, suggests there is
something different about how naphthalene is metabolized
in the mouse vs the rat nose that results in tumors in the rat
but not the mouse nose. The non-neoplastic effects in the rat
and mouse nose from the 2-year NTP studies (2000, 2002)
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are very similar; that is, extensive chronic inflammation and
regenerative hyperplasia occur in both the rat and mouse nose.
The only clear difference appears to be atypical hyperplasia
in the rat olfactory epithelium but not in the mouse olfactory
epithelium. This difference may contribute to olfactory tumors
in the rat but not the mouse nose. Hyperplasia is defined as an
increase in the number of normal cells in a normal arrange-
ment within a tissue; it exhibits a normal growth pattern and
maturation sequence, and is not generally considered “preneo-
plastic” (Eustis 1989). Atypical hyperplasia (dysplasia), on the
other hand, is defined as a proliferation of cells characterized
by cellular atypia, alteration in the maturation sequence, or
abnormal differentiation of cells within a tissue, and fre-
quently indicates the emergence of a population of cells that
may become cancerous (Eustis 1989). As discussed in Long
et al. (2003), atypical hyperplasia as observed in the rat tumor
assay was considered “an unusual proliferative lesion... [and]
may represent a precursor for nasal olfactory carcinogenesis.”

We have also compared naphthalene metabolism rates
and involvement of different CYP450s and other metabolic
enzymes (e.g., epoxide hydrolase) across species and tissues
(rat, mouse, primate nose and lung) to try to address this ques-
tion in the context of the proposed hypotheses. See further
discussion in the toxicokinetics section below.

Is there co-occurrence of non-neoplastic lesions and tumors in
the rat nose?

As part of our evaluation of an association between cytotoxic-
ity, inflammation, and hyperplasia with tumor formation in the
rat nose, we obtained individual animal pathology data from
the NTP bioassay (NTP 2000, 2012) to examine the co-occur-
rence of these lesions. Olfactory epithelial hyperplasia (atypi-
cal) occurred in almost 100% of male and female rats, with and
without epithelial neuroblastomas, in all dose groups (10, 30,
and 60 ppm). Although nasal respiratory epithelial adenomas
were observed in male rats, nasal respiratory epithelial hyper-
plasia only occurred in 43-60% of male rats (and 37-45% of
female rats), with a similar percentage of occurrence for respi-
ratory epithelial degeneration and metaplasia. Therefore, we
examined the co-occurrence of neoplastic and non-neoplastic
nasal lesion data from individual male rats that developed
respiratory epithelial adenomas. Interestingly, although the
NTP assay did observe olfactory neuroblastomas amid non-
neoplastic lesions (atypical hyperplasia) in female rats, NTP
did not observe consistent co-occurrence of nasal respiratory
epithelial degeneration, hyperplasia, and/or metaplasia in male
rats that also had respiratory epithelial adenomas for all dose
groups (10, 30, and 60 ppm). In the 10 ppm group, of the six
animals that had adenomas, two had no reported respiratory
epithelial degeneration, hyperplasia, and/or metaplasia. In the
30 ppm group, of the eight animals that had adenomas, two
had no reported degeneration, hyperplasia, and/or metaplasia.
In the 60 ppm group, of the 15 animals that had adenomas,
three had no reported degeneration, hyperplasia, and/or meta-
plasia. The frequency of each of the lesions in animals that did
not develop tumors is approximately the same or even slightly
higher in some dose groups than in animals with respiratory
epithelial adenomas. Furthermore, the frequency of an animal
having a respiratory epithelial adenoma and at least one of
these non-neoplastic lesions was 67%, 75%, and 87% in the
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10, 30, and 60 ppm group, respectively. In the animals without
tumors, the frequency of having at least one of these non-neo-
plastic lesions was not very different, and again even slightly
higher than in the animals with tumors (79%, 88%, and 88% in
the 10, 30, and 60 ppm group, respectively).

Consistent with our analysis, the NTP report stated that “In
the present study, the cells involved in this lesion [olfactory
neuroblastoma] and focal areas of intraepithelial hyperplasia/
dysplasia appeared to be morphologically similar to and form a
continuum with the neuroblastomas. In the respiratory epithe-
lium, there was no clear association between the morphologies
of the non-neoplastic proliferative changes and the develop-
ment of respiratory epithelial adenomas” (NTP 2000). Long
et al. (2003), referring to the NTP rat bioassay, stated that “a
few animals had localized proliferative changes of the respira-
tory epithelium that were morphologically similar to respira-
tory epithelial adenomas.” Harkema (2001) reviewed the his-
topathological findings from the NTP bioassay and reported
consistent findings with NTP with regard to the morphologic
character of the nasal tumors. Harkema (2001) also noted that
neoplastic lesions were often concurrent with inflammation,
epithelial degeneration, epithelial hyperplasia, and glandular
hyperplasia, and that this association was especially true for
the neuroepithelial carcinomas.

How can the 90-day rat nasal study inform the apparent lack

of consistent co-occurrence of non-neoplastic and neoplastic
lesions in male rat respiratory epithelium in the NTP study?

The NTP (NTP 2000) chronic naphthalene rat bioassay
reported respiratory epithelial adenomas in Levels 1 and 2
of the nasal cavity. Dodd et al. (2012) observed transitional/
respiratory epithelial hyperplasia in Level 2 of the nasal cav-
ity (comparable to NTP Level 1 as per Dodd et al. [2012])
in 100% of rats exposed for 90 days to 1, 10, or 30 ppm
naphthalene. Although the NTP data suggest that there is
not a clear continuum from respiratory epithelial hyperpla-
sia or other non-neoplastic respiratory epithelial lesions to
tumors in the rat nose at the 2-year time point, the locations
of hyperplasia in the 90-day study are the same locations
where tumors were observed in the NTP study. These results
suggest that there is a likely association between locations
of respiratory epithelial hyperplasia and adenomas in the
rat nose.

There is the possibility that the tumors obliterated the non-
neoplastic lesions and therefore they were not observed in
the tissues at the 2-year time point in the NTP study. Another
possibility is that the non-neoplastic lesions that were consis-
tently observed in the male rat respiratory epithelium at the
90-day time point in the Dodd et al. (2012) study, particu-
larly respiratory epithelial hyperplasia (10/10 animals at 1,
10, and 30 ppm), resolved after 90 days before tumors were
observed. Dodd et al. (2012) did show a dramatic decrease
in respiratory epithelial hyperplasia and metaplasia in male
and female rats following a 4-week recovery period from
naphthalene exposure (e.g., 0/9, 1/9, and 0/9 hyperplasia at
1, 10, and 30 ppm, respectively, in male rats). In the same
study, a 4-week recovery period did not result in as dramatic
a decrease in olfactory hyperplasia, degeneration, or necro-
sis. Although the NTP assay involved continuous exposure,
the Dodd et al. (2012) results suggest that the respiratory
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epithelium is capable of resolving respiratory epithelial
hyperplasia and metaplasia.

Overall, although further studies would be helpful to elu-
cidate an association between non-neoplastic and neoplastic
lesions in male rat respiratory epithelia, the association of these
lesions in female rat olfactory epithelia, in addition to the male
rat nasal pathology data from the 90-day study, suggest impor-
tant roles for cytotoxicity and regenerative hyperplasia with
nasal olfactory and respiratory epithelial tumor formation.

What accounts for sex differences in tumor incidence

in rats and mice?

It is not clear what accounts specifically for the sex differences
in naphthalene-induced tumor incidence in mice and rats.

There is evidence that female mice are more susceptible to
naphthalene-induced lung toxicity than male mice, and that
airway epithelial repair occurs more slowly in males than in
females (Van Winkle et al. 2002; Oliver et al. 2009; Sutherland
etal. 2012). It is also possible that the differences are related to
differences in background incidences of alveolar/bronchiolar
carcinomas in male (8%) and female (3%) B6C3F, mice from
the NTP historical control database (for years 1983-2007)
(Moore et al. 2013); lower background levels in females may
allow for a more likely observed difference between control
and exposed if there is a real effect. It is also worth considering
the possibility that given the high background of lung tumors
in B6C3F, mice, and that only one statistically significant lung
tumor was observed in one female mouse, naphthalene expo-
sure is not related to lung tumors in mice.

There is little evidence for sex differences in the nasal toxic-
ity response in rats. A recent study by Cichocki et al. (2014),
discussed earlier, examined potential differences in GSH and
GSSG levels in nasal respiratory and olfactory mucosa of male
and female rats exposed to naphthalene vapor (1, 3, 10, or 30
ppm) for 4 or 6 h, and also analyzed expression of antioxidant
response genes npol, gclc, and hmox-1. The authors found that
overall, there was no consistent sex difference observed in GSH
levels between males and females in either tissue. All three
genes examined, however, were significantly more induced in
the olfactory epithelium of males compared to females at one
or more exposure concentrations. These results are consistent
with a greater sensitivity to naphthalene toxicity in female vs
male olfactory epithelia. Males, however, also induced expres-
sion of npol and hmox-1 in the nasal respiratory epithelium to
a greater extent compared to females, which is not consistent
with increased nasal respiratory epithelial adenomas in males
compared to females. Therefore, the reason for the sex differ-
ence in naphthalene induction of nasal respiratory epithelial
adenomas remains unclear.

What do primate nasal explant cytotoxicity studies suggest
about the potential for naphthalene-induced human respiratory
toxicity/carcinogenesis?

As discussed earlier, a preliminary study in primate nasal
explant tissue (Van Winkle et al. 2014) observed little cytotox-
icity even at exposure concentrations as high as 500 uM, likely
equivalent to a greater than 10 ppm inhalation concentration
in mice (Morris 2013). These results suggest that human
exposures as high as 10 ppm are unlikely to elicit more than
minimal respiratory toxicity.
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Conclusion from animal studies with respect to hypotheses.
Overall, although additional studies could further elucidate
associations between non-neoplastic and neoplastic lesions in
respiratory epithelium, the animal data suggest that cytotoxic-
ity, which is elicited only at comparatively high naphthalene
concentrations, plays a key role in tumor formation. How-
ever, it is still not clear why cytotoxicity in the mouse nose
does not lead to tumor formation. There is a need to look at
differences in metabolism in mouse, rat, and primate, male and
female, and target and non-target tissues to identify differences
across species, sex, and tissue that may help explain observed
differences in tumor formation and inform the mechanism of
action.

Toxicokinetics

Based on our understanding of the current naphthalene
toxicokinetic data described earlier in this paper, we ask the
following questions:

Are there differences in naphthalene metabolism in the rat and
mouse nose that could explain lack of tumors in the mouse nose?
As shown in Figure 2, the naphthalene epoxide can be
metabolized by epoxide hydrolase (EH) to the 1,2-dihydroxy-
1,2-dihydronaphthalene (“dihydrodiol”), and then further by
dihydrodiol dehydrogenase (DD) (also referred to as aldoketo-
reductase or “AKR”) to the 1,2-naphthoquinone. Since there
are studies indicating the involvement of the 1,2-napthoquinone
in naphthalene cytotoxicity, and the potential for its genotoxic
effects, understanding the tissue and species variability of the
enzymes involved in formation of the 1,2-naphthoquinone,
or other downstream naphthalene metabolites (such as the
diol epoxides) is important for evaluating a mechanism of
action for naphthalene carcinogenicity. Understanding species
and tissue variability in the balance between the levels and
activities of CYP2F (or other CYPs) and other enzymes (GSH
S-transferase, EH, DD) involved in formation or removal of
the 1,2-naphthoquinone or other downstream metabolites, or
enzymes involved in repair of DNA damage induced by these
metabolites, will help explain differences in species and tissue
responses to naphthalene.

For example, as shown in a study by Green et al. (2001), the
activity of EH toward metabolism of the styrene metabolite,
styrene epoxide, is about 10-fold higher in the rat than in the
mouse nose. The authors suggested that this could be why the
rat nose is less susceptible to styrene toxicity than the mouse
nose, because the rat is able to more rapidly detoxify the epox-
ide. A higher activity of EH toward naphthalene would likely
have a different outcome and could suggest formation of the
dihydrodiol and 1,2-naphthoquinone at a higher rate in the
rat vs the mouse nose, and could also explain the difference
in response to naphthalene injury between the mouse and rat
nose. That is, upon high levels of naphthalene exposure, GSH
depletion, and cytotoxicity, higher levels of EH activity in the
rat nose could lead to higher levels of 1,2-naphthoquinone that
could lead to genotoxic effects (either from direct reaction with
DNA or redox cycling to generate DNA damage via ROS) on
already hyperplastic tissue, potentially leading to regenera-
tive hyperplasia and tumors. Further studies investigating the
metabolic differences toward naphthalene in the rat and mouse
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nose, particularly involving EH, could possibly provide data to
support this hypothesis.

More recent studies suggest that involvement of different
CYPs in naphthalene metabolism in the rat and mouse nose
may explain differences in toxicity. As shown in the CYP2F2
knockout mouse study by Li et al. (2011), null mice were
protected against lung toxicity but not against OM toxicity,
suggesting that bioactivation of naphthalene by CYP2F2 is
not necessary for OM toxicity in mice. A recent study by Hu
et al. (2014) showed that CYP2AS5 null mice were protected
against OM toxicity but not lung toxicity, suggesting that
bioactivation of naphthalene by CYP2AS is necessary for
OM toxicity in mice. It is not clear, however, why activation
of naphthalene to the epoxide by a CYP other than CYP2F
would lead to cytotoxicity but not tumor formation. Perhaps
CYP2F is involved in further metabolism to a downstream
toxic metabolite of naphthalene (e.g., 1,2-naphthoquinone,
or the diol epoxides). Although this is a possibility, there
is no direct evidence to suggest that this is the case for
naphthalene.

