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Abstract

Naphthalene and close structural analogues have been shown to cause necrosis of bronchiolar
epithelial cells in mice by both inhalation exposure and by systemic administration. Cancer bioassays
of naphthalene in mice have demonstrated a slight increase in bronchiolar/alveolar adenomas in
female mice, and in inflammation and metaplasia of the olfactory epithelium in the nasal cavity.
Similar work in rats demonstrated a significant, and concentration-dependent increase in the
incidence of respiratory epithelial adenomas and neuroblastomas in the nasal epithelium of both male
and female rats. Although the studies on the acute toxicity of the methylnaphthalene derivatives are
more limited, it appears that the species selective toxicity associated with naphthalene administration
also is observed with methylnaphthalenes. Chronic administration of the methylnaphthalenes,
however, failed to demonstrate the same oncogenic potential as that observed with naphthalene. The
information available on the isopropylnaphthalene derivatives suggests that they are not cytotoxic.
Like the methylnaphthalenes, 1-nitronaphthalene causes lesions in both Clara and ciliated cells.
However, the species selective lung toxicity observed in the mouse with both naphthalene and the
methylnaphthalenes is not seen with 1-nitronaphthalene. With 1-nitronaphthalene, the rat is far more
susceptible to parenteral administration of the compound than mice. The wide-spread distribution of
these compounds in the environment and the high potential for low level exposure to humans supports
a need for further work on the mechanisms of toxicity in animal models with attention to whether
these processes are applicable to humans. Although it is tempting to suppose that the toxicity and
mechanisms of toxicity of the alkylnaphthalenes and nitronaphthalenes are similar to naphthalene,
there is sufficient published literature to suggest that this may not be the case. Certainly the enzymes
involved in the metabolic activation of each of these substrates are likely to differ. The available data
showing extensive oxidation of the aromatic nucleus of naphthalene, nitronaphthalene and the
methylnaphthalenes (with some oxidation of the methyl group) contrasts with the
isopropylnaphthalene derivatives, where the major metabolites involve side chain oxidation. Overall,
these data support the view that ring epoxidation is a key step in the process involved in cytotoxicity.
Whether the epoxide itself or a downstream metabolite mediates the toxic effects is still not clear
even with naphthalene, the best studied of this group of compounds. Additional work is needed in
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several areas to further assess the potential human health consequences of exposure to these agents.
These studies should involve the definition of the extent and severity of methylnaphthalene toxicity
after single dose exposures with attention to both the nasal and respiratory epithelia. The cytochromes
P450 responsible for the initial activation of these agents in rodents with subsequent complimentary
studies in primate models should help determine whether key metabolic processes responsible for
toxicity occur also in primates. Finally, the precise involvement of reactive metabolite formation and
adduction of cellular proteins in toxicity will be important in not only assessing the potential for
human toxicity, but also in developing an understanding of the genetic and environmental factors
which could alter the toxicity of these agents.

naphthalene; 1-methylnaphthalene; 2-methylnaphthalene; dimethylnaphthelenes; 1-
nitronaphthalene; nasal toxicity; Clara cells; cytochrome P450; respiratory tract

Introduction

Chronic obstructive pulmonary diseases are currently the fourth leading cause of death
worldwide (Chapman et al., 2006). The incidence of cancer of the lung is second only to cancers
of the digestive system. More importantly, because the prognasis for cancers of the lung is so
poor, it is the leading cause of cancer-related deaths in both males and females in the US. One
of the most clearly established etiologic factors in the incidence of lung diseases is related to
the use of tobacco products. While many of the several thousand constituents of tobacco smoke
are known to result in both acute injury and in pulmonary cancer in experimental animals, the
levels found in cigarette smoke are considerably less than those required to produce effects in
experimental animal models (Witschi et al., 1997). Potentially, the overall “burden” of
exposure, causing an increased incidence of pulmonary cancer and other lung diseases in
smokers is a result of the combined effects of carcinogens and toxicants in cigarette smoke
with exposure to other environmental and industrial chemicals. As a class, the volatile and
semi-volatile, low molecular weight aromatic hydrocarbons, such as naphthalene,
nitronaphthalenes and several of the alkylnaphthalenes, are possible contributors to these
processes both because they selectively target the respiratory tract and there is relatively
widespread human exposure. Although naphthalene is the best studied of the low molecular
weight aromatic hydrocarbons both in terms of human exposure (Li et al., 2007; Kang-Sickel
etal., 2008) and in terms of health effects, a number of petroleum products including gasoline,
jet fuel and kerosene contain significant quantities of the methylnaphthalenes (Kim et al.,
2006; Bagheri and Creaser, 1988). The main emissions from coal tar creosote, which is ranked
23" in the Superfund/National Priorities List of hazardous chemicals, are the
methylnaphthalenes which, in some cases, account for nearly 20% of the volatiles and are
present in significantly higher quantities than naphthalene (Gallego et al., 2008). Accordingly,
this review focuses on the sources of human exposure as well as on the available data on the
toxicology and metabolism of substituted naphthalene derivatives, including 1- and 2-
methylnaphthalene, isopropylnaphthalenes and 1-nitronaphthalene. Where appropriate, these
will be placed in context with the information on the most studied of the aromatic hydrocarbons,
naphthalene. Several recent reviews have been published on this topic and the reader is referred
to these for further information (Anon, 2005; Buckpitt et al., 2002; Preuss et al., 2003). There
are substantial gaps in our understanding of the metabolism of methylnaphthalene and the
relationship of formation of specific metabolites to toxicity- especially when viewed in light
of our understanding of naphthalene toxicity and metabolism. Although more information is
available regarding specific metabolic pathways for 1-nitronaphthalene, further studies
focusing on the identification of protein adducts generated from electrophilic intermediates
derived from 1-nitronaphthalene, as well as their possible involvement in the cascade of events
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which leads to cellular degeneration are needed. Thus, one of the goals of this review is to
highlight where additional work is needed to understand the mechanisms of toxicity of these
chemicals. Ideally, this additional work might point to the development and implementation
of biomarker approaches that would assist in determining whether the data developed in rodent
models is applicable to the human. In all cases, we suggest that use of non-human primates
can be an excellent intermediate species in which to test key concepts and to validate the
approaches which could subsequently be applied to exposed human populations. Only in this
fashion can we hope to make well-educated judgments regarding the potential for deleterious
human health effects of exposure to these compounds.

