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FOREWORD

This toxicological profile is prepared in accordance with guidelines developed by the Agency for Toxic
Substances and Disease Registry (ATSDR) and the Environmental Protection Agency (EPA). The
original guidelines were published in the Federal Register on April 17, 1987. Each profile will be revised
and republished as necessary.

The ATSDR toxicological profile succinctly characterizes the toxicologic and adverse health effects
information for these toxic substances described therein. Each peer-reviewed profile identifies and
reviews the key literature that describes a substance's toxicologic properties. Other pertinent literature is
also presented, but is described in less detail than the key studies. The profile is not intended to be an
exhaustive document; however, more comprehensive sources of specialty information are referenced.

The focus of the profiles is on health and toxicologic information; therefore, each toxicological profile
begins with a relevance to public health discussion which would allow a public health professional to
make a real-time determination of whether the presence of a particular substance in the environment
poses a potential threat to human health. The adequacy of information to determine a substance's health
effects is described in a health effects summary. Data needs that are of significance to the protection of
public health are identified by ATSDR.

Each profile includes the following:

(A) The examination, summary, and interpretation of available toxicologic information and
epidemiologic evaluations on a toxic substance to ascertain the levels of significant
human exposure for the substance due to associated acute-, intermediate-, and chronic-
duration exposures;

(B) A determination of whether adequate information on the health effects of each substance
is available or in the process of development to determine levels of exposure that present
a significant risk to human health due to acute-, intermediate-, and chronic-duration
exposures; and

©) Where appropriate, identification of toxicologic testing needed to identify the types or
levels of exposure that may present significant risk of adverse health effects in humans.

The principal audiences for the toxicological profiles are health professionals at the Federal, State, and
local levels; interested private sector organizations and groups; and members of the public.

This profile reflects ATSDR’s assessment of all relevant toxicologic testing and information that has been
peer-reviewed. Staffs of the Centers for Disease Control and Prevention and other Federal scientists have
also reviewed the profile. In addition, this profile has been peer-reviewed by a nongovernmental panel
and was made available for public review. Final responsibility for the contents and views expressed in
this toxicological profile resides with ATSDR.

Christopher M. Reh, Ph.D.
Associate Director

Agency for Toxic Substances and Disease Registry
Centers for Disease Control and Prevention
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CHAPTER 1. RELEVANCE TO PUBLIC HEALTH

1.1  OVERVIEW AND U.S. EXPOSURES

Naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene occur naturally in fossil fuels such as
petroleum and coal, and are produced when organic materials (e.g., fossil fuels, wood, tobacco) are
burned (EPA 2002; IARC 2002). Naphthalene is also produced commercially from either coal tar or
petroleum. It is often found at wood treatment sites as a constituent of creosote (ATSDR 2024). In 2019,
the nationally aggregated production volume in the United States was reportedly between 100 and

250 million pounds for naphthalene; 1.9 and 2 million pounds were reported for 1- and 2-methyl-
naphthalene, respectively (EPA 2022a). Commercially produced naphthalene is predominantly used
(over 60% consumption) in the production of phthalic anhydride, which is used as an intermediate for
polyvinyl chloride plasticizers such as di(2-ethylhexyl) phthalate. Other uses of naphthalene include
production of naphthalene sulfonates (used in concrete additives and synthetic tanning agents), pesticides

(e.g., carbaryl insecticides and moth repellents), and dye intermediates (Collin et al. 2012; Mason 2002).

Naphthalene is frequently present in industrial and automobile emissions and effluents, and in various
media in the general environment, due to its natural occurrence in coal and petroleum products and
emissions and its use in various products and formulations. In 2023, environmental releases of
naphthalene reported under the U.S. Environmental Protection Agency (EPA) Toxics Release Inventory
(TRI) program were about 1,037,410 pounds in air emissions, 5,650 pounds in surface water discharges,
102,020 pounds in underground injection discharges, and 690,277 pounds in releases to land (TRI23
2024). These figures reflect estimates that most naphthalene entering the environment is discharged to
soil. Discharges to surface soils may further volatilize to the atmosphere due to the volatility of
naphthalene. The second largest environmental compartment naphthalene is discharged to is the
atmosphere, with the largest releases to the atmosphere associated with the combustion of plant material
and fossil fuels and volatilization from naphthalene-containing consumer products (EPA 2017b; IARC
2002). Naphthalene may also be found in dust from indoor and outdoor sources, although data in the

United States are limited.

The most likely route of exposure to naphthalene and the methylnaphthalenes is through inhalation, as the
chemicals are highly volatile. Naphthalene has a strong odor of tar or mothballs (see
https://www.atsdr.cdc.gov/odors/ for information on environmental odors). Monitoring studies of

outdoor ambient air levels of naphthalene have reported concentrations in the range of about 0.013—
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115 pg/m?®, with a mean concentration of 0.04 pug/m? reported for urban/suburban air samples collected
from across the United States (Davey et al. 2014; EPA 2022b; Lu et al. 2005). Higher outdoor air
concentrations have been found in cities, during wildfire events, and in the immediate vicinity of certain
industrial sources and hazardous waste sites. In indoor air, emissions from cooking, tobacco smoking, or
moth repellants are expected to be the predominant sources of naphthalene. The reported average indoor
air concentrations range from 0.18 to 2.84 pug/m? naphthalene (Jia and Batterman 2011). Methyl-
naphthalenes have also been detected in ambient outdoor and indoor air; average concentrations of 1- and
2-methylnaphthalene in ambient outdoor air samples were reported to be 0.21 and 0.37 pug/m?,
respectively (EPA 2022b). Recent indoor air monitoring data were not located for the methyl-
naphthalenes. Levels of naphthalene (and methylnaphthalenes), when detected in water, sediments, and
soil, tend to be low: usually <0.5 ug/L in surface water or groundwater and <300 pg/kg in sediments and
soil (WQP 2023). However, in the immediate vicinity of point sources of release, such as chemical waste
sites, or near nonpoint sources such as in urban environments near fuel combustion and vehicle emissions,

concentrations can be higher (Gao et al. 2019).

Naphthalene is rarely detected in drinking water (USGS 2015) and has previously been detected in food at
concentrations generally <100 ppb, although many available studies used products bought outside of the
United States. Cooking or smoking methods for food preparation have been reported as possible sources
of contamination (Polak-Sliwinska et al. 2022; Schauer et al. 1999; Zelinkova and Wenzl 2015).
Naphthalene has also been detected at trace levels in a variety of consumer products bought outside of the
United States (Danish EPA 2015). Naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene are
regulated by EPA under the Clean Air Act (CAA) as Hazardous Air Pollutants (HAPs) (EPA 2017a) and
naphthalene is identified as hazardous waste under the Resource Conservation and Recovery Act (RCRA)

(40 CFR §261).

1.2 SUMMARY OF HEALTH EFFECTS

The toxicological database for naphthalene includes case reports, human observational studies of the
general population, and studies of animals exposed by inhalation, oral administration, and dermal contact.
Studies of exposures to the general population typically evaluated exposure using concentrations of

urinary metabolites. Human studies of 1- and 2-methylnaphthalene exposures were not located.

While there is a substantial database of toxicological effects in animals after inhalation, oral, and dermal

exposure to naphthalene, fewer studies of animals exposed to 1- and 2-methylnaphthalene are available.
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Figures 1-1 through 1-6 show the most sensitive effects in animals after inhalation exposure to
naphthalene, oral exposure to naphthalene, inhalation exposure to 1-methylnaphthalene, oral exposure to
1-methylnaphthalene, inhalation exposure to 2-methylnaphthalene, and oral exposure to 2-methyl-
naphthalene, respectively. Each figure also shows minimal risk levels (MRLs) when data were adequate

to derive them.

Figure 1-1. Health Effects Found in Animals Following Inhalation Exposure to
Naphthalene

Concentration (ppm) Effects in Animals
| 75 Acute: Airways devoid of club cells in mice
| 15-30 Acute: Nasal olfactory and./or respiratory/transitional
mucosal cytotoxicity in rats and mice; airway necrosis in
mice
Chronic: Lung adenomas in female mice
10 Acute: Airway and nasal olfactory epithelial cell swelling,

detachment, and necrosis in mice

Intermediate: Reduced thymus weights in male rats

Chronic: Nasal inflammation, olfactory and respiratory
epithelium degeneration, metaplasia, and/or hyperplasia,

and Bowman’s gland hyperplasia in rats and mice; lung
inflammation in mice; nasal tumors in rats

| 1.5-5 Acute: Nasal olfactory epithelium necrosis, vacuolation,
and/or exfoliation in rats and mice; airway epithelial necrosis
and vacuolation in mice

| 0.1-1 Acute: Nasal olfactory epithelium necrosis in rats

Intermediate: Nasal respiratory/transitional hyperplasia;
reduced thymus weights in female rats

0.00006 ppm Q Acute MRL
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Figure 1-2. Health Effects Found in Humans and Animals Following Oral
Exposure to Naphthalene

Dose (mg/kg/day) Effects in Animals
| 2700 Acute: Cataracts, death, decreased body weight, increased
liver weight

Intermediate: Cataracts in rats and rabbits; retinal damage
in rabbits; hepatocyte morphology changes and decreased
body weight in rats; hemolysis in hamsters

354-533 Acute: Death in mice

Intermediate: Cataracts, decreased body weight, diarrhea,
renal tubular degeneration, thymus lymphoid depletion,
hunched posture and lethargy in rats

| 267-300 Acute: Death, decreased body weight, reduced thymus and
spleen weight, increased lung weight in mice

| 150-200 Acute: Respiratory epithelial cytotoxicity in mice; decreased
body weight in pregnant rats; dyspnea, cyanosis,
hypoactivity in pregnant rabbits

Intermediate: Decreased body weight in rats

87.5-133 Acute: Abdominal pain, hemolytic anemia in humans; lung
inflammation, edema, and structural degeneration in mice;
hepatic necrosis and increased serum markers of
hepatotoxicity in mice

Intermediate: Decreased spleen and liver weights in mice;
inhibition of withdrawal reflex and increased urinary
coporphyrins in rats

50 Acute: Lethargy in pregnant rats

0.2 mg/kg/day Q Acute and Intermediate MRL
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Figure 1-3. Health Effects Found in Animals Following Inhalation Exposure to
1-Methylnaphthalene

Concentration (ppm) Effects in Animals
44 Acute: Decreased pain sensitivity
0.5 Intermediate: Nasal mucous cell hyperplasia

0.00009 ppm Q Intermediate MRL

Figure 1-4. Health Effects Found in Animals Following Oral Exposure to
1-Methylnaphthalene

Dose (mg/kg/day) Effects in Animals
250 Intermediate: Increased liver weights
71.6 Chronic: Increased incidences of lung adenomas and
pulmonary alveolar proteinosis

0.6 mg/kg/day Intermediate MRL
0.07 mg/kg/day Chronic MRL
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Figure 1-5. Health Effects Found in Animals Following Inhalation Exposure to
2-Methylnaphthalene

Concentration (ppm) Effects in Animals
61 Acute: Decreased pain sensitivity
1.89 Intermediate: Bronchiolar and alveolar mononuclear cell
infiltrate and proteolysis/proteinosis; bile duct hyperplasia
0.34 Intermediate: Increased bronchial goblet cells metaplasia

0.0003 ppm Q Intermediate MRL

Figure 1-6. Health Effects Found in Animals Following Oral Exposure to
2-Methylnaphthalene

Dose (mg/kg/day) Effects in Animals

50.3 Chronic: Increased incidence of pulmonary alveolar

proteinosis

0.06 mg/kg/day Q Chronic MRL

As Figures 1-1 and 1-2 show, the most sensitive effects of oral and inhalation exposure to naphthalene are
respiratory, immunological, and neurological toxicity. A systematic review of these endpoints resulted in
the following hazard identification conclusions:

e Respiratory tract effects are a presumed health effect for humans.

e Neurological effects are a suspected health effect for humans.
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A systematic review was also performed for immunological effects. The hazard identification conclusion
was that immunological effects were not classifiable due to low evidence in both human and animal

studies.

Figures 1-3 and 1-4 show that the most sensitive effects of exposure to 1-methylnaphthalene in animals
are respiratory and hepatic effects. A systematic review of these endpoints resulted in the following
hazard identification conclusions:

e Respiratory tract effects are a presumed health effect for humans.

e Hepatic effects are a suspected health effect for humans.

Figures 1-5 and 1-6 show that the most sensitive effects of exposure to 2-methylnaphthalene in animals
are respiratory and hepatic effects. A systematic review of these endpoints resulted in the following
hazard identification conclusions:

e Respiratory tract effects are a presumed health effect for humans.

e Hepatic effects are a presumed health effect for humans.

Respiratory Effects of Naphthalene. Human studies of the respiratory tract effects of naphthalene are
limited. Occupational exposure to airborne naphthalene was associated with irritation and inflammation
in the nose (Sucker et al. 2021). A study of the general population in a community in China suggested an
association between particle-bound naphthalene in the air and decreased pulmonary function (Mu et al.
2019). Decreased lung function was also associated with indoor naphthalene vapor concentration among

female, but not male adults in a cross-sectional study in Canada (Cakmak et al. 2014).

Studies in animals exposed by inhalation for acute, intermediate, and chronic durations have shown that
naphthalene induces pathological changes in the nose of both rats and mice and in the lungs of mice.
Acute-duration studies show nasal lesions characterized by degeneration, necrosis, vacuolation, and/or
exfoliation of the olfactory and respiratory transitional epithelia (Carratt et al. 2016, 2019a; Cichocki et al.
2014; Dodd et al. 2010; Lee et al. 2005; Li et al. 2017). With intermediate-duration inhalation exposure
in rats, additional nasal changes consisting of squamous metaplasia of the respiratory transitional epithelia
and goblet cell hyperplasia were observed (Dodd et al. 2012). In studies of rats and mice exposed by
inhalation for 2 years, increased incidences of nonneoplastic lesions were observed in the nose of both
rats and mice (Abdo et al. 2001; NTP 1992a, 2000), and in the lungs of mice (NTP 1992a). In rats of

both sexes, inhalation of 10, 30, or 60 ppm resulted in nasal lesions consisting of hyperplasia, atrophy,
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chronic inflammation, and hyaline degeneration of the olfactory epithelium; and hyperplasia, metaplasia,
or degeneration of the nasal respiratory epithelium or glands of the nasal cavity. In mice of both sexes,
chronic inhalation of 10 or 30 ppm naphthalene induced inflammation of the nose, metaplasia of the

olfactory epithelium, and hyperplasia of the nasal respiratory epithelium (NTP 1992a).

Mice exposed by inhalation showed effects in the lower respiratory tract in addition to the nose. Reported
necrosis, epithelial cell swelling and detachment, and squamous cell replacement of club cells were
observed in the airways and lungs of mice after 4 hours of exposure to >10 ppm (Kovalchuk et al. 2020;
Li et al. 2017; Phimister et al. 2004; West et al. 2001). Inflammation of the lung was observed in the
2-year study of mice at exposure concentrations of 10 or 30 ppm naphthalene (NTP 1992a).

Neurological Effect of Naphthalene. Neurological symptoms of headache, confusion, lethargy, and
vertigo have been documented in case reports of human exposure to vapors from mothballs (Linick 1983)
or from ingestion of naphthalene (Bregman 1954; Chusid and Fried 1955; Gupta et al. 1979; Kurz 1987;
MacGregor 1954; Ojwang et al. 1985; Zuelzer and Apt 1949). In fatal cases of naphthalene ingestion,
convulsions and coma have been seen prior to death (Kurz 1987; Gupta et al. 1979; Zuelzer and Apt
1949). Permanent neurological damage observed in humans exposed to high concentrations of
naphthalene is associated with jaundice resulting from hemolysis (McMurray 1977; Valaes et al. 1963).
Acute oral exposure of pregnant rats to naphthalene doses of 150 or 450 mg/kg/day (but not

50 mg/kg/day) during gestation produced maternal toxicity including clinical signs of neurotoxicity
(lethargy and prone position) (NTP 1991). In subchronic studies of rats and mice exposed orally,
transient clinical signs of hunched posture and lethargy were seen (NTP 1980a, 1980b).

Cancer Effects of Naphthalene. Chronic inhalation studies found increased incidences of neoplastic
lesions in the nose of rats (Abdo et al. 2001; NTP 2000) and in the lungs of mice (NTP 1992a). In female
mice (but not male mice), exposure to 30 ppm (but not 10 ppm) increased the incidence of benign lung
tumors (alveolar/bronchiolar adenomas) compared with controls. One other female mouse exposed to

30 ppm showed a malignant lung tumor (alveolar/bronchiolar carcinoma). In rats of both sexes,
inhalation of 10, 30, or 60 ppm naphthalene induced neoplastic lesions only in the nasal cavity (Abdo et
al. 2001; NTP 2000). The nasal tumor types associated with naphthalene exposure in rats were olfactory

epithelial neuroblastomas (a rare malignant tumor) and respiratory epithelial adenomas.

The National Toxicology Program (NTP 2021) 15th Report on Carcinogens considers naphthalene to be

reasonably anticipated to be human carcinogen based on sufficient evidence from animal studies.
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International Agency for Research on Cancer (IARC 2002) concluded that naphthalene is possibly
carcinogenic to humans (Group 2B) based on specific evaluations that there is inadequate evidence in
humans and sufficient evidence in animals for the carcinogenicity of naphthalene. IARC (2002)
considered the findings for nasal tumors in male and female rats and lung tumors in female mice in the
NTP (1992a, 2000) bioassays as sufficient evidence, noting that both nasal tumor types (olfactory

epithelial neuroblastomas and respiratory epithelial adenomas) are rare in untreated rats.

EPA last assessed the carcinogenicity of naphthalene before the availability of the results from the
chronic rat bioassay (Abdo et al. 2001; NTP 2000). In the EPA (1998) Toxicological Review on
Naphthalene, it was concluded that there was inadequate evidence in humans and limited evidence in
animals of naphthalene carcinogenicity (increased incidence of lung tumors in female mice). Under the
EPA (1986a) cancer guidelines, naphthalene was assigned to Group C—possible human carcinogen.
Under the EPA (1996) proposed cancer guidelines, it was judged that the human carcinogenic potential of
naphthalene via the oral or inhalation routes “cannot be determined,” but it was noted that there was

suggestive evidence of potential human carcinogenicity based on increased lung tumors in female mice.

Respiratory Effects of 1- and 2-Methylaphthalene. No studies of respiratory effects in humans exposed
to 1- or 2-methylnaphthalene were located. In rats exposed to 1-methylnaphthalene for 13 weeks by
inhalation, nasal lesions (mucous cell hyperplasia and transitional epithelial cell hyperplasia) occurred at
increased incidence at all exposure concentrations (=0.52 ppm) (Kim et al. 2020). Intermediate-duration
exposure of rats to 2-methylnaphthalene concentrations >0.34 ppm resulted in histopathology changes in
the bronchi consisting of goblet cell metaplasia, proteinosis, and hyperplasia of the peribronchial
lymphatic tissue (Swiercz et al. 2011). Increased incidences of pulmonary alveolar proteinosis were
observed in mice of both sexes exposed via diet for chronic durations to 1-methylnaphthalene (~72—

75 and 140-144 mg/kg/day) (Murata et al. 1993) and 2-methylnaphthalene (~50—54 and 108—

114 mg/kg/day) (Murata et al. 1997). Histologic examination of major tissues and organs in these studies
showed no other exposure-related nonneoplastic or neoplastic lesions at other sites in the respiratory tract
(including the bronchiolar regions of the lung). Mice dermally exposed to 30 or 119 mg/kg of
methylnaphthalene (a mixture of 1- and 2-methylnaphthalene) for 30-61 weeks also showed increased

incidences of pulmonary alveolar proteinosis (Emi and Konishi 1985; Murata et al. 1992).

Cancer Effects of 1- and 2-Methylaphthalene. Studies evaluating cancer effects of 1- and

2-methylnaphthalene in humans were not located. The chronic dietary studies of 1- or 2-methyl-
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naphthalene in animals provide limited evidence for the carcinogenicity of these chemicals. In the
I-methylnaphthalene study, respective incidences of mice with lung adenomas or carcinomas were 5/50,
2/50, and 5/50 for control through high-dose females, and 2/49, 13/50, and 15/50 for males (Murata et al.
1993). With 2-methylnaphthalene, incidences for lung adenomas or carcinomas were 5/50, 4/49, and
6/48 for females and 2/49, 10/49, and 6/49 for males. The tumorigenic response was predominantly
benign and was only consistently seen in male mice exposed to 1-methylnaphthalene. In addition, there
are several issues with the performance of these studies, including the potential for simultaneous
exposures to 1- and 2-methylnaphthalene: the animals were exposed concurrently in the same room, and
the study authors suggested that there may have been inhalation exposure resulting from volatilization of

the test compounds.

The NTP (2021) 15th Report on Carcinogens does not include 1- or 2-methylnaphthalene on its list of
chemicals known to be human carcinogens or reasonably anticipated to be human carcinogens. 1ARC
has not assessed the carcinogenicity potential of the methylnaphthalenes. The EPA (2003) concluded that
the available data for 2-methylnaphthalene are inadequate to assess human carcinogenic potential, noting
that there are no human data and the available evidence of 2-methylnaphthalene in animals is limited and
insufficient to determine that 2-methylnaphthalene is carcinogenic to humans. The EPA (2008)
Provisional Peer-Reviewed Toxicity Value assessment for 1-methylnaphthalene concluded that the
findings of lung adenoma and adenocarcinomas in male mice exposed via the diet for 81 weeks (Murata

et al. 1993) provide “Suggestive Evidence of Carcinogenicity.”

1.3 MINIMAL RISK LEVELS (MRLs)

Naphthalene. Available information of the toxicity of inhaled naphthalene was adequate for derivation
of an acute-duration inhalation MRL, but not intermediate- or chronic-duration MRLs. The oral database
was adequate to derive acute- and intermediate-duration oral MRLs but no studies of chronic-duration
oral exposure were available, precluding derivation of a chronic-duration oral MRL. As shown in
Figures 1-7 and 1-8, the most sensitive targets of inhalation exposure to naphthalene are the respiratory

tract and immune system, and the most sensitive target of oral exposure is the central nervous system.
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Figure 1-7. Summary of Sensitive Targets of Naphthalene — Inhalation

Available data indicate that the respiratory tract and immune system are the most sensitive
targets of naphthalene inhalation exposure.
Numbers in circles are the lowest LOAELSs for all health effects in animals; no reliable dose response data
were available for humans.

Acute (ppm)

Respiratory
Intermediate (ppm)

Respiratory @
Immunological @

Chronic (ppm)
Respiratory 0
Cancer 0
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Figure 1-8. Summary of Sensitive Targets of Naphthalene — Oral

Available data indicate that the nervous system is the most sensitive target of naphthalene oral
exposure.
Numbers in circles are the lowest LOAELSs for all health effects in animals.
No reliable dose response data were available for humans.

Neurological

Respiratory

Acute (mg/kg/day)

Hepatic

Hematological

Intermediate (mg/kg/day)
Neurological
Hematological @
Hepatic @
The MRL values for naphthalene are summarized in Table 1-1 and discussed in greater detail in

Appendix A.
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Table 1-1. Minimal Risk Levels (MRLs) for Naphthalene?

13

Uncertainty/

Exposure Exposure modifying
route duration MRL Critical effect POD type |POD value |factor Reference
Inhalation Acute 6x10°5 ppm Nasal olfactory epithelial BMCLrec |0.0017 ppm |UF: 30 Dodd et al. 2010
(3x10* mg/m3) |necrosis
Intermediate | None® - - - - -
Chronic None® - - - - -
Oral Acute 0.2 mg/kg/day |Clinical signs of neurotoxicity LOAEL 50 mg/kg/day |UF: 300 NTP 1991
Intermediate | 0.2 mg/kg/dayc | Clinical signs of neurotoxicity LOAEL 50 mg/kg/day |UF: 300 NTP 1991

Chronic

None

aSee Appendix A for additional information.
bThere is some evidence to suggest that the acute-duration inhalation MRL may be protective for inhalation exposures of longer (intermediate and chronic)
durations. See Appendix A for discussion of this information.

°The acute-duration oral MRL was adopted for the intermediate-duration oral MRL.

BMCL = 95% lower confidence limit on the benchmark concentration; HEC = human equivalent concentration; LOAEL = lowest-observed-adverse-effect level;
POD = point of departure; UF = uncertainty factor
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1-Methylnaphthalene. Available information on the toxicity of inhaled 1-methylnaphthalene was
adequate for derivation of an intermediate-duration inhalation MRL but was not adequate to derive acute-
or chronic-duration inhalation MRLs. Figure 1-3 shows that the respiratory endpoint was a sensitive
target following inhalation exposure to 1-methylnaphthalene. The oral database was considered
inadequate to derive an acute-duration oral MRL, but adequate to derive intermediate- and chronic-
duration oral MRLs. As shown in Figures 1-9 and 1-10, the most sensitive targets of inhalation and oral

exposure to 1-methyl naphthalene are the respiratory tract (both routes) and liver (oral).

Figure 1-9. Summary of Sensitive Targets of 1-Methylnaphthalene — Inhalation

The respiratory tract is the most sensitive target of 1-methylnaphthalene inhalation exposure.
Numbers in circles are the lowest LOAELSs for all health effects in animals; no human data were identified.

Acute (ppm)

Neurological

Intermediate (ppm)

Respiratory

Figure 1-10. Summary of Sensitive Targets of 1-Methylnaphthalene — Oral

The respiratory tract and liver are the most sensitive targets of 1-methylnaphthalene oral
exposure.
Numbers in circles are the lowest LOAELSs for all health effects in animals.
No reliable dose response data were available for humans.

Intermediate (mg/kg/day)

Hepatic

Chronic (mg/kg/day)

Respiratory @
Cancer @

The MRL values for 1-methylnaphthalene are summarized in Table 1-2 and discussed in greater detail in

Appendix A.
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Table 1-2. Minimal Risk Levels (MRLs) for 1-Methylnaphthalene?

15

Uncertainty/
Exposure Exposure modifying
route duration MRL Critical effect POD type |POD value factor Reference
Inhalation Acute None - - - - -
Intermediate  |9x10°% ppm Nasal mucous cell BMCLHec |0.0027 ppm UF: 30 Kim et al. 2020
(5x10* mg/m?) | hyperplasia
Chronic None - - - - -
Oral Acute None - - - - -
Intermediate | 0.6 mg/kg/day |Increased liver weight BMDL1sp |64 mg/kg/day |UF: 100 NITE 2009
Chronic 0.07 mg/kg/day | Pulmonary alveolar LOAEL 71.6 mg/kg/day |UF: 1,000 Murata et al. 1993

proteinosis

aSee Appendix A for additional information.

BMCL = 95% lower confidence limit on the benchmark concentration; HEC = human equivalent concentration; LOAEL = lowest-observed-adverse-effect level;
POD = point of departure; SD = standard deviation; UF = uncertainty factor
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2-Methylnaphthalene. Available information on the toxicity of inhaled 2-methylnaphthalene was
adequate for derivation of an intermediate-duration inhalation MRL but was not adequate to derive acute-
or chronic-duration inhalation MRLs. The oral database was considered inadequate to derive acute- and
intermediate-duration oral MRLs, but adequate to derive a chronic-duration oral MRL. As shown in
Figures 1-11 and 1-12, the most sensitive targets of inhalation and oral exposure to 2-methylnaphthalene

are the respiratory tract (both routes) and liver (inhalation).

Figure 1-11. Summary of Sensitive Targets of 2-Methylnaphthalene — Inhalation
The respiratory tract and liver are the most sensitive targets of 2-methylnaphthalene inhalation

exposure.
Numbers in circles are the lowest LOAELs for all health effects in animals; no human data were identified.

Acute (ppm)

Neurological
Intermediate (ppm)

Respiratory

Hepatic

Figure 1-12. Summary of Sensitive Targets of 2-Methylnaphthalene — Oral

The respiratory tract is the most sensitive target of 2-methylnaphthalene oral exposure.
Numbers in circles are the lowest LOAELSs for all health effects in animals; no human data were identified.

Chronic (mg/kg/day)

Respiratory @

The MRL values for 2-methylnaphthalene are summarized in Table 1-3 and discussed in greater detail in

Appendix A.
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Table 1-3. Minimal Risk Levels (MRLs) for 2-Methylnaphthalene?®

17

Exposure Exposure Uncertainty/
route duration MRL Critical effect POD type |POD value |modifying factor |Reference
Inhalation Acute None - - - - -
Intermediate | 3x10 ppm Bronchial goblet cell LOAELHec |0.081 ppm UF: 300 Swiercz et al. 2011
(0.002 mg/m?®) | metaplasia
Chronic None - - - - -
Oral Acute None - - - - -
Intermediate | None - - - - -
Chronic 0.06 mg/kg/day |Pulmonary alveolar BMDLos 6.4 mg/kg/day |UF: 100 Murata et al. 1997

proteinosis

aSee Appendix A for additional information.

BMCLos = 95% lower confidence limit on the benchmark concentration (subscripts denote benchmark response: i.e., 05 = dose associated with 5% extra risk);
HEC = human equivalent concentration; LOAEL = lowest-observed-adverse-effect level; POD = point of departure; UF = uncertainty factor
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CHAPTER 2. HEALTH EFFECTS

2.1 INTRODUCTION

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and
other interested individuals and groups with an overall perspective on the toxicology of naphthalene,
I-methylnaphthalene, and 2-methylnaphthalene. It contains descriptions and evaluations of toxicological
studies and epidemiological investigations and provides conclusions, where possible, on the relevance of
toxicity and toxicokinetic data to public health. When available, mechanisms of action are discussed

along with the health effects data; toxicokinetic mechanistic data are discussed in Section 3.1.

A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile.

To help public health professionals and others address the needs of persons living or working near hazardous
waste sites, the information in this section is organized by health effect. These data are discussed in terms of
route of exposure (inhalation, oral, and dermal) and three exposure periods: acute (<14 days), intermediate

(15-364 days), and chronic (=365 days).

As discussed in Appendix B, a literature search was conducted to identify relevant studies examining health
effect endpoints. Figures 2-1, 2-2, and 2-3 provide an overview of the database of studies in humans or
experimental animals included in this chapter of the profile. These studies evaluate the potential health
effects associated with inhalation, oral, or dermal exposure to naphthalene, 1-methylnaphthalene, and
2-methylnaphthalene, but may not be inclusive of the entire body of literature. A systematic review of the
scientific evidence of the health effects associated with exposure to naphthalene, 1-methylnaphthalene, and

2-methylnaphthalene was also conducted; the results of this review are presented in Appendix C.

Animal studies of naphthalene are presented in Table 2-1 and Figure 2-4 for inhalation exposure,
Table 2-2 and Figure 2-5 for oral exposure, and Table 2-3 for dermal exposure. Animal studies of 1- and
2-methylnaphthalene are presented in Table 2-4 and Figure 2-6 for inhalation exposure, Table 2-5 and

Figure 2-7 for oral exposure, and Table 2-6 for dermal exposure.

Levels of significant exposure (LSEs) for each route and duration are presented in tables and illustrated in
figures. The points in the figures showing no-observed-adverse-effect levels (NOAELSs) or lowest-

observed-adverse-effect levels (LOAELSs) reflect the actual doses (levels of exposure) used in the studies.
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Effects have been classified into “less serious LOAELs” or “serious LOAELs (SLOAELSs).” "Serious"
effects (SLOAELSs) are those that evoke failure in a biological system and can lead to morbidity or
mortality (e.g., acute respiratory distress or death). "Less serious" effects are those that are not expected
to cause significant dysfunction or death, or those whose significance to the organism is not entirely clear.
ATSDR acknowledges that a considerable amount of judgment may be required in establishing whether
an endpoint should be classified as a NOAEL, "less serious" LOAEL, or "serious" LOAEL, and that in
some cases, there will be insufficient data to decide whether the effect is indicative of significant
dysfunction. However, the Agency has established guidelines and policies that are used to classify these
endpoints. ATSDR believes that there is sufficient merit in this approach to warrant an attempt at
distinguishing between "less serious" and "serious" effects. The distinction between "less serious" effects
and "serious" effects is considered to be important because it helps the users of the profiles to identify
levels of exposure at which major health effects start to appear. LOAELs or NOAELSs should also help in
determining whether or not the effects vary with dose and/or duration, and place into perspective the
possible significance of these effects to human health. Levels of exposure associated with cancer (Cancer
Effect Levels, CELs) of naphthalene are indicated in Table 2-1 and Figure 2-4. Levels of exposure
associated with cancer (Cancer Effect Levels, CELs) of 1- and 2-methylnaphthalene are indicated in

Table 2-5 and Figure 2-7.

A User's Guide has been provided at the end of this profile (see Appendix D). This guide should aid in
the interpretation of the tables and figures for LSEs and MRLs.

The discussion of the available data for health effects in this chapter is organized into chemical-specific
subsections provided in the following order: naphthalene, 1-methylnaphthalene, and 2-methyl-
naphthalene. Studies in humans were located only for naphthalene and are discussed under the

corresponding health effect subsections.

Health effects data for naphthalene are shown in Figure 2-1. As indicated in the figure, there were a
number of human studies (primarily case reports); the largest numbers of studies examined developmental
endpoints and/or reported gastrointestinal effects. The animal studies of naphthalene primarily examined
ocular and respiratory effects. Animal studies suggest that respiratory, immunological, and neurological

effects are sensitive targets of naphthalene toxicity.

Respiratory endpoints: Respiratory tract toxicity is a presumed health effect in humans based
on low level of evidence in humans and high level of evidence in animals. Human studies
reported associations between nasal irritation and inflammation and occupational exposure to
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naphthalene, and between decreases in lung function and airborne naphthalene concentrations in
general population studies. In animals, nasal histopathological lesions were consistently seen in
rats and mice after inhalation exposure for acute, intermediate, and chronic durations, and lung
pathology was reported in mice after acute- and chronic-duration exposures.

Neurological endpoints: Nervous system toxicity is a suspected health effect in humans based
on a moderate level of evidence in animals. Clinical signs of neurotoxicity (lethargy) were
observed in rats exposed orally during gestation (NTP 1991) or in a 13-week study (NTP 1980b)
and in mice exposed orally for 13 weeks (NTP 1980a).