However, a recent study of CYP2F2 involvement in styrene
toxicity in mouse lung (Cruzan et al. 2012, 2013) suggests that
styrene 7,8-epoxide does not cause lung toxicity in CYP2F2
knockout mice. The authors discussed that the results suggest
CYP2F2 metabolism is responsible for styrene-induced mouse
lung toxicity possibly via metabolism of styrene to ring-
oxidized metabolites and further to 4-hydroxy styrene and then
to 3,4-vinyl catechol or quinone metabolites. CYP-mediated
metabolism of 1-naphthol to the 1,2-naphthoquinone, or to
metabolites further downstream, has been proposed (Brusick
et al. 2008). If CYP2F2 is not involved in naphthalene-induced
nasal toxicity in mice, as suggested by Hu et al. (2014), this
may explain why toxicity, but not tumors, occurs in the mouse
nose; that is, downstream toxic metabolites of naphthalene that
may lead to tumorigenesis (such as the 1,2-naphthoquinone)
may not be formed to a significant extent. By comparison,
involvement of CYP2F4 in naphthalene-induced nasal toxicity
in rats may be via generation of the epoxide and the down-
stream toxic 1,2-naphthoquinone.

The formation of the 1,2-naphthoquinone in different spe-
cies depends on the balance of activities of CYP2F (or other
CYPs), GSH S-transferase, EH, and DD (or AKR), and pos-
sibly other metabolic enzymes. Since GSH depletion has been
shown to precede naphthalene-induced cytotoxicity (Phimister
et al. 2004), it is plausible that formation of the epoxide fol-
lowed by GSH depletion are the first (and obligatory) steps in
naphthalene-induced injury, but that the potential tumorigenic
outcome of the injury will vary depending on the extent of
activities of downstream enzymes. An understanding of the
balance of activities of these enzymes in different target tissues
(e.g., mouse lung and rat nose), and in individual cells, will
help explain the differences in species and tissue responses
to naphthalene injury. Further, understanding the balance in
humans will allow for an extrapolation of the mechanism from
animals to humans (discussed below).

Finally, it is worth considering that given the high rate of
naphthalene metabolism and cytotoxicity in the mouse nose
compared to the rat nose, it is possible that enhanced cyto-
toxicity in the mouse nose compared to that of the rat leads
to diminished progression of initiated cells to tumors. The
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effect of cytotoxicity on tumor formation, however, cannot be
assessed from the NTP studies, given that all doses in the stud-
ies are close to 100% cytotoxic.

How does naphthalene metabolism in rodents compare to
monkey and human metabolism in the nose and lung? How
might this comparison inform the mechanism of action and
potential human relevance? Are rodents a good model for
human metabolism and toxicity?

As discussed earlier, the current available data indicate that
CYP2F1 is expressed in human respiratory tissue to a much
lower extent compared to CYP2F4 in the rat nose, and also
that the rate of human CYP2F1 metabolism of naphthalene
is much lower than that of mouse CYP2F2. Other CYPs
may be involved in naphthalene metabolism in human lung
tissue (such as CYP2EIL, CYP1A2, CYP3A4, CYP2A6, and
CYP2A13, discussed earlier). To our knowledge, experiments
examining activities of these CYPs toward naphthalene in
human respiratory tissue, or in individual human lung or nasal
cells, have not been conducted.

Moreover, since more recent studies suggest that CYP2AS
is responsible for naphthalene-induced toxicity in the mouse
nose (Hu et al. 2014), it will be important to consider how
the human homolog (CYP2A6), in addition to CYPA13 and
CYP2F1, is involved in metabolism of naphthalene in human
respiratory tissue. A recent CYP2A13/2F1-humanized and
CYP2A13(only)-humanized mouse study by Ding et al. (2014)
suggests that although both CYP2A13 and CYP2F1 are active
toward naphthalene in the humanized mouse nose and lung,
CYP2A13 is involved in metabolism primarily in the nose and
CYP2F1 primarily in the lung. CYP2A13 and CYP2A6 are
part of the same CYP2A subfamily and have 95.4% sequence
homology (Leclerc et al. 2010). These preliminary results
could suggest that the human nose may be more similar to the
mouse than the rat nose in the suite of metabolic processes in
action, and thus perhaps in response to naphthalene exposure
(i.e., cytotoxicity but no carcinogenicity). Beyond this pos-
sible qualitative difference affecting the sufficiency of cyto-
toxicity to prompt tumorigenesis, it remains true that humans
are unlikely to reach concentrations high enough to lead to
toxicity, given the much higher naphthalene metabolism in the
mouse compared to human nose.

Although we are beginning to better understand the differ-
ent CYPs involved in the initial metabolism of naphthalene in
the human respiratory tract, compared to rodent tissues, there
is not enough information on what the human/rodent differ-
ences may mean in terms of informing a specific mechanism of
action in humans. There are sufficient data, however, to inform
a MoA. The current data indicate that naphthalene metabolism
to the epoxide (the obligatory first step) is considerably lower
in human respiratory tissue compared to rat nose or mouse
lung, suggesting that regardless of the CYP involved, the over-
all metabolism is lower, and therefore toxicity in human tissue
is expected to be lower. These results are supported by the
lack of cytotoxicity in primate nasal explants exposed to high
concentrations of naphthalene (Van Winkle et al. 2014).

As predicted by the CFD-PBPK model (Campbell et al.
2014), the amount of naphthalene metabolized in the human
nose and lung is much lower than that metabolized in the rat
nose. The human/rat RGDRs for the NOAEL exposure in rats
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(0.1 ppm for 6 h/day, 5 days/week), based on the amount of
naphthalene metabolized, are 5.56 for dorsal olfactory, 21
for ventral respiratory, and 20.5 for lung tissue, reflecting
the much lower metabolic activity toward naphthalene in the
human upper respiratory tract compared to rats.

Levels of EH and DD (AKR) in human tissues are known to
be highly active (Buckpitt et al. 2002), raising the concern that
the protection against naphthalene-induced injury that human
respiratory tissue gets from low levels of initial metabolism to
naphthalene epoxide could be eroded to some degree by more
efficient further metabolic activation of the epoxide that is
formed. Since naphthalene metabolism in human respiratory
tissue is much lower than in rodents, however, and therefore
the extent of naphthalene epoxide formation is low enough
that detoxification processes (i.e., GSH conjugation) are not
likely to be overwhelmed, the majority of epoxide formed in
human respiratory tissue is expected to be detoxified before
it can be further metabolized by EH and DD (AKR) to more
toxic naphthalene metabolites (quinones or diol epoxides).

Recent studies suggest that GSH is depleted in the rat nose
at concentrations as low as 1 ppm naphthalene (Cichocki et al.
2014), but only begins to deplete in primate nasal explants
at very high exposure concentrations (equivalent to approxi-
mately 10 ppm inhalation exposure in mice) (Van Winkle
et al. 2014).

One cannot rule out the possibility, however, that a small
amount of epoxide in primates is further metabolized to more
toxic metabolites. Since the levels of these metabolites would
likely be very low such that they would be managed by cellu-
lar detoxification processes (GSH conjugation or DNA repair
processes), they would be expected to contribute minimally to
toxicity. See further discussion below.

Differences between humans and rodents in the balance
of expression and rates of activities of enzymes involved in
formation of naphthalene metabolites (e.g., epoxide and 1,2-
naphthoquinone) and cellular detoxification mechanisms are
important in evaluating potential human relevance. The very
low rate of naphthalene metabolism in humans compared to
rodents, as shown quantitatively in the dose-response section
later in this paper, suggests that the mechanism for naphtha-
lene-induced carcinogenesis in rodents is not likely to occur
in human respiratory tissue at typical human exposure con-
centrations.

If naphthalene metabolism is very low in primate respiratory
tissue, why are naphthalene protein adducts generated at the
same rate in rhesus monkey lung and nasal explant tissue
compared to mouse lung and rat nasal explant tissue?

As discussed, DeStefano-Shields et al. (2010) and Boland
et al. (2004) observed covalent protein binding in rhesus
monkey nasal epithelial and lung tissue, respectively, at rates
similar to those in the rat nose and the mouse lung follow-
ing naphthalene exposure. This is in contrast to the much
lower rates of naphthalene metabolism in the rhesus monkey
than in rodent airway tissues (Buckpitt et al. 1992; Baldwin
et al. 2004). Given that explant studies involve incubation of
naphthalene in vitro in dissected monkey airways and nasal
epithelium, only local metabolism can be measured in the
assays. As was observed in the PBPK model, however, the
majority of inhaled naphthalene in humans is metabolized in
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the liver (approximately 90%). Therefore, without clearance
from the liver, there is no process competing for removal of
naphthalene, which can remain in the culture medium until it
is eventually (even if slowly) metabolized locally in the respi-
ratory explants. Given the high exposure concentrations in the
explant studies (250 uM), metabolism is likely high enough
to cause a buildup of naphthalene metabolites that can react
with proteins, but this may not reflect what is happening in
vivo. Although this is a reasonable explanation, further studies
would be necessary to determine whether this is the expla-
nation. Studies of protein adducts in the rat lung and mouse
nose, where tumors are not observed, would be helpful to try
to understand the potential for adduct formation in vitro and
how it may or may not be related to toxicity in vivo.

As discussed earlier, although protein adducts have been
observed in monkey nasal and lung explants following naph-
thalene exposure, a preliminary study (Van Winkle et al. 2014)
observed minimal cytotoxicity in nasal explants following the
same or higher exposures (500 uM). These results suggest
that even if protein adducts do occur in vivo in humans, they
will not lead to cytotoxicity and, therefore, carcinogenicity.
Further, as shown by Lin et al. (2006), differences in protein
targets among species may contribute to the differences in spe-
cies susceptibility to naphthalene toxicity.

Interestingly, the same study (Van Winkle et al. 2014) also
observed little GSH depletion until high concentrations (500
UM), suggesting little naphthalene metabolism at these con-
centrations. Therefore, it is not clear why protein adducts were
observed at concentrations of 250 UM in explants. Although
Van Winkle et al. (2014), in their study, only looked at 100
and 500 uM, had they looked at 250 uM, perhaps some GSH
depletion would have been observed. Or, it is possible that
GSH depletion is still very low at all doses tested, but that
without clearance by the liver, any amount of reactive naph-
thalene metabolites that escapes GSH conjugation, even if
very low, is available to react with proteins, and although they
may react with proteins in explants, this may not be the case in
vivo. In any case, according to Van Winkle et al. (2014), both
250 and 500 uM explant concentrations are likely equivalent
to very high in vivo exposure concentrations (greater than 10
ppm) (Morris 2013) that are not likely to be experienced in the
general human population.

If naphthalene is being metabolized predominantly in the

human liver, is there a possibility it could be getting back to the
respiratory tract to cause toxicity?

As predicted by the CFD-PBPK model (Campbell et al.
2014), discussed earlier in this paper, the majority of inhaled
naphthalene is metabolized in the liver in both rats (69%) and
humans (89%), with approximately 20% and 0.4% metabolized
in the rat and human nose, respectively, and 0.3% metabolized
in the rat and human lung. The remainder is likely exhaled or
metabolized in other areas of the respiratory tract.

Given the low metabolism of naphthalene in human respira-
tory tissue and high metabolism in the liver, there is a question
regarding the possibility of systemic circulation of naphthalene
metabolites back to the respiratory tissue to cause toxicity and
possibly carcinogenesis. There is more of a concern for human
lung than nasal tissue, since, although human epidemiology
studies have found no association between naphthalene exposure
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and oral, oropharyngeal, and nasal cancer, the existing human
data are not sufficient to determine whether there is an association
between naphthalene exposure and lung cancer (Lewis 2012).

Studies in the mouse lung and liver in vivo and in hepa-
tocytes (Buckpitt and Warren, 1983; Richieri and Buckpitt,
1987) provide evidence to support a mechanism by which
the naphthalene epoxide is delivered systemically to the lung.
Using CYP inducers and tissue-selective modulators of lung
and liver/kidney metabolism, Buckpitt and Warren (1983)
observed increased binding of naphthalene metabolites in the
lung that could only have been caused by metabolism in the
liver, suggesting systemic circulation from the liver. Richieri
and Buckpitt (1987) looked at efflux of naphthalene epoxide
and other naphthalene-reactive metabolites from isolated
mouse hepatocytes using radiolabeled naphthalene (**C) and
extracellular glutathione (*H). The authors found that 30-60%
of the GSH conjugates were produced extracellularly. These
studies suggest that the naphthalene epoxide migrates outside
of hepatocytes in mice and is available for systemic circula-
tion and delivery to other tissues. It is not clear, however,
how much systemic distribution from the liver contributes to
naphthalene-induced toxicity in mouse lung.