Sources of human exposure

Like naphthalene, the methylnaphthalenes are relatively ubiquitous in the environment. They
are by-products of various combustion processes and are emitted from both gasoline and diesel-
powered vehicles. Naphthalene and close structural congeners (methyl, dimethyl and
methylnitro derivatives) are quantitatively the most significant PAH emitted from mobile
sources. In contrast to the nitrated aromatics, the amounts of methylnaphthalene emitted from
diesel powered trucks are more than 10 fold lower per km than a gasoline powered car
(Hampton et al., 1983). The gas phase concentrations of methylnaphthalenes (1- and 2-methyl)
emitted are slightly lower than those measured for naphthalene, but are similar to many of the
alkanes measured and are several orders of magnitude higher than the larger PAHs (Reisen
and Arey, 2005). As a class, the parent naphthalene and methyl/ethyl/dimethylnaphthalenes
have been measured in ambient air in Los Angeles at concentrations above 2.5 ug m- (Wang
et al., 2007). Recent studies have demonstrated the presence of several 2 and 3 ring PAH on
wheat in California’s Central Valley (Kobayashi et al., 2008). Although the levels of
naphthalene (as high as 12 pg/kg) exceeded those of the methylnaphthalenes by more than 10-
fold, the methylnaphthalenes as a group (1- and 2-methyl as well as di- and
trimethylnaphthalenes) constituted the second most abundant class of PAH found in grain. The
levels of PAH in the grain are thought to reflect levels in ambient air since there was no
difference in concentration in wheat that was mechanically harvested vs hand harvested.

The methylnaphthalenes undergo gas phase reactions in the atmosphere which are catalyzed
by OHe and NO, to generate methylnitronaphthalenes and dicarbonyl derivatives (Gupta et
al., 1996; Grosovsky et al., 1999; Phousongphouang and Arey, 2002, 2003; Wang et al.,
2007; Nishimo et al., 2008). These nitrated naphthalenes and nitromethylnaphthalenes have
been reported to account for a substantial fraction of the mutagenicity associated with
particulates in the atmosphere (Grosovsky et al., 1999). 1- and 2-Methylnaphthalene are both
natural constituents of crude oil and crude oil derivatives, and are common contaminants found
in the refining industry (Aislabie et al., 1999). They are present in roofing and asphalt tars, and
are the single most prevalent of the aromatic hydrocarbons reported in measurements of vapor
phase constituents (NIOSH, 2000). The concentrations of methylnaphthalenes exceed those of
naphthalene by two-fold and are 20-30 fold higher than the larger hydrocarbons. Methyl-
naphthalenes are major constituents of creosote and high levels have been measured in coal
tar derived from former gas works plants (Anon, 1984). One of the major industrial uses of 2-
methylnaphthalene is as a starting point in the synthesis of Vitamin K but worker exposures
have received relatively little attention. Likewise, 1- and 2-methylnaphthalene are used as
intermediates in the synthesis of various pesticides including carbaryl; pesticide synthesis
accounts for slightly more than 10% of the industrial use of methylnaphthalenes. Furthermore,
methylnaphthalenes are generated during aluminum smelting, and high levels have been
measured in the workplace (Bjorseth et al., 1978).

Mainstream and side stream cigarette smoke are likely a significant source of human exposure
to methylnaphthalenes. The combined levels of 1- and 2-methylnaphthalene in mainstream
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cigarette smoke are slightly less than those of naphthalene, but are approximately 30% higher
than naphthalene in side stream smoke (Schmeltz et al., 1976). The naphthalenes are present
in both fractions of cigarette smoke at concentrations that far exceed those of the less volatile
polycylic aromatic hydrocarbons such as benzo(a)pyrene (Witschi et al., 1997).

The primary atmospheric source of human exposure to the nitronaphthalenes is via airborne
particles; these appear to be generated from diesel combustion and as an atmospheric reaction
product from the parent aromatic hydrocarbons. These products include nitronaphthalene,
methylnitronaphthalenes and dimethylnitronaphthalenes (Phousongphouang and Arey,
2003). In addition to the atmospheric exposures, there are potential workplace exposures in
the aluminum smelting industry where nitronaphthalene has been measured in the coal tar pitch
used to prepare electrodes (Farant and Ogilvie, 2002).