Immunological endpoints: Immunological toxicity is not classifiable due to low evidence in
both human and animal studies. Human studies suggested associations between naphthalene and
cytokine levels and/or differential leukocyte counts. Animal studies showed reduced thymus
weights in rats exposed by inhalation and mice exposed orally; a low incidence of lymphoid
depletion of the thymus in female rats exposed by gavage for 13 weeks; increased serum
inflammatory markers in mice given a single oral dose of naphthalene; and reduced mitogenic
response to concanavalin A in mice exposed orally for 2 weeks.

Figure 2-2 provides an overview of the health effects data for 1-methylnaphthalene. No human studies of
I-methylnaphthalene were located, and there were very few animal studies. The animal studies indicate

that the respiratory tract and liver are sensitive targets of 1-methylnaphthalene toxicity.

Respiratory endpoints: Respiratory tract toxicity is a presumed health effect in humans based
on a high level of evidence in animals. Significantly increased incidences of nasal lesions were
observed in rats exposed for 13 weeks by inhalation and significantly increased incidences of
pulmonary alveolar proteinosis in mice exposed chronically by diet. The hazard identification
conclusion is supported by findings of pulmonary alveolar proteinosis in mice exposed to the
structurally related compound 2-methylnaphthalene in the diet and in mice exposed by dermal
application to a mixture of methylnaphthalenes.

Hepatic endpoints: Hepatic toxicity is a suspected health effect in humans based on a moderate
level of evidence in animals. Significantly increased liver weights were observed in a combined
repeat-dose and reproductive/developmental toxicity screening study of rats exposed via gavage.
No liver effects were reported in the chronic dietary study of 1-methylnaphthalene, but the
estimated doses were lower, and there is uncertainty in the dose estimates for the chronic study
due to potential for volatilization of the test material from the diet. The hazard identification
conclusion is supported by observations of liver effects (liver weight, serum enzyme, and/or
histopathology changes) in animals exposed to the structurally related compounds
2-methylnaphthalene and naphthalene.

Data on the health effects of 2-methylnaphthalene are summarized in Figure 2-3. As with
I-methylnaphthalene, human studies of 2-methylnaphthalene were not located, and the database of animal
studies is very small. The studies of animals exposed by inhalation and oral routes show that the

respiratory tract and liver are sensitive targets of 2-methylnaphthalene.
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Respiratory endpoints: Respiratory tract toxicity is a presumed health effect in humans based
on a high level of evidence in animals. Significantly increased incidences of nasal lesions were
observed in rats exposed for 13 weeks by inhalation and significantly increased incidences of
pulmonary alveolar proteinosis in mice exposed chronically by diet. The hazard identification
conclusion is supported by findings of pulmonary alveolar proteinosis in mice exposed to the
structurally related compound 2-methylnaphthalene in the diet and in mice exposed by dermal
application to a mixture of methylnaphthalenes.

Hepatic endpoints: Hepatic toxicity is a presumed health effect in humans based on a high level
of evidence in animals. Dose-related increases in the incidences of bile duct hyperplasia were
observed in rats exposed by inhalation for 4 weeks. The hazard identification conclusion is
supported by observations of liver effects (liver weight, serum enzyme, and/or histopathology
changes) in animals exposed to the structurally related compounds 1-methylnaphthalene and
naphthalene.
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Figure 2-1. Overview of the Number of Studies Examining Naphthalene Health Effects*

Most studies examined the potential respiratory and ocular effects of naphthalene

Fewer studies evaluated health effects in humans than ERIINEIL (counts represent studies examining endpoint)
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*Includes studies discussed in Chapter 2. A total of 153 studies (including those finding no effect) have examined toxicity; most studies examined multiple
endpoints.
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Figure 2-2. Overview of the Number of Studies Examining 1-Methylnaphthalene Health Effects*

Most studies examined the potential respiratory and body weight effects of 1-methylnaphthalene
The majority of the studies examined dermal exposure in EIUEIL; no data were identified for humans (counts represent studies examining
endpoint)
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*Includes studies discussed in Chapter 2. A total of 11 studies (including those finding no effect) have examined toxicity; most studies examined multiple
endpoints.
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Figure 2-3. Overview of the Number of Studies Examining 2-Methylnaphthalene Health Effects*

Most studies examined the potential respiratory effects of 2-methylnaphthalene

The majority of the studies examined dermal exposure in EIUEIL; no data were identified for humans (counts represent studies examining
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*Includes studies discussed in Chapter 2. A total of 10 studies (including those finding no effect) have examined toxicity; most studies examined multiple

endpoints.
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Table 2-1. Levels of Significant Exposure to Naphthalene — Inhalation

(ppm)

Species Less

Figure (strain) Exposure Parameters serious

key?  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects

ACUTE EXPOSURE

Cichocki et al. 2014

1 Rat Once 0, 15, 30 HP Resp 15 Cytotoxicity of olfactory and
(Fischer- 4 or 6 hours respiratory/transitional mucosa
344)6 M, (N)
6F

Dodd et al. 2010

2 Rat Once 0,0.1,0.3,1, LE, CS, BW, Bd wt 30
(Fischer- 6 hours 10,30 GN, HP Resp 0.3 1 Minimal severity necrosis of the
24F4) 5M, (WB) nasal olfactory epithelium

Dodd et al. 2010

3 Rat 5 days 0,0.1,1,10 LE, CS, BW, Bd wt 10
(Fischer- 6 hours/day GN, HP Resp 0.1 1.0 Minimal severity necrosis of the
344) 5- (WB) nasal olfactory epithelium and
10 M, 5- nasopharyngeal goblet cell
10F hyperplasia

Dodd et al. 2010

4 Rat Once 0,0.1,0.3,1, LE, CS, BW, Bd wt 30
(Sprague- 6 hours 10, 30 GN, HP Resp 0.1b Minimal severity necrosis of the
Dawley) (WB) nasal olfactory epithelium
5M,5F

Dodd et al. 2010

5 Rat 5 days 0,0.1,1,10 LE, CS, BW, Bd wt 10
(Sprague- 6 hours/day GN, HP Resp 0.1 M 0.1F Minimal severity necrosis of the
Dawley) 5— (WB) 1.0M nasal olfactory epithelium
10 M, 5-
10F

Lee et al. 2005

6 Rat Once 0,34,23.8 HP Resp 3.4 Necrosis, vacuolation, and
(Sprague- 4 hours exfoliation of the nasal olfactory
Dawley) (WB) epithelium

6M
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Table 2-1. Levels of Significant Exposure to Naphthalene — Inhalation

(ppm)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key? No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
West et al. 2001
7 Rat Once 0,2,10,30, HP Resp 100
(Sprague- 4 hours 75,100
Dawley) (WB)
NS/M
Carratt et al. 2016
8 Mouse Once 0,5,10,20 GN,HP Resp 5 Epithelial damage (vacuolization
(C57BL/6) 4 hours and swelling) in proximal airways
3M,3F (WB)
Carratt et al. 2019b
9 Mouse Once 0,5,10 HP Resp 5 Epithelial damage (vacuolization
(B6:129) 4 hours and swelling) in proximal airways
NS (WB)
Kovalchuk et al. 2020
10 Mouse Once 0,10 HP Resp 10 Proximal and distal airway
(C57BL/6) 4 hours epithelial swelling, detachment,
34 M (N) decreased thickness, and cell
proliferation; increased LDH and
total protein in BALF at sacrifice
20 hours post-exposure
Li et al. 2017
11 Mouse 1 day 0,10 HP Resp 10 Necrosis of epithelial cells in the
(C57BL/6) 2 times/day lung, detachment of club cells in
36 M 2 hours the lung and severe cytotoxicity of
(N) the olfactory mucosa, including
necrosis, detachment, sloughing,
and ulceration
NTP 1992a
12 Mouse 14 days 0, 10, 30 HE Hemato 30

(B6C3F1) 5 days/week
4-10 M, 4— 6 hours/day
10F (WB)
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Table 2-1. Levels of Significant Exposure to Naphthalene — Inhalation

(ppm)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key? No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Phimister et al. 2004
13 Mouse Once 0,15 HP Resp 15 Necrotic club cells in proximal and

(Swiss) 4 hours distal airways and lumen;

4 M (WB) squamous ciliated cell replacement
of club cells; nasal olfactory
epithelium nearly devoid of cells

Phimister et al. 2004

14 Mouse Once 0,1.5 HP Resp 1.5 Mild cell loss in olfactory epithelium
(Swiss) 2 hours
4 M (WB)

West et al. 2001

15 Mouse Once 0,2,10,30, HP Resp 2 10 75 LOAEL: Club cell necrosis and

(Swiss- 4 hours 75,100 decreased club cell mass in

Webster) (WB) proximal airways

NS/M SLOAEL: Proximal and terminal
epithelium devoid of club cells

INTERMEDIATE EXPOSURE
Dodd et al. 2012
16 Rat 90 days 0,0.1,1,10, LE,CS, BW, Bdwt 30

(Fischer- 5 days/week 30 FI, WI, GN,  Resp 0.1 1 Increased incidence of

344) 10 M, 6 hour/day Ow, HP transitional/respiratory epithelial

10F (WB) hyperplasia

Immuno 0.1F 1F Reduced absolute and relative
1™ 10M thymus weights in females;

reduced absolute thymus weights
in males
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Table 2-1. Levels of Significant Exposure to Naphthalene — Inhalation

(ppm)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key? No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
CHRONIC EXPOSURE
NTP 2000 (Abdo et al. 2001)
17 Rat 105 weeks 0,10, 30,60 LE, CS, BW, Bd wt 60
(Fischer- 5 days/week NX, GN, HP Regp 10 Inflammation of the nose; nasal
344) 49 M, 6 hours/day olfactory epithelium atypical
49F (WB) hyperplasia, atrophy, and
degeneration; nasal respiratory
epithelium hyperplasia, squamous
metaplasia, and degeneration;
Bowman's glands hyperplasia
Cardio 60
Gastro 60
Musc/skel 60
Hepatic 60
Renal 60
Dermal 60
Ocular 60
Endocr 60
Immuno 60
Neuro 60
Repro 60
Cancer 10 CEL: nasal respiratory epithelial

adenomas in males and in females
at higher concentrations; olfactory
epithelial neuroblastomas in both
sexes at higher concentrations
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Table 2-1. Levels of Significant Exposure to Naphthalene — Inhalation

(ppm)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key? No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
NTP 1992a
18 Mouse 104 weeks 0, 10, 30 LE, CS, BW, Resp 10 Inflammation of the nose and lung,
(B6C3F1) 5 days/week GN, HP metaplasia of the olfactory
75-150 M, 6 hours/day epithelium, and hyperplasia of the
75-150 F (WB) nasal respiratory epithelium
Cardio 30
Gastro 30
Musc/skel 30
Hepatic 30
Renal 30
Dermal 30
Endocr 30
Immuno 30
Neuro 30
Repro 30
Cancer 30 CEL: pulmonary alveolar

adenomas in females

aThe number corresponds to entries in Figure 2-4.

bUsed to derive an acute-duration inhalation minimal risk level (MRL) of 0.00006 ppm (6x10° ppm) for naphthalene based on benchmark dose modeling of nasal
olfactory epithelial necrosis incidences in male and female rats. The BMCL1o of 0.017 ppm was adjusted for continuous exposure and converted to a BMCLHec of
0.0017 ppm. The BMCLHec was divided by an uncertainty factor of 30 (10 for human variability and 3 for animal to human extrapolation after dosimetric
adjustment) to derive the MRL; see Appendix A for more detailed information regarding the MRL.

BALF = bronchoalveolar lavage fluid; Bd wt or BW = body weight; BMCL10 = 95% lower confidence limit on the benchmark concentration (subscripts denote
benchmark response: i.e., 10 = dose associated with 10% extra risk); Cardio = cardiovascular; CEL = Cancer Effect Level; CS = clinical signs;

Endocr = endocrine; F = female(s); FI = food intake; Gastro = gastrointestinal; GN = gross necropsy; HE = hematology; Hemato = hematological;

HP = histopathology; Immuno = immunological; LDH = lactate dehydrogenase; LE = lethality; LOAEL = lowest-observed-adverse-effect level; M = males(s);
Musc/skel = musculoskeletal; (N) = nose only; Neuro = neurological; NOAEL = no-observed-adverse-effect level; NS = not specified; NX = neurological function;
OW = organ weight; Repro = reproductive; Resp = respiratory; SLOAEL = serious lowest-observed-adverse-effect level; (WB) = whole body; WI = water intake
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Figure 2-4. Levels of Significant Exposure to Naphthalene — Inhalation
Acute (=14 days)
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Figure 2-4. Levels of Significant Exposure to Naphthalene — Inhalation
Intermediate (15—-364 days)
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Figure 2-4. Levels of Significant Exposure to Naphthalene — Inhalation
Chronic (2365 days)
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Figure 2-4. Levels of Significant Exposure to Naphthalene — Inhalation
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Table 2-2. Levels of Significant Exposure to Naphthalene — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key? No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
ACUTE EXPOSURE
Gidron and Leurer 1956
1 Human Once 109 CS, BC, HE, Gastro 109 Abdominal pain
1F UR Hemato 109 Hemolytic anemia
Other 109 106°F fever
noncancer
Gaines 1969
2 Rat Once ND Death 2,400 F LDso
(Sherman) (GO) 2,200 M
10M,10F
NTP 1991
3 Rat GDs 6-15 0, 50, 150, BW, OW, DX Bd wt 50 150 31% decrease in maternal body
(Sprague- (GO) 450 weight gain
Dawley) Neuro 50p.c Transient clinical signs of toxicity
25-26 F (lethargy) in dams; at higher
exposure levels, signs were more
persistent
Develop 450
Papciak and Mallory 1990
4 Rat Once 1,000, 1,600, CS, GN Death 2,600 LDso
(Sprague- (GO) 2,500, 3,200,
Dawley) 4,000
5M,5F
Rao and Pandya 1981
5 Rat (NS) Once 0, 1,000 ow, Bl Hepatic 1,000 Increased liver weight
6M (G) Renal 1,000
Ocular 1,000
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Table 2-2. Levels of Significant Exposure to Naphthalene — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key? No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Kelty et al. 2020
6 Mouse Once 0, 150 HP Resp 150 Respiratory epithelial cytotoxicity
(B6C3F1) (GO)
3-5M, 3—
5F
Plasterer et al. 1985
7 Mouse GDs 7-14 0, 300 BW, DX, RX Death 300 5/33 died
(CD-1) 33— (GO) Develop 300
45F
Plasterer et al. 1985
8 Mouse 8 days 0, 125, 250, LE, BW Death 354 LDso
CD-1 (GO) 500, 1,200,
10F 2,000
Shopp et al. 1984
9 Mouse 14 days 0, 27, 53, BW, HE, BC, Death 267 10/96 males and 3/60 females died
(CD-1) (GO) 267 ow Bd wt 53 267 6% (female) or 13% (male)
Hg‘] gg g" decreased final body weight
a Resp 53 F 267 F Increase in lung weight
267 M
Hemato 267
Hepatic 267
Renal 267
Immuno 53 267 Decrease in thymus weight in
males; decrease in spleen weight
in females
Neuro 267
Shopp et al. 1984
10 Mouse Once 200, 400, CS, GN Death 710 F LDso
(CD-1) (GO) 600, 800, 533 M
8M,8F 1,000
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Table 2-2. Levels of Significant Exposure to Naphthalene — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key? No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Zhang et al. 2015
11 Mouse Once 0, 100 BC, HP Resp 100 Lung histopathology including
(Kunming) (G) structural degeneration,
10M, 10 F vasocongestion, edema,
inflammatory cell infiltration and
destroyed interalveolar septa with
large, irregular alveolar space
Zhang et al. 2016
12 Mouse Once 0, 100 BC, BI, HP  Resp 100 Lung structural degeneration,
(Kunming) (NS) inflammatory cell infiltrate,
10M,10 F vasocongestion, edema,
alterations of alveoli and alveolar
septa
Hepatic 100 Increased serum levels of AST
(>5-fold) and ALT (>13-fold),
extensive hepatocellular necrosis,
moderate inflammatory cell
infiltration, massive fatty
degeneration, and structural
degeneration
NTP 1992b
13 Rabbit GDs 6-19 0, 20, 80, BW, DX Develop 120
(New (GO) 120
Zealand
White) 20—
23 F
Texaco 1985d, 1986
14 Rabbit GDs 6-18 0, 40,200, BW,FI,CS, Resp 200 Maternal dyspnea and cyanosis
(New (G) 400 DX, RX Neuro 200 Maternal body drop and
Zealand hypoactivity with no pathological
White) 18 F changes

Develop 400
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Table 2-2. Levels of Significant Exposure to Naphthalene — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key? No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects

INTERMEDIATE EXPOSURE
Chen et al. 2010a, 2010b

15 Rat 9 weeks 0, 1,000 OP, OW Ocular 1,000 Cataracts
(Sprague- 7 days/week
Dawley) (GO)

15F

Chen et al. 2012

16 Rat 10 weeks 0, 1,000 OP, OW, HP Hepatic 1,000 Changes in structural morphology
(Sprague- 7 days/week of hepatocytes
Dawley) (GO) Ocular 1,000  Cataracts
7-8 M, 6—
8F

Germansky and Jamall 1988

17 Rat (Blue 9 weeks 0, 169 (TWA) BI, CS, BW Bd wt 169 20% decreased body weight at
Spruce) 7 days/week termination

8-24 M (GO)
Holmén et al. 1999

18 Rat (Brown- 10 weeks 0, 100, 500, OP, BW, Bd wt 1,500 17% decreased body weight
Norway) 2 days/week 1,000, 1,500 OW Ocular 100 500 Cataracts
3-15F (G)
Katsnelson et al. 2014
19 Rat (NS) 7 weeks 0,87.5 LE, NX, HE, Bd wt 87.5
12-15F 3 days/week BC, UR Hemato 87.5
©) Hepatic 87.5 Increased serum AST and ALT
Neuro 87.5 Inhibition of withdrawal reflex

(increased temporal summation of
subthreshold impulses)

Kojima 1992

20 Rat (Brown- 4 weeks 0, 1,000 GN, Bl, OP  Ocular 1,000 Cataracts
Norway) 3.5 days/week
3-12F (GO)
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Table 2-2. Levels of Significant Exposure to Naphthalene — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key? No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Murano et al. 1993
21 Rat 6 weeks 0, 1,000 CS, OP Ocular 1,000 Cataracts
(Sprague- 3.5 days/week
Dawley and (G)
Brown-
Norway)
6 M
NTP 1980b
22 Rat 13 weeks 0, 25, 50, HE, BC, CS, Bd wt 100 200 400 LOAEL: Decreased terminal body
(Fischer 5 days/week 100, 200, HP, BW weight (12% in male & 6% in
344) 10 M, (GO) 400 females)
10F SLOAEL: Decreased terminal body
weight (28% in males & 23% in
females)
Resp 400
Cardio 400
Gastro 400 Intermittent diarrhea
Hemato 400
Hepatic 400
Renal 400 F
200 M 400 M 1/10 had cortical tubular
degeneration
Ocular 400
Immuno 200 F 400 F Lymphoid depletion of thymus in
400 M 2/10 females
Neuro 400 Hunched posture and lethargy
Repro 400

Patel and Patel 2018

23 Rat (Wistar) 28 days 0, 1,000 OoP Ocular 1,000 Cataracts
6M,6F (GO)
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Table 2-2. Levels of Significant Exposure to Naphthalene — Oral

(mg/kg/day)
Species
Figure (strain) Exposure Parameters Serious
key? No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Rathbun et al. 1990
24 Rat (Black- 79 days 0, 5,000 OP, BI Ocular 5,000 Cataracts
hooded) NS (GO)
Siddiqui et al. 2002
25 Rat (albino) 4 weeks 0, 1,000 OoP Ocular 1,000 Cataracts
6F 7 days/week
(GW)
Singh and Bodakhe 2020
26 Rat 4 weeks 0, 1,000 OP Ocular 1,000 Cataracts
(Sprague- 7 days/week
Dawley) (GO)
6 M
Tao et al. 1991
27 Rat (Brown- 102 days 0, 700 OP, HP Ocular 700 Cataracts
Norway) 4— (GO)
6F
Xu et al. 1992b
28 Rat (5 4-6 weeks 0, 1,000 OP, BI, GN  Ocular 1,000 Cataracts
Strains) 6— 7 days/week
10M (GO)
Yamauchi et al. 1986
29 Rat (Wistar) 18 days 0, 1,000 OP, BI,BC Ocular 1,000 Cataracts
4-5M (G)
Zhu and Lu 2012
30 Rat 5 weeks 0, 1,000 OP, HP Hepatic 1,000
(Sprague- 7 days/week Renal 1,000
Dawley) (NS) Ocular 1,000 Cataracts

36F
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Table 2-2. Levels of Significant Exposure to Naphthalene — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key? No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
NTP 1980a
31 Mouse 13 weeks 0,12.5,25, BC,BW, Fl, Bdwt 200
(B6C3F1) 5 times/week 50,100,200 GN, HP Resp 200
10M,10F (GO) Cardio 200
Gastro 200
Hemato 200
Hepatic 200
Renal 200
Ocular 200
Neuro 200
Repro 200
Shopp et al. 1984
32 Mouse 90 days 0, 5.3, 53, HE, Bl, BC, Bdwt 133
o L N R
116-188 F’ (GO) Hemato 53 F 133 F Decrease jn apsolute and relative
133 M spleen weight in females
Hepatic 53 F 133 F Decreased absolute liver weights
133 M in females
Renal 133
Immuno 133
Neuro 133

Repro 133 M

Darious et al. 2020

33 Hamster 3 weeks 0, 1,000 HE, HP Hemato 1,000 Reduced red blood cells,
(Syrian) 7 days/week hemoglobin, and hematocrit;
8M (NS) severe spleen congestion,

hemosiderin deposition, hemolysis
in red pulp, and hyperplasia in
white pulp
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Table 2-2. Levels of Significant Exposure to Naphthalene — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key? No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Orzalesi et al. 1994
34 Rabbit (NS) 5 weeks 0, 1,000 OoP Ocular 1,000 Destruction of retinal
31 M 3.5 days/week photoreceptors and vascularization
(GO) of the retinal area
Rossa and Pau 1988
35 Rabbit 12 weeks 0, 1,000 OP, CS Ocular 1,000 Cataracts
(Chinchilla 2 days/week
Bastard (GO)
New
Zealand
White)
4 NS
van Heyningen and Pirie 1967
36 Rabbit (NS) 4 weeks 0, 1,000 OP, CS Ocular 1,000 Cataracts, retinal damage
NS 7 days/week

(GO)

aThe number corresponds to entries in Figure 2-5.

bUsed to derive an acute-duration oral minimal risk level (MRL) of 0.2 mg/kg/day for naphthalene based on the LOAEL of 50 mg/kg/day. The LOAEL was divided
by an uncertainty factor of 300 (10 for extrapolation from animals to humans, 10 for human variability, and 3 for use of a minimal LOAEL) to derive the MRL; see
Appendix A for more detailed information regarding the MRL.

°The acute-duration oral MRL was adopted as the intermediate-duration oral MRL.

ALT = alanine aminotransferase; AST = aspartate aminotransferase; BC = blood chemistry; Bd wt or BW = body weight; Bl = biochemical changes;

Cardio = cardiovascular; CNS = central nervous system; CS = clinical signs; Develop = developmental; DX = developmental toxicity; F = female(s); FI = food
intake; (G) = gavage; Gastro = gastrointestinal; GD = gestation day; GN = gross necropsy; (GO) = gavage in oil; (GW) = gavage in water; HE = hematology;
Hemato = hematological; HP = histopathology; Immuno = immunological; LDso = medial lethal dose; LE = lethality; LOAEL = lowest-observed-adverse-effect level;
M = males(s); ND = no data; Neuro = neurological; NOAEL = no-observed-adverse-effect level; NS = not specified; OP = ophthalmology; OW = organ weight;
Repro = reproductive; Resp = respiratory; RX = reproductive function; SLOAEL = serious lowest-observed-adverse-effect level; TWA = time-weighted average;
UR = urinalysis
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Figure 2-5. Levels of Significant Exposure to Naphthalene — Oral
Acute (=14 days)
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Figure 2-5. Levels of Significant Exposure to Naphthalene — Oral
Acute (<14 days)
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Figure 2-5. Levels of Significant Exposure to Naphthalene — Oral
Acute (<14 days)

Immunological Neurological Developmental Other Noncancer
10,000 —
1,000 —
E 3R
] c 7™ o
. g:r,“ o o 14H
7 aMm 2
14H o l
100 —
= 3
© ] - 3R .
9 . ° ?
o i am '
" 1
Fs) . |
= :
10 _E 1
= s
_: \ R-Rat 4. Human - LOAEL » Animal - LOAEL
T E M-Mouse A Human - SLOAEL @ Animal - SLOAEL
H-Rabbit m Animal - LD50/LCS0 == MRL for effect other than cancer
0.1 = O  Animal - NOAEL




NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE
2. HEALTH EFFECTS

Figure 2-5. Levels of Significant Exposure to Naphthalene — Oral
Intermediate (15—-364 days)
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Figure 2-5. Levels of Significant Exposure to Naphthalene — Oral
Intermediate (15—-364 days)
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Figure 2-5. Levels of Significant Exposure to Naphthalene — Oral

Intermediate (15—-364 days)
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Table 2-3. Levels of Significant Exposure to Naphthalene — Dermal

Less
Species (strain) Exposure Parameters serious  Serious
No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
ACUTE EXPOSURE
Alalaiwe et al. 2020
Mouse (NS) 5 days 0, 0.35 mL of HP Dermal 0.35
NS M 1time/day 8 mM solution
Papciak and Mallory 1990; Texaco 1985a
Rabbit (New 4 hours 0, 500 mg CS Dermal 500 Reversible erythema
Zealand)
3M,3F
Singh and Singh 2004
Rabbit (New 24 hours 0, 0.05 mL/3 cm? HP Dermal 0.05 Skin erythema and edema;
Zealand) increased transepidermal water
6M loss, skin temperature, and
epidermal thickness; reduced
collagen fiber length and thickness

Muhammad et al. 2005
Pig (NS) 1or4days 0,0.3mL HP Dermal 0.3
4 NS
INTERMEDIATE EXPOSURE
Frantz et al. 1986
Rat (Sprague- 90 days 0, 100, 300, BW, OW, Fl, Resp 1,000
Dawley) 10-20 M, 5 days/week 1,000 mg/kg/day GN, HP, BC, cgrdio 1.000
10-20 F 6 hours/day CS, UR Gastro 1,000

Hemato 1,000

Hepatic 1,000

Renal 1,000

Dermal 300 1,000 Increased incidence of excoriated

skin and papules
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Table 2-3. Levels of Significant Exposure to Naphthalene — Dermal

Less
Species (strain) Exposure Parameters serious  Serious
No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Papciak and Mallory 1990; Texaco 1985c
Guinea pig 3 weeks 0,400 mg IX Immuno 400
(Hartley) 10 M, 1 time/week
10F

BC = blood chemistry; BW = body weight; Cardio = cardiovascular; CS = clinical signs; F = female(s); Fl = food intake; Gastro = gastrointestinal; GN = gross
necropsy; Hemato = hematological; HP = histopathology; Immuno = immunological; IX = immune function; LOAEL = lowest-observed-adverse-effect level;
M = males(s); NOAEL = no-observed-adverse-effect level; NS = not specified; OW = organ weight; Resp = respiratory; UR = urinalysis
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Table 2-4. Levels of Significant Exposure to 1- and 2-Methylnaphthalene — Inhalation (ppm)

Species Less
Figure (strain) Exposure Parameters serious  Serious
key?  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
ACUTE EXPOSURE
Korsak et al. 1998 1-Methylnaphthalene
1 Rat (Wistar) 4 hours 0, 26,44,70 NX Neuro 26 44 Decreased pain sensitivity
10 M
Korsak et al. 1998 2-Methylnaphthalene
2 Rat (Wistar) 4 hours 0,39,61,90 NX Neuro 39 61 Decreased pain sensitivity
10 M
Swiercz and Stepnik 2020 1-Methylnaphthalene
3 Rat (Wistar) 5 days 0,86,344 BW,FI,WI, Bdwt 34.4
3M 6 hour/day BC
(N)
INTERMEDIATE EXPOSURE
Kim et al. 2020 1-Methylnaphthalene
4 Rat 13 weeks 0, 0.52, 4.08, CS, BW, HE, Bd wt 30
(Fischer- 6 hour/day 30.83 BC, GN, Resp 05F 4F
344) 10 M, 5 days/week ow, HP : :
10 F (WB) 0.5° M Hyperplasia of mucous cells in
nasopharyngeal tissue
Cardio 30
Gastro 30
Hemato 30
Musc/skel 30
Hepatic 30
Renal 30
Dermal 30
Endocr 30
Immuno 30
Repro 30
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Table 2-4. Levels of Significant Exposure to 1- and 2-Methylnaphthalene — Inhalation (ppm)

Species Less
Figure (strain) Exposure Parameters serious  Serious
key?  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Swiercz et al. 2011 2-Methylnaphthalene
5 Rat (Wistar) 4 weeks 0, 0.34, 1.89, BW, FI, HE, Bd wt 8.77
5M,5F 5 days/week 8.77 BC, GN,
6 hours/day Ow, HP Resp 0.34¢ Increased incidence of bronchial
(WB) goblet cell metaplasia
Cardio 8.77
Hemato  8.77
Hepatic 0.34 1.89 Bile duct hyperplasia
Renal 8.77
Immuno  8.77
Repro 8.77

aThe number corresponds to entries in Figure 2-6.

bUsed to derive an intermediate-duration inhalation minimal risk level (MRL) of 0.00009 ppm (9x10-5 ppm) for 1-methylnaphthalene based on benchmark dose
modeling of nasal mucous cell hyperplasia incidences in male rats. The BMCL10 of 0.06 ppm was adjusted to continuous exposure and converted to a BMCLwec
of 0.0027 ppm. The BMCLHec was divided by an uncertainty factor of 30 (10 for human variability and 3 for animal to human extrapolation after dosimetric
adjustment) to derive the MRL; see Appendix A for more detailed information regarding the MRL.

cUsed to derive an intermediate-duration inhalation MRL of 0.0003 ppm (3x10* ppm) for 2-methylnaphthalene based on the LOAEL. The LOAEL of 0.34 ppm
was adjusted to continuous exposure and converted to a LOAELHec of 0.081 ppm. The LOAELHec was divided by an uncertainty factor of 300 (10 for human
variability, 3 for animal to human extrapolation after dosimetric adjustment, and 10 for use of a LOAEL) to derive the MRL; see Appendix A for more detailed
information regarding the MRL.

BC = blood chemistry; Bd wt or BW = body weight; BMCL10 = 95% lower confidence limit on the benchmark concentration (subscripts denote benchmark
response: i.e., 10 = dose associated with 10% extra risk); Cardio = cardiovascular; CS = clinical signs; Endocr = endocrine; F = female(s); FlI = food intake;
Gastro = gastrointestinal; GN = gross necropsy; HE = hematology; HEC = human equivalent dose; Hemato = hematological; HP = histopathology;

Immuno = immunological; LOAEL = lowest-observed-adverse-effect level; M = males(s); Musc/skel = musculoskeletal; (N) = nose only; Neuro = neurological;
NOAEL = no-observed-adverse-effect level; NX = neurological function; OW = organ weight; Repro = reproductive; Resp = respiratory; (WB) = whole body;
WI = water intake
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Figure 2-6. Levels of Significant Exposure to 1- and 2-Methylnaphthalene — Inhalation
Acute (=14 days)
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Figure 2-6. Levels of Significant Exposure to 1- and 2-Methylnaphthalene — Inhalation
Intermediate (15—-364 days)
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Table 2-5. Levels of Significant Exposure to 1- and 2-Methylnaphthalene — Oral (mg/kg/day)

Species

Figure (strain) Exposure

Parameters

Less
serious  Serious

key?  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
INTERMEDIATE EXPOSURE
NITE 2009 1-Methylnaphthalene
1 Rat ~42 days, 0, 10, 50, LE, NX, BW, Bd wt 250
(Sprague- premating— 250 Fl, HE, BC,
Dawley) PND 4 UR, GN, Resp 250
12M,12F (GO) S)V(Y’DHXP’ Cardio 250
Gastro 250
Hemato 250
Hepatic 50p 250 Increased relative liver weights; in
males and females; increased
absolute liver weights in males
Renal 250
Endocr 250
Immuno 250
Neuro 250
Repro 250
Develop 250
CHRONIC EXPOSURE
Murata et al. 1993 1-Methylnaphthalene
2 Mouse 81 weeks M:0,71.6, BW, OW, FI, Bd wt 143.7
BEC3F1 (F) 143.7 BI, GN, HP, Resp 71.6¢ Increased incidence of pulmonary
50 M, 50 F F:0,751, BC, CS alveolar proteinosis in males and
140.2 females
Cardio 143.7
Gastro 143.7
Hemato 143.7
Hepatic 143.7
Renal 143.7
Endocr 143.7
Immuno  143.7
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Table 2-5. Levels of Significant Exposure to 1- and 2-Methylnaphthalene — Oral (mg/kg/day)

Species Less
Figure (strain) Exposure Parameters serious  Serious
key?  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects

Neuro 143.7
Repro 143.7

Cancer 71.6 M  CEL: increased incidence of lung
adenomas in males
Murata et al. 1997 2-Methylnaphthalene
3 Mouse 81 weeks 0, 54.3, LE, BW, FI, Bd wt 113.8
(B6C3F1)  (F) 113.8 M; 0, HE, OW, HP Resp 50.34 Increased incidence of pulmonary
50 M, 50 F 50.3, 107.6 F alveolar proteinosis in males and
females

Cardio 113.8
Gastro 113.8
Hemato 113.8
Musc/skel 113.8
Hepatic 113.8
Renal 113.8
Dermal 113.8
Ocular 113.8
Immuno  113.8
Neuro 113.8
Repro 113.8
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Table 2-5. Levels of Significant Exposure to 1- and 2-Methylnaphthalene — Oral (mg/kg/day)

Species Less
Figure (strain) Exposure Parameters serious  Serious
key?  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Cancer 54.3 M CEL: increased incidence of lung

adenomas in males

aThe number corresponds to entries in Figure 2-7.

bUsed to derive an intermediate-duration oral minimal risk level (MRL) of 0.6 mg/kg/day for 1-methylnaphthalene based on BMD modeling data for relative liver
weight in males. The BMDL1sp of 64 mg/kg/day was divided by an uncertainty factor of 100 (10 for animal to human extrapolation and 10 for human variability) to
derive the MRL; see Appendix A for more detailed information regarding the MRL.