Studies of non-cancer effects (cataracts and hemolytic ane-
mia) are also useful to consider with respect to these questions
because these effects are induced by oral or IP exposure, and
therefore are the result of systemic distribution of naphthalene
metabolites from the liver. Although cataracts are unlikely to
be a significant health effect in humans following exposure
to naphthalene (ATSDR 2005), naphthalene-induced cata-
racts are well studied in rats and rabbits and appear to occur
at acute- or intermediate-duration oral exposure levels > 500
mg/kg-day (Van Heyningen and Pirie 1967; Xu et al. 1992a,b).
These studies suggest that naphthalene is metabolized to the
epoxide in the liver, and is then converted to the more sta-
ble 1,2-dihydrodiol that then circulates to the eye. Xu et al.
(1992a,b) provide evidence to suggest that the 1,2-dihydrodiol
is metabolized by aldose reductase to the 1,2-DHN and the
toxic 1,2-naphthoquinone in the lens, and that the 1,2-naph-
thoquinone is responsible for cataract formation. It is worth
noting that no treatment-related gross or histopathological
lesions of the eyes were observed in mice (NTP 1992) or rats
(Abdo et al. 2001; NTP 2000) exposed for two years to naph-
thalene concentrations as high as 30 or 60 ppm, respectively.

Hemolytic anemia has been observed in people, particularly
children, after eating naphthalene-containing mothballs, but the
data are inadequate to describe a dose—response relationship
because the studies are typically case reports and lack quantita-
tive information on naphthalene exposure levels (ATSDR 2005).
Naphthoquinones are known hemolytic agents (Munday et al.
2007). In mice and rats, however, no treatment-related effects
on hematologic parameters were observed from exposure to 10
and 30 ppm naphthalene (mice) (NTP 1992), and 10, 30, and
60 ppm naphthalene (rats) (NTP 2000). Depletion of thymic
lymphocytes, however, was observed in two female rats follow-
ing oral exposure to 400 mg/kg for 90 days (Battelle 1980b).

Cataract studies suggest that 1,2-dihydrodiol is the key
metabolite circulated from the liver to the eye in rabbits and rats.
Epoxide hydrolase is found at much higher levels in the human
liver compared to livers of rats and mice, resulting in higher
levels of hydrolysis of the naphthalene epoxide to naphthalene
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1,2-dihydrodiol in humans compared to rats and mice (Kitter-
ingham et al. 1996), and suggesting that if 1,2-dihydrodiol is the
metabolite most likely distributed systemically in rats, it is the
most likely metabolite distributed systemically in humans.

Therefore, in considering the relevance of systemic distri-
bution of naphthalene metabolites in humans, we focused our
attention on circulation of the 1,2-dihydrodiol from the liver
to other tissues. One of the metabolites thought to be involved
in naphthalene toxicity is 1,2-naphthoquinone, which can be
generated from DD activity on 1,2-dihydrodiol to generate the
1,2-DHN that can then rearrange to 1,2-naphthoquinone, which
may react with proteins and DNA and may also lead to oxida-
tive stress. If we assume that 1,2-naphthoquinone is involved in
naphthalene carcinogenesis in rodents, what is the potential that
the quinone will be formed in other tissues (including the lung)
in humans as a result of systemic distribution of the diol to these
tissues and DD activity to generate the quinone?

To try to answer this question, we looked at the levels of
aldoketo-reductase (AKR) activity and at the activities of
these enzymes toward naphthalene 1,2-dihydrodiol in various
tissues. AKR has DD activity as well as quinone reductase
activity. The human AKR superfamily consists of many iso-
forms (AKR1A1, AKRIBI, AKR1B10, AKR1C1, AKR1C2,
AKRI1C3,AKR1C4,AKR1D1,AKR6A3, AKR6AS, AKR6A9Y,
AKR7A2, and AKR7A3) that are expressed in different tis-
sues and have different activities toward different chemical
substrates (O’Connor et al. 1999; Penning and Drury 2007; Jin
and Penning 2007). Jin and Penning (2007), in their review of
human AKRs, indicated that AKR1A1 and AKRIC1-AKR1C4
are implicated in metabolic activation of PAHs to o-quinones,
and that this metabolic activation may be involved in PAH-
induced lung carcinogenesis. A more recent review by Shultz
et al. (2011) suggests that AKR1AL1 levels in normal human
bronchoalveolar cells are very low and are unlikely to play a
major role in PAH lung carcinogenesis.

Several of the AKR isoforms have been shown to have
activity toward 1,2-naphthoquinone and naphthalene 1,2-
dihydrodiol (O’Connor et al. 1999; Palackal et al. 2002; Shultz
et al. 2011). As summarized in Table 1, AKR1A1, which is

Table 1. Human AKRs and activity toward naphthalene metabolites.
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ubiquitously and constitutively expressed in human tissue (Jin
and Penning 2007) with relatively lower expression in the lung,
has been shown to have activity toward 1,2-naphthoquinone
(O’Connor et al. 1999), but no study was identified that evalu-
ated AKRI1AL1 activity toward the 1,2-dihydrodiol. Palackal
et al. (2002) evaluated the DD activity of human AKRI1CI1-
AKRI1C4 (overexpressed as recombinant proteins in Escheri-
chia coli) toward naphthalene 1,2-dihydrodiol in human lung
carcinoma (A549) cells and found that all four AKR1Cs were
active toward the 1,2-dihydrodiol. As observed by Shultz et al.
(2011), the specific activities of NADPH-dependent quinone
reduction are often 100-1000 times greater than the ability
of the same AKR to oxidize the PAH dihydrodiol. Conse-
quently, it is likely that AKR1A1 is also active toward the 1,2-
dihydrodiol, but perhaps not to the extent that it is toward the
1,2-naphthoquinone. Shultz et al. (2011) indicated that
AKRI1AT1 has arelatively high diol-to-quinone oxidation activ-
ity for PAHs in general, compared to AKRICI-AKRI1C3.
Therefore, assuming the naphthalene 1,2-dihydrodiol is
delivered systemically from the liver in humans to extrahe-
patic tissues, these data suggest that AKRIA1 in a number of
tissues should be at least as active toward the diol as AKRI1C1-
AKRI1C3 is in the lung to generate the 1,2-naphthoquinone.
Further, if systemic delivery of the diol from the liver to the
lung contributes to lung cancer in humans, owing to activity
of AKRIC1-AKRI1C3 on the diol, one would expect to see
effects in other tissues as well (e.g., in the kidney, liver, and
salivary gland), attributable to activity of AKR1A1 on the diol,
yet naphthalene-induced cancers in these organs have not been
identified in humans. One could argue that the levels of GSH
transferase activity in these tissues may be higher than in the
lung, thereby eliminating the toxic naphthalene metabolites
before toxicity can occur. Although glutathione S-transferase
(GST) expression levels are higher in the liver and kidney than
in the lung, levels in other tissues are comparable to or lower
than those in the lung; for example, GST expression is lower
in salivary glands (Nishimura and Naito 2006). Salivary gland
cancers are rare in the human population, with an incidence
rate of approximately one in 100 000 persons in the US (NCI

Activity toward naphthalene metabolites

Reduction of

Human Oxidation of Diol to Quinone to Diol
AKR Tissue distribution/expression Quinone (nmol/min/mg) (nmol/min/mg) Reference
AKRI1Al Kidney > liver > salivary gland > trachea > stomach No study identified 6,300 O’Connor et al. 1999
> duodenum > fetal lung > prostate > placenta >
mammary gland > lung > A549 cells
ND Shultz et al. 2011
AKRI1CI1 Liver, small intestine, lung, mammary gland, and prostate 203 Palackal et al. 2002
<5 O’Connor et al. 1999
ND Shultz et al. 2011
AKRIC2 Liver, small intestine, lung, mammary gland, and prostate 15 Palackal et al. 2002
80 Shultz et al. 2011
AKRI1C3 Liver, small intestine, lung, mammary gland, and prostate 8.5 Palackal et al. 2002
400 Shultz et al. 2011
AKRI1C4 Liver, lung 40 Palackal et al. 2002
<5 O’Connor et al. 1999
ND Shultz et al. 2011

ND = evaluated but not detected.
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2014), and therefore likely would have been observed in the
naphthalene epidemiology studies had salivary gland cancers
been elevated. Yet, naphthalene-induced tumors in these tis-
sues are not observed.

Results from the CFD—PBPK model (Campbell et al. 2014)
can be used to more directly predict contribution from the
liver. First, one can consider that there is also high naphtha-
lene metabolism in the liver in rats (i.e., approximately 70% in
rat liver following 1 ppm naphthalene exposure, as discussed
earlier in this paper), where there were no lung tumors fol-
lowing inhalation exposures to naphthalene as high as 60 ppm
in the NTP (2000) bioassay. Further, there is a higher rate of
metabolism in the rat liver compared to humans at a given
exposure concentration. These results suggest that the lower
overall rate of metabolism in the human liver compared to
rats would also not contribute to lung tumors in humans at
concentrations as high as 10.7 ppm (time-weighted continu-
ous exposure equivalent to 60 ppm in rats for 6 h/day, 5 days/
week). With respect to systemic distribution to the nose, one
can compare the metabolic rate in the rat liver at exposure
concentrations that do not lead to nasal lesions in the Dodd
et al. (2012) 90-day study (5.5 X 10~ 3 nmol/min-g liver tis-
sue at 0.1 ppm in the rat) to the exposure concentration that
it would take to reach the same metabolic rate in human liver
(5.4 1073 nmol/min-g in human liver at 0.036 ppm with
continuous exposure). A naphthalene exposure concentration
of 0.036 ppm is well above (approximately 200-fold) typical
human exposure concentrations of 0.95 ug/m? (0.00017 ppm)
naphthalene. See discussion of human equivalent concentra-
tions (HECs) later in this paper.

Overall, based on the available data, it appears that systemic
delivery of naphthalene metabolites from the liver back to the
human respiratory tract would not contribute significantly to
respiratory carcinogenesis in humans. This conclusion is sup-
ported by a lack of lung tumors in rats following inhalation
exposures to naphthalene where there is also high metabolism
in the liver (approximately 70% in rat liver at 1 ppm naph-
thalene), and an overall higher rate of metabolism than in the
human liver, as predicted by the CFD—PBPK rat/human model.
Further, if this were a plausible mechanism for naphthalene-
induced lung carcinogenesis in humans, systemic delivery of
naphthalene metabolites (particularly the naphthalene 1,2-
dihydrodiol due to high levels of EH in human liver) would
likely cause cancer in other tissues where AKRs are broadly
expressed, and this is not what is observed in the naphthalene
epidemiology studies.

Based on excretion studies in humans, what is the relevance of
1-naphthol, 2-naphthol, and 1,2-DHN in urine of occupationally
exposed humans and in urban children?

Several studies have found elevated levels of 1-naphthol,
2-naphthol, and 1,2-DHN in urine of occupationally exposed
humans (Bieniek 1994, 1997; Klotz et al. 2011; Wu et al.
2005; Marczynski et al. 2011). Klotz et al. (2011) is the only
study that reported 1,2-DHN. One- and 2-naphthol have also
been detected in the urine of urban children (Orjuela et al.
2012). Given that the majority of naphthalene is metabolized
in the liver, it is likely that these levels in the urine reflect
liver metabolism and not metabolism in respiratory tissue.
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As shown in Figure 2, 1- and 2-naphthol are spontaneously
formed from the epoxide and may be one of the first metabo-
lites to be formed during GSH depletion and regeneration. At
higher concentrations, with greater GSH depletion, EH in the
liver likely begins to generate the dihydrodiol and 1,2-DHN,
which are then released into the blood, where they are either
excreted or react with proteins (such as hemoglobin). Given
the very low levels of naphthalene metabolism in human respi-
ratory tissues, these urinary metabolites likely reflect mark-
ers of exposure and are unlikely to be markers of respiratory
toxicity in humans. This point is further supported through our
dose—response analysis and derivation of HECs, discussed in
later sections.

Conclusion from toxicokinetic studies with respect to hypoth-
eses. Overall, the toxicokinetic data suggest that naphthalene
toxicity in the mouse nose and lung and rat nose is dependent
on GSH depletion. The current data suggest that CYP2F2
may be involved in metabolism of naphthalene to the epox-
ide in the mouse lung, and by comparison to results from
styrene, possibly also in metabolism to more toxic down-
stream metabolites. CYP2AS appears to be involved in
naphthalene metabolism in the mouse nose where toxicity,
but no tumors, are observed. Differences in CYP2AS5 and
CYP2F2 may explain the lack of tumors in the mouse nose;
perhaps CYP2AS5 does not further metabolize the epoxide to
more toxic naphthalene metabolites. If CYP2F4 is involved
in naphthalene metabolism in the rat nose, this could also
explain why tumors are observed in the rat nose following
naphthalene exposure. The difference in tumor formation
and toxicity across species and tissues, however, ultimately
depends on the balance of the rate of initial metabolism
of naphthalene to the epoxide (from whatever CYPs are
involved), in addition to activities of GST, EH, and DD,
and possibly other metabolic enzymes. Additional data on
the involvement of CYP2A13 and CYP2FI in naphthalene
metabolism in the primate nose and lung would be helpful to
try to understand a possible mechanism of action in humans,
given an exposure concentration high enough to be relevant
to adverse effects in humans.

Although it is not clear which CYP is involved in
naphthalene metabolism in human respiratory tissue, over-
all, the current data, including predictions from a recent
rat-human CFD-PBPK model for inhaled naphthalene,
suggest that metabolism is much lower in human lung and
nasal tissue compared to the rat nose. At typical naphthalene
exposure concentrations for humans, the low metabolism
in human respiratory tissue likely results in little depletion
of detoxification capacity (GSH), with little to no genera-
tion of downstream genotoxic metabolites of naphthalene,
consistent with a non-mutagenic MoA. A preliminary study
by Van Winkle et al. (2014) observed little GSH deple-
tion in primate nasal explants following high naphthalene
exposures.