Toxicity of 1 and 2-methylnaphthalenes: Comparison to naphthalene and 1-
nitronaphthalene

Acute toxicity-Lung

A number of studies have reported on the dose- and time-dependent cytotoxicity of 2-
methylnaphthalene in mice. The times of maximal injury as well as the minimal doses at which
injury was observed appear to vary somewhat by strain (ddy, Swiss Webster, C57BI/6 and
DBA) (Griffin et al., 1982; 1983; Rasmussen et al., 1986; Honda et al., 1990). Intraperitoneal
administration of methylnaphthalenes to mice caused dose-dependent injury to nonciliated
bronchiolar epithelial (Clara) cells, first observed 8 h after administration of 400 mg/kg.
Twenty four h post exposure, extensive exfoliation of cells from the airways had occurred, and
the epithelium was completely denuded in 20% of the subjects (Griffin et al., 1981; 1982).
Similarly, in DBA mice, signs of pulmonary epithelial injury were observed starting at the 100
mg/kg dose, and injury became progressively worse with increasing doses (Griffin et al.,
1983). Later studies evaluating the lung toxicity of methyl- and 1-nitronaphthalene derivatives
by both light and electron microscopy corroborated these findings and showed that, while the
primary target cell for 1- and 2-methylnaphthalene injury was the Clara cell, ciliated cells were
affected as well. No discernable injury to alveolar epithelial or capillary endothelial cells was
noted in these studies (Rasmussen et al., 1986). The severity of the lung lesion associated with
2-methynaphthalene treatment was reported to be similar to that of naphthalene, and
intermediate to that of 1-nitronaphthalene (most toxic) and 1-methylnaphthalene (least toxic).
At the highest doses of 2-methylnaphthalene tested (426 mg/kg), ciliated cells appeared
flattened and vacuolated and many Clara cells had exfoliated from the bronchiolar epithelium.
Signs of bronchiolar injury were noted as early as the 6 hr time point; injury was maximal 24
h after toxicant administration. Alterations in the bronchiolar epithelium 72 h after
administration of high doses of 2-methylnaphthalene were similar to those noted at 24 h. By
7 days postreatment, repair was well underway and signs of the severe toxicity noted at 24 h
were not evident. There were no discernable differences in the appearance of the bronchiolar
epithelium between control and treated animals 14 days after treatment. No evidence of hepatic
or renal injury associated with methylnaphthalenes (1- or 2-methyl) was reported (Rasmussen
et al., 1986).

After intraperitoneal administration, the doses of methylnaphthalenes used to ellicit a lesion
in the airway epithelium are very high and are well above the range of any potential human
exposures. Similarly, in the species most sensitive to the airway epithelial toxicity of
naphthalene, doses of 50 mg/kg or greater are needed to produce observable structural
alterations in Clara cells (Plopper et al., 1992b). However, when exposures are via the
inhalation route, 4 h exposures of 2 ppm (well below the current occupational exposure standard
of 10 ppm for 8 h) detectable alterations in the morphology of Clara cells were observed (West
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et al., 2001). The rat nasal epithelium appears even more sensitive. Whereas 200 mg/kg doses
of naphthalene administered intraperitoneally cause necrosis of olfactory epithelium of rats
(Plopper et al., 1992a), low ppm or even sub-ppm inhaled concentrations are sufficient to
produce detectable lesions (Lee etal., 2005; Dodd et al., 2008). Although the various pathologic
endpoints associated with methylnaphthalene inhalation have been studied following long-
term exposure, there is no information available on changes in the epithelium of the respiratory
tract after inhalation. There is a need for additional, detailed studies in this area to define levels
below which there are no detectable adverse effects.

In contrast to the lung injury associated with the methylnaphthalenes, which resembles
naphthalene in that it is species selective, 1-nitronaphthalene produces lung injury in both rats
(Dinsdale and Verschoyle, 1987, Verschoyle et al., 1993; Sauer et al., 1995, 1997; Paige et al.,
1997, Fanucchi et al., 2004) and mice (Rasmussen et al., 1986; Fanucchi et al., 1997). Airway
epithelial cells of adult rats are injured at lower doses than in mice. There was a significant
decrease in the percentage of ciliated cells and an increase in vacuolated cells in midlevel
airways of adult rats treated with 50 mg/kg 1-nitronaphthalene ip. In comparison, only 100 mg/
kg doses resulted in an increase in vacuolated cells in either terminal or midlevel airways of
mice. Significant decreases in ciliated cells were not observed at any dose of 1-nitronaphthalene
examined (Fanucchi et al., 2004). In rats, at doses of 25 mg/kg, toxicity is confined to the Clara
cells of intermediate airways whereas higher doses resulted in nearly complete exfoliation of
nonciliated epithelial cells of both large (trachea) and small airways (including the terminal
bronchiole). At lethal or near-lethal (100-150 mg/kg) doses of 1-nitronaphthalene, ciliated cells
were vacuolated and there were areas of denuded basement membrane. In contrast to
naphthalene and the methylnaphthalenes where parenteral administration of high doses causes
no measurable hepatotoxicity, 1-nitronaphthalene is a hepatotoxicant in both mice (Rasmussen
et al., 1986) and rats (\Verschoyle et al., 1993; Sauer et al., 1995, 1997).

Later studies comparing the pulmonary toxicity of naphthalene with 2-methyl-, isopropyl and
diisopropylnaphthalene confirmed earlier work with naphthalene and 2-methylnaphthalene
and, further, showed that administration of either the isopropy! or diisopropylnaphthalene, even
at doses of 3000 mg/kg, did not result in any detectable lung injury. Four h inhalation exposures
of both mice and rats to 1- or 2-methylnaphthalene at concentrations which varied from 5-70
ppm resulted in a concentration-dependent decrease in respiratory rate (Korsak et al., 1998).
Although no alterations were noted in rotarod performance, decrements in pain response were
observed at the higher inhalation concentrations for both compounds. Tissues were not assessed
by histopathology and the effects reported could well be due to decrements in CNS function.