¢Used to derive a chronic-duration oral MRL of 0.07 mg/kg/day for 1-methylnaphthalene. The LOAEL of 71.6 was divided by an uncertainty factor of 1,000 (10 for
animal to human extrapolation, 10 for human variability, and 10 for use of a LOAEL) to derive the MRL; see Appendix A for more detailed information regarding
the MRL.

dUsed to derive a chronic-duration oral MRL of 0.06 mg/kg/day for 2-methylnaphthalene based on BMD modeling of data on pulmonary alveolar proteinosis
incidences in males. The BMDLos of 6.4 mg/kg/day was divided by an uncertainty factor of 100 (10 for animal to human extrapolation and 10 for human
variability) to derive the MRL; see Appendix A for more detailed information regarding the MRL.

BC = blood chemistry; Bd wt or BW = body weight; Bl = biochemical changes; BMD = benchmark dose; BMDL = 95% lower confidence limit on the benchmark
dose (subscripts denote benchmark response: i.e., 05 = dose associated with 5% extra risk); Cardio = cardiovascular; CEL = cancer effect level; CS = clinical
signs; Develop = developmental; DX = developmental toxicity; (F) = feed; F = female(s); FI = food intake; Gastro = gastrointestinal; GN = gross necropsy;

(GO) = gavage in oil; HE = hematology; Hemato = hematological; HP = histopathology; Immuno = immunological; LE = lethality; LOAEL = lowest-observed-
adverse-effect level; M = males(s); Musc/skel = musculoskeletal; Neuro = neurological; NOAEL = no-observed-adverse-effect level; NX = neurological function;
OW = organ weight; PND = postnatal day; Repro = reproductive; RX = reproductive function; SD = standard deviation; UR = urinalysis
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Figure 2-7. Levels of Significant Exposure to 1- and 2-Methylnaphthalene — Oral
Intermediate (15-364 days)
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Figure 2-7. Levels of Significant Exposure to 1- and 2-Methylnaphthalene — Oral
Intermediate (15-364 days)
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Figure 2-7. Levels of Significant Exposure to 1- and 2-Methylnaphthalene — Oral
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Figure 2-7. Levels of Significant Exposure to 1- and 2-Methylnaphthalene — Oral
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Table 2-6. Levels of Significant Exposure to 1- and 2-Methylnaphthalene — Dermal

Less
Species (strain) Exposure Parameters serious Serious
No./group parameters Doses monitored  Endpoint NOAEL LOAEL LOAEL Effects
INTERMEDIATE EXPOSURE
Murata et al. 1992 Mixture of 1- and 2-methylnaphthalene
Mouse (B6C3F1) 30 weeks 0, 119 mg/kg HP Resp 119 100% incidence of mice with
15F 2 times/week pulmonary alveolar proteinosis

F = female(s); HP = histopathology; LOAEL = lowest-observed-adverse-effect level; M = males(s); NOAEL = no-observed-adverse-effect level; Resp = respiratory



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 63

2. HEALTH EFFECTS

2.2 DEATH

Naphthalene. Mortalities have been reported in human infants exposed by inhalation of naphthalene
vapors in household products. Two infants (3—7 days old) from Athens, Greece died as a consequence of
acute hemolysis that resulted from exposure to naphthalene-treated materials (clothing, diapers, blankets,
rugs, etc.) at unknown exposure levels (Valaes et al. 1963). Both infants exhibited a severe form of
jaundice (kernicterus), which often causes brain damage in infancy. The infants were tested for genetic
glucose 6-phosphate dehydrogenase (G6PD) deficiency; one infant had the deficiency, and the other was
heterozygous for the deficiency. Individuals with a G6PD genetic defect are prone to hemolysis after
exposure to a variety of chemical oxidizing agents including nitrates, nitrites, aniline, phenols (Dean et al.

1992), and naphthalene.

Two cases of hemolytic anemia were observed in infants exposed to naphthalene-treated diapers resulting
in one mortality (Schafer 1951; Valaes et al. 1963). Jaundice, methemoglobinemia, hemolysis, and
cyanosis were noted. In the fatal case, the symptoms persisted, even after the naphthalene-containing
diapers were no longer used (Schafer 1951). The study author suggested that use of baby oil on the

infant's skin might have facilitated the naphthalene absorption.

In animals exposed by inhalation, lethal concentrations have not been identified. Exposure to 78 ppm
naphthalene for 4 hours did not cause any deaths in rats (Fait and Nachreiner 1985). No conclusions
regarding survival could be drawn in male mice exposed to 10 or 30 ppm naphthalene for 6 hours/day,

5 days/week for 2 years because the mortality rate in control animals was high; however, no effects on
mortality were observed in female animals (NTP 1992a). Similarly, exposure of male and female rats to
10, 30, or 60 ppm naphthalene (6 hours/day, 5 days/week) for 2 years did not affect survival, compared to
controls (Abdo et al. 2001; NTP 2000).

Death has been documented in humans who intentionally ingested naphthalene. The death of a 17-year-
old boy was reported 5 days following intentional ingestion of an unknown dose of naphthalene in the
form of naphthalene balls (Gupta et al. 1979). Symptoms include severe vomiting, gastrointestinal tract
bleeding, jaundice, red urine, and altered sensorium at the time of admission. These symptoms were
followed quickly by coma and anuria, with findings of neuroedema, hemolysis, and renal tubular necrosis
in the postmortem. A 30-year-old female died following similar sequelae 5 days after reportedly

swallowing 40 mothballs (25 were recovered intact from the stomach upon autopsy) (Kurz 1987).
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Several animal studies have been conducted to estimate lethal doses of naphthalene. LDs, values in mice
exposed once by gavage were 533 mg/kg in males and 710 mg/kg in females (Shopp et al. 1984). In a
study where naphthalene was administered to female mice via gavage daily for 8 days during gestation,
the estimated LDso was 354 mg/kg (Plasterer et al. 1985). The dose response curve appeared to be very
steep because no deaths (0/10) occurred at 250 mg/kg/day, about 15% died at 300 mg/kg/day, and all
animals (10/10) died with a dose of 500 mg/kg/day (Plasterer et al. 1985). In a 14-day gavage study in
mice, 10/96 (10%) males and 3/60 (5%) females died at 267 mg/kg/day (Shopp et al. 1984).

The oral LDsg values in rats were 2,200 mg/kg in males and 2,400 mg/kg in females (Gaines 1969), and
2,600 mg/kg in a second study that did not stratify by sex (Papciak and Mallory 1990). No deaths
occurred in rats administered up to 1,000 mg/kg/day naphthalene for 10 days (Rao and Pandya 1981) or
18 days (Yamauchi et al. 1986). Germansky and Jamall (1988) administered increasing doses of
naphthalene beginning with 100 mg/kg/day and raised weekly to a dose of 750 mg/kg/day at 6 weeks, and
found no mortalities over the course of the 9-week study. No increase in mortality was observed in rats

administered naphthalene at 41 mg/kg/day in a 2-year feeding study (Schmahl 1955).

Although few data are available, rabbits appear to tolerate naphthalene in doses similar to those
administered to rats. Two different rabbit strains were administered 1,000 mg/kg twice per week for

12 weeks without lethality (Rossa and Pau 1988).

No treatment-related deaths occurred within the 14-day observation period when naphthalene was applied
once at 2,500 mg/kg to the skin of male and female rats or when doses of up to 1,000 mg/kg/day were
applied to the skin for 6 hours/day, 5 days/week for 13 weeks (Frantz et al. 1986; Gaines 1969). There
were also no deaths in New Zealand White rabbits after application of 2,000 mg/kg naphthalene to intact
and abraded shaved areas of skin in an LDs, study (Papciak and Mallory 1990).

1-Methylnaphthalene. No studies were located that documented lethal effects in humans after inhalation,
oral, or dermal exposure to 1-methylnaphthalene, or in animals exposed via dermal application to

1-methylnaphthalene.

No mortality occurred in rats that were exposed to 1-methylnaphthalene by inhalation to concentrations
up to 70 ppm for 4 hours (Korsak et al. 1998), up to 34.4 ppm for 5 days (Swiercz and Stepnik 2020), or
up to 30 ppm for 13 weeks (Kim et al. 2020). There were no deaths in Sprague-Dawley rats administered
up to 250 mg/kg/day 1-methylnaphthalene by gavage for at least 42 days (NITE 2009). Survival in male
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and female mice (B6C3F1) was unchanged when 1-methylnaphthalene doses of 71.6—-143.7 mg/kg/day

were administered in the diet for 81 weeks (Murata et al. 1993).

2-Methylnaphthalene. No studies were located that documented lethal effects in humans after exposure
by any route, or in animals exposed by dermal contact to 2-methylnaphthalene. No deaths were reported
when rats were exposed by inhalation to concentrations up to 90 ppm for 4 hours (Korsak et al. 1998) or
up to 8.6 ppm for 4 weeks (Swiercz et al. 2011). Likewise, chronic dietary administration of
2-methylnaphthalene at doses up to 113.8 mg/kg/day did not alter survival rates of mice (Murata et al.
1997).

2.3 BODY WEIGHT

Naphthalene. No studies were located that documented effects on body weight in humans after
inhalation, oral, or dermal exposure to naphthalene. In human epidemiology studies, the associations
between naphthalene and obesity-related parameters (body fat percentage, regional fat distribution, waist
circumference, and body mass index [BMI]) were examined (see Table 2-7). In a cross-sectional study of
adult National Health and Nutrition Examination Survey (NHANES) participants, associations were
observed between urinary hydroxy-naphthalene metabolites and several measures of obesity; however, no
concentration-response relationship was seen when exposures were stratified into tertiles (Zhang et al.
2022). Another cross-sectional study of adult NHANES participants reported that the metabolite,
2-naphthol, was correlated with increased fat mass percentage, BMI, and waist circumference, whereas
1-naphthol was inversely correlated with these parameters (Wang et al. 2022a). A study of 20 bariatric
patients (Mlyczynska et al. 2023) found a positive association between naphthalene concentration in
adipose tissue (mesenteric, omental, and subcutaneous) and BMI in French, but not Polish, patients.
Plasma naphthalene levels were not associated with BMI in either group (Mlyczynska et al. 2023). Ina
meta-analysis of five cross-sectional studies, an association between naphthalene metabolites (1- and
2-naphthol) and obesity was observed (pooled odds ratio [OR] 1.43; 95% confidence interval [CI] 1.07-
1.90) (Liu et al. 2023).
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Table 2-7. Summary of Epidemiological Studies of Naphthalene Exposure and
Obesity-Related Effects

Reference, study type, and Exposure
population metric Concentration Outcome evaluated Result
Liu et al. 2023 Blood or urine  NA Obesity 0

Systematic review and meta- naphthalene
analysis of five cross-sectional metabolites

studies
Mlyczynska et al. 2023, Naphthalene  France: 14.76, 15.1, BMI 0
Cross-sectional, 20 bariatric  concentrations and 15.6 ng/g (mean in
patients: 10 in France (mean in adipose mesenteric, omental,
age 45 years) and 10 in tissues and and subcutaneous fat,
Poland (mean age 37 years) plasma respectively);
0.52 ng/mL in plasma
Poland: 44.19, 31.56, BMI YN
and 50.02 ng/g
(mesenteric, omental,
and subcutaneous fat,
respectively);
1.07 ng/mL in plasma
Wang et al. 2022a Urinary 1,254.7 ng/L (geometric Total FM% !
Cross-sectional, 1-naphthol mean) Trunk fat !
2,691 nonsmoking adult Lo fat
(220 years old) NHANES egfa <
participants (2001-2016), Trunk:leg ratio -
meldian age 37.9 years, Total lean mass >
United States BMI !
Waist circumference !
Urinary 2,848.4 ng/L (geometric Total FM% -
2-naphthol mean) Trunk fat 1
Leg fat >
Trunk:leg ratio 1
Total lean mass -
BMI 0
Waist circumference 1
Zhang et al. 2022 Sum of urinary 55.95 nM/L (geometric General obesity 0
Cross-sectional, 4,813 adult naphthalene  mean) BMI 1
(=220 years old) NHANES metabolites Abdominal obesit
participants (2005-2012), ominal obesity T
United States Waist circumference 1

1 = association with increase; | = association with decrease; <» = no association; BMI = body mass index; FM% = fat
mass percent; NA = not applicable; NHANES = National Human and Nutrition Examination Survey

No change in body weight was observed in rats (Sprague-Dawley and Fisher 344) exposed to
concentrations up to 30 ppm naphthalene for 6 hours or concentrations up to 10 ppm for 6 hours/day, for

5 days (Dodd et al. 2010). In an intermediate-duration study, no change in body weight occurred in F344
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rats exposed to concentrations up to 30 ppm for 6 hours/day, 5 days/week for 13 weeks (Dodd et al.
2012). No effect was observed on body weights in rats (NTP 2000) and mice (NTP 1992a) exposed by

inhalation to concentrations up to 60 and 30 ppm (respectively) for 105 weeks.

In pregnant Sprague-Dawley rats exposed by gavage on gestation days (GDs) 6—15, maternal body weight
gains were depressed by 31 and 53% at 150 and 450 mg/kg/day, respectively, but were unaffected at

50 mg/kg/day (NTP 1991). The decreased body weight gains were accompanied by persistent clinical
signs of toxicity. Mice exposed orally to 267 mg/kg/day naphthalene for 14 days showed decreased body
weight gain; terminal body weights were decreased by 6% in females and 13% in males compared with

control values (Shopp et al. 1984).

After 13 weeks of oral exposure to naphthalene, mean terminal body weights in F344/N rats exposed to
gavage doses >200 mg/kg/day were decreased by more than 10% relative to control values (NTP 1980b).
Body weights were decreased by 12 and 28% in 200- and 400-mg/kg/day male rats (respectively), and by
23% in 400-mg/kg/day female rats. Food consumption was not affected by exposure (NTP 1980b). Blue
Spruce rats receiving escalating doses (from 100 to 750 mg/kg/day) over 9 weeks that resulted in a time-
weighted average (TWA) dose of 169 mg/kg/day showed a 20% reduction in body weight at the end of
exposure (Germansky and Jamall 1988). In another study, female Norway rats administered

1,500 mg/kg/day naphthalene twice a week for 10 weeks exhibited a body weight decrease of 17%
(Holmén et al. 1999). No effects on body weights were found in female Sprague-Dawley rats
administered 500 mg/kg/day naphthalene for 3 days followed by 1,000 mg/kg/day for the remaining

5 weeks or in female white rats administered 87.5 mg/kg/day, 3 times/week for 7 weeks (Katsnelson et al.
2014; Zhu and Lu 2012). In B6C3F1 mice exposed to naphthalene doses up to 200 mg/kg/day for

13 weeks, exposed males gained more weight than controls during exposure, whereas exposed females
gained less weight than controls (NTP 1980a). However, terminal body weights in exposed female mice
were within 95% of control values (NTP 1980a). In male and female CD-1 mice exposed to doses as high
as 133 mg/kg/day for 90 days, average terminal body weight in exposed groups were within 10%
difference from control values (Shopp et al. 1984).

1-Methylnaphthalene. No studies were located regarding effects on body weights in humans after
inhalation, oral, or dermal exposure to 1-methylnaphthalene or in animals after dermal exposure to

1-methylnaphthalene.
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There was no significant difference in mean body weights in rats exposed to 0, 9.54, or 38.15 ppm
I-methylnaphthalene for 6 hours/day for 5 days, despite a transient increase on day 1 in the 38.15 ppm
group (Swiercz and Stepnik 2020). In F344 rats exposed to up to 30.83 ppm 1-methylnaphthalene for
6 hours/day, 5 days/week for 13 weeks, no effects on body weight were observed (Kim et al. 2020).

In a combined repeat-dose and reproductive/developmental toxicity screening study, no effects on body
weight were observed in Sprague-Dawley rats administered up to 250 mg/kg/day for at least 42 days
(NITE 2009). There was no significant difference between body weights of mice that were given up to
143.7 mg/kg/day 1-methylnaphthalene in their diets and those of the control animals throughout an
81-week exposure period (Murata et al. 1993).

2-Methylnaphthalene. No studies were located regarding effects on body weights in humans after
inhalation, oral, or dermal exposure to 2-methylnaphthalene or in animals after dermal exposure to

2-methylnaphthalene.

Wistar rats exposed to up to 8.77 ppm 2-methylnaphthalene vapor for 4 weeks did not have any changes
in body weights (Swiercz et al. 2011). A range-finding 13-week study reported with few details that
2-methylnaphthalene doses >276 mg/kg/day in the diet of mice resulted in growth retardation, but the
study authors attributed this effect to food refusal (Murata et al. 1997). In the subsequent chronic study,
mice were exposed to 2-methylnaphthalene in the diet at doses as high as 113.8 mg/kg/day for up to

81 weeks, and mean body weights remained within 10% of control values throughout the study (Murata et

al. 1997).

2.4 RESPIRATORY

Naphthalene. Epidemiological studies in humans exposed to naphthalene include five studies
summarized in Table 2-8. A positive association between air concentrations of naphthalene and self-
reported eye and nasal irritation and inflammation of nasal tissue (measured by endoscopic examination)
was reported in a study of 40 workers in the abrasives industry in Europe (Sucker et al. 2021). This
industry was selected because naphthalene was widely used, and there were only low exposures to other
chemicals. The same study examined urinary levels of combined 1- and 2-naphthol and found an inverse
association with serum club cell secretory protein 16, a sensitive marker of lung injury that is increased
after acute exposure but often decreased after chronic exposure to lung toxicants (Sucker et al. 2021). In

a cross-sectional study in Canada, there was an inverse association between indoor air concentrations of
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naphthalene and measures of lung function (forced expiratory volume in 1 second [FEV/], forced vital
capacity [FVC], and FEV/FVC) in female participants, but not male participants (Cakmak et al. 2014).
A cohort study of adults in China provided support for an inverse association between FVC and particle-
bound (particulate matter <2.5 um in diameter [PM,s]) naphthalene concentrations in personal air
samples (Mu et al. 2019). In a cohort of 50 asthmatic children, urinary levels of 1- and 2-naphthol were
associated with increased asthma symptom scores but no association was observed with measures of lung
function (FEV,, FVC, and FEV//FVC or mean forced expiratory flow between 25 and 75% of the FVC
[FEF,5_75]) (Cilluffo et al. 2022). Urinary 1- and 2-naphthol levels were not corelated with measures of
lung function in 36 students in China (Zhang et al. 2023).

Table 2-8. Summary of Epidemiological Studies of Naphthalene Exposure and
Respiratory Effects

Reference, study type, and Exposure

population metric Concentration Outcome evaluated Result

Cakmak et al. 2014 Indoor air 0.89 (0.79, 1) ug/m3 FEV41, FVC, and !

Cross-sectional, concentration (mean, [95% CI]) FEV1/FVC (all)

3,039 persons aged 3- of naphthalene FEV1, FVC, and

79 years, mean age 39 years, FEV4/FVC (females)

Canada FEV4, FVC, and o
FEV1/FVC (males)

Cilluffo et al. 2022, Urinary 2.57-4.72 uglg Asthma symptom score 1

Cohort, 50 children with 1-naphthol creatinine (range of

FEV1, FVC, FEV4/FVC,

ﬁ:ﬂ;ma, aged 6-11 years, means over four visits) and FEFas.rs
Urinary 4.84-7.97 pgl/g Asthma symptom score 4
2-naphthol creatinine (range of

FEV1, FVC, FEVW/FVC,

means over four visits
) and FEF25-75

Mu et al. 2019 PMas particle- 3.50 ng/m3 (mean, all FVC !
Cohort, 224 adult participants bound samples) FEV-
in community-based naphthalene in <
prospective study, mean age personal air
57 years, China
Zhang et al. 2023 Urinary 2.58-6.99 ug/g FEV1, FVC “
Cohort, 36 students (17 male, 1-naphthol creatinine (range of
19 female), China medians in urban and

suburban exposure

periods)

Urinary 1.52-3.41 pg/g FEV1, FVC YN

2-naphthol creatinine
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Table 2-8. Summary of Epidemiological Studies of Naphthalene Exposure and
Respiratory Effects

Reference, study type, and Exposure
population metric Concentration Outcome evaluated Result
Sucker et al. 2021 Air 0.15+0.10 mg/m? Eye and nasal irritation 1

Occupational, 40 workers in  concentrations (meantSD) (referents) symptoms; nasal
abrasives industry exposed to of naphthalene 0.66+0.27 (moderately endoscopy score

naphthalene and exposed) indicative of
23 unexposed referents, 6.9713.10 (highly inflammation
Germany and Austria exposed) Serum club cell |

o secretory protein 16
18+11 pg/g creatinine (CC16)

Sum of urinary (meanzSD) (referents)

1-and 10849 (moderately ~ Cellular and humoral

2-naphthol exposed) parameters of ngsal

concentrations 1,489+999 (highly Iavatge fluid and induced
exposed) sputum

1 = association with increase; | = association with decrease; <> = no association; Cl = confidence interval;
FEF25-75 = mean forced expiratory flow between 25 and 75% of the FVC; FEV1 = forced expiratory volume in
1 second; FVC = forced vital capacity; PMzs = particulate matter <2.5 ym in diameter; SD = standard deviation

No reports have been located to indicate that there are direct effects of oral exposure to naphthalene on
the respiratory system in humans. In situations where respiratory effects such as hypoxia or pulmonary
edema were noted, the respiratory effects appear to be secondary to hemolysis and the events leading to
general multiple organ failure (Gupta et al. 1979; Kurz 1987). One male infant admitted to the hospital
experienced labored breathing after chewing on a diaper pail deodorant block containing naphthalene
(Haggerty 1956); however, it is possible that this was related to a hemolysis-induced decrease in oxygen-

carrying capacity.

No studies were located that documented respiratory effects in humans after dermal exposure to

naphthalene.

The nose is the most sensitive target of naphthalene in rats and mice following inhalation exposure. In
rats, acute exposure to naphthalene concentrations ranging from 3.4 to 15 ppm for 4-6 hours resulted in
increased tissue injury in the nasal passages, observed as cytotoxicity (vacuolation, swelling, and
exfoliation) to the olfactory mucosa and respiratory transitional mucosa (Carratt et al. 2016, 2019a;
Cichocki et al. 2014; Lee et al. 2005,). In another acute study, rats (F344 and Sprague-Dawley) were
exposed to naphthalene for 6 hours/day for either 1 or 5 days (Dodd et al. 2010). In Sprague-Dawley rats,
exposure to naphthalene at >0.1 ppm resulted in concentration-related increases in the incidences of nasal

olfactory epithelial degeneration; in F344 rats, the same lesion was observed at >1 ppm. After 5 days of
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exposure, nearly all rats of both strains exhibited this effect at 1 and 10 ppm, and 2/10 female Sprague-
Dawley rats showed this lesion at 0.1 ppm (Dodd et al. 2010). In the 5-day exposure study, both F344
and Sprague-Dawley rats exhibited nasopharyngeal goblet cell hyperplasia/hypertrophy at 10 ppm (Dodd
et al. 2010). F344 rats appeared to be more sensitive to this effect, as the severity scores were higher in
F344 rats than in Sprague-Dawley rats, a few incidences of the lesions were observed at lower exposure
levels in F344 (but not Sprague-Dawley) rats, and the lesions persisted after a 14-day recovery period in
F344 (but not Sprague-Dawley) rats exposed to 10 ppm (Dodd et al. 2010). The study authors concluded
that there were minimal rat strain differences with 6-hour or 5-day exposures to naphthalene. In a single
exposure study in rats that did not include a control group, 78 ppm naphthalene exposure for 4 hours
induced a change to mouth breathing but no other effects on respiration were noted (Fait and Nachreiner

1985).

Acute (4-hour) inhalation exposure to naphthalene induced necrosis of club cells in the epithelium of the
proximal airways of the lungs of mice at exposure levels as low as 10 ppm but did not affect lung tissue in
rats at concentrations as high as 100 ppm (West et al. 2001), suggesting that mice are more susceptible to
lung injury than rats from inhaled naphthalene. Mice that were exposed to 10 ppm naphthalene for

4 hours exhibited airway epithelial injury characterized by swelling, cell detachment, cell proliferation,
and increased total protein and lactate dehydrogenase (LDH) levels in the bronchoalveolar lavage fluid
(BALF) (Kovalchuk et al. 2020). Mice exposed nose only to naphthalene concentrations of 10 ppm
during two sessions of 2 hours each for a total of 4 hours on 1 day, exhibited cytotoxicity of the olfactory
epithelium characterized by necrosis of the olfactory mucosa epithelium including detachment, sloughing,
and ulceration, and necrosis of the lung epithelium, and detachment of club cells in the lung (L1 et al.
2017). In another study, mice exposed to 15 ppm for 2 or 4 hours exhibited club cell swelling and
vacuolation in the airway epithelium for up to 24 hours post-exposure and focal absence of club cells in
the epithelium (sloughing of necrotic club cells observed in the lumen) that were replaced by squamated

ciliated cells (Phimister et al. 2004).

Intermediate-duration inhalation exposure in rats to naphthalene concentrations of 0.1, 1, 10, or 30 ppm
for 6 hours/day, 5 days/week for 13 weeks resulted in increased incidence and severity of degeneration
and necrosis of the olfactory epithelium (Dodd et al. 2012). At 1 ppm, minimal hyperplasia of the
transitional/respiratory epithelium in the nasal cavity was seen in all exposed males (incidence was not
reported for females). At higher concentrations, minimal to moderate transitional/respiratory epithelium
metaplasia and olfactory epithelium degeneration/necrosis and basal cell hyperplasia were observed.

Minimal severity goblet cell hyperplasia of the nasopharyngeal duct was noted at the highest exposure
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concentration. After a 4-week untreated recovery, the lesions in the olfactory epithelium remained, but

the severity was reduced (Dodd et al. 2012).

Chronic-duration inhalation exposure to naphthalene resulted in increased incidences of nonneoplastic
and neoplastic lesions in the nose of rats (Abdo et al. 2001; Long et al. 2003; NTP 2000), nonneoplastic
lesions in the nose of mice (NTP 1992a), and neoplastic and nonneoplastic lesions in the lungs of mice
(NTP 1992a). No exposure-related lesions were found in other tissues or organs in these studies, which
included comprehensive histopathological examinations of major tissues and organs. In rats,
concentrations of 10, 30, or 60 ppm naphthalene for 2 years induced neoplastic and nonneoplastic lesions
of the nasal cavity (Abdo et al. 2001; NTP 2000). Nearly all rats (>95%) in each exposure group
exhibited nonneoplastic nasal lesions, including (1) hyperplasia, atrophy, chronic inflammation, and
hyaline degeneration of olfactory epithelium, and (2) hyperplasia, metaplasia, or degeneration of the nasal
respiratory epithelium or glands of the nasal cavity. Neoplastic lesions observed in rats exposed to
naphthalene include olfactory epithelial neuroblastoma (a rare malignant tumor) and respiratory adenoma
of the nasal cavity. (Abdo et al. 2001; NTP 2000). Nearly all mice exposed to 10 or 30 ppm naphthalene
vapors for 2 years exhibited chronic inflammation and metaplasia of the olfactory epithelium and
hyperplasia of the nasal respiratory epithelium (NTP 1992a). Chronic lung inflammation was also
observed in exposed mice, but at lower incidences than incidences for nasal lesions. Incidences for
chronic lung inflammation were 0/70, 21/69, and 56/135 for male mice and 3/69, 13/65, and 52/135 for

female mice exposed to 0, 10, or 30 ppm, respectively.

In an acute-duration oral lethality study, animals that died after being administered a single dose of
1,000—4,000 mg/kg naphthalene exhibited lesions of the lung that were not observed in animals that
survived (Papciak and Mallory 1990). Mice administered a single dose of 150 mg/kg naphthalene had
cytotoxicity of the respiratory epithelia characterized by increased swollen or vacuolated cell volume in
the intrapulmonary airways, terminal bronchioles, and airway bifurcations (Kelty et al. 2020). Similarly,
after mice received a single oral dose of 100 mg/kg naphthalene, effects in the lung included structural
degeneration, vasocongestion, edema, inflammatory cell infiltration, and destruction of interalveolar septa
with large, irregular alveolar space (Zhang et al. 2015, 2016). In a study that did not include
histopathology examination, female mice exposed to 267 mg/kg/day naphthalene for 14 days had
increased lung weights, but these effects were not observed in males or when mice were administered

133 mg/kg/day for 90 days (Shopp et al. 1984).
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In intermediate-duration (13-week) studies of oral exposure, no gross or histopathological lesions of the
lungs were noted in mice at doses up to 200 mg/kg/day (NTP 1980a) or in rats at doses of 400 mg/kg/day
(NTP 1980b).

No histological changes of the lungs were noted in rats dermally treated with doses of up to

1,000 mg/kg/day naphthalene (6 hours/day, 5 days/week) for 13 weeks (Frantz et al. 1986).

Mechanisms. The mechanisms underlying the effects of naphthalene on the respiratory tracts of rats and
mice have been extensively studied. As discussed further below, a key first step in the effects of
naphthalene on both the upper and lower respiratory tracts is metabolism to electrophilic intermediates,
especially the 1,2-epoxide (see Section 3.1.3). The electrophilic metabolites may bind to cellular
proteins, altering their structure and/or function. Furthermore, these intermediates are conjugated to
glutathione for elimination from the body; at higher exposure levels, this may deplete the supply of
reduced glutathione and increase oxidative stress. These changes are believed to result in injury to the
respiratory tract tissues manifested as necrosis, degeneration, and exfoliation of epithelial cells. With
repeated and prolonged injury, the respiratory tract responds with stimulation of cell proliferation and
differentiation and recruitment of cells to fill in the exfoliated areas; these changes are seen histologically

as hyperplasia and metaplasia.

In rat nasal microsomes incubated with naphthalene, the primary metabolite was the glutathione conjugate
of the 1,2-epoxide (Buckpitt et al. 2013; Lee et al. 2005), although smaller quantities of other electrophilic
metabolites (1,2- and 1,4-naphthoquinones) have also been reported in this system (Kedderis et al. 2014).
In vitro studies have also demonstrated that naphthalene may covalently bind to actin, tubulin, molecular
chaperone proteins, and proteins involved in cellular redox homeostasis and ATP synthesis in rat nasal
tissues (DeStefano-Shields et al. 2010; Pham et al. 2012). Further, Cichocki et al. (2014) observed
depletion of reduced glutathione (without increases in oxidized glutathione) in the nasal tissues of rats
exposed to naphthalene by inhalation. Evidence for the role of oxidative stress comes from studies
showing changes in the expression of genes in oxidative stress pathways. Cichocki et al. (2014) and
Clewell et al. (2014) reported alterations in genes controlled by the antioxidant response element in the

nasal tissues in rats exposed by inhalation to naphthalene.

In mice, but not rats, naphthalene exposure by inhalation or intraperitoneal (i.p.) injection triggers similar
changes in the lungs. Metabolism by CYP2F2 to the 1,2-epoxide intermediate appears to be a critical step

in the mouse lung toxicity of naphthalene. In CYP2F2-null mice exposed to naphthalene by i.p. injection,
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only one of five animals showed any lung toxicity, and it was mild (Li et al. 2011). In contrast, wild-type
mice treated with the same dose exhibited necrosis and detachment of club cells in the airway epithelium
(Lietal. 2011). Experiments using epoxide-hydrolase-null mice did not show any reduction in
susceptibility (Carratt et al. 2016; Hu et al. 2014), indicating that the epoxide-hydrolase pathway is not as
important in the mechanism of mouse lung toxicity. Studies of protein binding in the lungs of mice
exposed to naphthalene, in isolated mouse airway explants, and/or in club cells in vitro have shown
covalent binding to some of the same proteins affected in rat nasal tissue (cytoskeletal proteins, molecular
chaperone proteins, proteins involved in ATP synthesis) as well as the antioxidant peroxiredoxin 6
(Buchholz et al. 2010; Cho et al. 1994a, 1994b; Kanekal et al. 1990; Lakritz et al. 1996; Lin et al. 2005;
O'Brien et al. 1985; Phimister et al. 2004; Tsuruda et al. 1995; Williams et al. 2003; Zheng et al. 1997).
Binding of naphthalene metabolites to proteins involved in ATP synthesis is supported by evidence for
ATP depletion in mouse terminal bronchial explants and mouse lungs cells treated with naphthalene

(Kedderis et al. 2014; Phimister et al. 2006).

Increases in oxidative stress (measured as malondialdehyde and nitric oxide) have been observed in the
lungs of mice after i.p. injection (Aktay et al. 2000; Omurtag et al. 2005; Sehirli et al. 2008) or oral
exposure (Zhang et al. 2015, 2016). The increases in measures of oxidative stress were associated with
corresponding decreases in reduced glutathione in these studies (Aktay et al. 2000; Omurtag et al. 2005;
Sehirli et al. 2008; Zhang et al. 2015, 2016). Finally, there is some evidence that, in addition to necrosis,
naphthalene also induces apoptosis in the epithelium of the lungs of mice. Royce et al. (2014a, 2014b)
observed increased staining with Annexin V (used to detect apoptotic cells) in the airways when mice

were exposed by i.p. injection.

Repair of injury to the mouse lung epithelium is initiated by a variety of cell signaling pathways. For
example, upregulation of several growth factors (epidermal growth factor; trefoil factors 1 and 2;
transforming growth factor beta; connective tissue growth factor; fibroblast growth factor 10; nerve
growth factor; and keratinocyte growth factor) has been shown to occur in the distal airways of mice
exposed to naphthalene by i.p. injection (Aoshiba et al. 2014; Atkinson et al. 2007; Greeley et al. 2010;
Royce et al. 2014a, 2014b; Snyder et al. 2009; Sonar et al. 2010; Van Winkle et al. 1997; Volckaert et al.
2011). Inresponse to these signals, epithelial cell proliferation occurs. Naphthalene administration by
1.p. injection has been shown to increase the proliferation of bronchiolar epithelial cells in mice, measured
as increased bromodeoxyuridine incorporation, *H-thymidine labeling, and/or using immunohisto-
chemistry (Aoshiba et al. 2014; Atkinson et al. 2007; Oliver et al. 2009, 2011; Rawlins et al. 2007; Toba
et al. 2015; Van Winkle et al. 2004).
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1-Methylnaphthalene. No studies were located regarding respiratory effects in humans after inhalation,
oral, or dermal exposure to 1-methylnaphthalene. Rats exposed by inhalation (whole body) to
1-methylnaphthalene at concentrations of 4 ppm for 6 hours/day, 5 days/week for 13 weeks had increased

incidences of mucous cell hyperplasia (Kim et al. 2020).