The CFD-PBPK model suggests that in humans, a
significant portion of inhaled naphthalene is metabolized in
the liver. Our analysis, however, suggests that systemic delivery
of naphthalene metabolites from the liver back to human respi-
ratory tissue is unlikely to contribute to respiratory toxicity
and cancer in humans.
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There is a question as to the relevance of protein adducts
observed in primate nose and lung explants, since naphthalene
metabolism is low in these tissues. As discussed, the results
could be an artifact of explant assays that do not include clear-
ance by and metabolism in the liver. The recent primate nasal
explant study by Van Winkle et al. (2014), however, suggests
that if protein adducts do occur in vivo in primate respira-
tory tissue, they do not result in toxicity in these tissues, and
presumably in carcinogenicity, since cytotoxicity is a likely
precursor to regenerative hyperplasia and tumor formation.

Overall, the toxicokinetic data, in combination with the
animal and human studies, suggest a mechanism of action
in rodents that involves initial (and obligatory) metabolism
of naphthalene to its epoxide intermediate followed by GSH
depletion and toxicity. The fact that GSH depletion appears
necessary for naphthalene-induced toxicity suggests a
non-mutagenic MoA and a threshold for toxic effects. It also
suggests that since there is very low naphthalene metabolism
in human respiratory tissue, GSH is not likely to be depleted to
a sufficient extent (as supported by the recent primate explant
study) to lead to toxicity and tumors at typical human expo-
sure concentrations.

These data further suggest that exposure to subcytotoxic
naphthalene concentrations can produce no more than very
low levels of genotoxic metabolites, strongly suggesting that a
mutagenic MoA at low doses is not likely. See further discus-
sion below.

Genotoxicity data

Based on our understanding of the naphthalene genotoxicity
data, as described earlier in this paper, we ask the following
question:

How should the genotoxicity results be interpreted with respect
to the proposed MoAs? What is the dose—response relationship
between naphthalene-induced cytotoxicity and genotoxicity? Do
the genotoxicity results suggest a mutagenic MoA?

To try to answer these questions, we need to examine the key
events in a mutagenic MoA and compare the dose—response
for those steps to the dose-response for cytotoxicity. The
following sections discuss these key events.

Key event 1: Metabolism to potentially genotoxic metabolites
(e.g., 1,2-naphthoquinone, diol epoxides, others) at

subcytotoxic concentrations.

There is no evidence that genotoxic metabolites of naphthalene
are generated at subcytotoxic concentrations. As discussed
above, 80% of the genotoxicity studies presented for naphtha-
lene are negative and most of the positive genotoxicity stud-
ies were accompanied by cytotoxicity (ATSDR 2005). These
results suggest that any potentially genotoxic metabolites are
not readily generated at low naphthalene exposure concentra-
tions. If that were the case, more of the in vitro assays would
have been positive. The results are consistent with the fact that
the potentially genotoxic metabolites are well downstream in
the metabolism pathway for naphthalene (Figure 2) and are
therefore likely not generated in sufficient quantities to induce
mutations until GSH is depleted (a concentration that is likely
too cytotoxic to be able to observe a significant mutation
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frequency experimentally). In fact, the only bacterial assay that
was positive was an assay that treated cells directly with the
downstream metabolite 1,2-naphthoquinone (Flowers-Geary
1996). Since it would require a very large quantity of naph-
thalene to generate enough 1,2-naphthoquinone to be able to
react with DNA, or to redox cycle to generate DNA damage
via oxygen radicals, generation of this metabolite (or further
downstream metabolites) at sufficient quantities to induce
mutations at subcytotoxic concentrations is unlikely.

There are no studies that look specifically at the formation
of potentially genotoxic metabolites at low concentrations
in target tissues. More recent studies, however, as discussed
earlier, have specifically evaluated the temporal and dose
relationships between naphthalene exposure and genotoxicity
and cytotoxicity, and have found that genotoxicity is observed
only at naphthalene concentrations that also induce cytotoxic-
ity (Recio et al. 2012), or after cytotoxicity has been observed
(Karagiannis et al. 2012).

Taken together, these results suggest that genotoxic metabo-
lites of naphthalene are not generated at sufficient quantities at
subcytotoxic concentrations to suggest a mutagenic MoA.

Key event 2: DNA adduct formation from naphthalene
metabolites at sub-cytotoxic concentrations.

Few studies have looked at DNA adduct formation from
naphthalene, and none have looked in target tissue (rat nose
or mouse lung). Although one in vivo (mouse skin) study
found that DNA adducts can form following treatment with
naphthalene or its metabolites (Saeed et al. 2007, 2009), it is
not clear whether these concentrations (0.5 and 1.2 uM) were
also cytotoxic to mouse skin cells. Further, DNA adducts can
often be repaired before DNA replication occurs and there-
fore will not always lead to mutations. Observations of DNA
adducts, therefore, cannot be taken to equal observations of
mutagenicity. First, it depends on the type of adduct; some
DNA adducts are far more mutagenic than others. Further, in
the cells that survive, only some of the DNA adducts formed
will escape DNA repair and result in mutations, and an even
smaller number might result in mutations in key genes that
could lead to tumor formation. As discussed in the next sec-
tion, subcytotoxic and cytotoxic concentrations of naphthalene
in target tissue (rat nose) do not result in an increased level of
mutations.

Key event 3: Naphthalene-induced mutations at sub-cytotoxic
concentrations.

As discussed in Meng et al. (2011), mutations in codon 271 of
the p53 gene have been observed in rat nasal tumors induced
by formaldehyde, and p53 mutations are also the most com-
mon mutation found in human nasal cavity tumors. There-
fore, it is reasonable to expect an increase in this mutation in
rat nasal epithelium following naphthalene exposure if it is
part of the carcinogenic mechanism. The authors, however,
observed no increase in p53 mutations at subcytotoxic or
cytotoxic exposure concentrations of naphthalene (0.1, 1.0,
10, and 30 ppm for 90 days; see Dodd et al. 2012) in the male
respiratory epithelium, but they did observe a significant
decreasing trend in mutations with increasing dose. These
results indicate no significant increase in mutations at the
subcytotoxic concentration of 0.1 ppm and a loss of mutations
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due to chronic cytotoxicity at higher exposure concentrations
(10 and 30 ppm), suggesting that naphthalene-induced
carcinogenesis in the rat nose does not operate through a
mutagenic MoA.

How can we interpret the genotoxicity results with respect to a
potential MoA for carcinogenesis in rodents?

The genotoxicity/mutagenicity data suggest that the carcino-
genic mechanism of action for the male rat nasal epithelium
may involve high (cytotoxic) doses of naphthalene to generate
sufficient levels of 1,2-naphthoquinone, or other downstream
metabolites, and that these metabolites may react with DNA to
cause mutations. These mutations, in combination with high-
dose cytotoxicity, may then contribute to cell proliferation and
tumor formation.

The Meng et al. (2011) study suggests, however, that even
at high doses of naphthalene, the frequency of p53 mutation
is not increased. As discussed by the authors, there could be
several reasons for this observation: 1) the p53 mutation was
induced, but not to a sufficient degree to overcome loss of
mutation due to cell death; 2) the pS3 mutation is not a sensi-
tive marker for naphthalene-induced nasal carcinogenesis; or
3) naphthalene-induced carcinogenesis is the result of long-
term effects from chronic (longer than 90 days) cytotoxicity
and regenerative cell proliferation, in which case mutations
would be secondary to cytotoxicity. Although further studies
evaluating potential mutagenesis in other genes are needed,
as discussed by the authors, it is reasonable to expect the p53
mutation to be a sensitive marker for naphthalene-induced
nasal tumors in rats.

Overall, the weight of evidence supports a mechanism of
action for rat nasal carcinogenesis involving increased cyto-
toxicity with increasing exposure concentrations, but where
cytotoxicity is sufficiently high, so that even if there is enough
metabolism to generate downstream genotoxic metabolites,
any mutations they may induce likely exist in dying cells
and therefore are not relevant to tumor formation. Therefore,
it is more likely that the carcinogenic mechanism of action
involves genotoxicity and mutagenesis that is secondary to
cytotoxicity.

A more specific genotoxic pathway has been proposed in
rodents (Piccirillo et al. 2012), whereby at high cytotoxic doses,
1,2-naphthoquinone forms an amino acid conjugate which in
turn is metabolized by aryl amidase to produce a reactive naph-
thoquinone imine which is genotoxic. The authors indicate
that this process is not likely to occur in humans. Although it
is possible, evidence for this mechanism is limited.

How can we interpret the genotoxicity results with respect to
human relevance?

There are no studies that examine genotoxic and mutagenic
potential of naphthalene in human respiratory tissues or cells.
There are several studies in human lymphoblasts, however,
that observed no increase in DNA damage in workers exposed
to naphthalene in jet fuel or bitumen (Marczynski et al. 2011;
Krieg et al. 2012). In addition, an in vitro study by Recio et al.
(2012) in TK6 human lymphoblast cells observed genotoxicity
(micronuclei induction), but only at concentrations that were
already cytotoxic.
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These results, although not in human respiratory tissue,
suggest a consistent non-mutagenic MoA across rodent and
human tissues that is associated with high doses of naphtha-
lene. Although the involvement of genotoxicity in the MoA
at high cytotoxic doses is unclear, importantly, these results
suggest that low exposures to naphthalene (i.e., concentrations
that do not induce cytotoxicity) do not induce genotoxicity or
mutagenesis in humans.

How should we account for possible “lingering” genotoxicity

at low exposure concentrations? That is, there will likely be
some (albeit very low) potential for the generation of genotoxic
metabolites at low exposure concentrations. Could this low level
of genotoxicity lead to mutations and carcinogenesis?

As discussed in the previous sections, there is essentially no
observable genotoxicity or mutagenicity at low (less than
cytotoxic) exposures to naphthalene. Since all pathways in
the proposed metabolic scheme for naphthalene are in equilib-
rium, it is possible that very low levels of downstream naph-
thalene metabolites are generated. The question is whether
this level of metabolites could lead to genotoxicity, muta-
tions, and carcinogenesis. Given that the levels will be very
low, they will not likely overwhelm cellular detoxification
mechanisms and will most likely be excreted. Any metabolites
that are not detoxified, and further react with DNA, are likely
to be removed by DNA repair mechanisms that should not be
overwhelmed at these low concentrations. Further, if there are
some that escape repair, the likelihood that the damage and
possible subsequent mutation is in a critical gene that could
lead to carcinogenesis is very small. Therefore, it is reasonable
to assume, given the low genotoxic potential of naphthalene
even at high concentrations that any lingering genotoxicity at
very low exposure concentrations is highly unlikely to lead to
mutagenesis and carcinogenesis. It is likely that any mutations
would be consistent with or lower than background levels of
mutations. It is also important to remember that there is no
positive evidence for the existence of such hypothesized low-
dose genotoxicity, nor is there any observation of tumorige-
nicity at sub-cytotoxic doses that such hypothesized low-dose
genotoxicity might be invoked to explain.

Conclusions from genotoxicity/mutagenicity data with respect
to hypotheses. Additional studies in target tissues, looking at
temporal and dose-response relationships for DNA adduct
formation and mutagenesis, in addition to cytotoxicity, would
provide useful information with regard to the potential for
naphthalene-induced mutagenesis at low exposure concentra-
tions. The available data, however, strongly suggest that an
initiating genotoxic event, and therefore a mutagenic MoA, is
not likely for naphthalene.

Conclusions from mechanistic data

Although it is likely that a mutagenic MoA is not involved
in naphthalene-induced carcinogenesis in rats, the specific
mechanisms of action for naphthalene-induced carcinogenesis
are not completely understood. The ultimate toxic metabolites
are not entirely clear. Therefore, we need to focus on compar-
ing overall metabolism and effects in animal tissues to those
in humans/primates to try to understand differences across
species that might inform a potential MoA. It is likely that
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cytotoxicity is involved in the carcinogenic mechanism in
rodents, since it occurs in both the rat nose and mouse lung,
and there are no elevations of animal bioassay tumors in tis-
sues that lack cytotoxicity. However, cytotoxicity alone may
not be sufficient, since there are target tissues where, follow-
ing naphthalene exposure, toxicity occurs but tumors do not
(i.e., mouse nasal tissue). It is also likely that if genotoxic-
ity is involved, it is only at doses that are already cytotoxic.
Cytotoxic doses of naphthalene, where inflammation also
occurs, will likely result in the generation of ROS that may
contribute to genotoxicity and mutations upon saturation of
cellular protective mechanisms (i.e., GST and DNA repair
pathways). Recent data, however, suggest that ROS from
naphthalene metabolites (i.e., redox cycling of 1,2- or 1,4-
naphthoquinone) are not likely involved in the mechanism for
naphthalene carcinogenicity (Cichocki et al. 2014).

As discussed earlier, the 90-day rat study (Dodd et al. 2012),
in addition to the re-evaluation of the NTP pathology data
(Harkema 2001), suggests that non-neoplastic lesions, spe-
cifically epithelial hyperplasia, are precursors to respiratory
epithelial adenomas in male rats and olfactory neuroblastomas
in female rats. The close association of these non-neoplastic
lesions with nasal tumors suggests important roles for cyto-
toxicity and hyperplasia in the mechanism of action for nasal
tumors in rats.