A number of factors have been identified that alter the susceptibility of respiratory tissues to
low molecular weight aromatic hydrocarbons. Female mice are more susceptible than males
to the acute cytotoxic effects of naphthalene (Van Winkle et al., 2002). Likewise, despite the
fact that the pulmonary cytochrome P450 monooxygenases are not fully developed, neonatal
rats and mice are more susceptible to the acute toxicity of both naphthalene and 1-
nitronaphthalene than are adult animals (Fanucchi et al., 1997, 2004).

Acute Toxicity- Nasal epithelium

The nasal epithelium is a target for naphthalene in both rats and mice after both parenteral
administration (Plopper et al., 1992a) and inhalation exposure (Lee et al., 2005). The volatility
of methylnaphthalenes is only slightly less than that reported for naphthalene. The fact that
naphthalene and methylnaphthalenes share the same species and cell selective toxicities and
that these compounds are metabolized via similar pathways suggests that the naal epithelium
might be an important target for the methylnaphthalenes. This deserves additional experimental
investigation.
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Chronic toxicity

Tolerance—A number of years ago, our laboratories reported that lungs from mice treated
daily with necrogenic doses of naphthalene (200 mg/kg/day for 7 days) not only appear normal
at the end of 7 days but are remarkably resistant to high challenge doses of the compound
(O’Brien at al., 1989; Lakritz et al., 1996). The tolerance is not restricted to naphthalene
administered parenterally but can be induced by inhalation of concentrations as low as 10 ppm
(West et al., 2003). It is now clear that alterations in glutathione metabolism account, at least
in part, for the observed tolerance (West et al., 2000, 2002). Whether rodents develop tolerance
to methyl- or nitronaphthalenes is not known, but this would appear to be an important issue
for further consideration based on the fact that humans are exposed to small concentrations on
a continuous basis.

Tumor formation—Both 1- and 2-methylnaphthalene have been tested for oncogenic effects
in mouse feeding studies. The levels in the diet were established based on 13 week feeding
studies which showed that dietary intake of concentrations higher than 0.15% resulted in a >
20% decrease in weight gain. Accordingly, both 1-and 2-methylnaphthalene were fed to
B6C3F1 mice at concentrations of 0.075% or 0.15% for a period of 81 weeks (Murata et al.,
1993; 1997). The incidence of adenomas in the bronchiolar/alveolar regions of the lung was
elevated from control at both exposure concentrations of 1-methylnaphthalene in the diet, but
only in male animals. Moreover, this effect was not concentration-dependent as the incidence
of adenomas was identical in both treatment groups (Murata et al., 1993). No statistically
significant increases in adenomas were noted in either male or female mice fed 2-
methylnaphthalene in the diet. No other significant increases in tumors at other locations were
noted in these studies leading to the conclusion that neither of the methylnaphthalenes studied
possess unequivocal oncogenic potential. These findings are consistent with the short term
mutagenicity studies which indicate that sister chromatid exchange frequencies were less than
two fold higher than control at all concentrations of 1-and 2-methylnaphthalene examined. 2-
Methylnaphthalene, in the presence of S9, results in cytotoxicity in the human lymphocyte test
system but only at very high concentrations (Kulka et al., 1988). These findings are
remarkeably similar to those with naphthalene where short term mutagenicity assays were
generally negative (see Brusick, 2008 for review).

The cancer bioassays for naphthalene have been performed in both mice and rats. In mice, (a
slight increase in bronchiolar/alveolar adenomas was observed in mice at the highest exposure
level tested but only in females (Abdo et al., 1992). In rats, dose-dependent increases in
adenomas of the respiratory epithelium and a significant increase in olfactory epithelial
neuroblastomas were observed in males and females, respectively. In several animals, nasal
masses, some of which had begun invading the central nervous system, were observed (Abdo,
2001). In the olfactory epithelium, the incidence of hyperplasia and chronic inflammation was
nearly 100% even at the lowest concentration tested (10 ppm). Based on the similarities
between naphthalene and methylnaphthalenes, additional short term exposures which focus on
injury to the nasal epithelium are warranted.

Other non-oncogenic lesions were associated with feeding of both 1- and 2-methylnaphthalene.
These lesions included marked increases in alveolar proteinosis (40-60% in both studies) in
both males and females (Murata et al., 1993;1997). Likewise, skin painting studies in mice
using total doses of 2-methylnaphthalene of 7 g/kg distributed over 30 weeks resulted in 100%
incidence of alveolar proteinosis. This rare lesion also occurs in humans and appears to be
related to marked accumulation of lipids and proteins in the alveolar regions of the lung (for
review see loachimescu and Kavuru, 2006). The etiology of the disease in humans is not well-
established but has been associated with inhalation exposures to particles including cement,
silica and aluminum. Since the Clara cell is responsible for elaborating CC-10, a surfactant
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protein found in the alveolar regions of the lung (Ryerse et al., 2001), and overexpression of
IL-4 using the CC-10 promotor construct results in alveolar proteinosis (Ikegami et al.,
2000), itis possible that long term exposures to 1- and 2-methylnaphthalene affect the secretion
and/or catabolism of surfactant proteins elaborated by cells residing in or near the terminal
airways.