No respiratory effects were observed in Sprague-Dawley rats administered up to 250 mg/kg/day by
gavage for at least 42 days in a combined repeated-dose and reproduction/development toxicity study
(NITE 2009). There were significantly increased incidences of pulmonary alveolar proteinosis in male
and female B6C3F1 mice fed diets containing 1-methylnaphthalene for 81 weeks (Murata et al. 1993).
Average administered doses were 0, 71.6, or 140.2 mg/kg/day for males and 0, 75.1, or 143.7 mg/kg/day
for females and respective incidences for pulmonary alveolar proteinosis were 4/49, 23/50, and 19/49 for
males and 5/50, 23/50, and 17/49 for females. The lesions contained acidophilic amorphous material,
foam cells, and cholesterol crystals but there was no apparent inflammation, edema, or fibrosis of the
tissues. Pulmonary alveolar proteinosis is characterized by the accumulation of surfactant material in the
alveolar lumen and has been hypothesized to be caused by either excessive secretion of surfactant by
type Il pneumocytes, or disruption of surfactant clearance by macrophages (Lee et al. 1997; Mazzone et

al. 2001; Wang et al. 1997).

2-Methylnaphthalene. No studies were located regarding respiratory effects in humans after inhalation,
oral, or dermal exposure to 2-methylnaphthalene, or in animals after dermal exposure to 2-methyl-

naphthalene.

In Wistar rats exposed to 2-methylnaphthalene at doses of 0, 0.34, 1.89, and 8.77 ppm for 6 hours/day,

5 days/week for 4 weeks, there were increased incidences of goblet cell metaplasia in the bronchi at
>0.34 ppm, increased incidences of bronchiolar and alveolar mononuclear cell infiltration associated with
proteinosis at >1.89 ppm, and an increased incidence of peribronchial lymphatic tissue hyperplasia at

>1.89 ppm in females and at the highest concentration in males (Swiercz et al. 2011).

Pulmonary alveolar proteinosis was the only exposure-related lesion found in B6C3F1 mice of both sexes
exposed to 2-methylnaphthalene at doses as low as 50.3 mg/kg/day in the diet for 81 weeks (Murata et al.
1997). Average administered doses were 0, 54.3, or 113.8 mg/kg/day for males and 0, 50.3, or

107.6 mg/kg/day for females with respective incidences for pulmonary alveolar proteinosis of 4/49,
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21/49, and 23/49 for males and 5/50, 27/49, and 22/49 for females. No other oral studies in animals were
1dentified.

Mixed 1- and 2-Methylnaphthalene. Mice exposed dermally to a mixture of 1- and 2-methylnaphthalene
2 times/week for 61 weeks exhibited alveolar spaces of the lungs filled with numerous myelinoid
structures resembling lamellar bodies of type Il pneumocytes by electron microscope (Murata et al. 1992).
Pulmonary alveolar proteinosis was noted in 31/32 female B6C3F1 mice given dermal applications of a
mixture of 1- and 2-methylnaphthalene at a dose level of 119 mg/kg twice a week for 30 weeks (Murata
et al. 1992) and in 15/15 female B6C3F1 mice similarly exposed for 61 weeks (Emi and Konishi 1985).
In the same study, a dose of 30 mg/kg twice a week for 61 weeks had pulmonary alveolar proteinosis
incidence of 3/11 in female mice. No occurrences of pulmonary alveolar proteinosis were found in
control mice of either study. In Emi and Konishi (1985), dermal exposure to 119 mg/kg methyl-
naphthalene twice a week for 61 weeks also resulted in early deaths; the number of mice that died was not

specified.

Mechanisms. The mechanisms by which 1- or 2-methylnaphthalene may cause pulmonary alveolar
proteinosis are poorly understood, but light and electron microscopic observations of lung tissues from
mice repeatedly exposed to dermal doses of methylnaphthalene indicate that type Il pneumocytes are a
specific cellular target (Murata et al. 1992). It has been hypothesized that, in response to 1- or
2-methylnaphthalene, type Il pneumocytes produce increased amounts of lamellar bodies due to
hyperplasia and hypertrophy, and eventually transform into balloon cells (Murata et al. 1992). The
rupture of balloon cells is hypothesized to lead to the accumulation of proteinaceous materials rich in
lipids in the alveolar lumen. It is unknown whether the methylnaphthalenes themselves or their
metabolites are responsible for the development of pulmonary alveolar proteinosis. A study in transgenic
gpt delta B6C3F1 mice (used primarily to assess genotoxicity) exposed to 1-methylnaphthalene in the diet
at concentrations up to 0.15% for 13 weeks showed no effect of treatment on cell proliferation rates or

histology in the lungs (Jin et al. 2012).

2.5 CARDIOVASCULAR

Naphthalene. Limited epidemiological studies of associations between cardiovascular effects in humans
and biomarkers of exposure to naphthalene have been conducted and are summarized in Table 2-9. A
cross-sectional study in adults in the United States (NHANES) found no association between urinary

levels of 1- or 2-naphthol and serum levels of fibrinogen, homocysteine, or white blood cell count (Clark
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et al. 2012). In another cross-sectional study in adults in the United States, the urinary metabolite,
1-naphthol, was positively associated with dyslipidemia and type 2 diabetes, while 2-naphthol was
positively associated with obesity, hypertension, dyslipidemia, type 2 diabetes, and metabolic syndrome
(Ranjbar et al. 2015). An association between urinary 1-naphthol concentration (but not 2-naphthol
concentration) and coronary heart disease was found in a case-control study in China (Zhang et al. 2024).
In a cross-sectional study, an association was found between hypertension and urinary 1-naphthol
concentration (Wang et al. 2022b). In contrast, hypertension was not associated with modeled air
concentrations of naphthalene in a cohort study of women in the United States (Xu et al. 2022) or with
urinary naphthalene metabolite concentrations in a cohort of petrochemical workers (Sun et al. 2023). No
studies were located that demonstrate any direct effects of naphthalene ingestion on the cardiovascular
system. In those reports where cardiovascular effects, such as increased heart rate and decreased blood
pressure, were noted in humans, the cardiovascular effects appeared to be secondary to the hemolytic
effects and the events leading to general multiple organ failure (Gupta et al. 1979; Kurz 1987). No
studies were located that documented cardiovascular effects in humans after dermal exposure to

naphthalene.

Table 2-9. Summary of Epidemiological Studies of Naphthalene Exposure and
Cardiovascular Effects

Reference, study type, and Exposure
population metric Concentration Outcome evaluated Result
Clark et al. 2012 Urinary 1- NR Serum fibrinogen and «
Cross-sectional, 3,219 adults and homocysteine; white
220 years old, participants in 2-naphthol blood cell count
NHANES 2001-2004, United States
Ranjbar et al. 2015 Urinary 1- 1-naphthol: Obesity VRN
Cross-sectional, 4,765 adults and 2,823 ng/L(mean) (not Hypertension o
220 years old, participants in 2-naphthol  obese) Dvslividemi
NHANES 2001-2008, United States 2,675 ng/L (obese) yslipidemia 1
Type 2 diabetes 1
Metabolic syndrome
2-naphthol: Obesity 1
3,270 ng/L (mean) Hypertension 1
(not obese) Dvslividemi
3,805 ng/L (obese) ~ LDySlipidemia 1
Type 2 diabetes 1
Metabolic syndrome 1
Sun et al. 2023 Urinary 1- 1-naphthol: Hypertension >
Occupational, 746 petrochemical and 10.1 ng/mL (median)
plant workers, China 2-naphthol
2-naphthol: Hypertension —

21.7 ng/mL
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Table 2-9. Summary of Epidemiological Studies of Naphthalene Exposure and
Cardiovascular Effects

Reference, study type, and Exposure
population metric Concentration Outcome evaluated Result
Wang et al. 2022b Urinary 1- 1-naphthol: Hypertension 1
Cross-sectional, 6,332 adults and 2,136 ng/g creatinine
218 years old, participants in 2-naphthol  (geometric mean)
NHANES 2009—2016, United States 2-naphtho|: Hypertension PN
5,051 ng/g creatinine
(geometric mean)
Xu et al. 2022 Modeled 0.0412 pg/m?® (median Hypertension >
Cohort, 47,467 adult women in the naphthalene census tract
“Sister Study” cohort, United States air concentration)

concentration
at enrollment

address
Zhang et al. 2024 Urinary 1- 1-naphthol (median): CHD 1
Case-control, 116 adult cases of and 5.23 ng/mL (cases)
CHD and 175 healthy controls, 2-naphthol  3.05 ng/mL (controls)
mean age 52.4 years, China 2-naphthol (median): CHD -

6.84 ng/mL (cases)
7.88 ng/mL (controls)

1 = association with increase; | = association with decrease; <> = no association; CHD = coronary heart disease;
NHANES = National Health and Nutrition Examination Survey; NR = not reported

Studies in animals have not shown clear evidence of cardiovascular effects of naphthalene. Male rats
exposed by inhalation to 30 ppm naphthalene for 6 hours/day, 5 days/week for 13 weeks had no changes
in absolute or relative heart weights (Dodd et al. 2012). Female rats in this study showed decreases in
absolute (but not relative) heart weights but the changes did not show a clear dose relationship. No
histological changes were seen in the hearts of mice (30 ppm) or rats (60 ppm) that inhaled naphthalene
for 2 years (Abdo et al. 2001; NTP 1992a, 2000).

No gross or histopathological lesions of the heart were noted in mice at doses up to 200 mg/kg/day (NTP
1980a) or in rats at doses of 400 mg/kg/day (NTP 1980b) after 13 weeks of oral exposure. No differences
in organ weight or histological changes of the heart were noted in rats dermally treated with

1,000 mg/kg/day naphthalene (6 hours/day, 5 days/week) for 13 weeks (Frantz et al. 1986).

1-Methylnaphthalene. No studies were located regarding cardiovascular effects in humans after
inhalation, oral, or dermal exposure to 1-methylnaphthalene, or in animals exposed to
I-methylnaphthalene via inhalation or dermal contact. No effects were observed on heart weights or

pathology in Sprague-Dawley rats administered 250 mg/kg/day by gavage for at least 42 days (NITE
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2009). Heart weights were significantly decreased (6—7%) in male and female mice that were fed
I-methylnaphthalene for 81 weeks in their diet; however, the changes in heart weight were not dose-
related and there were no accompanying tissue abnormalities (Murata et al. 1993). Histopathological

examination revealed no lesions in the hearts at doses as high as 143.7 mg/kg/day (Murata et al. 1993).

2-Methylnaphthalene. No studies were located regarding cardiovascular effects in humans after
inhalation, oral, or dermal exposure or in animals after dermal exposure to 2-methylnaphthalene. No
changes in heart weights were observed in Wistar rats exposed to up to 8.77 ppm of 2-methylnaphthalene
for 6 hours/day, 5 days/week for 4 weeks (Swiercz et al. 2011). No microscopic lesions were observed in
the hearts when mice were fed 2-methylnaphthalene at doses up to 113.8 mg/kg/day in the diet for

81 weeks (Murata et al. 1997).

2.6 GASTROINTESTINAL

Naphthalene. Eight adults and one child exposed to naphthalene vapors from large quantities of
mothballs (300-500) had nausea, vomiting, and abdominal pain, which subsided after discontinued use
(Linick 1983). Air samples collected in one home contained naphthalene at 20 ppb; concentrations could

have been higher when the mothballs were fresh.

Gastrointestinal disorders are common following naphthalene ingestion by humans. These effects have
been attributed to the irritant properties of naphthalene (Kurz 1987). Nausea, vomiting, abdominal pain,
and diarrhea (occasionally containing blood) have been reported (Bregman 1954; Gidron and Leurer
1956; Gupta et al. 1979; Haggerty 1956; Kurz 1987; MacGregor 1954; Ojwang et al. 1985). While the
presence of blood in the stool is indicative of intestinal bleeding, only a few areas of mucosal hemorrhage
were noted in the intestines during a postmortem examination of a 30-year-old female who died 5 days
after ingesting at least 40 mothballs (Kurz 1987). These areas were restricted to the small bowel and

colon. No frank erosions or perforations were noted anywhere in the gastrointestinal tract.

A single cross-sectional epidemiology study in adults in rural Kenya found a positive association between
urinary levels of creatinine-corrected 2-naphthol (but not 1-naphthol) and a precancerous lesion
(esophageal squamous dysplasia), after correction for covariates including tobacco and alcohol use

(Mwachiro et al. 2021).
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There were no histopathological changes in the gastrointestinal tract (stomach or intestines) of mice
exposed by inhalation to naphthalene concentrations up to 30 ppm or rats exposed to concentrations up to
60 ppm for 2 years (Abdo et al. 2001; NTP 1992a, 2000). A single oral dose of 1,000—4,000 mg/kg was
associated with stomach lesions and discoloration of the intestines in rats that died during an LDs study;
the survivors were not affected (Papciak and Mallory 1990). No gross or histopathological lesions of the
stomach, small intestine, or colon were noted in mice given oral doses up to 200 mg/kg/day (NTP 1980a)
or in rats given doses up to 400 mg/kg/day for 13 weeks (NTP 1980b). There was some intermittent
diarrhea in the rats given the highest dose. No histological changes of the esophagus, stomach, or
intestines were noted in rats dermally treated with 1,000 mg/kg/day naphthalene (6 hours/day,

5 days/week) for 13 weeks (Frantz et al. 1986).

1-Methylnaphthalene. No studies were located regarding gastrointestinal effects in humans following

inhalation, oral, or dermal exposure to 1-methylnaphthalene.

There were no studies found that assessed gastrointestinal effects after acute- or chronic-duration
inhalation exposures in animals. No histopathological lesions were seen in the stomach or intestines of
rats exposed to up to 30 ppm 1-methylnaphthalene for 6 hours/day, 5 days/week for 13 weeks (Kim et al.
2020) or by gavage at doses up to 250 mg/kg/day for 42 days (NITE 2009), or in mice fed 71.6—

143.7 mg/kg/day 1-methylnaphthalene for 81 weeks (Murata et al. 1993).

2-Methylnaphthalene. No studies were located regarding gastrointestinal effects following inhalation,
oral, or dermal exposure in humans or in animals following dermal exposure to 2-methylnaphthalene. In
rats exposed by inhalation for 4 weeks to concentrations up to 8.77 ppm and in mice fed 50.3—

113.8 mg/kg/day 2-methylnaphthalene for 81 weeks, there were no histopathological lesions in the

stomach or intestines (Murata et al. 1997; Swiercz et al. 2011).

2.7 HEMATOLOGICAL

Naphthalene. Hemolytic anemia is the most frequently reported manifestation of naphthalene exposure
in humans. Twenty-one infants (3—90 days old) had acute hemolytic anemia after exposure to
naphthalene via mothball-treated fabrics (blankets, clothes, or other materials) (Valaes et al. 1963). Ten
of the infants had G6PD genetic deficiency that increased their susceptibility to hemolysis. Clinical

observations in the infants included high serum bilirubin levels, methemoglobin, Heinz bodes, and
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fragmented red blood cells. The relevant route of exposure appeared to be inhalation as the naphthalene

material was not worn near the skin with one exception (the infant who wore a treated diaper).

Anemia was also reported in eight adults and one child exposed to naphthalene vapor via a large (300-
500) number of mothballs throughout the home (Linick 1983). The nature of the anemia and specific
levels of naphthalene exposure were not identified. In one home, the naphthalene concentration was
determined to be 20 ppb at the time of testing but could have been higher when the mothballs were first
distributed.

One woman who was exposed to a combination of reportedly high (but not measured) concentrations of
naphthalene and paradichlorobenzene for several weeks in a hot, poorly ventilated work area developed
aplastic anemia (Harden and Baetjer 1978). The contribution from naphthalene was difficult to determine

in the presence of other chemicals.

The most commonly reported hematologic effect in humans following the ingestion of naphthalene is
hemolytic anemia (Ahmad et al. 2019; Anand et al. 2023; Dawson et al. 1958; Dela Cruz et al. 2019;
Ekambaram et al. 2017; Eskandarani and Alghamdi 2020; Gidron and Leurer 1956; Gupta et al. 1979;
Haggerty 1956; Kuwada et al. 2022; Kurz 1987; MacGregor 1954; Mackell et al. 1951; Mathur and Garg
2023; Mehdi et al. 2023; Melzer-Lange and Walsh-Kelly 1989; Ojwang et al. 1985; Shannon and
Buchanan 1982; Tannor and Hutton-Mensah 2019; Thangatorai 2022; Uthuman et al. 2019). Changes
observed in hematology and blood chemistry in these cases are consistent with hemolysis: decreased
hemoglobin and hematocrit values, and increased reticulocyte counts, serum bilirubin levels, and Heinz
bodies. Most of the reported case studies provided no information on dose. However, in one case report,
a 16-year-old girl swallowed 6 g of naphthalene before exhibiting hemolytic anemia (Gidron and Leurer
1956). This corresponds to a dose of 109 mg/kg assuming a 55-kg body weight. Two publications
reported cases of hemolytic anemia in newborn infants after their mothers consumed naphthalene-

containing mothballs during pregnancy (Sahni et al. 2019; Shafer et al. 2020).

There is a strong association between G6PD deficiency and the hemolytic effects of naphthalene (Dawson
et al. 1958; Melzer-Lange and Walsh-Kelly 1989; Shannon and Buchanan 1982). Individuals with a
genetic defect for this enzyme show an increased susceptibility to hemolysis from naphthalene exposure.
Hemolytic anemia was reported in infants dermally exposed to diapers or other clothing treated with
naphthalene mothballs (Dawson et al. 1958; Schafer 1951; Valaes et al. 1963). Jaundice, fragmentation

of erythrocytes, Heinz bodies, methemoglobinemia, and reticulocytosis were observed. Several of the
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infants had G6PD deficiencies. Individuals with this genetic disorder are particularly susceptible to
hemolysis from chemical agents. The application of oil to the skin may have aided absorption of
naphthalene, as shown by the increasing severity of symptoms (jaundice and cyanosis) even after the use

of the naphthalene-containing diapers ceased (Schafer 1951).

The few epidemiological studies of hematology changes in humans exposed to naphthalene are
summarized in Table 2-10. In a cross-sectional study in U.S. adults without anemia, increases in
hemoglobin and hematocrit were positively associated with 1-naphthol (but not 2-naphthol) levels in
urine (Sudakin et al. 2011). In contrast, urinary levels of 1- and 2-naphthol were inversely associated
with hemoglobin concentration, erythrocyte count, and mean corpuscular volume in a cohort of male
brick workers (Kamal et al. 2014). A positive association between 1-naphthol concentration and
leukocyte count was observed in the same study. A cohort of male workers in a coke oven plant reported
a positive association between air concentrations of naphthalene in the workplace and hemoglobin

concentration, and inverse associations with eosinophil and leukocyte counts (Wang et al. 2019).

Table 2-10. Summary of Epidemiological Studies of Naphthalene Exposure and
Hematological Effects

Reference, study type, and Exposure

population metric Concentration Outcome evaluated Result
Kamal et al. 2014 Naphthalene 1-naphthol: Hemoglobin concentration |
Cohort, 46 male brick kiln metabolite Mmol/mol-creatinine Erythrocyte count |
workers (mean age 42 years), levels in (meanzSD)
34 male controls without urine 3.29+0.5 (exposed) Mean corpuscular volume |
occupational exposure (mean 0.62+0.18 Leukocyte count 1
age 40 years), Pakistan (unexposed) Platelet count PN
2-naphthol:
1.55+0.95 (exposed)
0.61+0.16
(unexposed)
Sudakin et al. 2011 Naphthalene 1-naphthol: (ng/mL) Hemoglobin concentration 1
Cross-sectional, 2,450 adults ~ metabolite  (weighted mean+SE) Heomatocrit 1
(18+ years old) without treated levels in 8.1+0.5 (males)
anemia from 2003-2004 urine 8.1£0.9 (females)
NHANES, United States 2-naphthol (ng/mL)  Hemoglobin concentration <«
(weighted mean+SE) Hematocrit -

7.2+0.5 (males)
6.3+£0.5 (females)
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Table 2-10. Summary of Epidemiological Studies of Naphthalene Exposure and
Hematological Effects

Reference, study type, and Exposure

population metric Concentration Outcome evaluated Result
Wang et al. 2019 Naphthalene 21 54 ng/m3 (median, Eosinophil count l
Cohort, 473 male workers in inl workplace high-PAH coke oven Lymphocyte count !
coke-oven plant and air workers) H lobi trafi
166 unexposed workers from 17.70 (low-PAH coke —oo9'obin concentration 1
other facilities, China oven workers) White blood cell, -

4.72 (unexposed neutrophil, monocyte, red

workers) blood cell, and platelet

counts

1 = association with increase; | = association with decrease; <» = no association; NHANES = National Health and
Nutrition Examination Survey; PAH = polycyclic aromatic hydrocarbon; SD = standard deviation; SE = standard error

No biologically significant exposure-related hematological effects (hematocrit, hemoglobin concentration,
erythrocyte counts, mean cell volume, reticulocytes, and leukocytes) were observed in mice exposed by

inhalation to 10-30 ppm naphthalene for 14 days (NTP 1992a).

Dogs and hamsters exposed orally to naphthalene exhibited changes consistent with hemolysis, but the
data are limited. Hemolytic anemia was reported by Zuelzer and Apt (1949) in a dog receiving a single
1,525 mg/kg dose of naphthalene in food and in another dog receiving approximately 263 mg/kg/day for
7 days in food. Hamsters exposed to 1,000 mg/kg/day for 3 weeks had reduced hemoglobin, hematocrit,
and erythrocyte counts (Darious et al. 2020). Histopathology of the spleen showed hemolysis in the red

pulp and congestion of the white pulp, as well as hemosiderin deposition (Darious et al. 2020).

Rats and mice do not appear to be as sensitive as humans or other species to the hemolytic effects of
naphthalene. In CD-1 mice, naphthalene at doses up to 267 mg/kg/day for 14 days did not result in
hemolytic anemia, however, there was an increase in eosinophils in males and a decrease in prothrombin
time in females (Shopp et al. 1984). In an intermediate-duration (90 day) study by Shopp et al. (1984),
CD-1 mice exposed by gavage to naphthalene at doses up to 133 mg/kg/day did not show signs of
hemolytic anemia but did have an increase in eosinophils. Females in this study exhibited reductions in
absolute and relative spleen weights at the highest dose (133 mg/kg/day) (Shopp et al. 1984). When rats
were administered 87.5 mg/kg naphthalene 3 times/week for 7 weeks, the percent of segmented
neutrophils was significantly reduced by 24%; however, no other hematological changes occurred
(Katsnelson et al. 2014). There were no pronounced changes in red cell-related hematological parameters

following 13-week exposures to doses of up to 200 mg/kg/day in mice (NTP 1980a) and up to
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400 mg/kg/day in rats (NTP 1980b). In male mice exposed to 200 mg/kg/day for 13 weeks, there was a
decrease in segmented neutrophils and an increase in lymphocytes, but in male rats given 400 mg/kg/day,
there were increased neutrophils and decreased lymphocytes. These effects are not considered to be

biologically significant or adverse.

There were no changes in hemoglobin, hematocrit, red blood cell count, leukocyte count, or platelet count
at 4 and 13 weeks in rats treated with doses of up to 1,000 mg/kg/day applied to the skin (6 hours/day,
5 days/week) for 13 weeks (Frantz et al. 1986).

Mechanisms. While the specific molecular mechanisms of naphthalene-induced hemolytic anemia have
not been fully elucidated, this health effect is believed to result from exposure of erythrocytes to oxidative
stress induced by naphthalene metabolites, leading to erythrocyte lysis and oxidation of heme iron.
Conjugation of naphthalene metabolites with glutathione may deplete glutathione levels that normally
protect erythrocytes from oxidation. Further, individuals with G6PD deficiency are more susceptible to
naphthalene-induced hemolytic anemia because they are unable to rapidly replenish reduced glutathione.
G6PD deficiency results in reduced capacity to produce NADPH, a cofactor required by glutathione
reductase to reduce glutathione. Studies identifying the key metabolite(s) and/or evidence in relevant cell

types were not located.

1-Methylnaphthalene. No studies were located regarding hematological effects in humans following

inhalation, oral, or dermal exposure to 1-methylnaphthalene.

Groups of dogs (intact or splenectomized) were exposed to 1-methylnaphthalene (pure or practical grade)
in kerosene (via a fogger) for 4 consecutive days (Lorber 1972). Quantitative exposure concentrations
were not reported and there was not sufficient information reported to determine them. In animals
exposed to 1-methylnaphthalene, reticulocytes were increased in splenectomized, but not intact, dogs for
10 days after exposure. Leukocyte counts were elevated in all dogs and neutrophils were elevated in
intact (but not splenectomized) dogs exposed to practical-grade 1-methylnaphthalene, but not pure
I-methylnaphthalene. 1-Methylnaphthalene had no effect on hematocrit values, suggesting that this
compound does not cause hemolysis under the conditions of the study. Since the increased reticulocyte
counts were seen only in splenectomized dogs, it is difficult to interpret whether the change reflected
increased hematopoiesis in response to 1-methylnaphthalene exposure (Lorber 1972). In an intermediate-
duration study of rats, Kim et al. (2020) found that exposure to 1-methylnaphthalene concentrations up to

30 ppm for 6 hours/day, 5 days/week for 13 weeks did not result in any hematological changes.
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Rats administered up to 250 mg/kg/day for approximately 42 days exhibited no hematological effects
(NITE 2009). In female mice, administration of 75.1 or 143.7 mg/kg/day 1-methylnaphthalene in the diet
for 81 weeks was associated with slight but statistically significant increases in hemoglobin concentration,
mean corpuscular hemoglobin, and mean corpuscular hemoglobin concentration (Murata et al. 1993).

Corresponding changes were not observed in male mice given comparable doses of 1-methylnaphthalene.

2-Methylnaphthalene. No studies were located regarding hematological effects in humans following

inhalation, oral, or dermal exposure or in animals following dermal exposure to 2-methylnaphthalene.

In female rats exposed to concentrations >1.89 ppm 2-methylnaphthalene for 6 hours/day, 5 days/week,
for 4 weeks, reticulocyte counts were increased (Swiercz et al. 2011). While male rats showed a trend of
increased reticulocyte counts, no group was significantly different from controls. In the dog study by
Lorber (1972) described above, 2-methylnaphthalene (pure and practical grade) had no effect on any of
the parameters monitored. Similarly, there were no hematology changes in male or female mice exposed

to 2-methylnaphthalene doses as high as 113.8 mg/kg/day in the diet for 81 weeks (Murata et al. 1997).

2.8 MUSCULOSKELETAL

Naphthalene. No studies were located that documented musculoskeletal effects in humans after
inhalation exposure to naphthalene. A single epidemiological study in U.S. women (NHANES 2005—
2010) suggested an association between urinary levels of 1-naphthol and reduced bone mass density and
increased likelihood of osteoporosis (Guo et al. 2018). No naphthalene-related effects on bone (femur)
histology were noted in mice (NTP 1992a) or rats (Abdo et al. 2001; NTP 2000) exposed by inhalation

for 2 years to concentrations as high as 30 or 60 ppm, respectively.

1-Methylnaphthalene. No studies of musculoskeletal effects in humans exposed to 1-methylnaphthalene
by inhalation, oral, or dermal routes or in animals exposed by oral or dermal routes were located. No
treatment-related effects were noted upon histological examination of the femur in rats exposed to up to

30 ppm 1-methylnaphthalene for 13 weeks (Kim et al. 2020).

2-Methylnaphthalene. No studies of musculoskeletal effects in humans or animals exposed to

2-methylnaphthalene by inhalation, oral, or dermal routes were located.
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2.9 HEPATIC

Naphthalene. Jaundice has been reported in infants and adults after exposure to naphthalene (Linick
1983; Valaes et al. 1963); however, jaundice is a consequence of hemolysis rather than a direct effect of
naphthalene on the liver. In these cases, infant exposures lasted 1-7 days (Valaes et al. 1963); adult
exposure durations were not provided (Linick 1983). Dose was not determined in either instance,
although an air concentration of 20 ppb was measured in the home of one affected individual (Linick

1983).

Hepatotoxicity following oral exposure to naphthalene has been reported in humans, based on elevated
plasma levels of hepatic enzymes (such as aspartate aminotransferase [AST] and LDH) (Kurz 1987,
Ojwang et al. 1985) and liver enlargement (Gupta et al. 1979; MacGregor 1954). The liver was also
enlarged in two infants who experienced acute hemolysis after dermal exposure to naphthalene (Dawson

et al. 1958; Schafer 1951).

No treatment-related changes in relative liver weights were observed in rats exposed to up to 30 ppm
naphthalene for 13 weeks (Dodd et al. 2012). Female rats exhibited reductions in absolute liver weight at
>10 ppm, but the toxicological significance of this change is uncertain. No treatment-related gross or
histopathological lesions of the liver were reported in mice (NTP 1992a) or rats (Abdo et al. 2001; NTP

2000) exposed for 2 years to naphthalene concentrations as high as 30 or 60 ppm, respectively.

There is some limited evidence of hepatic effects in laboratory animals exposed orally. Mice
administered a single dose of 100 mg/kg had increased serum levels of AST and alanine aminotransferase
(ALT) and histopathology changes including focal necrosis, inflammatory infiltrate, fatty degeneration,
cellular necrosis, loss of cell boundaries, and structural chords (Zhang et al. 2016). A 39% increase in
liver weight, a modest elevation in activity of aniline hydroxylase, and evidence of lipid peroxidation
were observed in male rats treated with naphthalene at 1,000 mg/kg/day for 10 days (Rao and Pandya
1981). No effects on liver weight were observed in male or female mice receiving naphthalene at doses

up to 267 mg/kg/day for 14 days (Shopp et al. 1984).

Rats administered 1,000 mg/kg/day for 10 weeks (after 3 days of dosing at 500 mg/kg/day) exhibited
changes in hepatocyte morphology including ballooning and reduced hepatocyte number (Chen et al.
2012); however, no hepatic histopathological changes were observed when the same strain of rat was

exposed at this dose for 5 weeks (Zhu and Lu 2012). Changes in clinical chemistry consisting of
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significantly increased ALT and AST were observed in female rats administered 87.5 mg/kg/day,
3 times/week for 7 weeks (Katsnelson et al. 2014); however, liver weights, gross pathology, and

histopathology were not evaluated.

No effects on liver weight were observed in male mice receiving naphthalene at doses up to

133 mg/kg/day for 90 days (Shopp et al. 1984). Absolute liver weight was statistically significantly
decreased (by about 18% compared with the control value), in female mice receiving 133 mg/kg/day
naphthalene for 90 days, but the biological significance of this change is unclear. Relative liver weight in
exposed females was not changed to a statistically significant degree, and several serum biochemical
endpoints indicative of liver damage (e.g., LDH, ALT, AST, and alkaline phosphatase [ALP]) were
unaffected in female or male mice (Shopp et al. 1984). No other consistent biologically relevant
exposure-related changes in serum chemistry endpoints were found. Activities of two hepatic microsomal
mixed function oxidases (aniline hydroxylase, aminopyrine N-demethylase) were unchanged in exposed
mice, although hepatic activities of benzo[a]pyrene hydroxylase were statistically significantly decreased
in exposed mice (Shopp et al. 1984). The biological significance of this change is unclear. No gross or
histopathological lesions of the liver were noted in mice at doses of up to 200 mg/kg/day (NTP 1980a) or
in rats at doses of up to 400 mg/kg/day after 13 weeks of exposure (NTP 1980b).

There were no differences in liver weights or histological damage to the liver in rats dermally treated with
doses of up to 1,000 mg/kg/day naphthalene (6 hours/day, 5 days/week) for 13 weeks (Frantz et al. 1986).
In addition, the levels of AST, ALT, urea nitrogen, and bilirubin were not elevated in the exposed rats as

compared to the controls.

Mechanisms. Hepatic changes were accompanied with increased markers of oxidative stress in hepatic
tissue. Mice administered a single oral dose of 100 mg/kg showed increased markers of oxidative stress
(increased lipid peroxidation and decreased antioxidant enzymes) in the liver (Zhang et al. 2016).
Elevation of hepatic lipid peroxides was observed in male rats after oral naphthalene doses of

1,000 mg/kg/day for 18 days (Yamauchi et al. 1986). In rats administered increasing doses of
naphthalene up to 750 mg/kg/day (TWA of 169 mg/kg/day), hepatic lipid peroxides were doubled at the
end of 9 weeks of treatment (Germansky and Jamall 1988). Evidence for glutathione depletion in the
livers of mice exposed to naphthalene supports a role for oxidative stress in hepatic effects. After
exposure to naphthalene by i.p. injection (300 mg/kg) or inhalation (10 ppm for 4 hours), mice exhibited
reduced capacity for glutathione conjugation of naphthalene metabolites (Li et al. 2011; Kovalchuk et al.

2017).
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1-Methylnaphthalene. No studies were located regarding hepatic effects in humans exposed to

I-methylnaphthalene by any exposure route or in animals exposed by dermal contact.

In a toxicokinetic study, Swiercz et al. (2022) observed a 40% increase in serum ALT in rats exposed to
200 mg/m? 1-methylnaphthalene by inhalation 6 hours/day for 5 consecutive days. Serum AST was not
affected by exposure (Swiercz et al. 2022). Rats exposed to 30 ppm 1-methylnaphthalene vapor for

13 weeks showed no changes in serum chemistry or liver weight, and no gross or histopathological
changes in the liver (Kim et al. 2020). In a combined repeat-dose and reproductive/developmental
screening study, rats administered 250 mg/kg/day had increased liver weights (NITE 2009). No
corresponding histopathological effects or changes in serum chemistry were observed. There were no
changes in liver weight or histopathology in male or female mice that consumed 71.6-143.7 mg/kg/day

1-methylnaphthalene in the diet for 81 weeks (Murata et al. 1993).

2-Methylnaphthalene. No studies were located regarding hepatic effects in humans exposed to

2-methylnaphthalene by any exposure route or in animals exposed by dermal contact.