Toxicogenomic data (Clewell et al. 2014; Cichocki et al.
2014) suggest genomic responses related to oxidative stress,
GSH metabolism, cell cycle, inflammation, and proliferation,
but only at exposure concentrations of 1 ppm or higher in rats,
with significantly higher responses at 10 and 30 ppm. These
results are consistent with the histopathological dose—response
in the rat nose (Dodd et al. 2012), suggesting a NOAEL of 0.1
ppm naphthalene and a non-mutagenic threshold MoA.

The role of protein adducts in primate respiratory tissue
is unclear. Although protein adducts appear to correlate with
sites of high metabolism and toxicity in rodents, it is not clear
why protein adducts are observed in primate lung and nasal
tissue where metabolism is low (although, as discussed ear-
lier, these observations were in vitro in explants and at high
exposure concentrations). The formation of protein adducts in
primate respiratory explants indicates that these tissues have
the potential to metabolize naphthalene to metabolites that are
capable of reacting with cellular macromolecules. This leads
to a question regarding the potential for these metabolites to
react with DNA as well as proteins. This question needs to
be considered in the context of other relevant data, including
the following: 1) PBPK results suggest very low metabolism
of naphthalene in human respiratory tissue with approxi-
mately 90% of inhaled naphthalene metabolized in the liver,
and therefore, as discussed already, it may be that the explant
results do not reflect what is happening in vivo, due to very
high exposure concentrations (likely higher than what is attain-
able in humans) and lack of clearance from the liver; 2) there
is no increase in mutations following naphthalene inhalation
exposure in the rat nose (Meng et al. 2011), where naphthalene
metabolism is much higher than in human respiratory tissue;
and 3) the recent primate nasal explant study by Van Winkle
et al. (2014) observed little cytotoxicity even at high exposure
concentrations, suggesting that if protein adducts do occur
in vivo in primate respiratory tissue, they do not result in
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toxicity in these tissues, and presumably carcinogenicity, since
cytotoxicity is a likely precursor to regenerative hyperplasia
and tumor formation.

Based on our understanding of the mechanistic data, we ask
the following question:

If protein adducts can be formed in vivo in humans, but are

not involved in cytotoxicity, are they toxicologically relevant to
humans?

First, it has not been established that protein adducts are even
plausible in vivo in human respiratory tissues at typical naph-
thalene exposure concentrations. Given that the results are
from high exposures in explants (absent any clearance from
the liver), and given the very low metabolism in human respi-
ratory tissues, it is very likely that protein adducts do not form
in humans at typical naphthalene exposure concentrations.
The data suggest, however, that if protein adducts do form to
any significant extent in vivo, they do not lead to cytotoxic-
ity. If protein adducts can be formed in human respiratory
tissue from naphthalene exposure, the possibility that these
adducts could be related to diseases other than lung or nasal
cancers should be explored. There is some evidence that naph-
thalene and other PAH exposures are associated with asthma
incidence in children (Kim et al. 2005; Al-Daghri 2008;
DeStefano-Shields et al. 2010). Further, while comparable
levels of covalent binding have been demonstrated in target
and non-target tissues, there is some evidence that differences
in targeted proteins may contribute to differences in toxicity
(DeStefano-Shields et al. 2010; Boland et al. 2004; Cho et al.
1994; Lin et al. 2006). The understanding of proteins targeted
by naphthalene metabolites and the relationships to different
effects across species will improve our understanding of pos-
sible risks the protein adducts may have in humans.

Further, it is important to point out that even if protein
adducts are involved in naphthalene toxicity, the mechanism
would involve a threshold, since modification of a single
protein would not have a significant biological effect due to
constant protein turnover in cells.

Finally, it is possible that the protein adducts are not
associated with any adverse effects, and are only markers of
exposure to naphthalene.

Summary of data integration

Table 2 summarizes the results of the various lines of evi-
dence we have evaluated, organized by how each key event
in the proposed MoAs is supported by the available data; this
table can be used to illustrate data integration across lines
of evidence. Note that there are several cells labeled as “no
data.” This does not necessarily mean these are data gaps.
It is possible to have enough data to support a biologically
plausible MoA without having data for every possible mecha-
nistic key event in each tissue and species, as long as critical
pieces of information are available and integrated into the
weight-of-evidence analysis to support the MoA. In evaluating
the weight of evidence with respect to a particular overarch-
ing hypothesized MoA, the importance of elements without
much data to support them directly needs to be considered in
light of how plausible it is to suppose that the elements act as
hypothesized, and also how surprising it would be to find that
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they acted otherwise, in view of our wider understanding of
biology and metabolism.

As shown in Table 2, although high-dose genotoxicity can-
not be entirely ruled out, the in vitro and in vivo genotoxicity/
mutagenicity data, consistently across all species and tissues,
do not support a mechanism that includes even high-dose
genotoxicity/mutagenicity, and therefore strongly suggest
that a mutagenic MoA for naphthalene is not supportable.
Again, note that although the mechanism of action may not
be entirely clear, the results of our analysis strongly support a
non-mutagenic threshold mode of action, involving high-dose
GSH depletion, cytotoxicity, chronic inflammation, and regen-
erative hyperplasia, and importantly, whereby any mechanism
relevant to carcinogenesis is not active until high cytotoxic
doses.

Although there are still some questions and uncertainties
in the data set, the current data strongly suggest that typical
human exposures to naphthalene will not result in an increased
risk of respiratory cancer. The plausibility of the explanations
(or “accounts”) for these uncertainties within the data for one
overarching hypothesis needs to be weighed in comparison to
the alternate set of explanations (or “accounts”) of the data.
This is described in the next section.

Evaluation of alternative accounts

An HBWoOE evaluation comes down to an evaluation of alter-
native “accounts,” which are proposed sets of explanations for
the observed phenomena across the body of relevant lines of
evidence. These competing accounts should be evaluated to
determine how the evidence supports them, what is necessary
to assume for their support, and how the overall weight of the
evidence for each suggests how compelling the account should
be taken to be. An account is most compelling when it is not
only supported by the factual record, but when it also helps
explain the data by finding common reasons for sets of obser-
vations, and moreover, achieves this ability much more readily
than any competing account. This approach—which is at the
center of the HBWoE method—recognizes that the array of
information available will seldom be able to prove or disprove
any interpretation absolutely, especially when the candidate
interpretations may include accommodations to justify why
results, that on the face of things might seem inconsistent,
might nonetheless be reconciled using further assumptions.
Moreover, results that are explained in one account as con-
sequences of a hypothesized causal process by the agent in
question must still be explained (at least tentatively) under any
alternative account that denies the same causal process as hav-
ing other plausible reasons for having occurred. This approach
is explained more fully in previous publications (Rhomberg
et al. 2010, 2011; Rhomberg 2014; Prueitt et al. 2011).

It is useful to distinguish between the large overarching
hypotheses that propose alternative general conclusions about
the toxicological properties of the agent (in our case, the
alternative MoA proposals) and the more numerous subsid-
iary or contributing subset of hypotheses that each proposes
how particular study results might be explained, and how
such explanations do, or do not, support the larger overarch-
ing contention.
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In this section, we evaluate how the apparent discrepancies
in the naphthalene data set are explained and how plausible
these explanations are for each account, asking whether the
explanations require ad hoc assumptions, and how likely it is
that additional data will support the explanation of the dis-
crepancies.

Table 3 summarizes our interpretation of the alternative
accounts for each hypothesis (i.e., either a non-mutagenic or a
mutagenic MoA). The first three columns of Table 3 summarize
our main arguments in support of an overarching hypothesis
that the mechanism for naphthalene-induced nasal tumors in
rats involves local high-dose GSH depletion and cytotoxicity,
and that naphthalene-induced genotoxicity, if it occurs, does
not happen until cytotoxic exposure concentrations, result-
ing in a threshold MoA and little to no human relevance for
lung or nasal carcinogenesis at typical human exposure levels
(Account #1). For each of our main arguments, we present the
counter argument for another account of the data that proposes
a mutagenic MoA that involves genotoxicity/mutagenicity
from naphthalene metabolites that are generated at less than
cytotoxic doses, with potential human relevance at typical
human exposure levels (Account #2).

Fundamentally, Account #2 does not have a credible expla-
nation for why, despite its proposed key role of direct DNA
interaction and mutagenesis, there is no clear and consistent
genotoxicity manifested for naphthalene, nor why there are
apparently no somatic mutations in target tissues even at
exposures prompting cytotoxicity. It treats the apparent con-
finement of target tissues for carcinogenesis in animal bioas-
says, to those tissues showing marked toxicity, as either an
uninformative coincidence, or, at most, as a reflection of
localization of metabolic activation. Though it cannot readily
explain why tissues such as the liver (that produce the sup-
posed genotoxic metabolites at high levels) are not targets for
carcinogenesis, Account #1 attributes the consistent pattern of
collocation of tissue toxicity and carcinogenic effect (and the
lack of carcinogenic effect in tissues lacking toxicity), even
though the affected tissues vary from rats to mice, as indica-
tive of the causal role of such toxicity in the tumorigenic pro-
cess. The main ad hoc element in Account #1 is that the lack
of tumors in mouse nose, despite cytotoxicity, is attributed to
some inherent difference in mouse nasal tissue that is yet to be
fully identified, its cytotoxic response, or its metabolic path-
ways compared to rat nose and to other tissues. Account #1
addresses the possibility of tissue toxicity in humans exposed
to naphthalene by evaluating human metabolic activity and by
evaluation of the lack of relevant effects in primate explants.

Although Account #1 relies on a few ad hoc explanations of
the available data in order to support the proposed hypothesis, the
overall data suggest that these explanations are plausible, and if
tested, could very well be supported. Account #2 has many more
ad hoc explanations, and overall, lacks plausibility and is not sup-
ported by the available data. Summing the ad hoc explanations
and instances where plausibility can be reasonably excluded for
each account results in fewer of these (shaded cells) for Account
#1. Overall, Account #1 is better supported by the available data.
Note that even if less weight is given to Account #1 for nasal
tumors, given that the Van Winkle et al. (2014) study is still
preliminary, Account #1 is still stronger than Account #2, based
on comparisons of all remaining data in the table.
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Table 3. Comparative Reasoning for Accounts of Naphthalene Carcinogenesis in Rodents and Human Relevance.
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Plausibility that Plausibility that
additional data additional data

Account for hypothesis #1 Ad hoc will support Account for hypothesis #2 Ad hoc will support

(Non-mutagenic MoA) explanation?* explanation (Mutagenic MoA) explanation?* explanation

Animal data

Lack of tumors in mouse nose, even with Plausible Assume same as account for Plausible
chronic inflammation and cytotoxicity, Hypothesis #1.
may be due to differences in metabolism
(possibly different CYPs) that lead to
generation of a carcinogenic metabolite in
rat nose but only cytotoxic metabolites in
mouse nose.

Lack of tumors in rat lung may be due to Plausible Assume same as account for Plausible
lower metabolism of naphthalene in the Hypothesis #1.
rat lung, resulting in sufficient elimination
of naphthalene metabolites and little
toxicity.

Lack of concordance across species, and Plausible Carcinogenic potential
lack of toxicity and tumors in tissues in humans should be
where metabolism is low (rat lung), considered plausible based
suggests humans (in which metabolism on rat nasal tumors and
is low in nasal and lung) will not be mouse lung tumors, even
susceptible. though there is a lack

of concordance across
species/tissues, and human
respiratory metabolism

is most similar to non-
susceptible tissue (rat lung).

Although there is not a clear co-occurrence Plausible Not clear that there is an
of non-neoplastic changes and tumors opposite account of this
in the rat respiratory epithelium, there observation.
is a continuum between the neoplastic
and non-neoplastic lesions for olfactory
neuroblastomas, and overall, the male rat
nasal pathology data suggest important
roles for cytotoxicity and regenerative
hyperplasia with nasal tumor formation.

Mechanistic data

Genotoxicity from a downstream metabolite Plausible There may be a sufficient
of naphthalene occurs (if it occurs) at level of genotoxic
exposure concentrations that are cytotoxic metabolites generated at
(subsequent to GSH depletion), resulting concentrations below those
in a non-mutagenic MoA in rats. that are cytotoxic so that a

mutagenic mode of action is
possible in animals.

Although some DNA lesions at sub- Plausible
cytotoxic concentrations cannot be ruled
out, it is likely that they occur at a level
that is very low compared to endogenous
background levels of DNA damage.

Human relevance (nasal tumors)

Human nasal tissue has lower naphthalene Plausible Although explant studies
metabolism than rat nasal tissue, suggest no cytotoxicity in
resulting in sufficient elimination of monkey nasal tissue from
naphthalene metabolites and little toxicity. naphthalene exposure,
Cytotoxicity studies in monkey nasal human nasal tissue has
explants support this conclusion. metabolic functions similar

to rat nasal tissue that may
lead to nasal tumors in
humans.

Protein adducts in non-human primate Plausible Although explant studies

nasal tissue at levels similar to rats are
due to artifact of explant incubations and
may not be reflective of in vivo situation,
may be only a marker of exposure.
Cytotoxicity studies in monkey nasal
explants support this conclusion.

suggest no cytotoxicity in
monkey nasal tissue from
naphthalene exposure,
protein adducts in non-
human primates at levels
similar to those in rats
suggest human nasal tissue
is susceptible.