Metabolism of alkylnaphthalenes and nitronaphthalene

Initial metabolic step (regiochemistry, trapping with glutathione)

The first step in the metabolism of methylnaphthalenes can occur either via ring epoxidation
or via oxidation of the alkylmethyl to generate an alcohol. Both processes are catalyzed by the
cytochrome P450 monooxygenases. The role of these enzymes in the initial oxidation of
methylnaphthalenes is relatively well-established experimentally (Griffin et al, 1981; Shultz
et al., 2001). What is not well-documented is whether the cytochrome P450 monooxygenases
are responsible for generating metabolites that mediate the lung toxicity of the
methylnaphthalenes. The methylnaphthalenes selectively target Clara cells and, since Clara
cells are an important locus of cytochrome P450 monooxygenases in the lung (Serabjit-Singh
et al., 1980; Plopper, 1993), the tacit assumption is that in situ metabolic activation by the
cytochrome P450 monooxygenases is associated with the mechanism of toxicity. This
assumption appears to be correct with naphthalene (Warren etal., 1982) and 1-nitronaphthalene
(Verschoyle and Dinsdale, 1990; Verschoyle et al., 1993) where pretreatment of animals with
various inhibitors of the cytochrome P450 monooxygenases blocks the toxicity associated with
subsequent administration of the aromatic hydrocarbon. In contrast, studies in which mice were
pretreated with the cytochrome P450 monooxygenase inhibitors, SKF 525A or piperonyl
butoxide, failed to demonstrate any effect of either inhibitor on 2-methylnaphthalene-induced
lung toxicity (Griffin et al., 1982). Both SKF 525A and piperonyl butoxide form metabolite
inhibitor complexes and thus require metabolism to exert their inhibitory effects on the
cytochrome P450 complex (Halpert, 1995). Accordingly, they show some selectivity towards
inhibition of specific cytochromes P450. One of the possibilities that must be considered is
that different cytochrome P450s are responsible for 2-methylnaphthalene metabolism as
compared to naphthalene. This view is partially supported by data showing that addition of
either piperonyl butoxide or SKF 525A to microsomal incubations containing 2-
methylnaphthalene decreased the rates of reactive metabolite formation by only 40% (Griffin
et al., 1982) while, with naphthalene, inhibition was greater than 70% (Buckpitt et al., 1984).

The presence of the epoxides as intermediates in 2-methylnaphthalene metabolism is
presumptive and is based on both mass spectral and NMR characterization of the 3,4-, 5,6-,
and 7,8-dihydrodiols generated from 2-methylnaphthalene by microsomal enzymes (Griffin et
al., 1982; Breger et al., 1983; Melancon et al., 1985). Further support for epoxides as
intermediates in the cytochrome P450-dependent metabolism of 2-methylnaphthalene comes
from studies demonstrating the presence of multiple dihydrohydroxyglutathione metabolites
in incubations with glutathione and glutathione transferases using both microsomal enzymes
and recombinant protein as methods for generating reactive metabolites (Teshima et al.,
1983; Shultz et al., 2001). Although the identity of all of the glutathione conjugates was
confirmed by mass spectrometry, the regio- and stereochemistry of conjugation were not
determined. Liver microsomal enzymes produced nine conjugates which could be separated
by HPLC while recombinant CYP2F2 generated only five of these. This suggests that
metabolism occurs with a reasonable amount of either regio- or stereoselectivity. Earlier work
using lung and liver microsomes demonstrated that the 7,8-diol was the predominant metabolite
generated from 2-methylnaphthalene followed by the 5,6-diol. The 3,4-diol was generated at
the lowest rates from 6 to 13 % of the total amounts of diol generated in the incubations (Griffin
et al., 1981) (Figure 1). Similar regioselectivity was observed in lung microsomal incubations
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with 1-nitronaphthalene where epoxidation at the 7,8- position predominated (Watt et al.,
1999; Watt and Buckpitt, 2000).

Enzymes involved in naphthalene/naphthalene congener metabolism

Comprehensive studies investigating the role of individual human cytochrome 450s have been
reported with the metabolism of naphthalene but not any of the substituted naphthalenes (Cho
et al., 2006). These investigators showed that the most catalytically active proteins involved
in naphthalene metabolism (as assessed by Vmax/Km) were CYP1A2 and CYP2E1. CYP1A2
is localized primarily in the liver whereas CYP2EL is found in a number of organs including
respiratory tissue (Ding and Kaminsky, 2003). More recently, Fukami and coworkers (2008)
have shown that CYP2A13 metabolizes naphthalene with relatively high turnover and low
Km- Since this protein is expressed in human lung, albeit with a high degree of variability, it
is a potential candidate for catalyzing the initial metabolism of naphthalene in human
respiratory tissue (Zhang et al., 2007). Other data available come from work conducted with
a single recombinant protein, CYP2F2 (Shultz et al., 2001). Although this protein appears to
be abundant in airways of the mouse, available evidence suggests that the rat and Rhesus
macaque orthologues are present in far smaller amounts in the lung (Baldwin et al., 2004,
2005; Buckpitt et al., 1995). This protein metabolizes naphthalene, 2-methylnaphthalene and
1-nitronaphthalene, all with relatively low K, and high Vax (Table 2), and, based on inhibition
studies with 5-phenyl-1-pentyne appears to play a major role in the epoxidation of closely
related substrates, styrene (Cruzan et al., 2002) and coumarin (Born et al., 2002) . These data
suggest that this protein plays a quantitatively important role in the metabolic activation of
these substrates at least in the mouse. The presence of large quantities of this protein in target
cells may, in part, explain the species differences in susceptibility to naphthalene and 2-
methylnaphthalene in mouse but not in rat. Based on the effects of various inhibitors and
inducers used in vivo, Verschoyle et al. (1993) concluded that CYP2B1 was the most likely
cytochrome P450 involved in 1-nitronaphthalene activation in the lung. The fact that the
cytotoxicity of 1-nitronaphthalene is not species selective, while naphthalene and the
methylnaphthalenes are, is consistent with the view that cytochromes P450 other than CYP2F
are responsible for the metabolic activation of 1-nitronaphthalene.