In mice given a single oral dose of 0, 100, 200, or 300 mg/kg 2-methylnaphthelene as part of a
toxicokinetic study, dose-related increases in serum ALT were observed; the increase relative to controls
was >2-fold at 200 mg/kg (Li et al. 2022). Serum AST was increased by ~3-fold at the highest dose of
300 mg/kg (Li et al. 2022). Rats exposed by inhalation to 0.34—8.77 ppm concentrations of
2-methylnaphthalene for 4 weeks exhibited decreased liver weights at all concentrations in males and at
8.77 ppm in females (Swiercz et al. 2011). The toxicological significance of the reduced liver weights is
uncertain. However, increased incidences of bile duct hyperplasia were reported in both sexes at 1.89 and
8.77 ppm. Incidences of this lesion at 0, 0.34, 1.89 and 8.77 ppm were 0/5, 0/5, 2/5, and 5/5, respectively,
in males and 0/5, 0/5, 3/5, and 5/5, respectively in females (Swiercz et al. 2011).

Mice exposed to 50.3—113.8 mg/kg/day 2-methylnaphthalene in the diet for 81 weeks exhibited no
alterations in liver weights or histopathology (Murata et al. 1997).

2.10 RENAL

Naphthalene. Human studies of the kidney effects of naphthalene include numerous case reports of renal

effects secondary to hemolysis and a single epidemiology study of renal function. Renal disease was
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reported in nine individuals (details not specified) exposed to large numbers of mothballs in their homes,
but symptoms were not described, and dose could not be determined (Linick 1983). Renal toxicity has
been reported in case studies of humans who ingested naphthalene. Frequent findings included the
elevation of creatinine and blood urea nitrogen (BUN) and the presence of proteinuria and
hemoglobinuria (Ahmad et al. 2019; Gupta et al. 1979; Haggerty 1956; Kurz 1987; MacGregor 1954;
Mehdi et al. 2023; Ojwang et al. 1985; Paiva et al. 2022; Zuelzer and Apt 1949). The presence of blood
in the urine and increased concentrations of urobilinogen are a consequence of acute hemolysis and do not
reflect any direct action of naphthalene on the kidney. Oliguria (Kurz 1987) and anuria (Gupta et al.
1979; Mathur and Garg 2023) were noted in three case reports, although urine output was normal in a
fourth (Ojwang et al. 1985). Painful urination with swelling of the urethral orifice was also associated
with medicinal naphthalene ingestion (Lezenius 1902). A 14-month-old toddler who chewed on a
mothball developed acute renal failure and rhabdomyolysis 3—4 days after exposure (Kuwada et al. 2022).
In another case, a newborn infant exposed to naphthalene in utero (via maternal ingestion of mothballs
prior to delivery) developed renal failure (Sahni et al. 2019). Proximal tubule damage and general tubular
necrosis were found in postmortem examinations of two individuals who died following naphthalene
ingestion (Gupta et al. 1979; Kurz 1987). In the single epidemiological study located, there was no
association between measured PM; s-bound naphthalene concentration and renal function indicators
(serum creatinine, BUN, urea acid, estimated glomerular filtration rate, and endogenous creatinine

clearance rate) in a repeated measures study of 35 college students in China (Peng et al. 2022).

There is little indication that the kidney is a target of naphthalene toxicity in animals. In rats exposed to
air concentrations up to 30 ppm for 13 weeks (Dodd et al. 2012), kidney weights were not affected by
exposure. No treatment-related gross or histopathological lesions of the kidneys were observed in mice
(NTP 1992a) or rats (Abdo et al. 2001; NTP 2000) exposed for 2 years to naphthalene concentrations as
high as 30 or 60 ppm, respectively.

Following 10 days of exposure of rats to naphthalene at 1,000 mg/kg/day, no changes were noted in
kidney weight (Rao and Pandya 1981). No changes were observed in the kidney weights of mice
administered naphthalene at doses up to 267 mg/kg/day for 14 days or 133 mg/kg/day for 90 days (Shopp
et al. 1984). Female rats administered 87.5 mg/kg/day naphthalene by gavage 3 times/week for 7 weeks
had no treatment-related changes in serum chemistry markers of kidney toxicity or urinalysis compared
with controls; kidney weights and histopathology were not evaluated (Katsnelson et al. 2014). No renal
histopathological changes were observed in rats given gavage doses up to 1,000 mg/kg/day for 5 weeks

(Zhu and Lu 2012). No gross or histopathological lesions of the kidney were noted in mice at doses of up
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to 200 mg/kg/day (NTP 1980a) or in rats at doses of up to 200 mg/kg/day after 13 weeks of exposure
(NTP 1980b). In the male rats exposed to 400 mg/kg/day, 10% showed cortical tubular degeneration that
may have been related to exposure (NTP 1980b).

There were no differences in kidney weights or histological damage to the kidney in rats dermally treated
with doses of up to 1,000 mg/kg/day naphthalene (6 hours/day, 5 days/week) for 13 weeks (Frantz et al.
1986). In addition, the results of urinalysis conducted at 4 and 13 weeks were not different from the

control results, indicating that there was no exposure-related impairment of kidney function.

Naphthalene doses of 400 and 600 mg/kg administered by i.p. injection resulted in damage to the renal
proximal tubules of mice consisting of vacuolar and hydropic degeneration of cells (O’Brien et al. 1985).
In contrast, rats in the same study receiving doses up to 1,600 mg/kg exhibited no renal changes (O’Brien

et al. 1985).

1-Methylnaphthalene. No studies were located regarding renal effects in humans exposed to

I-methylnaphthalene by any route or in animals exposed by dermal contact.

Rats exposed to 30 ppm 1-methylnaphthalene vapor for 13 weeks showed no changes in serum chemistry
markers of renal toxicity or kidney weight, and there were no gross or histopathological lesions in the
kidneys (Kim et al. 2020). Relative kidney weights were increased in male Sprague-Dawley rats treated
with 250 mg/kg/day for 42 days, but absolute kidney weights did not differ from controls, and no
corresponding changes were observed in histopathology or serum chemistry (NITE 2009). Absolute and
relative kidney weights were decreased slightly in male mice fed diets containing 140.2 mg/kg/day
I-methylnaphthalene for 81 weeks (Murata et al. 1993). The females were not affected, and there were

no histopathological lesions in the males or females.

2-Methylnaphthalene. No studies were located regarding renal effects in humans exposed to

2-methylnaphthalene by any route or in animals exposed by dermal contact.

Serum chemistry markers of renal toxicity, kidney weights, and renal histopathology were not affected by
exposure in rats exposed for 4 weeks by inhalation to 2-methylnaphthalene concentrations up to 8.77 ppm
(Swiercz et al. 2011). Likewise, there were no changes in kidney weights or histopathology in mice

consuming 50.3—113.8 mg/kg/day 2-methylnaphthalene in the diet for 81 weeks (Murata et al. 1997).
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2.11 DERMAL

Naphthalene. No studies were located that documented dermal effects in humans after inhalation, oral,

or dermal exposure to naphthalene.

No treatment-related gross or histopathological lesions of the skin were observed in mice (NTP 1992a) or
rats (Abdo et al. 2001; NTP 2000) exposed for 2 years to naphthalene concentrations as high as 30 or
60 ppm, respectively.

When 0.35 mL of an 8 mM solution of naphthalene was applied to mouse skin once a day for 5 days,
there were no changes in gross skin appearance or skin histology compared with controls (Alalaiwe et al.
2020). Prostaglandin (PGE2) production in the mouse skin was increased 3-fold, when compared to
control. A study in rabbits showed that naphthalene is a mild dermal irritant, causing erythema and
fissuring, when directly applied to the shaved, abraded, or non-abraded skin under a dressing for 4 hours;
healing occurred within 67 days (Papciak and Mallory 1990; Texaco 1985a). In another study, rabbits
that were exposed dermally to naphthalene (50 pL) under occlusion for 24 hours showed initial increases
in skin temperature, erythema, and edema (moderate to severe), trans-epidermal water loss, and epidermal
thickness, as well as reduced collagen fiber length and thickness (Singh and Singh 2004). In pigs, 0.3 mL
of 98% pure naphthalene (dissolved in ethanol) applied to the skin did not induce erythema or changes in
epidermal thickness or lipids after 1 or 4 days of exposure (Muhammad et al. 2005). In rats that were
dermally treated for 6 hours/day, 5 days/week for 13 weeks with 1,000 mg/kg/day naphthalene, there was
an increased incidence of excoriated skin lesions and papules (Frantz et al. 1986). However, similar
lesions were seen in the controls and lower dose group animals. At the high dose, naphthalene appeared

to exacerbate the severity of the lesions.

1-Methylnaphthalene. No studies of dermal effects in humans exposed to 1-methylnaphthalene by

inhalation, oral, or dermal routes or in animals exposed by inhalation were located.

Dietary administration of 1-methylnaphthalene doses up to140.2 mg/kg/day for 81 weeks did not induce
any histopathology changes in the skin of mice (Murata et al. 1993). In a dermal exposure study, rabbits
were exposed to 1-methylnaphthalene (50 pL, concentration and vehicle not specified) in an occlusive
chamber for 24 hours resulting in skin erythema, trans-epidermal water loss, increased skin temperature,
and increased epidermal thickness with reduced collagen fiber length and thickness (Singh and Singh

2004).
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2-Methylnaphthalene. No studies of dermal effects in humans exposed to 2-methylnaphthalene by any
route or in animals exposed by inhalation were located. There were no histopathological effects observed
in the skin from mice fed doses of 2-methylnaphthalene up to 113.8 mg/kg/day in the diet for 81 weeks
(Murata et al. 1997). Dermal application of 2-methylnaphthalene (50 puL, concentration and vehicle not
specified) to the occluded skin of rabbits resulted in erythema, trans-epidermal water loss, increased

epidermal thickness, and reduced collagen fiber length and thickness (Singh and Singh 2004).

2.12 OCULAR

Naphthalene. Twenty-one workers exposed to naphthalene for up to 5 years in a plant that manufactured
dye intermediates were examined for eye problems (Ghetti and Mariani 1956). During the period of
exposure, plant conditions were primitive, involving heating of naphthalene in open vats and considerable
worker contact with the naphthalene. Eight of the 21 workers developed multiple pinpoint lens opacities
that had no correlation with the age of the workers. These effects were not overtly noticeable and
apparently had no effect on vision. They were judged to be a consequence of naphthalene exposure on
the basis of their location in the crystalline lens and the fact that occurrence did not correlate with age.

Exposure involved long-term inhalation of vapors and direct contact of vapors with the eyes and skin.

In an early report of naphthalene toxicity, a 36-year-old pharmacist became nearly blind 8 or 9 hours after
ingesting 5.0 g (units were not reported, assumed grams based on resulting in cataract development and
human body weight) of unpurified naphthalene in a castor oil emulsion over a 13-hour period (with
hourly ingestion of inconsistent volume) as treatment of an intestinal infection (Lezenius 1902). A
medical examination the following month revealed constricted visual fields associated with optic atrophy

and bilateral zonular cataracts.

In animals, no treatment-related gross or histopathological lesions of the eyes were observed in rats (Abdo
et al. 2001; NTP 2000) exposed for 2 years to naphthalene concentrations as high as 60 ppm. However,
during a 4-hour exposure of rats to a concentration of 78 ppm, irritation to the eyes was evidenced as

lacrimation (Fait and Nachreiner 1985).

Several animal studies have demonstrated ocular changes following oral naphthalene exposure. Cataracts
began to develop by the first day after a single 1,000 mg/kg naphthalene dose in three Chinchilla Bastard
rabbits (Rossa and Pau 1988). Eight rabbits (strain not identified) developed cataracts during oral
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administration of naphthalene at 2,000 mg/kg/day for 5 days (Srivastava and Nath 1969). In the solitary
New Zealand White rabbit tested, cataracts began to develop after administration of four 1,000 mg/kg
doses (dosing 2 times/week) and maximized after 12 weeks (Rossa and Pau 1988). Within 1 week
following exposure to naphthalene (500 or 1,000 mg/kg/day), lens densities were increased in rats and
cataracts developed within 4 weeks (Kojima 1992; Murano et al. 1993; Yamauchi et al. 1986). When
naphthalene was administered orally at 1,000 mg/kg/day for up to 28 days, cataracts developed in 10 of
16 Dutch (pigmented) rabbits and in 11 of 12 albino rabbits (van Heyningen and Pirie 1967). Lens
changes were seen as early as day 2 of exposure. The study authors noted that albino strains were more
likely to develop cataracts over a 4-week course of treatment at 1,000 mg/kg/day than pigmented strains

such as the Dutch rabbit.

When rats were administered 1,000-1,500 mg/kg/day naphthalene for 5—10 weeks, cataracts developed in
all animals (Chen et al. 2010a, 2010b, 2012; Haque and Gilani 2005; Holmén et al. 1999; Siddiqui et al.
2002; Zhu and Lu 2012). Lens opacities were observed as early as 2 weeks and presented as spoke-like
water clefts (Holmén et al. 1999; Siddiqui et al. 2002). Holmén et al. (1999) found cataracts in Brown-
Norway rats at doses as low as 500 mg/kg twice a week for 10 weeks and emphasized a linear
relationship between cataract formation and time. Administration of a TWA 500 mg/kg/day dose of
naphthalene in corn oil by gavage for 6 weeks resulted in more rapid development of cataracts in
pigmented Brown-Norway rats than in nonpigmented Sprague-Dawley rats (Murano et al. 1993).
Cataracts developed in three distinct phases. In the first phase, water clefts formed in the anterior
subcapsular region of the eye. The second stage was the development of a semicircular opaque area in
the lens, and the last stage was the appearance of a wedge-shaped opacity that could be seen with
retroillumination and a wide, zonular-ring opacity that was seen with slit imaging. Each stage occurred
about 1 week earlier in the Brown-Norway rats than in the Sprague-Dawley rats, presumably because they
more effectively metabolized naphthalene to the toxic compound, naphthoquinone (Murano et al. 1993).
The first stage began 1 week after treatment was initiated in the Brown-Norway rats, and stage three
cataracts were seen in all animals by the end of the 6 weeks. In another study, oral administration of
naphthalene in rats resulted in cataract formation beginning at the posterior outer cortex, suggesting that
this region is the most sensitive part of the lens (Kojima 1992). Progressive development of lens
opacities was also reported in rats that were exposed to 700 or 5,000 mg/kg/day naphthalene by gavage
for 79-102 days (Rathbun et al. 1990; Tao et al. 1991).

Damage to the eyes with continued exposure to naphthalene is not limited to lens opacification (Orzalesi

et al. 1994). Retinal damage was noted in pigmented rabbits given TWA doses of 500 mg/kg/day
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naphthalene in corn oil by gavage for 5 weeks. The first changes to the retina occurred at about 3 weeks
with degeneration of the photoreceptors. There was a subsequent increase in the retinal pigment
epithelium as these cells phagocytized the debris from the photoreceptors. By the end of 6 weeks, the
photoreceptor layer had almost entirely disappeared and was replaced with fibroglial tissue. As damage

progressed, there was dense subretinal neovascularization of the area.

A number of biochemical changes were seen in the eyes after acute- and intermediate-duration oral
exposures to naphthalene in oil. Following oral exposure to 1,000 mg/kg/day, rat lenses had increased
oxidative damage, as evidenced by increased lipid peroxidation (malondialdehyde) and reactive oxygen
species (hydroxyl radicals) and decreased antioxidant enzymes (catalase, superoxide dismutase,
glutathione peroxidase, and reduced glutathione) (Chen et al. 2012; Singh and Bodakhe 2020; Zhu and Lu
2012) as well as decreased soluble protein and water levels and increased insoluble protein (Haque and
Gilani 2005; Singh and Bodakhe 2020). After 1 week of treatment with 1,000 mg/kg/day by gavage,
glutathione levels in the lens were decreased in rats (Xu et al. 1992b; Yamauchi et al. 1986). After

30 days of treatment with oral doses of 5,000 mg/kg/day, total glutathione levels were reduced by 20%
(Rathbun et al. 1990), and there was a 22% reduction at 60 days with a dose of 700 mg/kg/day (Tao et al.
1991). At 60 days, glutathione peroxidase activity in the lens was decreased by up to 45% and there was
a 20-30% decrease in glutathione reductase activity (Rathbun et al. 1990). Comparable decreases in the
activities of both enzymes were seen at 102 days with lower naphthalene doses (Tao et al. 1991). No
changes were observed in the activity of glutathione synthetase or gamma-glutamyl cysteine synthetase
(Rathbun et al. 1990). After 4 weeks of oral treatment (500 mg/kg/day), the activities of aldose reductase
(also known as aldehyde reductase), sorbitol dehydrogenase, LDH, and glutathione reductase were lower
than in controls (Kojima 1992). No changes in ocular lipid peroxides were reported when male Blue
Spruce pigmented rats were administered incremental oral doses of naphthalene that peaked at

750 mg/kg/day for 9 weeks (Germansky and Jamall 1988). Lens and capsule LDH activities were greatly
reduced in rabbits while o-diphenyl oxidase activity was elevated with an oral dose of 2,000 mg/kg/day
for 5 days (Srivastava and Nath 1969). In rats administered 1,000 mg/kg/day by gavage, lens opacities
were evaluated for post-translational modifications of proteins and showed reduced phosphorylation and

methylation of alpha crystallin protein (Chen et al. 2010a).

In 13-week studies, histopathologic examination revealed no ocular lesions in F344/N rats or B6C3F1
mice exposed to doses as high as 400 or 200 mg/kg/day, respectively (NTP 1980a, 1980b). In a 2-year rat
feeding study, no eye damage was seen at a naphthalene dosage of 41 mg/kg/day (Schmahl 1955). The

details of the eye examination were not provided.
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Ocular irritation has also been associated with naphthalene exposure in humans and animals. Two case
studies were reported in which humans experienced eye irritation and conjunctivitis as a result of
naphthalene exposure (van der Hoeve 1906). In one case, a worker accidentally got naphthalene powder
in his left eye. The exact amount was unknown but was described by the worker as “large.” Despite
immediate cleansing of the eye, the subject experienced conjunctivitis and pain shortly after exposure.
Symptoms of irritation subsided, but then reappeared 6 weeks later. At that time, the subject noticed
decreased vision in his left eye. When examined by a doctor, the eye had retinal lesions (one fresh and
others seemingly older); the entire retina appeared clouded. The subject's vision in the left eye was

poorer than in the right. Five years earlier, vision was the same in both eyes.

In the second case study, an adult male who worked in a storage area where naphthalene was used as a
pesticide complained of ocular pain, conjunctivitis, and impaired vision (van der Hoeve 1906). Neither
the duration nor the mode of exposure was described. The subject most likely was exposed to
naphthalene vapors. When examined by a doctor, the subject was found to have retinal bleeding in the

left eye and the beginnings of a cataract in both eyes.

Dermal and ocular contact with naphthalene vapors accompanied by inhalation may have contributed to
the development of multiple lens opacities in 8 of 21 workers involved with a dye manufacturing process
that used naphthalene as a raw material (Ghetti and Mariani 1956). Workers, who were employed at the
plant for up to 5 years, melted naphthalene in open vats, resulting in high atmospheric vapor

concentrations.

Mild ocular irritation was observed in the nonrinsed eyes of rabbits after instillation of naphthalene at
0.1 mg/eye (Papciak and Mallory 1990; Texaco 1985b). Observed effects were reversible within 7 days
after exposure. When the eyes were rinsed with water immediately after exposure, there were no signs of

irritation (Papciak and Mallory 1990).

1-Methylnaphthalene. No studies were located regarding effects to the eye in humans exposed to
I-methylnaphthalene by any route or in animals exposed to 1-methylnaphthalene by inhalation or dermal
routes. There were no changes in eye tissue histopathology in male or female mice that consumed 71.6—

143.7 mg/kg/day 1-methylnaphthalene in the diet for 81 weeks (Murata et al. 1993).
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2-Methylnaphthalene. No studies were located regarding effects to the eye in humans exposed to
2-methylnaphthalene by any route or in animals exposed to 2-methylnaphthalene by inhalation or dermal
routes. Ocular tissue histopathology was not affected in mice exposed to 50.3—113.8 mg/kg/day
2-methylnaphthalene in the diet for 81 weeks (Murata et al. 1997).

2.13 ENDOCRINE

Naphthalene No studies of endocrine effects in humans exposed to naphthalene, by inhalation, oral, or

dermal routes were located.

No association was observed between serum thyroid hormones and urinary levels of 1-naphthol in male
partners of subfertile couples attending a fertility clinic at Massachusetts general hospital between

2000 and 2003 (Meeker et al. 2006), creatinine-adjusted urinary levels of 1- or 2-naphthol in a cohort of
Chinese men (Zhu et al. 2009), or serum levels of naphthalene in a cross-sectional study of 961 elderly

people in China (Han et al. 2024).

No studies of endocrine effects in animals exposed to naphthalene by oral or dermal routes were located.
No effects on adrenal gland weights were reported in F344 rats exposed to naphthalene vapor up to
30 ppm for 90 days (Dodd et al. 2012). There were no changes in histopathology of adrenal glands,
pancreas, parathyroid glands, pituitary gland, thyroid glands, or preputial glands in mice or rats exposed

to 30 or 60 ppm (respectively) for up to 105 weeks (NTP 1992a, NTP 2000).

1-Methylnaphthalene. No studies of endocrine effects in humans exposed to 1-methylnaphthalene by

inhalation, oral, or dermal routes or in animals exposed by dermal contact were located.

No effects on adrenal gland weights were reported in F344 rats exposed to 1-methylnaphthalene vapor up
to 30 ppm for 13 weeks (Kim et al. 2020) or in Sprague-Dawley rats treated with up to 250 mg/kg/day
1-methylnaphthalene by gavage for at least 42 days in a combined repeated-dose and reproduction/
developmental toxicity study (NITE 2009).

2-Methylnaphthalene. No studies of endocrine effects in humans exposed to 2-methylnaphthalene by
inhalation, oral, or dermal routes were located. No studies of endocrine effects in animals exposed to

2-methylnaphthalene by inhalation or dermal routes were located.
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Histopathological examination of the adrenal glands showed no treatment-related changes in mice fed

2-methylnaphthalene at doses up to 113.8 mg/kg/day for 81 weeks (Murata et al. 1997).

2.14 IMMUNOLOGICAL

Naphthalene. Epidemiological studies regarding the immunological effects of naphthalene are
summarized in Table 2-11. Lehmann et al. (2001) found an inverse association between air
concentrations of naphthalene in children’s bedrooms and interferon-y producing CD8+ T cells but no
association with sensitization to allergens or interleukin (IL)-4 producing T cells in a cohort of children in
Germany. In a German cohort of newborn infants, there was a positive association between bedroom air
concentrations of naphthalene and levels of IL- 4 in cord blood, but not with levels of IL-2, interferon-y,
or tumor necrosis factor a in cord blood (Lehmann et al. 2002). There was no association between
urinary concentrations of 1- and 2-naphthol and serum level of IL-8 in a panel study of 36 healthy
Chinese students (Zhang et al. 2023). In a cross-sectional study on U.S. Air Force personnel, air
concentrations of naphthalene in the workplace were associated with increased leukocyte, neutrophil, and
monocyte counts in peripheral blood (Rhodes et al. 2003). There was no observed association with
workplace air naphthalene concentrations and lymphocyte counts (including total lymphocyte, T-cell,
T-helper cell, T-suppressor cell, natural killer cell, and B-cells counts) in peripheral blood (Rhodes et al.
2003). A cross-sectional study in Taiwanese children found a positive association between urinary levels
of 2-naphthol and asthma but no association with IgE levels or allergic rhinitis or atopic dermatitis (Lin et
al. 2018). Two case-control studies examining asthma demonstrated positive associations between
naphthalene levels in serum (Aslam et al. 2023) or breath (Shahrokny et al. 2023) and asthma and
biomarkers of asthma (serum IgE). In a case-control study of 316 patients with systemic lupus
erythematosus (SLE) and 816 controls, there was no association between serum naphthalene and SLE (Jin
et al. 2024). In all of the case-control studies, exposure was measured after outcome, limiting their

usefulness for hazard identification.

Table 2-11. Summary of Epidemiological Studies of Naphthalene Exposure and
Immunological Effects

Reference, study type, and Outcome

population Exposure metric Concentration evaluated Result
Aslam et al. 2023 Serum naphthalene 4.48 ng/mL Serum IgE 1
Case-control, 100 adult asthma (mean, cases) Resistin PN
cases and 100 controls, mean 3.07 ng/mL )

ages 43 and 42 years (mean, controls) Superoxide -

(respectively), Pakistan dismutase
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Table 2-11. Summary of Epidemiological Studies of Naphthalene Exposure and
Immunological Effects

Reference, study type, and Outcome
population Exposure metric Concentration evaluated Result
Jin et al. 2024 Serum naphthalene 1.5and 1.8 ppb SLE >
Case-control, 316 cases of SLE (median, active,
and 851 healthy controls, and inactive
median ages 34 and 37 years cases,
(respectively), China respectively)
1.5 ppb (median,
controls)
Lehmann et al. 2001 Naphthalene in child’s 0.73 pg/m3 Sensitization to egg <«
Cohort, 200 children 3 years of bedroom air (median) white and/or milk
age at study initiation, Germany allergens
IFN-y- producing !
CD8+ T-cells
IL-4-producing VEN
T-cells
Lehmann et al. 2002 Naphthalene in infant's 0.7 pg/m3 IL-4 in cord blood 1
Cohort, 85 newborn infants bedroom air during first (median) PN
(42 female and 43 male), month after birth IL-2, IFN-y, and
Germany TNF-a in cord blood
Lin et al. 2018 Urinary 2-naphthol 11.84 (3.35) ug/g Asthma 1
Cross-sectional, 453 children creatinine (GM  pjiergic rhinitis, -
3 years of age, Taiwan [GSD]) atopic dermatitis
|gE >
Rhodes et al. 2003 Naphthalene in “no/low” Leukocyte, 1
Cross-sectional, 123 U.S. Air  workplace air exposure: neutrophil, and
Force personnel, mean ages  (breathing zone) 2.47+1.73 yg/m® monocyte counts in
24 years (high exposure) and (meantSD) peripheral blood
27 years (no/low exposure) “high” exposure:  Totg] lymphocyte, <

583.23+268.89

T-cell, T-helper cell,
T-suppressor cell,
natural killer cell,
and B-cells counts in
peripheral blood

Zhang et al. 2023
Cohort, 36 students (17 male,
19 female), China

Urinary 1-naphthol

2.58-6.99 ug/g
creatinine (range
of medians in
urban and
suburban
exposure
periods)

Urinary 2-naphthol

1.52-3.41 ug/g
creatinine

IL-8 in serum

1 = association with increase; | = association with decrease; <» = no association; GM = geometric mean;
GSD = geometric standard deviation; IFN = Interferon; IgE = Immunoglobulin E; IL = Interleukin; SD = standard
deviation; SLE = systemic lupus erythematosus; TNF-a = tumor necrosis factor a



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 99

2. HEALTH EFFECTS

An enlarged spleen is a frequent consequence of naphthalene-induced hemolysis. Spleen enlargement
was noted in the postmortem examination of one human subject who died after ingesting a large quantity
of naphthalene (Kurz 1987) and in two human subjects dermally exposed to unspecified doses of
naphthalene (Dawson et al. 1958; Schafer 1951). The spleen enlargement results from hemolysis rather

than a direct effect of naphthalene on the spleen.

In animals, absolute thymus weights were reduced by >17% in male rats exposed to >10 ppm and by
>15% in female rats exposed to >1 ppm for 13 weeks (Dodd et al. 2012). Relative thymus weights were
not different from control at any exposure level in either sex. No exposure-related change in spleen
weights was recorded in either sex up to 30 ppm (Dodd et al. 2012). In addition, there were no changes in
histopathology of spleen or thymus in mice or rats exposed to 30 or 60 ppm, respectively, for up to

105 weeks (NTP 1992a, 2000).

Some studies in animals exposed orally have suggested immune system effects of naphthalene; only one
of these studies (Shopp et al. 1984) examined measures of immune function. Mice given a single dose of
100 mg/kg had increased serum levels of inflammatory markers (tumor necrosis factor-a [TNF-a] and
interleukin-8 [IL-8]) (Zhang et al. 2016). Mice treated with naphthalene at oral doses as high as

267 mg/kg/day for 14 days showed no effects on humoral immune responses, delayed hypersensitivity
responses, bone marrow stem cell number, or bone marrow deoxyribonucleic acid (DNA) synthesis
(Shopp et al. 1984). Mitogenic responses to concanavalin A (but not to lipopolysaccharide) were reduced
in high dose females only. None of these effects were noted at doses of 27 or 53 mg/kg/day. At
naphthalene doses of 133 mg/kg/day for 13 weeks, naphthalene had no effect on immune function in mice
(Shopp et al. 1984). After 14 days, thymus weights were reduced approximately 30% in male mice
exposed to 267 mg/kg/day, but no differences were seen with a dose of 133 mg/kg/day at 13 weeks
(Shopp et al. 1984). Spleen weights were reduced approximately 20% in female mice exposed to

267 mg/kg/day naphthalene for 14 days and 25% in females exposed to 133 mg/kg/day for 13 weeks
(Shopp et al. 1984). There was lymphoid depletion of the thymus in 2 of 10 female rats exposed to

400 mg/kg/day naphthalene for 13 weeks (NTP 1980b).

In animals, dermal application of pure naphthalene (1,000 mg/kg) 1 time/week for 3 weeks did not result

in delayed hypersensitivity reactions in guinea pigs (Papciak and Mallory 1990; Texaco 1985c).

1-Methylnaphthalene. No studies were identified regarding effects on the immune system in humans

exposed to 1-methylnaphthalene by inhalation, oral, or dermal routes or in animals exposed dermally.
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No changes in thymus or spleen weights or histopathology were observed when rats were exposed to up
to 30 ppm 1-methylnaphthalene for 13 weeks (Kim et al. 2020). There were no changes in white blood
cell counts, thymus or spleen weights, or histopathology in rats administered 250 mg/kg/day
1-methylnaphthalene for at least 42 days (NITE 2009). Monocyte concentrations were significantly
elevated in male and female mice exposed to 71.6—143.7 mg/kg/day 1-methylnaphthalene for 81 weeks
(Murata et al. 1993). The increase in monocyte counts appeared to be dose-related. The study authors
hypothesized that these changes may have been a physiological response to the pulmonary alveolar
proteinosis seen in the exposed animals. There were no changes in spleen or thymus weights, and the

histopathology of these tissues was normal.

2-Methylnaphthalene. No studies were identified regarding effects on the immune system in humans

exposed to 2-methylnaphthalene by inhalation, oral, or dermal routes or in animals exposed dermally.

Wistar rats exposed to up to 8.77 ppm 2-methylnaphthalene for 6 hours/day, 5 days/week for 4 weeks had
no changes in white blood cell parameters (Swiercz et al. 2011). In B6C3F1 mice administered 2-methyl-
naphthalene at doses up to 113.8 mg/kg/day for 81 weeks, neutrophils were decreased, and lymphocytes
were increased compared with control values, but neither the doses at which these changes occurred, nor
the magnitude of these changes, was specified in the study report (Murata et al. 1997). Histologic

examination revealed no exposure-related lesions in the spleen or thymus.

2.15 NEUROLOGICAL

Naphthalene. Infants are prone to permanent neurological damage (kernicterus) as a consequence of the
jaundice that results from naphthalene-induced hemolysis. Bilirubin is absorbed by vulnerable brain

cells, and this leads to convulsions and sometimes death. Survivors often suffer from motor disturbances
and mental retardation (McMurray 1977). Kernicterus was diagnosed in 8 of 21 Greek infants that
experienced hemolysis as a result of naphthalene exposure (Valaes et al. 1963). Two of the eight died.
One of the infants that died had no G6PD enzyme activity and the other had intermediate activity. Two of
the infants were normal with regard to the G6PD trait. Of the remaining infants, three had no G6PD
activity and the fourth had intermediate activity. Brain damage seldom occurs in adults as a consequence

of jaundice (McMurray 1977).
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Nausea, headache, malaise, and confusion were reported in several individuals (children and adults)
exposed to large numbers of mothballs in their homes (Linick 1983). Actual levels and duration of
exposure were unknown, although a concentration of 20 ppb was measured in one of the affected

residences.

In an epidemiology study in U.S. Air Force personnel exposed occupationally to naphthalene, no
association was observed between urinary levels of 1- or 2-naphthol and neurocognitive performance
(Heaton et al. 2017). No association was observed between PM; s-bound-naphthalene concentration and
schizophrenia symptom scores in a repeated-measures study of 266 schizophrenic patients in China (Liu

et al. 2024).

In animals, clinical signs of neurotoxicity have been reported after oral exposure, but not after inhalation
exposure. No sensitive tests of neurotoxicity have been conducted on naphthalene in animals. No
changes in brain weights were recorded in rats exposed to up to 30 ppm naphthalene for 13 weeks (Dodd
et al. 2012). No treatment-related gross or histopathological lesions of the brain were observed in mice
(NTP 1992a) or rats (Abdo et al. 2001; NTP 2000) exposed for 2 years to naphthalene concentrations as
high as 30 or 60 ppm, respectively. Clinical observations (made twice daily in these studies) revealed no
gross behavioral changes except that exposed mice tended to huddle together in cage corners during

exposure periods.

The neurologic symptoms of naphthalene ingestion reported in human case studies include confusion
(Ojwang et al. 1985), altered sensorium (Gupta et al. 1979), listlessness and lethargy (Bregman 1954;
Chusid and Fried 1955; Kurz 1987; MacGregor 1954; Zuelzer and Apt 1949), and vertigo (Gidron and
Leurer 1956). Muscle twitching, convulsions (Kurz 1987; Zuelzer and Apt 1949), decreased responses to
painful stimuli, and coma occurred prior to death in individuals who ingested naphthalene (Gupta et al.
1979; Kurz 1987). At autopsy, the brain has in some cases appeared edematous (Gupta et al. 1979; Kurz
1987), with separation of neural fibers and swelling of myelin sheaths being noted histologically (Gupta
et al. 1979). The neurologic symptomatology could have resulted from the cerebral edema, which was

probably secondary to acute hemolysis.