(Continued)
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Table 3. (Continued)
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Plausibility that
additional data

Plausibility that
additional data

Account for hypothesis #1 Ad hoc will support Account for hypothesis #2 Ad hoc will support
(Non-mutagenic MoA) explanation?* explanation (Mutagenic MoA) explanation?* explanation
Additional epi data are unlikely to find an Plausible The human epi data,
association between human nasal cancer suggesting no causal
and naphthalene exposure. association between
naphthalene exposure and
nasal tumors, is somehow
not reflecting an association
that could be there.
Human relevance (lung tumors)
Human lung tissue has lower naphthalene Plausible Human lung tissue has
metabolism than mouse lung or rat metabolic functions similar
nasal tissue, likely resulting in sufficient to those of mouse lung or rat
elimination of naphthalene metabolites nasal tissue that may lead to
and little toxicity. The PBPK model lung tumors in humans.
estimate of metabolism in the human
lung compared to rat lung and rat nose
supports this conclusion.
There is likely little to no contribution to Plausible Systemic distribution of
lung toxicity via systemic distribution of metabolites from the liver
toxic naphthalene metabolites from the back to the lung may
liver to the lung since the PBPK model contribute to toxicity in
predicts higher metabolism in rat liver and rodents and may be relevant
no tumors in rat lung. In addition, since to humans.
AKR enzymes involved in metabolism of
key naphthalene metabolites in humans
are ubiquitous, there is no reason to
think that tumors would not occur in
other tissues, and this is not observed in
humans exposed to naphthalene.
Protein adducts in non-human primate lung Plausible Protein adducts in non-human
tissue at levels similar to mice are due to primate lung at levels
an artifact of explant incubations and may similar to those in mouse
not be reflective of in vivo situation, or lung suggest human lung
may be only a marker of exposure. tissue is susceptible.
Relative weight of evidence for accounts Stronger Weaker
(nasal tumors)’
Relative weight of evidence for accounts Stronger Weaker

(lung tumors)*

Shaded cells are ad hoc assumptions and/or where additional data are unlikely to support explanation.

*Refers to explanation in first column for each account.

Relative weight for nasal tumors includes accounts for animal data, mechanistic data, and human relevance (nasal tumors). Relative weight for lung
tumors includes accounts for animal data, mechanistic data, and human relevance (lung tumors).
Accounts with the fewest ad hoc assumptions and/or assumptions where additional data are unlikely to support explanation are considered stronger.

Potentially vulnerable subpopulations

There may be certain subpopulations that are more susceptible
to potential carcinogenicity from exposure to naphthalene than
the general human population. Children are more susceptible to
many toxicants due to differences in their anatomy and physiol-
ogy compared to adults. With regard to naphthalene, neonates
may be especially vulnerable because their enzyme systems
for conjugation and excretion are not well developed (ATSDR
2005). For example, neonates have smaller stores of reduced
GSH, making them more susceptible to oxidative stress (Sudakin
etal. 2011). Orjuela et al. (2012) reported an association between
chromosomal aberrations in the lymphocytes of 5-year-old urban
children and urinary levels of 1- and 2-naphthol. It is unclear
however, what role naphthalene may have had since there was no
measurement of total PAHs or other possible genotoxic agents.
Genetic variation in metabolism may also affect susceptibil-
ity to naphthalene toxicity. Polymorphisms that affect activity
levels have been observed for several enzymes that are respon-
sible for naphthalene metabolism. Increased bioactivation

and/or decreased conjugation and excretion may lead to higher
concentrations of downstream reactive metabolites.

CYP enzymes

Among the CYP enzymes found in human respiratory tissue
that are capable of metabolizing naphthalene, polymorphisms
have been reported for CYP1A1, CYP2EL, CYP2A6, CYP2S1,
CYP2A13, and CYP2F1 genes (Saarikoski et al. 2005; Nan
et al. 2001; Yang et al. 1999; Wang et al. 2003; Cauffiez et al.
2004; Tournel et al. 2007).

The *2C polymorphism in exon 7 of the CYP1Al gene
and the *5A/B polymorphisms in the 5 flanking region of the
CYP2E1 gene are well established in the human population.
The frequency of the CYPIAI *2c polymorphism is reported
to be 22% in Caucasians and 5% in Japanese populations (Roco
et al. 2012). The frequency of CYP2E] *5A/B polymorphisms
(combined) is reported to be 2-4% in the US population and
higher in Asian populations (30-50%) (Neafsey et al. 2009).
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Nan et al. (2001) studied the effects of CYPIAI and CYP2E]
polymorphisms on naphthalene metabolism in two different
populations: occupationally exposed coke oven workers and
students with no occupational exposure. The authors observed
significantly higher urinary concentrations of 2-naphthol, indi-
cating higher enzyme activity, only in workers who were either
heterozygous or homozygous for the CYP2EI Rsal polymor-
phism (c1/c2 or c2/c2) compared to the homozygous wild-type
genotype (cl/cl). No effect was evident in the students, and no
effect of the CYPIAI polymorphism was observed in either
subject group. Similar results were obtained in a study by Yang
et al. (1999). The authors found that among Japanese men (not
occupationally exposed to naphthalene), the CYP2EI Rsal
polymorphism (c1/c2 and c2/c2) was significantly associated
with higher urinary levels of 1- and 2-naphthols compared to
the wild-type genotype. The CYPIAI polymorphism had no
effect on naphthol levels. These studies suggest that CYP2E1
may be involved in naphthalene metabolism in humans.

Polymorphisms of the naphthalene-metabolizing enzymes
CYP2A13 and CYP2FI have also been observed in human
populations. While the effects of these variants on naphthalene
toxicity are unknown, certain CYP2AI3 variants have been
associated with specific types of lung cancer and with changes
in enzyme activity toward other carcinogens (Fukami et al.
2008; Wang et al. 2003; Cauffiez et al. 2004). Several vari-
ants of CYP2F] were also recently identified, but no evidence
of associations with lung cancer was observed (Tournel et al.
2007).

It is unclear as of yet what effect, if any, these polymor-
phisms might have on susceptibility to naphthalene-induced
respiratory cancer.

Epoxide hydrolase

There are two well-established variants of the microsomal
epoxide hydrolase gene. The first is a tyrosine to histidine at
codon 113 in exon 3 that reduces in vitro enzyme activity by
approximately 39-50%; the second is a histidine to arginine
at codon 139 in exon 4 that increases in vitro enzyme activ-
ity by approximately 25% (Salam et al. 2007; Seidegard and
Ekstrom 1997; Kitteringham et al. 1996). These variations
may affect the stability of the enzyme, which may account,
in part, for the interindividual differences in activity among
human populations (Seidegard and Ekstrom 1997). The
epoxide hydrolase polymorphisms may affect individual
susceptibility to cancer that is associated with environmental
carcinogens (Seidegard and Ekstrom 1997). Wu et al. (2001)
noted that the exon 4 polymorphism had different effects on
susceptibility to lung cancer in different human populations.
This polymorphism was associated with an increased risk for
lung cancer among a population of Mexican Americans, but
not among a population of African Americans. The exon 3
polymorphism had no effect on lung cancer in either group
(Wu et al. 2001). Little is known about the effects of epoxide
hydrolase polymorphisms on naphthalene metabolism. An in
vitro assay of human liver enzyme activity revealed no cor-
relation between these two epoxide hydrolase genotypes and
rate of naphthalene metabolism (Kitteringham et al. 1996).
Salam et al. (2007) reported that in children, higher epoxide
hydrolase activity was associated with increased incidence
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of asthma, possibly due to increased bioactivation of PAHs.
Whether this observation is relevant to naphthalene bioactiva-
tion and cancer risk is unknown.

Glutathione-S-transferases

Individuals with reduced GST activity may be at higher risk
for naphthalene toxicity since GSH conjugation is a major
detoxification pathway. There are three types of GST enzymes
that have well-characterized polymorphisms. Individuals who
are homozygous for the GSTTI null or GSTM1 null genotypes
have no activity of those respective enzymes (Seidegard and
Ekstrom 1997). GSTM1 has high activity towards many epox-
ide metabolites of PAHs (Seidegard and Ekstrom 1997) and
may be important in the metabolism of naphthalene. In the
study of coke oven workers described above (Nan et al. 2001),
workers who smoked and had the null GSTMI genotype had
higher urinary concentrations of 2-naphthol compared to non-
null workers. There was no association between the GSTTI
null genotype and 2-naphthol concentrations. Similar results
were noted in the study of Japanese male workers (Yang et al.
1999). In this study, smokers who had only the GSTM1 null
genotype had higher concentrations of urinary naphthols than
did workers with the normal GSTM1 genotype. The GSTPI
variant is a substitution of valine for isoleucine at the 105 posi-
tion, which may result in decreased enzyme activity (McCa-
rty et al. 2007). In the study of asthmatic children by Salam
et al. (2007), low-activity GSTP1 phenotype was associated
with asthma. While this study did not focus on naphthalene
metabolism, PAHs are known to be associated with asthma
and wheeze (Miller et al. 2004; Jedrychowski et al. 2005),
therefore suggesting an increased susceptibility to PAHs for
children with this phenotype.

Conclusions related to susceptibility

Although we did not identify any investigations of naphthalene
toxicity in association with enzyme polymorphisms, the above
studies demonstrate that metabolism of naphthalene may dif-
fer with different phenotypes of CYP, epoxide hydrolase, and
GST enzymes. This may indicate that people with increased
CYP and/or epoxide hydrolase activity, or with deficiencies in
GST enzymes, may be more susceptible to naphthalene toxic-
ity than the general population.

Dose—response assessment

The most recent finalized assessment of naphthalene carcino-
genicity by the US EPA (1998) recognizes that “[given that]
in most genotoxicity tests with naphthalene, negative results
have been obtained, it appears unlikely that naphthalene repre-
sents a genotoxic carcinogen” (p. 34). Bogen (2008) presented
an analysis of a dual MoA for induction of respiratory tract
tumors by inhaled naphthalene, in a model that assumed cyto-
toxicity and mutagenicity are each increased independently by
exposure but can interact in their impact on tumor risk. He
employed pharmacokinetic modeling to estimate target tissue-
metabolized doses and used in vitro data on human lympho-
cytes to estimate the comparative patterns of dose-dependence
of cell-killing and genotoxic effects. The joint action of
these influences on tumor generation was described using an
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Moolgavkar—Venzon—Knudson (MVK)-model that expresses
the development of dose-specific tumor risk over time as a
function of underlying birth, death, and mutation among the
population of target-tissue cells, with increasing exposures
acting progressively to elevate the rates of these processes
over those in unexposed tissue. A number of assumptions
are needed to achieve this modeling, and Bogen’s aim was to
set these so as to find a conservative estimate of the factor
by which a purely mutagenic MoA model (and its low-dose
linear extrapolation) could overestimate the risks by failing to
account for the role of cytotoxicity and its disproportionate
role in tumorigenesis at the exposure levels in animal bioas-
says at which tumor responses were observed.

In view of newer data, described above, that suggest little
role for mutagenicity in target tissues (and that any such
role would occur, if at all, only secondarily to cytotoxicity),
and because we have the added information about the dose-
dependence of the relevant tissue toxicity at lower doses, we
have taken an approach to dose—response analysis that focuses
on characterizing the dependency of tissue toxicity on tissue
metabolized dose.

The outcome of our HBWoOE evaluation (summarized in
Table 3) is that the current data more strongly support a MoA
that is non-mutagenic, and that there is a much larger degree
of ad hoc argument (with little plausibility that additional data
will support those arguments) in the hypothesis that accounts
for the data as supporting a mutagenic MoA.

The data, therefore, support a MoA that likely involves a
threshold for cytotoxicity; that is, a dose below which cytotox-
icity, and therefore tumors, are notexpectedto occur. The dose—
response evaluation needs to attempt to identify this threshold
in rodent tissues, and to identify the lowest doses associated
withnon-neoplasticlesionsthatarelikely precursorstotumors.
Our dose-response evaluation attempts to align exposure—
response relationships of key precursor non-neoplastic
lesions to exposure—response relationships for tumors in
an attempt to develop a sequence of key events for tumor
formation in the rat nose that is consistent with the tis-
sue dose-response and the biologically plausible MoA
supported by the HBWOoE evaluation. Part of our evalu-
ation involved, as discussed already, examining what
non-neoplastic lesions occur in the individual rats with
tumors. In this section, we try to understand the dose—
response relationship for those precursors compared to the
dose-response for tumors, and the tissue concentrations and
metabolized doses associated with those precursor effects.

The challenge in this approach is that the NTP bioassays
themselves include only high doses—high enough that the
target tissues for tumorigenicity had widespread tissue toxic-
ity that was little diminished between the higher exposure and
the lower one. As the PBPK model of Campbell et al. (2014)
shows, the tissue-specific metabolized doses in rat nose are not
markedly different for the NTP exposure levels, owing to satu-
ration of metabolic capacity at the high air concentrations used.
Thus, the ability to describe the dose—response for precursor
lesions that are deemed to be key necessary events requires
other information, for which we use the 90-day study of Dodd
et al. (2012) that aimed to extend observation of noncancer
nasal respiratory lesions in rats to lower exposure levels, and
also the PBPK model results of Campbell et al. (2014) that
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enable estimation of how tissue-metabolized doses diminish
at lower exposure concentrations.