Urinary metabolites

The most prominent metabolites isolated in rat urine after treatment with low doses of 2-
methylnaphthalene originated from initial oxidation of the parent hydrocarbon on the methyl
moiety (Melancon et al., 1982). Thirty to 35% of a dose of 14C-2-methyInaphthalene was
recovered as a glycine conjugate of 2-naphthoic acid. Six to eight percent of the dose was
represented by dihydrodiols and 3-5% of the dose was recovered as parent hydrocarbon. Other
polar metabolites appeared to account for 35-45% of the radioactivity in the urine. Later work,
by Teshima et al. (1983), showed that approximately 75% of the radioactive metabolites
eliminated in the urine of guinea pigs administered a low dose of 3H-2-methyInaphthalene
resulted from oxidation of the methyl group. These metabolites included free naphthoic acid,
the glucuronide of naphthoic acid as well as the glycine conjugate. In these studies, a cysteine
derivative, accounting for approximately 10% of the total urinary radioactivity, was reported
in the urine. Finally, small percentages of sulfate and glucuronide conjugates of 8-hydroxy-2-
methylnaphthalene (<10% of total urinary radioactivity) were measured.

Comparison of the metabolism of diisopropylnaphthalene with naphthalene, 2-
methylnaphthalene and 1-nitronaphthalene provides a plausible mechanistic explanation for
the lack of lung toxicity associated with both isopropyl and diisopropylnaphthalene (Hoke and
Zellerhoff, 1998). In contrast to naphthalene, 2-methyl-, and 1-nitronaphthalene, diisopropyl
naphthalene is metabolized primarily by side chain oxidation with little evidence for extensive
formation of arene oxides (Kojima et al., 1982; 1985). Urinary metabolites derived from side
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chain oxidation of isopropylnaphthalene accounted for more than 40% of the dose of compound
administered to rats whereas only 1.5% of the dose was eliminated as a dihydrodiol derivative
(Kojima et al., 1985).

More recent studies on the disposition and metabolism of 3H-1,2-dimethyInaphthalene (28 mg/
kg) in rats showed that the radioactive parent compound was rapidly absorbed after ip
administration, reaching peak levels within 4 h (Kilanowicz and Sapota, 1998). Sixty five %
of the administered radioactivity was recovered in the excreta within 24 h, with roughly equal
amounts eliminated in the urine and feces. Greater than 95% of the administered radioactivity
was recovered in the excreta within 72 h of administration. The highest tissue concentrations
of radioactivity were observed in fat, but these fell rapidly to very low levels within 48 h. This
compound apparently distributes rapidly to the fat but redistributes easily due to the rapid
clearance of the compound. Urinary metabolites were identified in ether extracts of acidified
(pH 1) urine. The parent compound (representing roughly 30% of the ether-extractable
metabolites from urine), several dimethylthionaphthols, at least 2
dimethylmethylthionaphthalene derivatives as well as several derivatives generated from
oxidation of the methyl groups to the alcohol and subsequently to the acid were measured in
the urine following dimethylnaphthalene administration. The most prominent metabolites were
the dimethylthionaphthol derivatives and the metabolites generated from side chain oxidation.
We note that the 30% of the radioactivity unextracted by ether at pH 1 may include a number
of conjugated metabolites including glucuronides, sulfates and mercapturic acids. The results
from more recent studies of the metabolism and distribution of radioactivity from 3H-1,4-
dimethylnaphthalene and 1,6-dimethylnaphthalene are nearly identical to those with the 1,2-
dimethylnaphthalene derivative. Again, radioactivity is rapidly absorbed reaching peak plasma
concentrations within 4 h of administration. Metabolites which were derived from both
oxidation of the methyl groups and the aromatic nucleus (Kilanowicz and Sapota, 1998;
Kilanowicz et al., 2000; 2002) were isolated from the urine of treated rats. These metabolites
included methylnaphthoic acid as well as the intermediates leading to this derivative
(methylhydroxymethyl, methylnaphthaldehyde). Trace quantities of a methylthio metabolite
were observed; these metabolites have been measured in the urine of naphthalene-treated
rodents as well (Stillwell et al., 1978, 1982).

Phenolic metabolites, excreted as glucuronides, sulfates and N-acetylcysteine conjugates, were
eliminated in the urine after administration of 1-nitronaphthalene to rats. 1-Naphthylamine, a
product of reductive metabolism of 1-nitronaphthalene accounts for less than 2% of the
administered dose (Halladay et al., 1999). In contrast, human studies focusing on a larger
nitroaromatic component of diesel exhaust (1-nitropyrene) showed that a third of the
metabolites recovered in urine were reduced 1-amino derivatives (Toriba et al., 2007). This
reductive metabolic step appears to be catalyzed by microflora in the gastrointestinal tract (El-
Bayoumy et al., 1984).