Dose-related clinical signs of toxicity were apparent in pregnant Sprague-Dawley rats exposed to doses of
50, 150, or 450 mg/kg/day naphthalene for 10 days during organogenesis. Slow respiration and lethargy
were observed in a large percentage of the exposed animals. Some rats were dazed, had periods of apnea,

or were unable to move after exposure. In the lowest dose group, 73% of the animals were affected on
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the first day of dosing. In the two higher dose groups, over 90% of the rats were affected (NTP 1991).
The animals in the 50 mg/kg/day group acclimatized quickly. Symptoms were only apparent during the
first 2 days of dosing. Clinical signs of toxicity persisted for longer periods in the higher dose groups and
were accompanied by decreased body weight gains (31 and 53% decreased at 150 and 450 mg/kg/day,
respectively compared with control). It is not known if the observed clinical signs were due to treatment-
related effects on the nervous system or were the indirect consequence of severe systemic toxicity, as
indicated by the dramatic decreases in body weight gain. Transient clinical signs of neurotoxicity
(hunched posture and lethargy) were observed in F344 rats following daily gavage administration of

400 mg/kg/day, but not 200 mg/kg/day (NTP 1980b). In mice, lethargy was observed transiently between
weeks 3 and 5 in the highest dose group, 200 mg/kg/day (NTP 1980a). The lack of clinical signs at lower
doses in the subchronic study of F344 rats suggests that pregnant animals may be more susceptible to the
effects of naphthalene than nonpregnant animals. Alternatively, the difference may stem from greater

sensitivity of Sprague-Dawley rats relative to F344 rats.

In rats exposed to 87.5 mg/kg/day, 3 days/week for 7 weeks, neurological tests showed inhibition of the
withdrawal reflex (measured as significantly increased temporal summation of subthreshold impulses)
(Katsnelson et al. 2014). Structural changes (observed via transmission electron microscopy) were
observed in the brains of male Sprague-Dawley rats given naphthalene doses as low as 200 mg/kg/day for
28 days (Angu Bala Ganesh et al. 2024). These changes included dark cytoplasmic inclusions, reduced
number of and/or damage to the presynaptic vesicles, and degradation and/or abnormal synapses;
however, the changes were reported qualitatively without incidence or severity, precluding identification
of effect levels. There were no changes in the brain weights in mice exposed to naphthalene at doses up
to 267 mg/kg/day for 14 days or 133 mg/kg/day for 90 days (Shopp et al. 1984). No gross or
histopathological lesions of the brain were noted in mice at doses of up to 200 mg/kg/day (NTP 1980a) or
in rats at doses of up to 400 mg/kg/day after 13 weeks of exposure (NTP 1980b).

1-Methylnaphthalene. No studies were located regarding neurological effects in humans exposed to

I-methylnaphthalene by any route or in animals exposed by dermal application.

In male Wistar rats, decreased sensitivity to pain occurred after 4-hour inhalation exposures to 253 or

407 mg/m? 1-methylnaphthalene (44 or 70 ppm), but not after exposure to 152 mg/m?* (26 ppm) 1-methyl-
naphthalene (Korsak et al. 1998). Decreased sensitivity to pain was measured as a decreased time to
begin licking of the paws after being placed on a hot plate at 54.5°C. The ability of exposed rats to

balance on a rotating rod (rotarod performance), however, was not affected by any of these exposure
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conditions (Korsak et al. 1998). No neurological effects were observed in a functional observational
battery (FOB) examination in rats administered 1-methylnaphthalene by gavage at doses up to

250 mg/kg/day for at least 42 days (NITE 2009). There were no biologically significant changes in brain
weights in mice fed up to 143.7 mg/kg/day 1-methylnaphthalene for 81 weeks (Murata et al. 1993).

2-Methylnaphthalene. No studies were located regarding neurological effects in humans exposed to

2-methylnaphthalene by any route or in animals exposed by dermal application.

As with 1-methylnaphthalene, decreased sensitivity to pain was observed in male Wistar rats after 4-hour
inhalation exposures to 352 or 525 mg/m? 2-methylnaphthalene (61 or 90 ppm), but not

229 mg/m? (39 ppm) (Korsak et al. 1998). Rotarod performance was not affected at any exposure
concentration (Korsak et al. 1998). There were no changes to brain weight or histopathology in mice fed

54.3 or 113.8 mg/kg/day 2-methylnaphthalene for 81 weeks (Murata et al. 1997).

2.16 REPRODUCTIVE

Naphthalene. Epidemiology studies of reproductive endpoints in humans exposed to naphthalene are
summarized in Table 2-12. In a cohort of male college students in China, there was a positive association
between concentrations of naphthalene bound to airborne particulate matter (PM,s) and sperm motility
and serum levels of estradiol (Chen et al. 2021). Normal sperm morphology was inversely associated
with particle-bound naphthalene. In the cohort, no association was observed with semen volume, sperm
concentration, sperm count, DNA stainability, DNA fragmentation index, or serum levels of follicle
stimulating hormone (FSH), luteinizing hormone (LH), prolactin, progesterone, or testosterone (Chen et
al. 2021). There was an inverse association between sperm concentration and urinary levels of 1-naphthol
and the sum of 1- and 2-naphthol, as well as an inverse association between sperm count and urinary
1-naphthol in a cohort of adult male partners of subfertile couples in China (Yang et al. 2017). There was
no association between urinary 2-naphthol levels and sperm count, concentration, morphology, motility,
or semen volume (Yang et al. 2017). Positive associations between urinary levels of 1-naphthol and odds
of decreased sperm concentration (< 20 million/mL), motility (<50% motile), and normal morphology
(<4% normal) was found in males of adult subfertile couples from two cross-sectional studies (Meeker et
al. 2004a, 2004b). Urinary 1-naphthol levels were also associated with increased DNA damage in sperm
(Meeker et al. 2004a, 2004b). Two other cross-sectional studies of U.S. adult males conducted by these
investigators showed that urinary levels of 1-naphthol were inversely associated with serum levels of

testosterone and estradiol (Meeker et al. 2006, 2008). No associations were observed with serum FSH,
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LH, inhibin B, sex hormone binding globulin (SHBG), free androgen binding index, prolactin, or
estradiol (Meeker et al. 2006, 2008). In a cross-sectional study of Chinese men, Xia et al. (2009) found
no associations between creatinine-adjusted urinary levels of 1- or 2-naphthol and semen volume, sperm
concentrations, sperm number per ejaculum, or sperm motility. In a case control study of Indian men,
higher seminal plasma naphthalene levels were observed in patients with idiopathic male infertility
compared with fertile semen donors; the study authors did not conduct more rigorous analysis or
consideration of potential confounders (Nayak et al. 2023). An inverse association between umbilical
cord serum naphthalene and umbilical cord blood serum anti-mullerian hormone was observed in a
Chinese cohort of mother-child pairs, but there was no association between umbilical cord serum
naphthalene and umbilical cord blood serum FSH, LH, testosterone, or estradiol (Yin et al. 2017). A
case-control study of women in China with premature ovarian failure suggested a positive association
between lipid-adjusted serum levels of naphthalene and serum levels of FSH, LH (Ye et al. 2020). An
association between premature ovarian failure and odds of higher naphthalene concentrations was also
reported in this study; however, as blood levels were measured after outcome, the temporal relationship

between exposure and outcome is uncertain.

Table 2-12. Summary of Epidemiological Studies of Naphthalene Exposure and
Reproductive Effects

Reference, study type, and  Exposure

population metric Concentration Outcome evaluated Result
Chen et al. 2021 PMz2s 0.653 ng/m?3 (mean in Sperm motility 1
Cohort, 656 mgle college particle- 2013; not detected in Normal sperm morphology |
students (median age bound 2014 samples) S trati

20 years), China naphthalene perm concentration, A

count, DNA stainability,
and DNA fragmentation

index
Semen volume VI
Serum estradiol 0

Serum FSH, LH, prolactin, <
progesterone, and

testosterone
Meeker et al. 2004a Urinary 3.19 pg/L (median,  Odds of sperm 1
Cross-sectional, 272 adult male 1-naphthol adjusted for specific concentration
partners in subfertile couples, gravity) <20 million/mL, <50%
United States motile, and <4% normal
Meeker et al. 2004b Urinary 2.75 pg/L (median,  DNA damage in sperm 1
Cross-sectional, 260 adult male 1-naphthol adjusted for specific
partners in subfertile couples gravity)

(mean age 36.1 years), United
States
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Table 2-12. Summary of Epidemiological Studies of Naphthalene Exposure and
Reproductive Effects

Reference, study type, and  Exposure

population metric Concentration Outcome evaluated Result
Meeker et al. 2006 Urinary 3.01 pg/L (geometric Serum testosterone !
Cross-sectional, 322 adult 1-naphthol  mean, adjusted for  gorym FSH, LH, inhibin B, <
males (mean age 36.1 years), specific gravity) SHBG, and free androgen
United States index
Meeker et al. 2008 Urinary 3.23 yg/L (geometric Serum estradiol !
Cross-sectional, 322 adult 1-naphthol  mean, adjusted for ] PR
males, United States specific gravity) Serum prolactin
Xia et al. 2009 Creatinine- 2.13 (1.96, 2.32) Semen volume, sperm —
Cross-sectional, 542 infertile adjusted (Mg/g): (geometric concentration, sperm
men and 176 control men, urinary mean [95% CI]) number per ejaculum, and
China 1-naphthol sperm motility
2-naphthol: 4.26 (3.94, 4.62) YN
(H9/9)
Yang et al. 2017 Urinary 443+ 6.16 pg/L Sperm count and sperm !
Cohort, 933 male partners in 1-naphthol  (meantSD) concentration
subfertile couples, China Urinary 9.70+8.93 pg/L Sperm count, sperm -
2-naphthol concentration, sperm

morphology, sperm
motility, and semen volume

Sum urinary 14.13+ 12.81 uyg/L  Sperm concentration !
naphthols
Ye et al. 2020 Lipid- 16.041+20.91 ug/g Premature ovarian failure 1
Case-control, 157 women with  adjusted lipid (mean+SD) Serum FSH 1
premature ovarian failure (mean serum (cases) S LA
age 34 years) and 217 healthy naphthalene 16.04+20.91 ug/g erum 1
women (mean age 33 years), (controls) Serum anti-mullerian }
China hormone
Yin et al. 2017 Umbilical 30.5 (22.1-40.6) ng/g Umbilical cord blood serum |
Cohort, 109 mother-child pairs, cord serum lipid (median [IQR]) anti-mullerian hormone
China naphthalene Umbilical cord blood serum <>
testosterone, estradiol,
FSH, and LH

1 = association with increase; | = association with decrease; <» = no association; Cl = confidence interval;

DNA = deoxyribonucleic acid; FSH = follicle-stimulating hormone; IQR = interquartile range; LH = luteinizing
hormone; PM2s = particulate matter <2.5 ym in diameter; SD = standard deviation; SHBG = sex hormone-binding
globulin

Animal studies have not suggested that reproductive organs are a sensitive target of naphthalene
exposure. In rats exposed to >10 ppm for 13 weeks, absolute testes weights were decreased, but no
difference was observed in testes weights adjusted for body weights (Dodd et al. 2012). No differences

from control were seen in the weights of female reproductive organs (Dodd et al. 2012). Histological
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examination did not reveal damage to male or female reproductive organs in mice (NTP 1992a) or rats

(Abdo et al. 2001; NTP 2000) exposed for 2 years to 30 or 60 ppm, respectively.

No treatment-related effects were reported on testicular weights of mice administered naphthalene at
doses up to 267 mg/kg/day for 14 days or 133 mg/kg/day for 90 days (Shopp et al. 1984). No gross or
histopathological lesions of the testes were noted in mice at doses of up to 200 mg/kg/day (NTP 1980a) or
in rats at doses of up to 400 mg/kg/day after 13 weeks of exposure (NTP 1980b).

1-Methylnaphthalene. No studies were located regarding reproductive effects in humans exposed to

1-methylnaphthalene by inhalation, oral, or dermal routes or in animals exposed dermally.

No changes to the weights of male and female reproductive organs and no gross or histopathological
lesions of the epididymides, testes, seminal vesicles, ovaries, or uterus were observed in mice exposed to
up to 30 ppm 1-methylnaphthalene (Kim et al. 2020). There were no effects on reproduction in rats
administered up to 250 mg/kg/day 1-methylnaphthalene throughout mating, gestation, and lactation in a
combined repeat-dose and reproduction/developmental toxicity study (NITE 2009). No gross or
histopathological lesions of the testes, seminal vesicles, ovaries, uterus, or vagina were observed in mice
exposed to 1-methylnaphthalene doses as high as 143.7 mg/kg/day in the diet for 81 weeks (Murata et al.
1993).

2-Methylnaphthalene. No studies were located regarding reproductive effects in humans exposed to

2-methylnaphthalene by inhalation, oral, or dermal routes or in animals exposed dermally.

There were no changes in testes or ovary weights in rats exposed to up to 8.77 ppm 2-methylnaphthalene
for 6 hours/day, 5 days/week for 4 weeks (Swiercz et al. 2011). Chronic exposure of mice to 2-methyl-
naphthalene doses as high as 113.8 mg/kg/day via diet did not result in gross or histopathological lesions

of the testes, seminal vesicles, ovaries, uterus, or vagina (Murata et al. 1997).

2.17 DEVELOPMENTAL

Naphthalene. In humans, transplacental exposure of the fetus to naphthalene that had been ingested by
the mother resulted in neonatal (and presumably fetal) hemolytic anemia (Anziulewicz et al. 1959; Sahni

et al. 2019; Shafer et al. 2020; Zinkham and Childs 1957, 1958). No estimates of dose or duration were
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available, although in one case, naphthalene consumption was described as being most pronounced during

the last trimester (Zinkham and Childs 1958).

Developmental effects of naphthalene have been evaluated in human populations and in animals.
Epidemiological studies of developmental endpoints in humans exposed to naphthalene are summarized
in Table 2-13. These studies of developmental effects were conducted in the general population generally
using measurements of naphthalene and metabolites in physiological fluids or tissues of mothers and
children. In the general population, the route of exposure is unknown. No association was found between
birth weights and naphthalene in placental tissue, cord serum, or maternal serum in multiple cross-
sectional and cohort studies in pregnant women from Canada, India, and Iran (Agarwal et al. 2022;
Bushnik et al. 2020; Dehghani et al. 2022; Khalili Doroodzani et al. 2021). There were no associations
between serum naphthalene and birth length, head circumference, or Apgar score in a cohort of Iranian
pregnant women (Dehghani et al. 2022). Naphthalene metabolites in urine were associated with body
mass index (BMI), waist circumference, waist to height ratio, and central obesity in a cross-sectional
study of children in Canada (Bushnik et al. 2020). In a cross-sectional study of Iranian pregnant women,
naphthalene in cord serum was inversely associated with birth length (Khalili Doroodzani et al. 2021). A
cross-sectional study in Chinese pregnant women found a positive association between urinary 2-naphthol
and cephalization index but an inverse association with birth weight (Nie et al. 2018). No association was
observed with birth length, head circumference, or ponderal incidence. In a cross-sectional study in
children in the United States, there was a positive association between naphthalene metabolites in urine
and BMI z score, waist circumference, and obesity, but no association with the overweight category
(Scinicariello and Buser 2014). No reason was given to explain why there was no significant association
with the overweight category despite the significant association with the obesity category, but it may be
due to lower statistical power: there were fewer children in the overweight category compared with the

obese category in this study.

Table 2-13. Summary of Epidemiological Studies of Naphthalene Exposure and
Developmental Effects

Reference, study type, and Exposure

population metric Concentration Outcome evaluated Result
Agarwal et al. 2022 Naphthalene in  0.54£1.62 pg/L Birth weight —
Cross-sectional, 110 pregnant placental tissue (meantSD)

women aged 18—40 years,

India
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Table 2-13. Summary of Epidemiological Studies of Naphthalene Exposure and
Developmental Effects

Reference, study type, and Exposure

population metric Concentration Outcome evaluated Result

Bushnik et al. 2020 Naphthalene 5.21 pg/L (mean) BMI 1

Cross-sectional, 3667 children metabolites in Waste circumference 1

3 to 18 years old in Canadian  urine Waist-to heiaht rafi

Health Measures Survey, aist-lo heightratio 1

Canada Central obesity 1

Dehghani et al. 2022 Naphthalene in  327.91 ng/g lipid Birth weight, length, “

Birth cohort, 126 pregnant maternal serum (mean) head circumference,

women aged 18-44 years, Iran and Apgar score

Huang et al. 2023 Maternal urinary 2.83 ug/g creatinine Spontaneous abortion <«

Case control, 413 cases with  1-naphthol (mean, cases)

unexplained recurrent 4.61 ug/g creatinine

spontaneous abortions and (mean, controls)

434 parous controls, China Maternal urinary 7.00 ug/g creatinine !
2-naphthol (mean, cases)

11.8 pg/g creatinine
(mean, controls)

John et al. 2022a Urinary 678-954 ng/L (range Earlier breast “
Cohort, 358 girls aged 6— 1-naphthol of means across development
16 years followed for at least developmental Pubic hair development <
7 years, California stages, excluding A " h
girls with carbaryl ge at menarche b
exposure) Pubertal tempo? VEN
Urinary 2,830-3,840 ng/L Earlier breast “
2-naphthol (range of means development
across Pubic hair development «
developmental A " h
stages) ge at menarche —
Pubertal tempo? —
Khalili Doroodzani et al. 2021 Naphthalene in 66.17 ug/L (mean,  Birth length l
Cross-sectional, 199 pregnant cord serum petrochemical area) pirth weight and head <
women, average age 39 years, 61.97 ug/L (mean,  ircumference
Iran urban area)
Naphthalene in  96.18 ug/L (mean,  Birth weight, length, >
maternal serum petrochemical area) and head
circumference
Nie et al. 2018 2-naphthol in 6.34 ug/g creatinine  Birth weight l
Cross-sectional maternal urine  (median) Birth length -
263 pregnant women, mean Birth head
age 27.3 years, China irth hea <
circumference
Cephalization index 1
Ponderal index —
Scinicariello and Buser 2014 Naphthalene 1-naphthol: BMI z-score 1
Cross-sectional, 3,189 children metabolitesin  1,604.55 ng/L Waist circumference 1
6—19 years old, participants in  urine (geometric mean) o ot
NHANES 2001-2006, United 2-naphthol: Verwelg b
States 2,530.30 ng/L Obesity 1




NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 109

2. HEALTH EFFECTS

Table 2-13. Summary of Epidemiological Studies of Naphthalene Exposure and
Developmental Effects

Reference, study type, and Exposure

population metric Concentration Outcome evaluated Result
Sherris et al. 2024 Maternal urinary 0.67 ng/mL (median, Child asthma at l
Cohort, 1,081 parent-child pairs 1-naphthol specific gravity- ages 8-9 years
followed for at least 8 years during adjusted) Child wheezing -
after birth, United States pregnancy ages 4-9 years
Maternal urinary 3.85 ng/mL (median, Child asthma at >
2-naphthol specific gravity- ages 8-9 years
during adjusted) Child wheezing o
pregnancy ages 4-9 years
Wang et al. 2014 Naphthalene in 0.2 ug/g (median) Child Behavior 1
Cross-sectional, 203 children  dust Checklist, Gesell
aged 4-5 years, China Development Inventory,
Internalizing Problems
score
Somatic, Anxious, —

Withdrawn, Social,
Thought, Attention,
Compulsive,
Aggressive,
Externalizing, and Total
Problems scores

Wanying et al. 2023 Modeled NR Umbilical cord serum 1

Cross-sectional, 450 mother concentration of ALP

child pairs, Iran pm-bound Umbilical cord serum <
naphthalene at AST, ALT, and GGT
residence

aPubertal tempo was defined as the time between onset of breast development and age at menarche.

1 = association with increase; | = association with decrease; <» = no association; ALP = alkaline phosphatase;
ALT = alanine aminotransferase; AST = aspartate aminotransferase; BMI = body mass index; GGT =y glutamyl
transferase; NHANES = National Health and Nutrition Examination Survey; NR = not reported; SD = standard
deviation

A cross-sectional study in children in China investigating postnatal exposure to naphthalene in house dust
and behavior and neurodevelopment found a positive association between naphthalene in dust and
“internalizing problems” score using the Child Behavior Checklist (CBCL) and Gesell Development
Inventory for developmental quotients and behavioral problems scoring. There was no association with
somatic, anxious, withdrawn, social, thought, attention, compulsive, aggressive, externalizing, or total
problems scores (Wang et al. 2014). In a birth cohort, no association between prenatal naphthalene
exposure (measured as maternal urinary metabolites) and child asthma or wheezing up to age 9 years was
observed (Sherris et al. 2024). Urinary naphthalene metabolites were not associated with increased risk

of unexplained recurrent spontaneous abortion in a case-control study in China (Huang et al. 2023). In a
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California prospective cohort study, there was no association between urinary naphthalene metabolite
levels and female pubertal developmental milestones (John et al. 2022a). Finally, a cross-sectional study
evaluating the relationship between umbilical cord serum liver enzymes and maternal exposure to
particulate-bound naphthalene identified an association with umbilical cord serum ALP, but no

association with other enzymes (AST, ALT, or y-glutamyl transferase [GGT]) (Wanying et al. 2023).

Oral exposures of pregnant rabbits to naphthalene at dosages up to 400 mg/kg/day in methylcellulose
during GDs 618, resulted in no apparent adverse developmental effects (Texaco 1986); however,
naphthalene administered to pregnant mice at a dosage of 300 mg/kg/day in corn oil during GDs 7-14
resulted in a decrease in the number of live pups per litter (Plasterer et al. 1985). It is not clear whether
the observed differences in response are attributable to species differences or differences in absorption of
naphthalene when it is administered in corn oil compared with as a suspension in methyl cellulose. No
congenital abnormalities were observed in offspring of pregnant animals after oral administration of
naphthalene in either study (Plasterer et al. 1985; Texaco 1986). Similarly, naphthalene was not
teratogenic in rats at doses up to 450 mg/kg/day during GDs 6—15 (NTP 1991). However, there was a
slight, but dose-related, increase in fused sternebrae in female pups of rabbits administered doses of 20—
120 mg/kg/day on GDs 6-19 (NTP 1992b). These effects were seen in 2 of 21 litters at 80 mg/kg/day and
3 of 20 litters at 120 mg/kg/day. No other developmental effects were noted in this study.

1-Methylnaphthalene. No studies were located that evaluated developmental endpoints in humans after
inhalation, oral, or dermal exposure to 1-methylnaphthalene or in animals after inhalation or dermal

exposure.

There were no developmental effects in the offspring of rats administered up to 250 mg/kg/day
1-methylnaphthalene throughout mating, gestation, and lactation in a combined repeat-dose and

reproduction/development screening study (NITE 2009).

2-Methylnaphthalene. No studies were located that evaluated developmental endpoints in humans or

animals after inhalation, oral, or dermal exposure to 2-methylnaphthalene.

2.18 OTHER NONCANCER

Naphthalene. Several humans who consumed naphthalene experienced elevated body temperatures,

which may have been related to their hemolytic crisis (Chusid and Fried 1955; Gidron and Leurer 1956;
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Haggerty 1956; Kurz 1987; MacGregor 1954; Ojwang et al. 1985). However, in some situations,
bacterial infections rather than hemolysis may have been the cause of the fever (Kurz 1987; Melzer-

Lange and Walsh-Kelly 1989; Ojwang et al. 1985; Zuelzer and Apt 1949).

Two meta-analyses and two cohort studies have examined an assortment of other noncancer endpoints in
humans exposed to naphthalene. In a meta-analysis with inclusion of six cross-sectional studies with a
total of 24,406 participants, there was a positive association between urinary 2-naphthol levels and odds
of diabetes; no significant association was observed for 1-naphthol levels (Khosravipour and
Khosravipour 2020). Another meta-analysis including seven-cross sectional studies found an association
between urinary naphthalene metabolites (1- and 2-naphthol) and type 2 diabetes (pooled OR 1.52;

95% CI 1.19-1.94) (Wang et al. 2022¢). Associations between urinary 1- and 2-naphthol and parameters
of metabolic syndrome including increased diastolic and systolic blood pressure, increased levels of
triglycerides, and increased waist circumference were reported in a cohort study of Iranian adults
(Shahsavani et al. 2022). In a cohort of elderly adults, urinary levels of 2-naphthol and total number of

disabilities were positively associated when adjusted for covariates (Chen et al. 2019).

No studies were located that evaluated other noncancer endpoints in animals after inhalation, oral, or

dermal exposure to naphthalene.

1- and 2-Methylnaphthalene. No studies were located that evaluated other noncancer endpoints in

humans or animals after inhalation, oral, or dermal exposure to 1- or 2-methylnaphthalene.

2.19 CANCER

Naphthalene. A case-control study in Spain reported a positive association between colorectal cancer
and residential proximity to naphthalene-emitting industries (Garcia-Pérez et al. 2020). A cohort study
that followed 48,665 women in California for 10 years found an association (hazard ratio [HR] 1.11; 95%
CI 1.02-2.22) between modeled air concentrations of naphthalene and breast cancer (Heck et al. 2024).
Exposures in this study were estimated at the census tract level, raising the potential for exposure
misclassification. In addition, several other hazardous air pollutants were also associated with increased

breast cancer risk, and the analysis did not account for co-exposure to these other chemicals.

In animals, inhalation exposure to naphthalene (6 hours/day) has been associated with: (1) increased

incidences of nasal tumors in F344/N rats of both sexes following 2 years of exposure (Abdo et al. 2001;
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NTP 2000); (2) increased incidences of female B6C3F1 mice, but not male mice, with lung tumors
following 2 years of exposure (NTP 1992a); and (3) increased number of lung tumors per tumor-bearing

A/J strain mice following 6 months of exposure (Adkins et al. 1986).

In F344/N rats, incidences of nasal respiratory epithelial adenomas were statistically significantly
elevated, compared with controls, in males exposed to 0, 10, 30, or 60 ppm naphthalene (0/49, 6/49, 8/48,
and 15/48, respectively), but not in females (0/49, 0/49, 4/49, and 2/49, respectively) (Abdo et al. 2001;
NTP 2000). Respective incidences for olfactory epithelial neuroblastoma were 0/49, 0/49, 4/48, and

3/48 in male rats, and 0/49, 2/49, 4/48, and 12/49 in female rats. Both tumor types are rare in NTP
control F344/N rats (NTP 2000). For example, neither tumor type was observed in 299 control male rats
given NTP-2000 feed or 1,048 control male rats given NIH-07 feed. NTP (2000) concluded that there
was clear evidence of carcinogenic activity of naphthalene in male and female F344/N rats based on
increased incidences of nasal respiratory epithelial adenoma and olfactory epithelial neuroblastoma of the
nose. Nearly all rats in all exposure groups showed nonneoplastic nasal lesions in both olfactory and
respiratory epithelia, including atypical hyperplasia in olfactory epithelium, hyaline degeneration in

olfactory and respiratory epithelia, and Bowman’s gland hyperplasia.

In B6C3F1 mice, a statistically significant increased incidence of alveolar/bronchiolar adenomas and
carcinoma was found in 30-ppm females, but not in 10-ppm females or in males (females: 5/69, 2/65, and
29/135; males: 7/70, 17/69, and 31/135 at 0, 10, and 30 ppm, respectively) (NTP 1992a). Although
Fisher Exact tests indicated that incidences in both exposed male groups and the high-dose female group
were significantly increased compared with control groups, logistic regression analysis, which modeled
tumor incidence as a function of dose and exposure time, indicated that only the incidence in the 30-ppm
female group was elevated compared with controls. The response was predominantly benign; only one
female mouse in the 30-ppm group developed a carcinoma. Exposed mice of both sexes also showed
increased incidences of chronic lung inflammation (males: 0/70, 21/69, and 56/135; females: 3/69,
13/65, and 52/135 at 0, 10, and 30 ppm, respectively). Nonneoplastic nasal lesions were found in nearly
all exposed mice, but no nasal tumors developed. On the basis of this analysis, NTP (1992a) determined
that there was some evidence of naphthalene carcinogenicity in female mice, but no evidence of

carcinogenicity in male mice in this study.

In a 6-month study, there was a statistically significant increase in the number of tumors per tumor-
bearing mouse, but not in the number of mice with pulmonary adenomas after exposure to 10 or 30 ppm

naphthalene vapors (Adkins et al. 1986). However, the incidence of adenomas in the control group for
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this experiment was significantly lower than the pooled incidence observed in the control groups of eight
concurrently conducted 6-month studies, and the difference in tumor incidence was not significantly

greater than that of the historic controls.

In a 2-year feeding study of rats receiving naphthalene at about 41 mg/kg/day, no tumors were reported

(Schmahl 1955). Specific details pertaining to the tissues examined were not provided.

Mechanisms. The mechanisms by which naphthalene causes neoplastic lesions in the respiratory tracts of
rodents are incompletely understood, but are thought to involve reactive metabolites of naphthalene,
including 1,2-naphthalene oxide, 1,2-naphthoquinone, 1,4-naphthoquinone, and possibly
1,2-dihydroxy-3,4-epoxy-1,2,3,4-tetrahydronaphthalene. However, it is unknown whether the
naphthalene-induced neoplastic lesions found in mice and rats are produced via a genotoxic mode of
action or a nongenotoxic mode requiring tissue damage and regenerative responses as precursor events.
The general sites of neoplastic lesions, the nose in rats (nasal respiratory epithelial adenomas and
olfactory epithelial neuroblastomas) and the lungs in mice (adenomas), show some correspondence (but
not complete) with the general sites of nonneoplastic lesions, and may share some of the mechanistic
steps outlined for nonneoplastic respiratory tract effects (see Section 2.4). Results from genotoxicity tests
for naphthalene suggest that while naphthalene itself is not genotoxic, its metabolites have yielded
positive results in studies of gene mutation, sister chromatid exchanges, and DNA damage (see

Section 2.20). In addition, exposure of mouse and primate lung explants to naphthalene has resulted in
DNA adducts (Buchholz et al. 2019; Carratt et al. 2019a). As the adducts were not further characterized
and were identified in explants rather than whole animals, their mechanistic relevance to cancer has not

been determined.

1-Methylnaphthalene. Long-term exposure (81 weeks) of mice to 71.6 or 140.2 mg/kg/day 1-methyl-
naphthalene in the diet was associated with statistically significant increases in bronchiolar/alveolar
adenomas in males, but not in females (Murata et al. 1993). Incidences for mice with lung adenomas
were 2/49, 13/50, and 12/50, respectively, for control through high-dose male mice, and 4/50, 2/50, and
4/49, respectively, for female mice. Combined incidence for mice with lung adenomas or
adenocarcinomas were 2/49, 13/50, and 15/50, respectively, for male mice, and 5/50, 2/50, and 5/50,

respectively, for female mice.

2-Methylnaphthalene. In mice exposed to 2-methylnaphthalene in the diet for 81 weeks, incidences for
mice with lung adenomas were 2/49, 9/49, and 5/49 in males that ingested 0, 54.3, or 113.8 mg/kg/day,
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respectively; and 4/50, 4/49, and 5/48 in females that ingested 0, 50.3, or 107.6 mg/kg/day, respectively
(Murata et al. 1997). In males, combined adenomas and adenocarcinomas of the lung incidences were
2/49, 10/49, and 6/49 at 0, 54.3, or 113.8 mg/kg/day, respectively, and only the incidence in the
54.3-mg/kg/day group was statistically significant.