As discussed, Dodd et al. (2012) conducted a 90-day low-
dose (0.1, 1, 10, 30 ppm naphthalene) rat inhalation study that
identified doses at which non-neoplastic lesions (e.g., inflam-
mation, hyperplasia, degeneration/necrosis, squamous meta-
plasia, and goblet-cell hyperplasia) in nasal respiratory and
olfactory epithelial tissue did not occur (0.1-1 ppm), thereby
suggesting a naphthalene-inhalation threshold exposure con-
centration in rats for lesions that are precursors of nasal cancer.
The genomics data (Clewell et al. 2014) are consistent with
this NOAEL, and although GSH depletion was not evaluated
at 0.1 ppm in the rat nose, and does occur at concentrations
as low as 1 ppm (Cichocki et al. 2014), the GSH-depletion
data are not inconsistent with a NOAEL at 0.1 ppm; further
investigation of GSH-depletion at lower concentrations for
longer exposure durations would be useful. Our approach is
based on the presumption that a NOEL for these apparent
precursor lesions in rats will also be NOEL for tumors; this is
also consistent with the results of our HBWOoE analysis, within
which we conclude that the data suggest important roles for
cytotoxicity and regenerative hyperplasia with nasal tumor
formation, and that low doses of naphthalene are not likely to
lead to tumor-initiating genotoxic and mutagenic events.

Therefore, we do not use the NTP tumor data for our main
dose-response analysis, and instead use the non-neoplastic
data from the NTP (2000) and Dodd et al. (2012) bioassays.

Selection of lesion type

We obtained the raw data through NTP (2012) and from the
authors of the Dodd et al. (2012) study for the dose—response
modeling. As discussed in the NTP (2000) rat bioassay, a num-
ber of non-neoplastic lesions in nasal tissue were observed in
animals that developed tumors, some that are more likely to be
associated with tumor formation, and others that are not. As
NTP discussed, hyaline degeneration and goblet-cell hyper-
plasia of the nasal respiratory and olfactory epithelium are
considered non-specific protective or adaptive responses to
chronic inhalation of irritants. Therefore, these lesions are not
considered further in our dose-response analysis.

The Dodd et al. (2012) 90-day study examined rat nasal tis-
sues using several sections through the nose, beginning at the
tip and continuing through progressively posterior sections,
designated Levels 1 through 5. Inflammation occurs in the
nasal tip and the Level 1 section of the male and female rat
nose at all doses including the controls, with no dose response
(i.e., 50-100% variable response across control and dose
groups). Tumors have not been observed in the nasal tip, and
although the NTP (2000) bioassay reports tumors in the Level
1 section, the NTP Level 1 section appears to correlate with
the Dodd et al. (2012) Level 2 section. Therefore, we did not
conduct dose—response modeling for inflammation in the nasal
tip and Level 1 nasal section from Dodd et al. (2012).

Dose-response modeling was conducted on non-neoplastic
lesions determined to be key based on results of our HBWoE
evaluation (respiratory and olfactory epithelial hyperplasia,
degeneration [if not specified as hyaline], and respiratory
epithelial inflammation and squamous metaplasia), observed
in both male and female rats in the Dodd et al. (2012) 90-day
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and the NTP 2-year bioassay (NTP 2000). [Note that squamous
metaplasias are considered benign lesions but are maintained
nonetheless in our dose-response analysis].

Selection of lesion location

We modeled respiratory epithelial lesions reported in Level
2 of the Dodd et al. (2012) study, and not Level 1, since no
tumors and no non-neoplastic lesions (that were not also in
the controls) were observed there. Although olfactory tumors
occurred predominantly in Level 3 of the NTP (2000) bioassay,
one could argue that a tumor could arise from a relevant non-
neoplastic lesion wherever that lesion may occur. Therefore,
although the NTP Level 3 section of the nose is comparable
to the Dodd et al. (2012) Level 4 section, we modeled all rel-
evant olfactory lesions from the Dodd et al. (2012) study that
occurred in Levels 2-5. We also checked to see how the dose—
response estimates would vary had we just considered animals
with lesions in Level 4. For all but two dose/lesion combina-
tions, there was no difference. For the two that were different,
the 95% lower BMDLs went up slightly if only Level 4 was
included. The NTP (2000) bioassay reported non-neoplastic
lesions in the nasal respiratory and olfactory epithelium, but
did not specify whether the lesions were located in Level 1,
2, or 3. Therefore, we modeled all relevant nasal lesions as
reported by NTP (respiratory and olfactory epithelial hyper-
plasia and respiratory epithelial squamous metaplasia).

Dose-response modeling approach

The noncancer lesions (in both the 90-day and the 2-year
bioassay) are described in terms of severity by scoring
into one of several ranked categories. Dodd et al. (2012)
scored lesions as 1 = minimal, 2 = slight/mild, 3 = moderate,
4 =moderately severe, or 5= severe; average severity of all
relevant nasal lesions from all exposure groups ranged from
0.6 to 2.7 for male rats, and 0.8 to 2.5 for female rats. NTP
(2000) scored lesions as 1 = minimal, 2 = mild, 3 = moderate,
or 4 =marked; average severity of all relevant nasal lesions
from all exposure groups ranged from 1.8 to 3.5 in male rats,
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and from 1.6 to 3.2 in female rats. It is possible that lesions
of severity greater than the mildest category might be more
informative about the ensuing carcinogenic process. As a
conservative estimate, however, we conducted dose—response
modeling considering all lesions present at some severity level
(i.e., severity 1 or higher) for 90-day and 2-year data.

Responses based on the metabolized dose were derived
through application of the recent CFD-PBPK model
(Campbell et al. 2014) that incorporates metabolic rate
constants for naphthalene from nasal and lung tissue of rat
and rhesus monkey, and has allowed for an understanding
of metabolized doses in specific rat nasal tissue locations.
As shown in Figure 3, the shape of the relationship between
inhaled air concentration vs the tissue-specific metabolized
dose is quite non-linear. Given that naphthalene toxicity is
clearly dependent on initial metabolism to the epoxide, as
discussed here in earlier sections, we derived dose—response
curves and points of departure (PODs) based only on
metabolized dose, and not inhaled dose.

Results of dose-response modeling

All supporting modeling files are available in the Supple-
mentary Materials to be found online at http://informa
healthcare.com/doi/abs/10.3109/10408444.2015.1061477,
including best-fit model selection criteria and averaging meth-
ods, along with the dose-response curves for all endpoints
evaluated. A summary of BMDs and PODs based on the
best-fit model, and on the average BMDs from all models that
adequately fit the data, are shown in Table 4. The average and
best-fit model BMDs for all of the 90-day non-neoplastic end-
points are very similar. Since the average considers all models
with adequate fit, we used the average model BMDLs (PODs)
to estimate HECs, discussed in the next section.

We compared the modeling results (BMDs in Table 4
and dose-response curves in the Supplementary Materials
to be found online at http://informahealthcare.com/doi/a
bs/10.3109/10408444.2015.1061477) for the same end-
point from the NTP 2-year bioassay and the Dodd et al.

Table 4. Points of departure for lesions in naphthalene-exposed rats from NTP (NTP 2000) and Dodd et al. (2012)*.

Point of departure (POD) based on
Best-fit model estimate

Point of departure (POD) based on average
model (AM) estimate

Best-Fit Number
dose-response  BMD POD of BMDL
Nasal tissue ~ Sex Lesion model (BMD,)) (BMDL,)) Models AM_BMD AM_POD Range Data Source
Ventral Male  Hyperplasia Weibull 3.252 0.827 6 2.00 0.781 0.261 Dodd et al. 2012
respiratory Logistic 2.760 2.190 6 3.55 1.412 1.550 NTP 2000
epithelium Squamous metaplasia Gamma 4.529 3.737 7 5.12 3.819 1.515 Dodd et al. 2012
LogLogistic 1.360 1.030 4 1.89 1.529 1.371 NTP 2000
Female Hyperplasia LogProbit 5.327 4.253 7 4.99 3.843 1.685 Dodd et al. 2012
LogProbit 3.361 2.162 6 3.51 2.002 2.529 NTP 2000
Squamous metaplasia LogProbit 5.253 4.152 7 4.95 3.742 1.541 Dodd et al. 2012
LogLogistic 1.519 1.148 4 2.06 1.661 1.420 NTP 2000
Olfactory Male  Degeneration LogLogistic 3.364 1.298 7 4.41 1.245 0.207 Dodd et al. 2012
epithelium Hyperplasia LogLogistic 8.005 1.341 7 6.83 1.601 1.430 Dodd et al. 2012
LogLogistic 0.077 0.036 1 NA NA NA  NTP 2000
Female Degeneration LogLogistic 3.364 1.298 7 4.41 1.245 0.207 Dodd et al. 2012
Hyperplasia LogLogistic 3.364 1.298 7 4.41 1.245 0.207 Dodd et al. 2012

BMD = benchmark dose, BMDL,;=95% lower confidence limit on the benchmark dose (10% response), POD = point of departure, NA = not

applicable.

Average Model (AM): The average model estimates are the arithmetic average BMD or BMDL from all models that adequately fit the data.

BMDL Range = Max BMDL — Min BMDL.

*Data are in units of the amount of naphthalene metabolized in the rat (nmol/min-g tissue) (Using md_v.4 estimates).
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Figure 4. Two-year (NTP 2000) vs 90-day (Dodd et al. 2012) metabolized dose—response in male and female rats following naphthalene exposure via
inhalation (BMR of 10% extra risk for the 0.95 lower confidence limit on the BMD). Figures show the best-fit curve. See supplemental material for
all modeling results. (A) Male rat respiratory epithelial hyperplasia dose-response from 2-year study (Logistic); (B) male rat respiratory epithelial
hyperplasia dose-response from 90-day study (Weibull); (C) female rat olfactory epithelial hyperplasia dose-response from 2-year study (Log-Logistic
with NO FIT); (D) female olfactory epithelial hyperplasia dose-response from 90-day study (Log-Logistic).

(2012) 90-day study, to determine which results were most
appropriate for use as PODs to derive HECs. As shown in

Figure 4 (for male respiratory and female olfactory epi-
thelial hyperplasia as examples), the 90-day dose—response
model provides information for lower doses (0.1 and 1 ppm),
including doses where effects were not observed. These low
doses were not evaluated in the 2-year NTP bioassay, and
therefore the 90-day modeling results provide a better dose—
response estimate in the lower dose range for these end-
points. As shown in Figure 4 (for female olfactory epithe-
lial hyperplasia) and in the Supplementary Materials to be
found online at http://informahealthcare.com/doi/abs/
10.3109/10408444.2015.1061477,the BMD software was not
able to fit the NTP data for a number of the NTP non-neoplastic
endpoints, owing largely to the similarity in tissue-metabolized
dose levels—a consequence of saturating metabolism—at the
available NTP dose levels. Also, as shown in Table 4, the
ranges of viable BMDs from the NTP data are the same or
larger (e.g., hyperplasia) than the ranges from the 90-day
data, suggesting that the 90-day data are less variable in the
dose-response output. Therefore, we used the 90-day BMDs
to estimate PODs and HECs.

We compared our BMDL,, (POD) values to the BMDL
values presented in the recent study of genomic responses in
the rat nasal epithelium following inhalation of naphthalene
(Clewell et al. 2014). The BMDL values from the genomics

study are very similar to our values shown in Table 4. The low-
est BMDL (based on metabolized dose) in the female olfactory
epithelium in Clewell et al. (2014) is 2.9 nmol/min-g tissue,
compared to our 1.25 nmol/min-g tissue for olfactory epithe-
lial hyperplasia. The lowest BMDL for the male respiratory
epithelium in the same study is 1.4 nmol/min-g tissue, com-
pared to our 0.78 nmol/min-g tissue for respiratory epithelial
hyperplasia. Therefore, there is consistency between BMDs
from non-neoplastic endpoints and gene expression endpoints,
providing support for the range of BMDs across studies.

Human equivalent concentrations

In this section, we apply the CFD-PBPK model (Campbell
et al. 2014) to derive HECs based on the rat PODs described
in the previous section. The questions that we are trying to
address in this section are:

1. Given the differences in naphthalene metabolism across
species and tissues, are the nasal and lung respiratory tis-
sue metabolized doses modeled in rodents achievable in
humans?

2. If achievable, what exposure concentrations in humans
would be necessary and are they typical?

The low dose evaluation in the recent 90-day rat bioassay
by Dodd et al. (2012), in addition to the recent rat/human
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CFD-PBPK model (Campbell et al. 2014), has allowed
for incorporation of species differences in tissue dosimetry
to evaluate whether parallel tissues, or other tissues in the
respiratory tract in humans will be subject to tissue doses
that could prompt the key events of the apparent MoA
and associated adverse effects in humans at typical human
exposures.

The PBPK model is linked to computational fluid dynamic
models of human air flows and metabolic capacities so that the
model can predict metabolically activated doses in humans in
the nose and other locations in the respiratory tract. Since our
approach is based on the presumption that a no-effect level for
the apparent precursor lesions in rats will also be a no-effect
level for tumors, we can use this assumption, in combination
with an understanding about what tissue doses are not likely
to lead to precursor lesions, to answer the question about the
possibility of human responses in tissues other than the nose
(e.g., lung). We apply the PBPK model to ask whether humans
have sufficient metabolic activation in nasal or non-nasal tis-
sues to be near levels needed to produce the non-neoplastic
lesions seen in the rat nose.

Overall, our approach is to look at the dose—response for
different components of the apparent MoA in the rat nose
(non-neoplastic lesions) as they depend on tissue-metabolized
dose, and then, through application of the CFD-PBPK model,
try to understand the relevance of those associations to adverse
effects in nasal and non-nasal human tissues.