Studies on the rates of metabolism of naphthalene and 1-nitronaphthalene in well-defined
segments of the lung have been reported and provide some interesting contrasts. Neither
compound results in any detectable injury to the alveolar epithelium (Plopper et al., 1992b)
and, with naphthalene, this is consistent with the lack of metabolism of this substrate in the
parenchyma (Plopper et al., 1991). In contrast, glutathione is depleted from the parenchymal
subcompartment of rat lung 2 h after administration of 1-nitronaphthalene suggesting that either
metabolism occurs in this subcompartment or that glutathione-depleting metabolites are
diffusing from the liver or from other metabolically active segments of the lung. Subsequent
work showed that the rates of 1-nitronaphthalene metabolism were as high in microsomes
isolated from the parenchyma as from airway subcompartments (Watt et al., 1999), thus
supporting the in situ generation of reactive metabolites from 1-nitronaphthalene. Thus, there
is a mismatch between the capability to conduct substrate turnover and susceptibility to injury.
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Glutathione levels are slightly higher in the parenchymal subcompartment and this may, in
part, explain the relative resistance to injury. Other factors, including differences in the amounts
of protein adduct generated or the nature of proteins adducted by reactive metabolites, could
account for the apparent differences in susceptibility of different regions of the respiratory tract
which show similar ability to catalyze the formation of reactive epoxides. This concept has
been supported recently by experimental data showing that adducts of reactive 1-
nitronaphthalene metabolites with calreticulin occurred in airway epithelium from ozone-
tolerant but not filtered-air exposed, control rats. Although it is plausible that the high degree
of adduction of calreticulin is related to the substantial increase in susceptibility of ozone-
tolerant compared to filtered air exposed animals treated with 1-nitronaphthalene, additional
experimental support is necessary.

The role of glutathione in metabolism and toxicity of substituted naphthalenes

Not surprisingly, glutathione is depleted from the liver by approximately 50% after oral doses
of 500 mg/kg 2-methylnaphthalene in guinea pigs (Teshima et al., 1983), and in a dose-
dependent manner in the lungs of mice treated with doses varying from 144 to 432 mg/kg
(Honda et al., 1990). An approximate loss of 50-65% of pulmonary glutathione was observed
at the highest doses of 2-methylnaphthalene tested 6 h after treatment (Griffin et al., 1983;
Honda et al., 1990). This contrasts with a loss of 40 and 35% for identical doses (on a molar
basis) of isopropyl and diisopropylnaphthalene and is likely due to the fact that the primary
metabolites of the isopropylnaphthalene are derived from side chain oxidation rather than via
epoxidation. Prior treatment with glutathione depletors (diethyl maleate) markedly enhanced
the subsequent Clara cell toxicity of 2-methylnaphthalene; Clara cells in mice treated with
diethyl maleate followed by high doses of either isopropyl or diisopropyl naphthalene were
unaffected by treatment (Honda et al., 1990).

N-Acetylcysteine derivatives of naphthalene and 1-nitronaphthalene are found in the urine of
mice and rats treated with their respective parent hydrocarbons and these metabolites account
for a substantial portion of the total urinary metabolites (Chen and Dorough, 1979; Pakenham
etal., 2002; Halladay et al., 1999). Quantitative estimates of the percentages of dose of the
alkylnaphthalenes eliminated as N-acetylcysteine conjugates in the urine of rodents have not
been published, but side chain oxidation likely draws a significant percentage of the metabolites
away from mercapturic acids.

Formation of reactive metabolites

There are extensive data showing that reactive metabolites of naphthalene, 2-
methylnaphthalene and 1-nitronaphthalene are generated in vivo and become bound covalently
to tissue proteins (see Buckpitt et al., 2002 for a review on naphthalene, Franklin et al., 1991
for review on 2-methylnaphthalene and Rasmussen, 1986 and Wheelock et al., 2005 for 1-
nitronaphthalene). With all three compounds, the formation of reactive metabolites precedes
any signs of tissue injury and the amounts of metabolite generated are related to the dose given.
Tissue susceptibility to cytotoxicity does not correlate with the levels of bound metabolite in
whole tissue for either naphthalene or 2-methylnaphthalene (Table 3). The overall covalent
binding of reactive metabolites in the liver, a non-target tissue, is 30 to 250% higher than in
the target tissue with naphthalene and 2-methylnaphthalene, respectively (Table 3). While this
might be interpreted as indicating that reactive metabolite binding is not associated with
toxicity, there are other possibilities which could potentially explain these data. The
heterogeneity of lung tissue combined with the high degree of localization of the cytochrome
P450 monooxygenases in airway epithelial cells likely means that reactive metabolites are
bound covalently in a relatively small subset of the total cell population of the lung. Recent
work in our laboratory with naphthalene supports this viewpoint. The overall levels of reactive
naphthalene metabolite binding to airway epithelial cell proteins recovered by lysis lavage
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(Wheelock et al., 2004) were 2-4 fold higher than in residual tissue . In addition, with the strains
of mice used in this study, the levels of bound metabolite in airway epithelium also were 2 to
4 fold higher than in the liver.

As a fraction of the dose, much higher percentages of 1-nitronaphthalene are bound covalently
to tissue proteins than with naphthalene and this is greater than for 2-methylnaphthalene (Table
3). The levels of covalent binding for nitronaphthalene, naphthalene and 2-methylnaphthalene
correlate moderately well with the relative potency of these agents as airway epithelial cell
toxicants. Doses of 1-nitronaphthalene as low as 12.5 mg/kg resulted in decreased epithelial
thickness in terminal bronchioles of adult rats (Fanucchi et al., 2004). In contrast, much higher
doses of 50 mg/kg and 144 mg/kg of naphthalene and 2-methylnaphthalene, respectively were
the lowest doses reported to produce detectable alterations in the airways of mice. Although
measurement of the total levels of covalent binding is expected to provide a good assessment
of the amounts of reactive metabolite generated, binding to specific critical proteins in the cell
is likely to be a much better marker for cellular events critical to the toxicity of these agents.
The “critical’ protein target(s) are not established with any of these pulmonary cytotoxic PAH
but, in our view, those low abundance proteins with high levels of bound metabolite are more
likely to be important than the abundant proteins with relatively low levels of adduct formation.