2.20 GENOTOXICITY

Naphthalene and its Metabolites. Naphthalene has been extensively tested for genotoxicity in vitro, with
more limited testing in vivo. In vitro studies of genotoxicity are summarized for naphthalene (Table 2-14)
and its metabolites (Table 2-15) in bacterial mutation assays and in vitro eukaryotic gene mutation,
cytogenetic, or DNA damage assays. Tables 2-16 (naphthalene) and 2-17 (naphthalene metabolites)

summarize data for in vivo eukaryotic gene mutation, cytogenetic, or DNA damage assays in humans and

animals.
Table 2-14. Genotoxicity of Naphthalene In Vitro
Results
Activation
Species (test system) Endpoint With Without Reference
Salmonella typhimurium Gene mutation - - Bos et al. 1988; Connor et
al. 1985;Florin et al. 1980;
Gatehouse 1980; Godek et
al. 1985; Kaden et al. 1979;
McCann et al. 1975;
Mortelmans et al. 1986;
Narbonne et al. 1987; NTP
1992a; Sakai et al. 1985
S. typhimurium DNA damage - - Nakamura et al. 1987
(SOS uma test)
Escherichia coli DNA damage - - Mamber et al. 1984;
(SOS) Mersch-Sundermann et al.
1993
E. coli DNA damage - - Mamber et al. 1983
(Poly-A)
Vibrio fischeri M169 Gene mutation + - Arfsten et al. 1994
(mutatox)
Human lymphoblastoid (MCL-5) Gene mutation NT - Sasaki et al. 1997
cells
Chinese hamster ovary cells Chromosomal + - NTP 1992a
aberrations
Preimplantation whole mouse Chromosomal + + Gollahon 1990

embryos aberrations
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Table 2-14. Genotoxicity of Naphthalene In Vitro

Results
Activation
Species (test system) Endpoint With Without Reference
Human lymphoblasts (TK6) Micronuclei + NT Recio et al. 2012
Human HepaRG cells Micronuclei NT - Recio et al. 2023
Human mononuclear leukocytes Sister chromatid - NT Tingle et al. 1993; Wilson
exchange etal. 1995
Chinese hamster ovary cells Sister chromatid +/- + NTP 1992a
exchange
Rat primary hepatocytes DNA damage NT - Sina et al. 1983
V79 Chinese hamster lung DNA damage - - Platt et al. 2008
fibroblasts
Human lymphocytes DNA damage NT + Kapuci et al. 2014
Human HepaRG cells DNA damage NT - Recio et al. 2023
Human hepatoblastoma cells DNA damage NT - Tomasetig et al. 2020
(Hep3B), human epithelial
colorectal adenocarcinoma cells
(LS-174T), human
bronchioalveolar carcinoma
(NCI-H358)
Rat primary hepatocytes Unscheduled DNA NT - Barfknecht et al. 1985
synthesis
Fischer rat embryo cells Cell NT - Freeman et al. 1973
(F1706P96) transformation
Syrian baby hamster kidney cells Cell NT - Purchase et al. 1978
(BHK-21C13) transformation
Mouse (BALB/c) whole mammary Cell NT - Tonelli et al. 1979
gland cultures transformation
Mouse BALB/c 3T3 cells Cell NT - Rundell et al. 1983
transformation
Human diploid fibroblasts (WI-38) Cell NT - Purchase et al. 1978
transformation
v-Ha-ras-transfected mouse Cell NT - Asada et al. 2005
BALB/c 3T3 cell line (Bhas 42)  transformation
+ = positive results; — = negative results; +/— = equivocal results; DNA = deoxyribonucleic acid; NT = not tested

Table 2-15. Genotoxicity of Naphthalene Metabolites In Vitro

Results
Species (test Activation
system) Endpoint With  Without Reference Metabolite
Salmonella Gene mutation - - McCann et al. 1975; 1-naphthol

typhimurium Narbonne et al. 1987
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Table 2-15. Genotoxicity of Naphthalene Metabolites In Vitro

Results
system) Endpoint With ~ Without Reference Metabolite
S. typhimurium Gene mutation — - Sakai et al. 1985 1,4-naphthoquinone
S. typhimurium Gene mutation + + Flowers-Geary et al. 1,2-naphthoquinone
1996

Human Gene mutation NT - Sasaki et al. 1997 1,4-naphthoquinone
lymphoblastoid
(MCL-5) cells
Human Sister NT + Wilson et al. 1996 1,2- and
mononuclear chromatid 1,4-naphthoquinone
leukocytes exchange
32P-labeled DNA DNA damage NT + Ohnishi et al. 2018  1,2-dihydroxynaphthalene,
fragments of 1,4-dihydroxynaphthalene,
human tumor- and 1,2-naphthoquinone
relevant genes
32P-labeled DNA DNA damage NT - Ohnishi et al. 2018 1, 4- naphthoquinone
fragments of
human tumor-
relevant genes
Human DNA damage NT + Kapuci et al. 2014 1-naphthol and 2-naphthol
lymphocytes
Rat primary Unscheduled NT - Probst et al. 1981 1-naphthol and 2-naphthol
hepatocytes DNA synthesis
Cell-free DNA DNA adduct NT + Saeed et al. 2007 1,2-naphthoquinone and

formation 1,2-dihydroxynaphthalene
+ = positive results; — = negative results; DNA = deoxyribonucleic acid; NT = not tested

Table 2-16. Genotoxicity of Naphthalene In Vivo

Species and tissue

Endpoint

Results Reference

Drosophila melanogaster

Mutations

+ Delgado-Rodriquez et al. 1995

F344 rat nasal olfactory and
nasal respiratory epithelium

Mutations (p53)

- Meng et al. 2011

Mouse bone marrow cells Micronuclei - Harper et al. 1984; Sorg et al. 1985
(ICR Swiss, CD-1)

Salamander larvae Micronuclei + Djomo et al. 1995

(Pleurodeles waltl):

erythrocytes

Human peripheral DNA damage + Marczynski et al. 2011; Marczynski et al.
white blood cells (8-OHdG) 2005; Lin et al. 2022

(occupational)

Human peripheral DNA damage - Krieg et al. 2012

white blood cells
(occupational)
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Table 2-16. Genotoxicity of Naphthalene In Vivo

Species and tissue Endpoint Results Reference
Rat liver DNA damage + Kitchin et al. 1992, 1994
Mouse liver, brain DNA damage + Bagchi et al. 1998, 2000, 2002
Mouse lung DNA damage + Karagiannis et al. 2012
F344 partially Neoplastic - Tsuda et al. 1980
hepatectomized transformation
rats, liver
Human urine (occupational) DNA adducts + Baek et al. 2021; Hanchi et al. 2017
Human peripheral DNA adducts + Zhu et al. 2016
lymphocytes (occupational)
SENCAR mice, epidermis Stable and + Saeed et al. 2009
depurinating DNA
adducts
Mouse and primate lungs (ex DNA adducts + Carratt et al. 2019a
vivo)
Mouse lung (ex vivo) DNA adducts + Buchholz et al. 2019

— = negative result; + = positive result; 8-OHdG = 8-hydroxy-2’-deoxyguanosine; DNA = deoxyribonucleic acid

Table 2-17. Genotoxicity of Naphthalene Metabolites In Vivo

Species

(exposure route) Endpoint Results Reference Metabolite

SENCAR mice, Stable and + Saeed et al. 2009 1-naphthol,

epidermis depurinating 1,2-dihydrodiolnaphthalene,

DNA adducts 1,2-dihydroxynaphthalene,

1,2-naphthoquinone

Mouse and primate DNA adducts + Carratt et al. 2019a 1,2-naphthoquinone

lungs (ex vivo)

Human peripheral Chromosomal + Orjuela et al. 2012 1-naphthol, 2-naphthol

lymphocytes aberrations

(occupational)

+ = positive result; DNA = deoxyribonucleic acid

Overview. In vitro studies suggest that while naphthalene itself is not genotoxic, it can be metabolized to
genotoxic compounds, especially 1,2-naphthoquinone and 1,2-dihydroxynaphthalene. Oxidative DNA
damage induced by naphthalene metabolites appears to stem from NADH-dependent redox cycling. In
some in vitro test systems, the addition of exogenous glutathione has prevented or reduced the genotoxic
effects of naphthalene metabolites. In vivo studies are limited, but include reports that naphthalene
induced mutations in fruit flies and micronuclei in salamander larvae. DNA damage has been observed in

the liver, lung, and/or brain of rats or mice after oral or i.p. exposure to naphthalene. One study
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documented severe tissue (lung) injury that temporally preceded the most significant DNA damage. An

in vivo study showed that naphthalene can form stable and depurinating DNA adducts in mouse skin.

Bacterial assays. In the presence of rat liver metabolic activation, naphthalene induced reverse mutations
in the marine bacterium, Vibrio fischeri (Arfsten et al. 1994). Naphthalene was not mutagenic in
Salmonella typhimurium assays in the presence or absence of rat liver metabolic preparations (Bos et al.
1988; Connor et al. 1985; Florin et al. 1980; Gatehouse 1980; Godek et al. 1985; Kaden et al. 1979;
McCann et al. 1975; Mortelmans et al. 1986; Nakamura et al. 1987; Narbonne et al. 1987; NTP 1992a;
Sakai et al. 1985). Naphthalene was not mutagenic, with or without metabolic activation, in the Pol A- or
Rec assays in several Escherichia coli strains (Mamber et al. 1983). Naphthalene did not damage DNA
(as assayed by the induction of the SOS-repair system) in E. coli PQ37 (Mersch-Sundermann et al. 1993),
in E. coli K12 (Mamber et al. 1984), or in S. typhimurium TA1535/pSK1002 (Nakamura et al. 1987).

The metabolites, 1-naphthol and 1,4-naphthoquinone, were not mutagenic in several S. typhimurium
strains in the presence or absence of metabolic activation (McCann et al. 1975; Narbonne et al. 1987;
Sakai et al. 1985). 1,2-Naphthoquinone induced reverse mutations in several S. typhimurium strains

without a metabolic activation system (Flowers-Geary et al. 1996).

In vitro mammalian assays. In vitro eukaryotic gene mutation assays are restricted to a single report that
naphthalene and 1,4-naphthoquinone (1,2-naphthoquinone was not tested) did not induce mutations at the

hprt and tk loci in human lymphoblastoid cells (Sasaki et al. 1997).

In vitro studies have suggested that the availability of glutathione influences the genotoxicity of
naphthalene metabolites. Recio et al. (2012) reported that naphthalene exposure in the presence of rat
liver S9 resulted in a concentration-related increase in frequency of micronuclei along with a
concentration-related decrease in survival in human TK6 cells. Survival was ~70% at the naphthalene
concentration (20 uM) that yielded a 2-fold increase in micronuclei. The increase in micronuclei and the
decrease in survival were both abolished when the cells were cultured in the presence of 5 mM
glutathione (Recio et al. 2012). In a subsequent study, Recio et al. (2023) assessed the induction of
micronuclei and DNA damage in HepaRG™ cells. HepaRG ™ cells, unlike human TK6 cells or rat liver
S9, have intact phase II enzyme activity (Recio et al. 2023). In this test system, naphthalene exposure did
not increase DNA damage or micronuclei except at concentrations that reduced relative survival to <60%.
The study authors postulated that the presence of Phase Il enzymes in HepaRG ™ enabled efficient

detoxification of reactive naphthalene metabolites, preventing a genotoxic response.
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Naphthalene (in the presence of rat liver metabolic activation) induced chromosomal aberrations in
Chinese hamster ovary (CHO) cells (NTP 1992a) and in preimplantation whole mouse embryos
(Gollahon 1990). Naphthalene also induced sister chromatid exchanges (in the presence or absence of rat
liver metabolic activation) in CHO cells (NTP 1992a), but did not do so in human mononuclear

leukocytes in the presence or absence of human liver microsomes (Tingle et al. 1993; Wilson et al. 1995).

Mixed results were reported in studies of DNA damage in cells exposed to naphthalene. Kapuci et al.
(2014) reported increased DNA fragmentation (terminal deoxynucleotidyl transferase dUTP nick end
labeling [TUNEL] assay) in human lymphocytes exposed to naphthalene in the absence of metabolic
activation, while Platt et al. (2008) observed no increase in DNA damage (comet assay) when Chinese
hamster lung fibroblasts were exposed with or without activation. A study of naphthalene exposure in
three different human tumor cell lines (Tomasetig et al. 2020) detected no DNA damage (measured as

v-H2AX).

Naphthalene did not induce DNA single-strand breaks (Sina et al. 1983) or unscheduled DNA synthesis
(Barfknecht et al. 1985; Probst et al. 1981) in rat hepatocytes. In addition, naphthalene did not induce cell

transformations in several mammalian cell types (see Table 2-14).

In a study of naphthalene metabolites, both 1,2-naphthoquinone and 1,4-naphthoquinone (but not
1,2-naphthalene oxide), in the absence of metabolic activation, induced sister chromatid exchanges in
human leukocytes at concentrations (10 and about 50 uM) that depleted cellular glutathione levels and

induced about 35-45% cell death (Wilson et al. 1996).

Cell-free systems. Naphthalene caused DNA strand scission in a cell-free assay in the presence of
NADPH and copper via reactive oxygen species from a Cu(Il)/Cu(I) oxidation/reduction cycle (Flowers

et al. 1997).

In studies of metabolites, 1,2-naphthoquinone formed depurinating N7 adducts with deoxyguanosine
(McCoull et al. 1999; Saeed et al. 2007) and N3 adducts with adenine (Saeed et al. 2007). Further, when
DNA was reacted with 1,2-dihydroxynaphthalene in the presence of tyrosinase (which oxidizes
1,2-dihydroxynaphthalene to 1,2-naphthoquinone), greater quantities of these adducts were formed
compared with DNA reacted with 1,2-naphthoquinone (Saeed et al. 2007). In another cell-free
experiment, 1,2- and 1,4-dihydroxynaphthalenes and 1,2-naphthoquinone each induced DNA damage (in
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the presence of Cull) in *’P-labeled DNA fragments from tumor-suppressor genes (TP53 and p16) and the
HRAS protooncogene; in contrast, 1,4-naphthoquinone did not (Ohnishi et al. 2018).

In vivo mammalian assays. In vivo studies of genotoxicity endpoints after exposure to naphthalene and its

metabolites are summarized in Tables 2-16 and 2-17, respectively.

Studies of genotoxicity endpoints in humans exposed to naphthalene are confounded by coexposure to
other chemicals, limiting their ability to assess whether there is a causal relationship. In studies of
occupationally exposed populations, increases in DNA damage and DNA adducts have been reported in
peripheral blood and in urine (Back et al. 2021; Hanchi et al. 2017; Lin et al. 2022; Marczynski et al.
2005, 2011). Some studies that evaluated correlations between these findings and measures of
naphthalene exposure did not find relationships between DNA damage or adducts and naphthalene
concentration in breath (Krieg et al. 2012) or urinary naphthol levels (Marczynski et al. 2011). A study of
546 petrochemical workers in China identified an association between urinary naphthalene metabolite
levels and oxidative DNA damage (measured as urinary 8-hydroxy-2’-deoxyguanosine [8-OHdG]), but
potential confounding by smoking was not considered in the analysis (Lin et al. 2022). A correlation
between DNA methylation levels and urinary 2-naphthol was reported in a cohort of male smokers in
China (Zhu et al. 2016). One study of 5-year-old U.S. children in urban areas reported correlations
between urinary naphthol levels and the frequency of stable chromosomal aberrations and translocations

(Orjuela et al. 2012).

No increase in p53 mutations at codon 271 was observed in the nasal epithelium (olfactory or respiratory)
of F344 rats exposed by inhalation to naphthalene concentrations up to 30 ppm for 13 weeks (Meng et al.
2011). Naphthalene did not cause increased single-stranded DNA breaks in hepatocytes of rats given
single oral doses of 359 mg/kg (Kitchin et al. 1992, 1994) or transformation foci (y-glutamyl
transpeptidase-positive) in livers of F344 partially hepatectomized rats given single 100 mg/kg doses.
DNA fragmentation accompanied by increased lipid peroxidation was observed in brain and liver tissue
from rats exposed to 110 mg/kg/day for up to 120 days (Bagchi et al. 1998). It is unclear whether the
apparent DNA damage in these assays was due to direct effects of naphthalene metabolites or reactive
oxygen species or was secondary to cell death induced at an extranuclear site. Naphthalene did not

induce neoplastic transformation in the liver of partially hepatectomized F344 rats (Tsuda et al. 1980).

In mice exposed by i.p. injection, naphthalene induced DNA double strand breaks (measured as y-H2Ax

foci) in lung tissue at doses known to result in lung toxicity (Karagiannis et al. 2012; Zhou et al. 2011).
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Karagiannis et al. (2012) reported that the greatest degree of DNA damage occurred later (24 and

48 hours after dosing) than the most severe histopathology findings in the lung epithelium (12 and

24 hours after dosing), suggesting that toxicity may have occurred prior to DNA damage. Naphthalene
was reported to induce DNA fragmentation in brain and liver tissue from mice given single oral doses of
32 or 158 mg/kg (Bagchi et al. 2000, 2002). No increase in the frequency of micronuclei was observed in
bone marrow of mice given single oral (50, 250, or 500 mg/kg) or i.p. doses of naphthalene (250 mg/kg)
(Harper et al. 1984; Sorg et al. 1985).

In SENCAR mice treated topically with naphthalene or its metabolites, depurinating (N3 adenine and N7
guanine adducts) and stable DNA adducts were detected in the epidermis (Saeed et al. 2009). With
exposures to 500 nmol, the greatest quantity of N7 guanine adducts in the epidermis was observed after
exposure to 1,2-naphthoquinone, followed by 1,2-dihydroxynaphthalene and 1-naphthol; naphthalene did
not produce detectable N7 guanine adducts at this exposure level, but did with exposure to 1,200 nmol

(Saeed et al. 2009).

Two studies examined total DNA adduct formation in lung tissues exposed to naphthalene ex vivo
(Buchholz et al. 2019; Carratt et al. 2019a). These studies did not identify the specific DNA adducts
formed or evaluate their potential relationship to mutagenesis. In addition, there is uncertainty regarding
the relevance of the explants (exposure conditions and detoxification capability) to in vivo conditions.
Buchholz et al. (2019) evaluated whether exposure resulted in fewer DNA adducts in mice that had
developed tolerance to naphthalene (through repeated i.p. exposures) compared with those that had not.
Lungs of tolerant and untreated mice were exposed ex vivo to '“C naphthalene and total DNA adducts
were analyzed using accelerator mass spectrometry. A slightly lower level of DNA adducts was observed

in tolerant mice, but the difference from mice that had not been pretreated was not statistically significant.

Carratt et al. (2019a) compared DNA adducts in mouse and primate (Rhesus macaque) lung tissue and rat
nasal tissue explants cultured with naphthalene or 1,2-naphthoquinone. In experiments with naphthalene,
adduct levels in rat nasal olfactory epithelium were below the limit of quantitation, and levels in the nasal
respiratory epithelium were only slightly higher (69 adducts/pg DNA). In contrast, both mouse and
primate lung showed significant levels of naphthalene DNA adducts, with slightly higher quantity in
primate lung (~2,000 adducts/pg DNA) than in mouse (1,706 adducts/pg DNA). A marked sex difference
in adducts in the lung was seen: female mice and primates both exhibited significantly higher mean
adduct levels in lung tissue cultured with naphthalene than similarly treated tissues from males. The

mean adduct level in female mouse lung tissue was ~4.7 times as high as the level in male mouse lung
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tissue, and in female primate lung tissue the level was about twice that of males. Female primates and
mice showed similar levels of adducts (2,220 and 2,160 adducts/pg DNA, respectively), while male
primates had a mean adduct level about double that of male mice (~1,000 versus ~500 adducts/pg DNA).
DNA adduct levels increased with naphthalene dose (25 and 250 uM) in experiments in explants of both
male and female macaques, and higher levels were seen in females at both doses. Incubation of the
primate explants with 1,2-naphthoquinone resulted in markedly higher adduct levels compared with those
induced by naphthalene. While Carratt et al. (2019a) did not identify the specific adducts in this study,
they showed that naphthalene and 1,2-naphthoquinone were covalently bound to DNA, as the adducts
were still detected in enzymatically-digested DNA.

Other in vivo assays. Naphthalene was mutagenic in D. melanogaster (Delgado-Rodriquez et al. 1995),
and induced micronuclei in erythrocytes of salamander (P. waltl) larvae exposed to concentrations of
0.5 mM.

1- and 2-Methylnaphthalene. No studies were located that documented genotoxic effects of 2-methyl-
naphthalene in humans or animals exposed by any route. In an in vitro study, 1- and 2-methylnaphthalene
failed to induce chromosomal aberrations or sister chromatid exchanges in human peripheral lymphocytes
(Kulka et al. 1988). In another study, an in vitro microbial assay employing S. typhimurium, mutagenic
activity was not detected with either compound, with either the presence or absence of microsomal
activation (Florin et al. 1980). These studies are presented in Table 2-18. In transgenic gpt delta B6C3F1
mice exposed to 1-methylnaphthalene in the diet at concentrations up to 0.15% for 13 weeks, no increase
in the frequencies of point mutations in the gp¢ gene or deletion mutations in the red/gam genes were

detected in the lungs (Jin et al. 2012).

Table 2-18. Genotoxicity of 1-Methylnaphthalene and
2-Methylnaphthalene In Vitro

Results
With Without
Species (test system) Endpoint activation activation Reference
1-Methylnaphthalene
Prokaryotic organisms
Salmonella typhimurium Gene mutation - - Florin et al. 1980

(TA98, TA100, TA1535,
TA1537)
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Table 2-18. Genotoxicity of 1-Methylnaphthalene and

2-Methylnaphthalene

In Vitro

123

Species (test system)

Results

Endpoint

With Without
activation activation Reference

Mammalian cells
Human lymphocytes

Chromosomal aberration,
sister chromatid exchange

- - Kulka et al. 1988

2-Methylnaphthalene

Prokaryotic organisms

S. typhimurium (TA98,
TA100, TA1535, TA1537)

Gene mutation

- - Florin et al. 1980

Mammalian cells
Human lymphocytes

Chromosomal aberration,
sister chromatid exchange

Kulka et al. 1988

— = negative result
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CHAPTER 3. TOXICOKINETICS, SUSCEPTIBLE POPULATIONS,
BIOMARKERS, CHEMICAL INTERACTIONS

TOXICOKINETICS

Adverse effects in humans exposed by inhalation and oral routes show that naphthalene is readily
absorbed across the respiratory and gastrointestinal tracts. In addition, dermal absorption has
been proposed as an explanation for naphthalene toxicity in human infants exposed to diapers
stored with naphthalene mothballs. In animals exposed by inhalation, uptake across the
respiratory tract is dependent on concentration. Based on urinary excretion of radioactivity, at
least 76% of a gavage dose was absorbed in rats.

Systemic effects in animals exposed to 1-methylnaphthalene by inhalation or oral administration
demonstrate absorption.

2-Methylnaphthalene is rapidly absorbed in rats exposed by inhalation. Oral absorption of
1-methylnaphthalene by guinea pigs was at least 80% of the administered dose based on urinary
excretion of radioactivity.

Naphthalene has been detected in adipose tissues and breast milk of humans and is known to
cross the placenta at sufficient doses to cause toxicity in newborns.

Naphthalene and 1-methylnaphthalene are widely distributed in animals after oral and dermal
exposure.

Naphthalene metabolism begins with cytochrome P450 (CYP)-mediated epoxidation to
1,2-naphthalene epoxide. This electrophilic intermediate may be further metabolized by one of
three competing pathways: glutathione conjugation and excretion as mercapturic acids,
spontaneous hydration to 1- or 2-naphthol and urinary excretion, or hydration by epoxide
hydrolase, yielding naphthalene 1,2-dihydrodiol. Naphthalene 1,2-dihydrodiol may be
transformed via dihydrodiol reductase to 1,2-dihydroxynaphthalene, which is subsequently
oxidized to 1,2-naphthoquinone.

In vitro and animal studies suggest that, unlike naphthalene, 1- and 2-methylnaphthalenes are
preferentially metabolized via oxidation of the methyl group, yielding hydroxymethyl-
naphthalenes. Ring oxidation occurs at lower rates and results in low quantities of dihydrodiol
and naphthol metabolites.

Naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene are primarily excreted in urine as
metabolites; small quantities are excreted in exhaled air and feces.

Absorption

Naphthalene. Based on the presence of adverse effects following exposure, humans and animals can

absorb naphthalene by pulmonary, gastrointestinal, and cutaneous routes. Absorption of deuterated

naphthalene was rapid, with the maximum serum concentration reached within 0.25 hours, in a human
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study in which eight volunteers ingested ~0.02 mg/kg and serum and urine were monitored for 72 hours

(Choti et al. 2023).

The rate and extent of naphthalene absorption in humans exposed by inhalation have not been determined,
but there is evidence for uptake via inhalation from case reports and occupational health studies. Clinical
reports suggest that prolonged exposure to naphthalene vapors can cause adverse health effects in humans
(Harden and Baetjer 1978; Linick 1983; Valaes et al. 1963). In addition, naphthalene has been detected in
the expired air of workers exposed to naphthalene-containing jet fuels, and naphthalene metabolites have
also been detected in the urine of these workers (Egeghy et al. 2003; Rodrigues et al. 2014; Serdar et al.
2003, 2004). Presumably, naphthalene moves across the alveolar membrane by passive diffusion through

the lipophilic matrix.

The absorption of naphthalene across the upper respiratory tract was studied in rats and mice exposed by
nose-only inhalation (Morris 2013; Morris and Buckpitt 2009). In both studies, the upper respiratory tract
was isolated by inserting an endotracheal tube in an incision below the larynx, and air was drawn from the
exposure chamber, through the isolated upper respiratory tract, and into the endotracheal tube at two
different flow rates. Uptake was calculated as the difference between the naphthalene concentration in
the exposure chamber and the concentration in the endotracheal tube. In both male and female rats,
uptake across the upper respiratory tract was dependent on concentration (when flow rate was held
constant) (Morris and Buckpitt 2009). At exposure concentrations of 1, 4, 10, and 30 ppm, uptake
efficiencies were 5657, 40-49, 34-37, and 28-36%, respectively, at a flow rate of 150 mL/minute
(Morris and Buckpitt 2009). At the higher flow rate (300 mL/minute), uptake rates were reduced by
about half, but the concentration dependence remained. When rats were pretreated with a suicide CYP
inhibitor (5-phenyl-1-pentene), the dependence on concentration was abolished, and uptake estimates
were in the range of 25-29% at concentrations from 4 to 30 ppm (Morris and Buckpitt 2009). The higher
uptake seen in rats that retained CYP metabolic capacity indicates that naphthalene is metabolized by

CYP enzymes in the nasal cavity, leading to greater scrubbing of naphthalene from the air.

In mice, uptake from the upper respiratory tract followed a similar pattern of dependence on concentration
when flow rate was held constant (Morris 2013). At concentrations of 0.5, 3, 10, and 30 ppm, uptake
efficiencies of 89.3-91.4, 77.6-82.1, 61.6-64.8, and 51.6-58.3%, respectively, were observed in male and
female mice at an inspiratory flow rate of 25 mL/minute (Morris 2013). Doubling the flow rate reduced

uptake estimates, but not as much as it did in rats. As with rats, pretreatment of mice with 5-phenyl-
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1-pentene resulted in decreased uptake efficiencies and abolished the dependence on exposure

concentration (Morris 2013).

The bioaccessibility of naphthalene adsorbed to PM, s particles measured in vitro in simulated lung fluid
was 68—76% (Luo et al. 2021). The PM s particles were collected from indoor microenvironments in
China and had naphthalene concentrations ranging between 0.33 and 6.87 ng/m?. The estimated
bioaccessibility was higher in the system simulating an inflammatory lung condition (artificial lysosomal

fluid) than in the system simulating a healthy lung (gamble’s solution) (Luo et al. 2021).

Several case reports indicate that naphthalene ingested by humans can be absorbed in quantities sufficient
to elicit toxicity (Ahmad et al. 2019; Bregman 1954; Chusid and Fried 1955; Dela Cruz et al. 2019;
Ekambaram et al. 2017; Eskandarani and Alghamdi 2020; Gidron and Leurer 1956; Gupta et al. 1979;
Haggerty 1956; Kurz 1987; Kuwada et al. 2022; MacGregor 1954; Mackell et al. 1951; Ojwang et al.
1985; Santhanakrishnan et al. 1973; Shannon and Buchanan 1982; Tang 2017; Tannor and Hutton-
Mensah 2019; Uthuman et al. 2019; Zuelzer and Apt 1949). However, no studies have been located that

report the rate or extent of absorption.

In one patient who died as a result of naphthalene ingestion, 25 mothballs were found in the stomach

5 days after her death (Kurz 1987). A single naphthalene mothball reportedly weighs between 0.5 and 5 g
depending on its size (Ambre et al. 1986; Siegel and Wason 1986). The gastric contents of a person who
mistakenly ingested naphthalene flakes still smelled strongly of naphthalene at least 2 days following
ingestion (Ojwang et al. 1985). These findings suggest that dissolved naphthalene is transported slowly
into the intestines. Uptake from the intestines is governed by the partition coefficient between the
materials in the intestinal lumen and the membrane lipids. Ingestion of mothballs or other forms of
particulate naphthalene will lead to continued absorption over a period of several days as the solid
dissolves. Unfortunately, none of the human data permit a quantitative evaluation of absorption

coefficients or rates.

Limited data in animals indicate that naphthalene is rapidly absorbed across the gastrointestinal tract. In
rats administered '*C naphthalene by gavage, ~76% of the administered radioactivity was recovered in
urine within 24 hours (Bakke et al. 1985). When *C naphthalene was instilled in the lumen of isolated rat
intestinal loops, 97% of the radioactivity was detected in portal blood 0.5 hours later (Bock et al. 1979).
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Several cases of naphthalene toxicity in neonates have been reported in which the proposed route of
exposure was dermal (Dawson et al. 1958; Schafer 1951). Each case involved the use of diapers that had
been stored in contact with naphthalene (mothballs or naphthalene flakes). The study authors proposed
that the naphthalene was absorbed through the skin, causing hemolytic anemia. It was suggested that this
absorption may have been enhanced by the presence of oils that had been applied to the babies' skin

(Schafer 1951). Inhalation of vapors from the treated diapers probably contributed to the total exposure.

4C-Naphthalene was rapidly absorbed when the neat material (43 pg) was applied for a 48-hour period
under a sealed glass cap to shaved 13-cm? areas of rat skin. Half of the sample (3.3 pg/cm?) was absorbed
in 2.1 hours (Turkall et al. 1994). When the naphthalene was mixed with either a sandy soil or a clay soil
prior to contact with the skin, the presence of the soil slowed the absorption (Turkall et al. 1994). The
absorption half-times from the clay and sandy soil samples were 2.8 and 4.6 hours, respectively. The rate
of absorption did not influence the total amount of naphthalene absorbed in 48 hours since the areas under
the plasma concentration curve did not differ significantly with any of the three exposure scenarios (0.42—
0.63%/mL hour). The study authors proposed that naphthalene was absorbed more slowly from the sandy
soil than from the clay soil because the sandy soil had a higher organic carbon content (Turkall et al.

1994). The sandy soil contained 4.4% organic matter and the clay soil contained 1.6% organic matter.

1-Methylnaphthalene. No information has been located that documented the absorption of 1-methyl-
naphthalene in humans by any exposure route or in animals after oral or dermal exposure. Systemic
effects observed after the ingestion of 1-methylnaphthalene demonstrate that intestinal absorption does
occur in rats (Murata et al. 1993; NITE 2009). In rats exposed to 1-methylnaphthalene (50 or 200 mg/m?)
by inhalation (nose only) for 6 hours, 1-methylnaphthalene was detected in blood within minutes after the

end of the exposure period (Swiercz and Wasowicz 2018).

2-Methylnaphthalene. Data on the absorption of 2-methylnaphthalene in humans were not located, and
information on absorption in animals is limited to one study of rats exposed by inhalation and one study
of guinea pigs exposed orally. In rats exposed nose-only to concentrations of 200 or 400 mg/m?,
2-methylnaphthalene was detected in blood after the first hour of a 6-hour exposure period, increased
during hour 2, and then remained fairly constant through the remainder of the exposure (Swiercz et al.
2010). Blood concentrations were roughly proportional to exposure levels. In guinea pigs, rapid
absorption was seen after oral exposure. At least 80% of a 10 mg/kg oral dose of 2-methylnaphthalene

was absorbed within 24 hours based on recovery of the radiolabel in the urine (Teshima et al. 1983).
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3.1.2 Distribution

Naphthalene. There are limited data concerning the distribution of naphthalene in human tissues.
Naphthalene was present in 40% of the adipose tissue samples that were analyzed as part of the National
Human Adipose Tissue Survey (EPA 1986b). The maximum concentration observed was 63 ng/g.
Naphthalene was also detected in human milk samples (concentration not reported) (Pellizzari et al.

1982). The sources of naphthalene in these milk and body fat samples are not known.

Naphthalene can cross the human placenta in concentrations high enough to cause red cell hemolysis and
lead to anemia in newborn infants of mothers who consumed naphthalene during pregnancy (Anziulewicz

et al. 1959; Sahni et al. 2019; Shafer et al. 2020; Zinkham and Childs 1957, 1958).

The distribution of naphthalene and its metabolites in young pigs given a single dose of 0.123 mg/kg

(4.8 Ci/kg) '“C-labeled naphthalene was monitored at 24 and 72 hours (Eisele 1985). At 24 hours, the
highest percentage of the label (3.4812.16% dose/mg tissue) was in the adipose tissue. The kidneys had
the next highest concentration of label (0.96% dose/mg tissue), followed by the liver (0.2620.06%
dose/mg tissue) and lungs (0.16% dose/mg tissue). The heart contained 0.09£00.04% dose/mg tissue and
the spleen contained 0.07£0.01% dose/mg tissue. At 72 hours, the amount of label in the fat had fallen to
2.18+1.16% dose/mg tissue, the amount in the liver decreased to 0.34+0.24% dose/mg tissue, and the

kidneys and lungs contained the same concentration (0.26% dose/mg tissue).

Pigs were also given oral doses of 0.006 mg/kg/day (0.22 Ci/kg/day) *C-labeled naphthalene for 31 days
(Eisele 1985). With repeated administration of the radiolabel, the tissue distribution differed considerably
from that observed with a single dose of the compound. The highest concentration of label was in the
lungs (0.15% dose/mg tissue), followed by the liver and heart (0.11% dose/mg tissue). There was very
little label in the fat tissue (0.03% dose/mg tissue). The spleen had 0.09+0.05% dose/mg tissue and the
kidney had 0.09% dose/mg tissue.

In one dairy cow, naphthalene distributed to milk with both single and repeated doses of *C-labeled
naphthalene. The label was distributed between the milk and the milk fat (Eisele 1985). When the cow
was given naphthalene for a 31-day period, the amount of label found in the milk remained relatively
constant throughout the exposure period. The amount in the milk fat was lower for the first 7 days than it

was for the remainder of the exposure.
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In rats, radiolabel from naphthalene distributed to the ileum, duodenum, and kidney (0.01-0.02% of
initial dose) when tissues were analyzed 48 hours after naphthalene contact with the skin (Turkall et al.
1994). The largest concentration was found at the site of application (0.56% of initial dose). A total of

20 tissues were evaluated; the percentage of label in all other tissues was minimal.

1-Methylnaphthalene. Information on the tissue distribution of 1-methylnaphthalene in humans was not
located. Swiercz and Wasowicz (2018) measured the concentration of 1-methylnaphthalene in blood and
tissues of rats after single or repeated (5 days) exposures to 50 or 200 mg/m?® 1-methylnaphthalene for

6 hours via nose-only inhalation. In blood, 1-methylnaphthalene was detected minutes after the end of
exposure at peak concentrations of ~1 and 0.1 mg/L at concentrations of 200 and 50 mg/m?, respectively.
Concentrations in blood declined rapidly after the end of exposure. After single or repeated exposures,
the tissue concentrations were highest in kidney and fat, followed by lungs, spleen, liver, and brain. For
example, after a single exposure to 50 mg/m?, tissue concentrations were 1.88, 1.29, 0.41, 0.26, 0.21, and
0.16 ug/g in the kidney, fat, lungs, brain, spleen, and liver, respectively. Tissue concentrations were
lower after five daily exposures to 1-methylnaphthalene than after a single day of exposure (Swiercz and
Wasowicz 2018). When measured 24 hours after the end of exposure, 1-methylnaphthalene was not
detected in any of these tissues from rats exposed to 50 mg/m? (single or repeated exposures) and was
detected only in kidney and fat from rats exposed to 200 mg/m* (Swiercz and Wasowicz 2018).
Following the same exposure design, Swiercz et al. (2022) evaluated the tissue distribution of the
1-methylnaphthalene metabolite, 1-naphthoic acid. There was rapid and widespread tissue distribution.
The levels were highest in the kidneys immediately after exposure for both durations. Repeated 5-day
exposure resulted in significantly higher concentrations in the kidney, spleen, liver, and lung when
compared with the single exposure. After 24 hours post-exposure, 1-naphthoic acid was still quantifiable
in the kidney and spleen of the 200 mg/m? group, but not in the 50 mg/m? group. No 1-naphthoic acid

was detected 72 hours post-exposure (Swiercz et al. 2022).