Human equivalent concentrations for nasal tissue

Table 7 in Campbell et al. (2014) describes the amount of
naphthalene metabolized in dorsal olfactory, ventral respira-
tory, lung, and liver tissues of rats and humans for naphtha-
lene exposure concentrations of 0.1, 1, 3, 10, 30, and 60 ppm
(6 h/day, 5 days/week), equivalent to time-weighted continuous
exposures for humans of 0.018, 0.18, 0.54, 1.8, 5.4, and 10.7
ppm (24 h/day, 7 days/week), respectively. We applied a linear
interpolation between each metabolized dose point in Table 7 in
Campbell et al. (2014), with the metabolized dose proportional
to the log of the air concentration, to estimate the inhalation
concentrations for humans that would result in tissue-specific
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metabolized doses equivalent to metabolized doses for each
PODy . (HEC). Interestingly, as shown in Table 7 of Campbell
et al. (2014), the metabolized doses in the low-dose inhalation
range for rats (0.2 ppm for ventral respiratory and approxi-
mately 3.6 ppm for olfactory for 6 h/day, 5 days/week, resulting
in metabolized doses of 1.7 and 4.9 nmol/min-g tissue, respec-
tively) are not achievable in humans at even the highest dose
evaluated in the PBPK model (60 ppm, or 10.7 ppm continuous
exposure), suggesting saturation of metabolism in human nasal
tissue at doses that are less than cytotoxic in the rat nose.

Table 5 summarizes the rat BMDs and PODs (average from
all adequately fitting models, AM_BMDs and AM_PODS,
respectively), and corresponding HEC values. As shown, the
rates of metabolism associated with the PODg,, for male
squamous metaplasia, female hyperplasia, and female squamous
metaplasia in the ventral respiratory epithelium (approximately
4 nmol/min-g tissue) are higher than the highest metabolized
dose estimated in the human ventral respiratory epithelium
in the PBPK model (i.e., 1.5 nmol/min-g tissue in the ventral
respiratory tissue at 10.7 ppm continuous exposure) (Campbell
et al. 2014). Therefore, we were not able to estimate HEC val-
ues for these lesions. The metabolic rate is clearly not achiev-
able in humans until exposure concentrations much higher than
10.7 ppm, which is much higher than typical human exposures
(0.00017 ppm [0.95 pg/m3]; ATSDR 2005), or possibly not
achievable at all due to saturation of metabolism.

We also calculated margins of exposure (MOESs) by divid-
ing the HEC values, where we were able to calculate them, by
the typical residential exposure level of 0.00017 ppm (0.95
ug/m3). An MOE greater than 30 is considered to be without
appreciable risk based on a combined uncertainty factor of 3 for
rat—-human pharmacodynamic difference, 3 for human—human
pharmacodynamic differences, and 3 for human—human phar-
macokinetic differences (i.e., the PBPK model accounts for
rat—-human pharmacokinetic differences). All MOEs shown in
Table 5 are much greater than 30, suggesting that naphthalene
does not represent an unacceptable cancer risk to humans at
typical residential exposures. Further, as discussed by Griego
et al. (2008), potential high-end residential naphthalene expo-
sures of 10-100 pg/m3, including on-label use of mothballs,
would still result in MOEs greater than 30.

Table 5. Summary of BMDs (AM_BMDs), BMDLs (AM_PODs), HECs, and MOEs.

BMDL
[POD,,
(nmol/min-g HEC HEC
Nasal tissue Sex Lesion BMD tissue)] (ppm) (mg/m?) MOE
Ventral respiratory epithelium Male Hyperplasia 2.00 0.78 0.63 3.30 3706
Squamous metaplasia 5.12 3.82% _* _* > 63,000 or not applicable
Female  Hyperplasia 4.99 3.84%* —* —* > 63,0007 or not applicable
Squamous metaplasia 4.95 3.74%* _* _* > 63,000 or not applicable
Dorsal olfactory epithelium Male Degeneration 4.41 1.25 0.99 5.19 5824
Hyperplasia 6.83 1.60 1.43 7.49 8412
Female  Degeneration 4.41 1.25 0.99 5.19 5824
Hyperplasia 4.41 1.25 0.99 5.19 5824

BMD = Benchmark Dose. As shown here, the BMD is equal to the average of the BMDs from all adequately fitting models (AM_BMD from Table
4), BMDL =95% Lower Confidence Limit on the Benchmark Dose (10% response). As shown here, the BMDL is equal to the average of the
BMDLs from all adequately fitting models (AM_POD from Table 4), POD = Point of Departure, HEC = Human Equivalent Concentration, Margin
of Exposure (MoE) is the HEC divided by the typical residential exposure level of 0.00017 ppm (0.95 pg/m?).

*Rate of metabolism in the rat precludes calculation of an HEC due to the saturation of metabolism in humans (i.e., > 4.5 nmol/min-g tissue in the dorsal
olfactory; > 1.5 nmol/min-g tissue in the ventral respiratory; at > 10.7 ppm continuous exposure) (Campbell et al. 2014).

fMOE is HEC divided by 10.7 ppm (highest continuous exposure concentration evaluated in the model).

1 ppm = 5.24 mg/m?>.
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Human equivalent concentrations for lung tissue

Lung tumors occurred in mice but not rats in the NTP bioassays.
As we have set out above, the mouse lung tumors also appear
to be secondary to noncancer toxicity. The challenge, how-
ever, is that we have no mouse data on dose—response of lung
noncancer toxicity observations below the range of the high
NTP bioassay doses. Furthermore, we have no mouse PBPK
model to estimate the tissue-metabolized doses in the lung at
bioassay exposures and at lower levels, though the expecta-
tion is that nonlinearities similar to those seen in the rat nasal-
tissue-metabolized doses would apply. As discussed, humans
are expected to have markedly lower lung-tissue metabolized
doses than the mice (owing to their known lower metabolic
activity in lung, as measured in vitro by microsomes). In view
of these limitations in available information, we have taken
two approaches to address whether human exposures could
plausibly reach levels that would engender risks, based on the
evidence from rats and taking into account relevant systematic
differences between rats and mice, as discussed below.

We first attempted to estimate naphthalene HECs protec-
tive of lung cancer in humans by assuming that tissue-level
metabolized doses that were unable to cause tissue toxicity
in the rat nose would also be unable to cause such toxicity in
the human lung—that is, that human lung epithelium is no
more sensitive than rat nasal epithelium. The nasal-tissue-
metabolized doses equivalent to the PODy , ;- values in Table 4
are therefore taken to represent the BMDL-metabolized doses
in human lung tissue. Then, the inhalation concentration for
humans that would be required to result in that metabolized
dose in human lung tissue is estimated through application of
the PBPK model (Table 7 in Campbell et al. 2014).

The second approach is to note that the NTP bioassay rats
did not have lung tumors, even at the maximum bioassay expo-
sure of 60 ppm, and so the PBPK model’s estimate of rat lung-
metabolized dose at the 60 ppm exposure gives a level that
represents a NOAEL for the rat lung epithelium. We can then
use the PBPK model to calculate the inhalation concentration
in humans that would result in the same metabolized dose in
human lung tissue that was shown to be a NOAEL for rat lung.

For both of these estimates, the metabolized doses in human
lung tissue that are equivalent to the lowest rat nasal BMDL (0.78
nmol/min-g tissue from our Table 4) or the rat lung NOAEL
(0.38 nmol/min-g tissue, from Table 7 in Campbell et al. [2014]
for rat lung at 60 ppm) are 78- to 38-fold above the metabolized
dose associated with the largest air concentration that has been
examined for human lung tissue in the PBPK model (0.01 nmol/
min-g tissue, from Table 7 in Campbell et al. [2014] for human
lung at 60 ppm, or 10.7 ppm continuous exposure). Therefore,
an inhalation concentration for humans that would achieve these
metabolized doses cannot be estimated without extrapolation far
beyond the range of exposures over which the human model is
deemed meaningful, but it can be assumed that the level would
be above the maximum naphthalene time-weighted continuous
exposure of 10.7 ppm, which is 63 000-fold higher than typical
residential exposures to naphthalene (0.00017 ppm), or perhaps
not achievable due to saturation of metabolism. These results
are consistent with the very low rates of naphthalene metabo-
lism in the primate lung compared to those in the rat lung, both
of which are much lower than rates of metabolism in the mouse
lung where tumors were observed.
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Based on these results, the very low level of naphthalene
metabolism in human lung tissue is not likely to lead to lung
cancer in humans, even at high exposure concentrations; that is,
10.7 ppm naphthalene is about 60-fold higher than the upper-
end of the range of occupational exposure levels (0.17 ppm, or
1000 pg/m?) as described in Griego et al. (2008). Although our
estimates here only account for metabolism in the human lung,
our analysis above suggests that systemic delivery of metabo-
lized naphthalene from the liver back to the human lung would
also not contribute to increased risk of human lung cancer.

Discussion

Overall, the results of our HBWOoE evaluation of naphthalene-
induced nasal carcinogenicity in rodents, and its potential
relevance to human respiratory cancers, suggest a threshold
MoA for carcinogenesis in the rat nose and mouse lung that
involves high-dose GSH depletion, followed by cytotoxicity,
chronic inflammation, regenerative hyperplasia, and tumor
formation. Our results, based on a weight-of-evidence evalu-
ation of the genotoxicity data, including limited evidence of
genotoxicity in rat nasal tissue where tumors are observed
(Meng etal. 2011), also suggest that if genotoxicity from naph-
thalene metabolites is involved in the MoA, it is only at high
cytotoxic concentrations and therefore is not consistent with a
mutagenic MoA. Our evaluation of human relevance suggests
that low naphthalene metabolism in human respiratory tissue
is most consistent with little to no toxicity or carcinogenic risk
at typical naphthalene environmental exposures.

We formulated an account of the available naphthalene data
to assess how well the evidence supports our proposed MoA,
including explanations for the observed apparent discrepan-
cies and uncertainties in the data set. The logic and reasoning
necessary to assume support for our account was compared
to the logic and reasoning necessary to assume support for an
alternative account that suggests a mutagenic MoA for naph-
thalene. The comparison of the two accounts suggests that
a non-mutagenic threshold MoA is better supported by the
available data than a low-dose mutagenic MoA. It is important
to keep in mind that the comparison of accounts, as presented
in our Table 3, is not intended to prove one account over the
other, but to show the weights of both accounts and to show
which is better supported by the available data.

It is possible that the alternative account presented here may
be presented slightly differently by others who may view the
data differently. The general goal of account comparisons in any
HBWoOE analysis is that the comparisons can be used as a basis
of discussion for those who have a difference of opinion with
respect to how the accounts for each overarching hypothesis are
supported by the available data. It can also be used to guide
future experiments, if necessary, to continue to better understand
how well both accounts are supported by the data overall.

Our dose-response analysis further supports the conclusions
regarding human relevance of our HBWOoE evaluation. As shown
in our summary of naphthalene HEC values in Table 5, the MOEs
for the non-neoplastic lesions, based on a comparison to typi-
cal residential naphthalene exposure concentrations of 0.95 g/
m?, are all much greater than 30, suggesting no significant risk.
These values are based on BMDLs very close to those derived
recently from toxicogenomics data (Clewell et al. 2014).
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With respect to potential human lung cancer risk from
exposure to naphthalene, based on results from the rat-human
PBPK model (Campbell et al. 2014), our analysis suggests
that there is little risk even for high exposures to naphthalene,
consistent with the very low rate of naphthalene metabolism
in the human lung compared to that in the mouse lung where
tumors are observed. Given the greater uncertainty in observa-
tions of elevated lung cancer risk in the human population, and
the fact that our conclusions are based on observations in rat
respiratory tissue, when lung tumors were observed in mice
following naphthalene exposure, an analysis that considers
more specifically the human relevance of mouse lung tumors
is important. The US EPA is currently trying to determine
whether chemically induced mouse lung tumors are relevant
to tumor formation in humans, using data for naphthalene,
ethylbenzene, and styrene, all of which lead to lung tumors in
mice via a mechanism of action that involves CYP2F2. Recent
studies by Cruzan et al. (2009, 2012, 2013) suggest that mouse
lung tumors are not relevant to humans. The US EPA recently
held a workshop on this topic (US EPA 2014).

Although our analysis strongly supports a non-mutagenic
MoA whereby any mechanism relevant to naphthalene-in-
duced carcinogenesis is not active until high cytotoxic doses,
the available data do not sufficiently support a specific mecha-
nism of action. Given the complicated nature of naphthalene
metabolism, the many enzymes that are likely involved, and
the number of potentially toxic metabolites, it may be difficult
to entirely sort out what combination of activities and what
specific naphthalene metabolites lead to tumors in rodents, and
the relevance for humans. Additional studies could provide
more information about the mechanism of carcinogenesis in
rodents and relevance to humans. These might include analy-
ses designed to further investigate 1) the relevance of protein
adducts in explants and whether they occur in vivo in rodents
and humans; 2) the extent of GSH depletion at inhalation con-
centrations of less than 1 ppm naphthalene in rats, followed
by derivation of a GSH-depletion BMDL; 3) the mechanistic
difference between involvement of CYP2A13 and CYP2AS vs
CYP2F in naphthalene metabolism; 4) a better understanding
of the mechanism of mouse lung tumors; and 5) better char-
acterization of more susceptible/sensitive populations (e.g.,
genetic polymorphisms) so that chemical-specific UFs, rather
than default UFs, can be applied to the MOE estimates.

Importantly, although the mechanism of action may not
be entirely clear, a non-mutagenic threshold MoA for naph-
thalene-induced rat nasal tumors should be considered to
determine human relevance and to guide regulatory and risk-
management decisions.
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