Future Directions

There are several major questions which require further work with all of these cytotoxic
aromatic hydrocarbons. The assessment of human risk to exposure is still an open question
particularly with naphthalene and methylnaphthalenes where there are dramatic species
differences in susceptibility to these agents. The levels of exposure used in rodent studies far
exceeds those likely to be encountered in the environment. However, the vast majority of the
toxicological work has been conducted as single exposures whereas human exposure is long
term and at low concentrations. The relatively high incidence of human lung disease and the
myriad of chemical exposures likely to be contributing to the adverse health outcomes make
it unlikely that epidemiological approaches will be useful in identifying (or exonerating) these
compounds as hazards. PBPK models have been developed for naphthalene (Ghanem et al,
2000 and Quick et al., 1999) and these have been useful in describing parameters critical to
the cytotoxic response. While these models fit the data in rodents quite well, rates of metabolism
of the parent compound and primary metabolites are not established in human tissues and this
remains a data gap for all three compounds. Similar PBPK models for the methyl- and nitro-
naphthalenes have not been reported. In our view, understanding those reactive metabolite
protein interactions which are closely linked to toxicity would allow the development of
biomarkers which are based on reactive metabolite protein adducts obtained from nasal lavage
or as peptide adducts in the urine. Careful validation of these markers in susceptible and non
susceptible rodent models and in non-human primates would provide a basis for determining
whether the toxicity of these compounds in the respiratory tract of rodents is relevant for
exposed human populations.

A further critical issue which needs to be addressed with all three compounds is related to
susceptible populations. Studies have already shown the heightened susceptibility of young
animals to naphthalene and nitronaphthalene compared to adults and to female animals
compared to males for naphthalene but understanding the precise mechanisms for these
differences is incomplete. Whether similar differences occur with methylnaphthalene has not
been reported. Multiple exposures to naphthalene result in marked tolerance to subsequent high
level exposures. Whether this same phenomenon would be apparent if the exposures were more
intermittent or whether the repeated cycle of injury and repair followed by re-injury would lead
to long-term decrements in the structure and function of the lungs is unknown. While the
metabolic pathways for naphthalene have been well-worked out, it is still not clear what the
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specific contributions of the putative reactive metabolites (epoxide and quinones) of this
compound are to toxicity. Understanding this and knowing which enzymes are responsible for
the formation and detoxication of these small aromatic hydrocarbons will lead to a better
appreciation of where genetic differences in the proteins responsible for the metabolic
disposition of these compounds may lead to enhanced or diminished susceptibility. For
example, Ding and his colleagues have elegantly demonstrated the importance of CYP2A13
in the metabolic activation of NNK; a tobacco specific lung carcinogen (Zhang et al., 2007)
and showed that only a very small percentage of the human population studied had detectable
levels of protein in their lung tissue. These differences may, in part, explain the substantial
interindividual differences in susceptibility to tobacco smoke. Recently published
epidemiologic studies focusing on the link between children exposed to mobile source air
pollution and asthma have provided intriguing information which associates PAH exposure
and asthma (Salam et al., 2007). Higher odds ratios for asthma were observed for those children
with polymorphisms in two of the major enzymes involved in PAH metabolism which lead to
increases in microsomal epoxide hydrolase and decreases in glutathione transferase Pi. These
enzymes produce key metabolic intermediates in the metabolism and metabolic disposition of
PAH. Much more extensive studies are needed with the methyl and nitronaphthalenes to
determine whether the metabolites that have been reported comprise the full list of metabolites
generated.

Finally, there is a clear need to understand the influence of exposure to multiple pulmonary
toxicants to discern whether such exposures lead to additive, synergistic or antagonistic actions.
A case in point is the work showing that 1-nitronaphthalene is substantially more toxic in
ozone-tolerant rats (Paige et al., 2000; Wheelock et al, 2005; Schmelzer et al, 2006). Although
the lung of ozone-tolerant animals is more susceptible to 1-nitronaphthalene, the nasal
epithelium is less so (Lee et al., 2008). Several sources of human exposure including ambient
air and cigarette smoke contain mixtures of all three compounds discussed in this review yet
there is no information about whether these chemicals would produce synergistic effects in the
respiratory tract. The fact that there are synergistic and antagonistic effects of exposure to
multiple pulmonary toxicants underscores the need to understand the factors important to the
toxicity of these chemicals. Defining these mechanisms in animal models is key to our ability
to determine whether these chemicals are a human health hazard and for determining which
factors are likely to influence interindividual susceptibility.
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Comparison of Kinetics of Naphthalene, 2-methylnaphthalene and 1-Nitronaphthalene by Cytochrome P450 2F2

Substrate Kege (Min?) Ky (BM)
naphthalene 104 3
2-methylnaphthalene 67.6 3.7
1-nitronaphthalene 17.1 215

Data taken from Shultz et al., 2001.
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Approximate levels of covalently bound radioactivity associated with target and non-target tissues after administration
of naphthalene, 1-nitronaphthalene or 2-methylnaphthalene

Toxicant Dose (mmoles/kg) Lung (nmoles/mg protein) Liver (nmoles/mg protein)
Naphthalene® 16 0.6 0.8
1-Nitr0naphthaleneb 0.29 5.0 1.3
2-MethylInaphthalene® 2.8 0.6 15

Covalent binding data were derived from experiments conducted in susceptible rodent species (naphthalene and 2-methylnaphthalene-mice and 1-
nitronaphthalene-rats) 2-4 hrs after intraperitoneal administration of a toxic dose of compound.

adata taken from Buckpitt and Warren, 1983

bdata taken from Wheelock et al., 2005; values were with samples obtained by lysis lavage

cdata taken from Griffin et al., 1982
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