2-Methylnaphthalene. Data on the distribution of 2-methylnaphthalene in exposed humans were not
located. The tissue distribution of 2-methylnaphthalene was measured in guinea pigs 3, 6, 24, and

48 hours after oral administration of tritium-labeled 2-methylnaphthalene (10 mg/kg; 59 pnCi/kg)
(Teshima et al. 1983). The highest concentration of label was present in the gallbladder, with 20.17 pg at
3 hours and 15.72 pg at 6 hours. (All concentrations are expressed in pg equivalents of *H/g wet tissue.)
The value fell to 0.43 pg at 24 hours and 0.04 ug at 48 hours. The presence of label in the gallbladder
presumably reflects the excretion of hepatic metabolites in the bile. The values for the kidney were

5.64 ug at 3 hours, 7.62 pg at 6 hours, 0.29 pg at 24 hours, and 0.09 pg at 48 hours.
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Radiolabeled compound was detected in the liver immediately after exposure (Teshima et al. 1983).
When converted to units of mass, hepatic concentrations were 1.71 pg at 3 hours and 2.66 pg at 6 hours,
falling to 0.18 pg at 24 hours. Lung concentrations were similar to those for blood at all time points. The
amounts were 0.75 pg in blood and 0.69 pg in lungs at 3 hours; at 6 hours, concentrations were 0.71 pg in
the blood and 0.76 ug in the lung. The half-life of 2-methylnaphthalene in the blood was 10.4 hours. The

decay of 2-methylnaphthalene and metabolites in the other tissues examined was described as biphasic.

After i.p. administration in mice, '“C-labeled 2-methylnaphthalene distribution was measured in the fat,
kidney, liver, and lung for 24 hours (Griffin et al. 1982). The amount of label in the fat peaked 3 hours
after exposure and remained higher than the amount of label in other tissues at 8 hours. The liver, kidney,
and lung followed the fat in order of decreasing concentration. The maximum concentration in the fat
was 13 nmol equivalents/mg wet weight. The maximum value for the liver was 3.5 nmol equivalents/mg
wet weight at 1 hour. Maximum values were about 1.75 nmol equivalents/mg wet weight for the kidneys

at 2 hours and 0.8 nmol equivalents/mg wet weight for the lungs at 4 hours.

3.1.3 Metabolism

Naphthalene. The metabolism of naphthalene in mammalian systems has been studied extensively and is
depicted in Figure 3-1. The metabolic scheme in Figure 3-1 illustrates that there are multiple reactive
metabolites formed from naphthalene: 1,2-naphthalene oxide, 1,2-naphthoquinone, 1,4-naphthoquinone,
and 1,2-dihydroxy-3,4-epoxy-1,2,3,4-tetrahydronaphthalene. This section presents an overview of the
metabolic scheme and the evidence for the involvement of the 1,2-epoxide and the naphthoquinones in
naphthalene toxicity. The fourth metabolite listed above is expected to be reactive, but its potential role
in naphthalene toxicity has not been investigated. A review of the metabolism and bioactivation of

naphthalene has been published by Buckpitt et al. (2002).

The first step in naphthalene metabolism is catalyzed by CYP oxygenases and produces a reactive
electrophilic arene epoxide intermediate, 1,2-naphthalene oxide. In mammalian systems, several CYP
isozymes have been demonstrated to metabolize naphthalene, including 1A1, 1A2, 1B1, 3A7, 3A5
(Juchau et al. 1998), 2E1 (Wilson et al. 1996), 2F2 (Buckpitt et al. 1995; Shultz et al. 1999), and 2B4
(Van Winkle et al. 1996). The epoxide can spontaneously rearrange to form naphthols (predominantly
I-naphthol) and subsequently conjugate with glucuronic acid or sulfate to form conjugates, which are

excreted in urine (Ayala et al. 2015; Bock et al. 1976).
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Figure 3-1. Scheme for Naphthalene Metabolism and Formation of Multiple
Reactive Metabolites that may be Involved in Naphthalene Toxicity
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Alternatively, the 1,2-epoxide can react with tissue macromolecules. This reaction is thought to be
involved in several aspects of naphthalene toxicity, especially injury to club cells (non-ciliated cells in the
epithelium of proximal and distal airways of the lung) from acute exposure to naphthalene (Buckpitt et al.
2002; Zheng et al. 1997). In pH 7.4 buffer, the epoxide has been shown to have a half-life of
approximately 2—3 minutes, which is extended by the presence of albumins to about 11 minutes (Buckpitt
et al. 2002; Kanekal et al. 1991). Mice are markedly more susceptible than rats to acute naphthalene-
induced club cell injury (Buckpitt et al. 1992; West et al. 2001). The susceptibility difference apparently
extends to chronic exposure scenarios. Mice exposed by inhalation to 10 or 30 ppm naphthalene for

2 years showed lung inflammation, but rats exposed to concentrations up to 60 ppm showed no lung
inflammation (Abdo et al. 2001; NTP 1992a, 2000). The species difference in lung susceptibility has
been correlated with higher rates of formation of a specific enantiomeric epoxide (1R,2S-naphthalene
oxide) in lung microsomes and isolated dissected airways of mice compared with rats (Buckpitt et al.
1992, 1995). Rat, hamster, and monkey lung microsomes preferentially formed the 15,2R-naphthalene
oxide enantiomer and showed lower rates of formation of epoxides than mouse lung microsomes
(Buckpitt et al. 1992). Microsomes from human lymphoblastoid cells expressing recombinant human
CYP2F1 also showed preferential formation of the 15,2R-naphthalene oxide enantiomer, providing some
evidence that human transformation of naphthalene to reactive epoxides in lung tissue may be more like

rats than mice (Lanza et al. 1999).

In contrast to the lung, species differences in susceptibility at another sensitive target of naphthalene, the
olfactory and respiratory epithelia of the nose, do not correlate with differences in rates of transformation
to 1,2-epoxide derivatives in extracts of olfactory tissue (Buckpitt et al. 1992; Plopper et al. 1992).
Metabolic rates (units of nmol naphthalene converted to epoxide derivatives/minute/mg protein) in
olfactory tissue extracts showed the following order: mouse (87.1) > rat (43.5) > hamster (3.9). However,
rats were more susceptible to naphthalene-induced cell injury than mice or hamsters. The lowest single
i.p. doses producing necrosis and exfoliation in olfactory epithelium were 200 mg/kg in rats and

400 mg/kg in mice and hamsters. These observations suggest that the reasons for species differences in
susceptibility to naphthalene toxicity are complex and do not solely involve the formation of the
1,2-epoxide metabolites. Although CYP monooxygenases, which are involved in naphthalene
metabolism and bioactivation, have been demonstrated to exist in nasal respiratory epithelial and
olfactory epithelial tissue from rodents and humans (Thornton-Manning and Dahl 1997), studies designed
to specifically characterize metabolism of naphthalene in nasal tissue are restricted to those by Buckpitt et

al. (1992) and Plopper et al. (1992).
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In addition to being converted to the naphthols, the 1,2-epoxide can be conjugated with glutathione via
glutathione-S-transferase catalysis. Figure 3-1 shows one such conjugate, 1-hydroxy-2-glutathio-
nyl-1,2-dihydronaphthalene. The glutathionyl conjugates are converted in several steps to mercapturic
acids, which are excreted in the urine. The conjugation of the epoxide is thought of as a detoxication
mechanism, as evidenced by studies showing that glutathione depletion increased the degree of acute
naphthalene-induced club cell injury in mice (Warren et al. 1982; West et al. 2000). In addition, elevated
activities of y-glutamylcysteine synthetase, the enzyme catalyzing the rate-limiting step in glutathione
synthesis, were observed in dissected airways from mice that developed tolerance to acute naphthalene

club cell cytotoxicity (West et al. 2000).

The 1,2-epoxide can also be enzymatically hydrated by epoxide hydrolase to form 1,2-dihydroxy-1,2-di-
hydronaphthalene (Figure 3-1). This 1,2-dihydrodiol derivative was the major stable metabolite of
naphthalene produced by human liver microsomes, whereas the major stable metabolite formed by mouse
liver microsomes was 1-naphthol (Tingle et al. 1993). In the presence of an inhibitor of epoxide
hydrolase (trichloropropene oxide), the major stable metabolite with human liver microsomes was
1-naphthol. How this species difference in liver metabolism may relate to the human relevance of

toxicity of inhaled naphthalene in sensitive target tissues in the nose and lungs of mice is unknown.

The 1,2-dihydrodiol can be catalytically transformed by dihydrodiol dehydrogenase to 1,2-naphtho-
quinone (also known as naphthalene-1,2-dione). 1,2-Naphthoquinone is both reactive itself and capable
of producing reactive oxygen species through redox cycling (Flowers et al. 1997) and has been shown to
be mutagenic in several strains of S. fyphimurium (Flowers-Geary et al. 1996). In isolated club cells
incubated with 0.5 mM naphthalene, 1,2-naphthoquinone was the major naphthalene derivative covalently
bound to proteins, although covalent binding with the 1,2-epoxide was also observed (Zheng et al. 1997).
The formation of the other naphthoquinone, 1,4-naphthoquinone, from 1-naphthol, presumably via a CYP
monooxygenase, has been proposed based on the finding that, following incubations of liver microsomes
with 1-naphthol, ethylene diamine (a compound that reacts readily with 1,2-naphthoquinone), did not trap
reactive metabolites (Doherty et al. 1984). Cysteinyl adducts of both 1,2-naphthoquinone and
1,4-naphthoquinone (and of 1,2-naphthalene oxide) with hemoglobin and albumin have been detected in
blood of rats given single oral doses of naphthalene ranging from 100 to 800 mg/kg (Troester et al. 2002;
Waidyanatha et al. 2002). Levels of 1,2-naphthalene oxide adducts were greater than levels of
1,2-naphthoquinone adducts, which were greater than levels of 1,4-naphthoquinone adducts (Troester et
al. 2002; Waidyanatha et al. 2002). In in vitro studies with whole human blood samples, 1,2- or

1,4-naphthoquinone induced increased frequencies of sister chromatid exchanges at concentrations
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>10 uM, whereas naphthalene 1,2-epoxide did not at concentrations up to 100 uM (Wilson et al. 1996).
Similarly, incubation of human mononuclear leukocytes with 1,2-naphthoquinone or 1,4-naphthoquinone
caused significant depletion of cellular glutathione levels and significant cytotoxicity at concentrations
between 1 and 100 pM, whereas naphthalene 1,2-epoxide did not display these toxic actions in this

concentration range (Wilson et al. 1996).

1,2-Naphthoquinone formed in lens tissue is thought to be involved in naphthalene-induced cataracts in
rats and rabbits. The enzyme involved in the transformation of the 1,2-dihydrodiol to 1,2-naphthoquinone
in lens tissue is thought to be aldose reductase (this enzyme, also known as aldehyde reductase, is not
specified in Figure 3-1). Support for this hypothesis includes findings that aldose reductase inhibitors
prevent cataract formation in naphthalene-fed rats (Tao et al. 1991; Xu et al. 1992a), dihydrodiol
dehydrogenase is apparently absent in the rat lens (Greene et al. 2000), and aldose reductase appears to be
the only enzyme in the rat lens that can transform 1,2-dihydroxy-1,2-dihydronaphthalene to
1,2-naphthoquinone (Sugiyama et al. 1999).

Support for the in vivo formation of another potentially reactive metabolite, 1,2-dihydroxy-3,4-epoxy-
1,2,3,4-tetrahydronaphthalene, comes from the identification of several urinary metabolites, including a
number of trihydroxytetrahydromethylthio derivatives (Horning et al. 1980) and a trihydroxytetrahydro-
mercapturic acid (Pakenham et al. 2002). These urinary metabolites, however, are minor, and the
importance of their common proposed precursor in naphthalene toxicity is unstudied to date. Figure 3-1
proposes an oxidative transformation of dihydrodiol derivative to the tetrahydrodiol epoxide derivative

via CYP catalysis.

1-Methylnaphthalene. Information on the metabolism of 1-methylnaphthalene in humans and animals
was not located. In both human and rat liver microsomes incubated with 1-methylnaphthalene, the
primary metabolite resulted from oxidation of the methyl group, yielding 1-(hydroxymethyl)naphthalene
(Wang et al. 2020). Minor metabolites included dihydro-1-methyl-naphthalenediols and 1-methyl-
naphthols (Wang et al. 2020). In a study of rats exposed nose only to 1-methylnaphthalene concentrations
of 0, 50, or 200 mg/m? for 6 hours/day for 5 days, induction of CYP1A1 and 1A2 activities in the liver
was observed (Swiercz et al. 2022), suggesting that CYP1A is involved in the metabolism of
1-methylnaphthalene.

The rates of ring- and side-chain-oxidation differed between rat and human liver microsomes. In human

liver microsomes, Wang et al. (2020) observed higher intrinsic clearance of 1-methylnaphthalene via
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aromatic ring oxidation compared with side chain oxidation, while the opposite was observed in rat liver

microsomes.

2-Methylnaphthalene. As with 1-methylnaphthalene, the methyl substituent of 2-methylnaphthalene
presents the opportunity for side chain oxidation reactions in addition to the ring oxidation, which is the
sole initial step in naphthalene metabolism. A proposed metabolic scheme for 2-methylnaphthalene is
shown in (Figure 3-2). Oxidation at the methyl group (the predominant path), or at several competitive

positions on the rings, is catalyzed by CYP monooxygenases (Figure 3-2).

In rats and mice, about 50-80% of 2-methylnaphthalene is oxidized at the 2-methyl group to produce
2-hydroxymethylnaphthalene (Breger et al. 1983; Li et al. 2022; Teshima et al. 1983). Using gas
chromatography to analyze 2-hydroxymethyl naphthalene formation, Li et al. (2022) determined the CYP
enzymes involved in 2-methylnaphthalene metabolism in both human and liver microsomes or cytosol in
vitro using CYP-specific inhibitors. The relative metabolic contribution of CYPs in order of greatest to
smallest was the same in both human and mouse preparations: CYP2E1 > 1A2 > 2A13/2A6 with limited
inhibition from CYPs 2B6/2C19, 2C9, 2D6, and 3A (Li et al. 2022). This 2-hydroxymethylnaphthalene
metabolite is further oxidized to 2-naphthoic acid (Grimes and Young 1956; Melancon et al. 1982;
Teshima et al. 1983), and this step proceeds either directly or through the intermediate, 2-naphthaldehyde
(Figure 3-2). Detection of 2-naphthaldehyde has only been reported following in vitro incubation of
2-methylnaphthalene with recombinant mouse CYP2F2 (Shultz et al. 2001). 2-Naphthoic acid may be
conjugated with either glycine or glucuronic acid (Figure 3-2). The glycine conjugate of 2-naphthoic acid
forms 2-naphthuric acid, which is the most prevalent urinary metabolite of 2-methylnaphthalene detected

in exposed animals (Grimes and Young 1956; Melancon et al. 1982; Teshima et al. 1983).

Ring epoxidation at the 7,8-, 3,4-, or 5,6- positions occurs in approximately 15-20% of 2-methyl-
naphthalene (Breger et al. 1983; Melancon et al. 1985). These epoxidation reactions are catalyzed by
CYP isozymes that include CYP1A and CYP1B. These epoxides are proposed intermediates based on
experimentally observed metabolites but have not been individually isolated (Figure 3-2). These epoxides
may be further oxidized by epoxide hydrolase to produce dihydrodiols (the 7,8-dihydrodiol,
3.,4-dihydrodiol, or 5,6-dihydrodiol of 2-methylnaphthalene) or may be conjugated with glutathione
(Griffin et al. 1982; Melancon et al. 1985) by glutathione S-transferase catalysis or can proceed
spontaneously. The hydroxy glutathionyl dihydro-2-methylnaphthalenes (Figure 3-2) have been detected
after incubation of 2-methylnaphthalene with hepatic microsomes from Swiss-Webster mice or with

isolated recombinant mouse CYP2F2 enzyme and glutathione S-transferase (Shultz et al. 2001). Li et al.
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Figure 3-2. Metabolism of 2-Methylnaphthalene
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(2022) detected a glutathione-conjugated metabolite (not further characterized) in the livers of mice
exposed to 2-methylnaphthalene. Figure 3-2 indicates six hydroxy glutathionyl 2-methylnaphthalenes;
two are formed for each of the epoxide intermediates (3,4-, 5,6-, and 7,8-epoxides), and each can exist in

two enantiomeric forms not shown in Figure 3-2 (Shultz et al. 2001).

Three other minor metabolites formed via the 7,8-epoxide pathway are shown in Figure 3-2. Urinary
1-glutathionyl-7-methylnaphthalene was identified in guinea pigs and by in vitro experiments with guinea
pig microsomes (Teshima et al. 1983). 7-Methyl-1-naphthol and 7-methyl-2-naphthol were identified in

the urine of rats, mice, guinea pigs, and rabbits following oral exposure (Grimes and Young 1956).

In rats administered subcutaneous injections of 2-methylnaphthalene (0.3 mg/kg 2-methyl-[8-!*C]-
naphthalene), 2-naphthoic acid and naphthoic acid conjugates were identified in the urine (Melancon et al.
1982). The naphthoic acid and various conjugates of the acid were estimated to account for 36-43% of
the radiolabel in collected urine. Most of this (30-35% of radiolabel in urine) was found as a glycine
conjugate. The urine contained 3—5% unreacted 2-methylnaphthalene; free dihydrodiols accounted for 6—
8% of the label. Unidentified highly polar metabolites comprised another 36—45% of the excreted label.
At least three diol derivatives of 2-methylnaphthalene were produced by hepatic microsomes from mice
(Griffin et al. 1982), suggesting that the ring oxidation reactions of 2-methylnaphthalene are similar to
those for naphthalene. Rat liver microsomes also produced 2-hydroxymethylnaphthalene and three diols
from 2-methylnaphthalene (Breger et al. 1981, 1983; Melancon et al. 1985; Wang et al. 2020). The three
diols were identified as 3,4-dihydrodiol, 5,6-dihydrodiol, and 7,8-dihydrodiol (Breger et al. 1983; Wang
et al. 2020). Both rat and human liver microsomes cleared 2-methylnaphthalene primarily via side-chain

oxidation, with lower intrinsic clearance via ring oxidation (Wang et al. 2020).

Metabolites isolated in the urine of guinea pigs after oral dosing with tritium labeled 2-methylnaphthalene
(10 mg/kg) were 2-naphthoic acid and its glycine and glucuronic acid conjugates (Teshima et al. 1983).
These metabolites accounted for 76% of the label in collected urine. Glucuronic acid and sulfate
conjugates of 7-methyl-1-naphthol, along with S-(7-methyl-1-naphthyl)cysteine, accounted for 18% of the

excreted label. No diol metabolites were identified.

Glutathione conjugation appears to be an important detoxication pathway for 2-methylnaphthalene.
Pretreatment of male C57BL/6J mice with 625 mg/kg of diethylmaleate (a depletor of glutathione) 1 hour
prior to i.p. administration of 400 mg/kg of 2-methylnaphthalene resulted in mortality in four of five

mice, whereas treatment without glutathione depletion was not fatal (Griffin et al. 1982). Bronchiolar
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necrosis was not observed in male ddY mice given single i.p. injections of 200 mg/kg of 2-methyl-
naphthalene; pretreatment with the glutathione depletor diethylmaleate (600 pL/kg) 1 hour prior to
injections caused “extensive sloughing and exfoliation of bronchiolar epithelial cells” in all five animals
(Honda et al. 1990). In contrast, pretreatment of male DBA/2J mice (5/group) with 625 mg/kg of
diethylmaleate did not increase the severity of pulmonary necrosis induced by 400 mg/kg of 2-methyl-
naphthalene (Griffin et al. 1983). The observed differences among mouse strains in response to depletion
of glutathione remain unexplained. Other experiments (without pretreatment) observed decreased tissue
or intracellular levels of glutathione in response to exposure to high acute doses of 2-methylnaphthalene,
demonstrative of glutathione conjugation (Griffin et al. 1982, 1983; Honda et al. 1990). Similarly,
depletion of glutathione (by 35% compared to controls) was detected in primary cultures of female

Sprague-Dawley rat hepatocytes treated with 1,000 uM of 2-methylnaphthalene (Zhao and Ramos 1998).

3.1.4 Excretion

Naphthalene. Little information is available pertaining to the excretion of naphthalene in humans after
inhalation exposure to naphthalene. Workers employed in the distillation of naphthalene oil and at a coke
plant had peak levels of urinary 1-naphthol 1 hour after finishing a shift (Bieniek 1994). Of three workers
and a nonoccupationally exposed group, naphthalene oil distribution plant workers had the highest
concentrations of urinary 1-naphthol, with a mean excretion rate of 0.57% mg/hour. Investigators
calculated the half-life for the urinary excretion of 1-naphthol as approximately 4 hours (Bieniek 1994).
This urinary metabolite may indicate both exposure to naphthalene and low concentrations of 1-naphthol
during naphthalene oil distillation (Bieniek 1994). Several other studies have shown urinary excretion of
naphthalene metabolites in humans occupationally exposed to vapors or emissions from jet fuel, creosote,
coke oven, asphalt, iron foundry, and aluminum production industries (Chao et al. 2006; Rappaport et al.

2004; Rodrigues et al. 2014; Serdar et al. 2003, 2004, 2016).

In rats and mice exposed by inhalation, naphthalene metabolites are primarily excreted as mercapturate
conjugates (Ayala et al. 2015; Pakenham et al. 2002). In mice treated with seven daily 4-hour exposures
to 15 ppm, ~60% of the urinary metabolites in each 24-hour sample consisted of mercapturates (from
glutathione conjugation of naphthalene oxide), while glucuronide and sulfate conjugates (of 1-naphthol)
made up nearly 20% each. A small fraction (< 3%) of the metabolites was excreted as N-acetyl
glutathione conjugates (Ayala et al. 2015). Pakenham et al. (2002) compared the urinary mercapturate
levels in mice and rats exposed by inhalation to concentrations of 0.8—100 ppm and observed

concentration-dependent increases in mercapturate excretion in both species. Mice excreted more urinary
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mercapturates than rats at comparable exposure concentrations. At low concentrations (0.8 and 1 ppm in
rats and mice, respectively), excreted mercapturates were similar (0.6 and 1 pmol/kg, respectively), but at
the highest concentration tested (100 ppm), mice excreted 240 umol/kg while rats excreted only

67 umol/kg as urinary mercapturates (Pakenham et al. 2002). Species differences were also observed in
the diastereomers excreted, with mice excreting more 1R,2S- than 1S,2R-epoxide derived mercapturates
at all exposure levels (Pakenham et al. 2002). Ratios of mercapturates derived from 1R,2S- than
1S,2R-epoxides ranged from 1:1 to 0.5:1 from low to high exposure concentrations in rats, while the

corresponding ratios ranged from 5:1 to 3:1 in mice (Pakenham et al. 2002).

Limited data were located on excretion of ingested naphthalene by humans. In a human oral study,
deuterated naphthalene (0.02 mg/kg) was administered to eight volunteers and serum and urine were
monitored for 72 hours (Choi et al. 2023). The majority of the deuterated naphthalene was excreted in
urine, with a calculated urinary half-life of 2.0+0.5 hours. The hydroxylated metabolites, 1- and
2-naphthol, had urinary half-lives of 7.4 and 9.8 hours, respectively (Choi et al. 2023). In another case,
the urine of one patient was tested for naphthalene and its derivatives. Naphthol was found at the time of
hospital admission (4 days post-ingestion). Smaller quantities were present 1 day later, but naphthalene
was not detected in later specimens (Zuelzer and Apt 1949). In another instance, the urine of an
18-month-old child was found to contain 1-naphthol, 2-naphthol, 1,2-naphthoquinone, and 1,4-naphtho-
quinone (but no naphthalene) 9 days after exposure (Mackell et al. 1951). With the exception of the
1,4-naphthoquinone, these metabolites were still detectable on day 13, but not on day 17. These data
indicate that urinary excretion of metabolites may be prolonged following exposure. It is important to
note, however, that delayed dissolution and absorption from the gastrointestinal tract may also be a
contributing factor. Unabsorbed naphthalene was visible in the fecal matter after ingestion of naphthalene

flakes or mothballs in several individuals (Zuelzer and Apt 1949).

In nonhuman primate studies, Rhesus monkeys given naphthalene at oral doses up to 200 mg/kg did not
excrete naphthalene as thioethers in urine or feces (Rozman et al. 1982). In a similar study, chimpanzees
orally administered naphthalene at 200 mg/kg did not excrete naphthalene as thioethers in urine (Summer
et al. 1979). These data suggest that glutathione conjugation of naphthalene may not occur to any great
extent in nonhuman primates. Data from two chimpanzees indicate that most of the naphthalene excreted

in this species is excreted as glucuronic acid and sulfate conjugates (Summer et al. 1979).

In rats administered radiolabeled naphthalene, the amount of label recovered in 24 hours was 77-93% in

urine and 6-7% in feces (Bakke et al. 1985). There was a dose-dependent increase in urinary thioether



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 140

3. TOXICOKINETICS, SUSCEPTIBLE POPULATIONS, BIOMARKERS, CHEMICAL INTERACTIONS

excretion following gavage doses of naphthalene at 30, 75, and 200 mg/kg within 24 hours (Summer et al.
1979). The levels of thioethers excreted accounted for approximately 39, 32, and 26% of the three dose

levels tested.

The dermal exposure of rats to '“C-labeled naphthalene was evaluated over a 48-hour period (Turkall et
al. 1994). Naphthalene (43 pg) samples were applied to shaved 13-cm? areas on the skin under a sealed
plastic cap. Neat naphthalene or naphthalene adsorbed to the surface of sandy soil or clay soil was tested.
In all three cases, excretion of the label was primarily through the urine (70-87%). With the pure
naphthalene and naphthalene adsorbed to clay soil, the exhaled air accounted for 6-14% of the
administered label. Exhaled air contained only 0.9% of the label in the sandy soil group. This finding
was presumably related to the slower adsorption of naphthalene from the sandy soil and its more rapid
metabolism to nonvolatile metabolites. Less than 0.02% of the label was exhaled as carbon dioxide in all

groups. The feces contained 2—4% of the label.

The primary metabolites in the urine after dermal application of naphthalene were 2,7-dihydroxy-
naphthalene, 1,2-dihydroxynaphthalene, and 1,2-naphthoquinone (Turkall et al. 1994). The ratio of these
metabolites for pure naphthalene and naphthalene adsorbed to clay soil were roughly 3:2:1. For the sandy
soil, the corresponding ratio was 3:2:1.5. Small amounts of 1-naphthol and 2-naphthol were also

excreted. In all cases, the amount of urinary free naphthalene was <0.4% of the administered label.

In mouse studies using the i.p. or subcutaneous exposure routes, several naphthalene metabolites were
excreted in the urine. After i.p. administration of 100 mg/kg naphthalene, conjugates accounted for 80—
95% of the urinary metabolites (Horning et al. 1980; Stillwell et al. 1982). Much of the conjugated
material was present as thioethers (glutathione conjugates and their derivatives). The major oxidation

products of naphthalene metabolism were 1-naphthol and trans-1,2-dihydro-1,2-naphthalenediol.

1-Methylnaphthalene. Information on the excretion of 1-methylnaphthalene in humans exposed by any
route or in animals exposed via oral or dermal administration was not located. In a study of rats exposed
via nose-only inhalation to 50 or 200 mg/m? 1-methylnaphthalene for 6 hours/day on 1 day or

5 consecutive days, elimination of 1-methylnaphthalene from blood was rapid (Swiercz and Wasowicz
2018). The study authors calculated rates of elimination from blood using an open two-compartment
model, yielding phase 1 and phase II half-lives of ~1 and ~40 minutes for 1 and 5 days of exposure to

50 mg/m?, respectively, and ~2.5 and 90-100 minutes for 1 and 5 days of exposure to 200 mg/m?,

respectively. While the area under the curve (AUC) for blood concentration over time (first hour after
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exposure ended) was similar for single and repeated exposures to 50 mg/m?, repeated exposures to

200 mg/m? resulted in a significantly lower AUC than a single exposure did (0.58 hours x mg/L compared
with 2.65 hours x mg/L in the first 6 hours after exposure ended). The study authors suggested that
I-methylnaphthalene induced its own metabolism, resulting in faster elimination after repeated exposures
(Swiercz and Wasowicz 2018). In a study of similar design, urinary elimination of the metabolite,
1-naphthoic acid, was rapid, with the majority (95%) eliminated within the first 24 hours post-exposure

(Swiercz et al. 2022).

In this study, urinary excretion of 1-methylnaphthalene was greatest during the first 24 hours after
exposure ended (Swiercz and Wasowicz 2018). Urine concentrations during this time period were similar
after single and repeated exposures to the same concentration. Concentrations of 0.069 and 0.051 pg/L
were measured after 1 and 5 days of exposure to 50 mg/m?, respectively and concentrations of 0.385 and
0.377 pg/L were measured after 1 and 5 days at 200 mg/m?, respectively. Urine concentrations were

much lower during subsequent 24-hour collection periods (Swiercz and Wasowicz 2018)

2-Methylnaphthalene. In guinea pigs, 80% of a 10 mg/kg tritium-labeled 2-methylnaphthalene dose was
excreted in the urine within 24 hours and about 10% was recovered in the feces (Teshima et al. 1983).
Most of the excreted material (76%) was found as 2-naphthoic acid or its conjugates. About 18% of the
recovered label was found as conjugates of 7-methyl-1-naphthol. Following subcutaneous administration
of 0.3 mg/kg *C-labeled 2-methylnaphthalene, 55% was found in the urine of rats (Melancon et al. 1982).
Naphthoic acid and its glycine conjugate were identified. Three other metabolites were tentatively

identified as isomeric diols.

3.1.5 Physiologically Based Pharmacokinetic (PBPK)/Pharmacodynamic (PD) Models

Models are simplified representations of a system with the intent of reproducing or simulating its
structure, function, and behavior. PBPK models are more firmly grounded in principles of biology and
biochemistry. They use mathematical descriptions of the processes determining uptake and disposition of
chemical substances as a function of their physicochemical, biochemical, and physiological
characteristics (Andersen and Krishnan 1994; Clewell 1995; Mumtaz et al. 2012a; Sweeney and Gearhart
2020). PBPK models have been developed for both organic and inorganic pollutants (Ruiz et al. 2011)
and are increasingly used in risk assessments, primarily to predict the concentration of potentially toxic
moieties of a chemical that will be delivered to any given target tissue following various combinations of

route, dose level, and test species (Mumtaz et al. 2012b; Ruiz et al. 2011; Sweeney and Gearhart 2020;



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 142

3. TOXICOKINETICS, SUSCEPTIBLE POPULATIONS, BIOMARKERS, CHEMICAL INTERACTIONS

Tan et al. 2020). PBPK models can also be used to more accurately extrapolate from animal to human,
high dose to low dose, route to route, and various exposure scenarios and to study pollutant mixtures (EI-
Masri et al. 2004). Physiologically based pharmacodynamic (PBPD) models use mathematical
descriptions of the dose-response function to quantitatively describe the relationship between target tissue

dose and toxic endpoints (Clewell 1995).

Research on PBPK models of naphthalene have focused on simulating characteristics of the anatomy and
physiology of the rodent and human that are thought to contribute to interspecies differences in dose-
response relationships for nasal cavity lesions. Important features of naphthalene toxicity and kinetics
that are relevant to interspecies extrapolation include: (1) necrotic lesions of the nasal cavity, most
prominent in the olfactory epithelium (Dodd et al. 2010, 2012); (2) first-pass extraction of naphthalene by
nasal cavity tissues, which decreases as the inhalation exposure concentration increases (Morris and
Buckpitt 2009); and (3) production of reactive intermediates from CYP-mediated saturable metabolism of

naphthalene in olfactory and nasal respiratory epithelia (Morris and Buckpitt 2009).

Several models have been developed to simulate the kinetics of naphthalene uptake and metabolism of
inhaled naphthalene (Campbell et al. 2014; Kapraun et al. 2020; Willems et al. 2001). Two models are
described in detail in the following discussion because they provide a means to simulate the nasal cavity
and systemic kinetics of naphthalene in rats and humans (Campbell et al. 2014; Kapraun et al. 2020); and
the models have been used to predict nasal tissue and systemic doses for interspecies dosimetry

extrapolation (Campbell et al. 2014; EPA 2022c; Kapraun et al. 2020).

Several other models have been published that represent the respiratory tract as a single well-mixed
compartment (Sterner et al. 2023; Zhang and Li 2023, 2024). Although these models simulate the post-
absorption kinetics of inhaled naphthalene (e.g., to kidney, liver, whole lung), they do not provide
dosimetry predictions for naphthalene or its metabolites within the nasal cavity tissues or in other regions
of the respiratory tract. These models are less suitable for applications to naphthalene target organ (i.e.,

nasal cavity) dosimetry extrapolation and are not discussed further.

Campbell et al. 2014 Model

Description. Campbell et al. (2014) developed a model to simulate the kinetics of inhaled naphthalene in
rats and humans. The model consists of a nasal cavity and systemic model. The nasal cavity model

simulates the kinetics of naphthalene uptake and metabolism in the nasal cavity and transfer of
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naphthalene to blood (absorption) and to distal regions of the respiratory tract. The systemic model
simulates absorption, distribution, and elimination of naphthalene transferred from the nasal cavity to the
lung. The structure of the nasal cavity model was based on models for vinyl acetate and acetaldehyde
(Bogdanfty et al. 1999; Teeguarden et al. 2008). The systemic model was based on a model developed by
Willems et al. (2001).

Nasal cavity model. The nasal cavity model divides the nasal tissues into compartments representing:

(1) dorsal medial respiratory tissue; (2) dorsal/medial olfactory tissue; and (3) lateral/ventral respiratory
tissue. The rat model includes two dorsal medial olfactory tissue compartments; the human model
includes a single dorsal medial olfactory tissue compartment. Each tissue compartment is represented by
layered subcompartments that provide a diffusion pathway for naphthalene between the surface mucus
layer and deeper epithelial, basal cell, and submucosal layers. In the Campbell et al. (2014) model, the
mucous and epithelial layers are represented by a single compartment. This simplification was justified
on the basis that metabolism of naphthalene is not expected to occur in the mucous layer. Inhaled
naphthalene deposits in the surface mucus layer of each tissue compartment and then diffuses to deeper
subcompartments where it is cleared by metabolism and absorption to blood. The model simulates two
air flow patterns in the nasal cavity. A dorsal/medial flow contacts the dorsal olfactory and respiratory
compartments and a lateral/ventral flow that contacts the lateral ventral respiratory tissue. Naphthalene is
assumed to be homogeneously distributed in the air flows and move through the nasal cavity by
convection. Exchanges between naphthalene in air and the mucus surfaces are assumed to occur by
diffusion, governed by the air-mucus concertation gradient, the mucus surface area, a mass transfer
coefficient (cm/minute), and a tissue:air partition coefficient. Exchanges between nasal tissue
subcompartments are governed by diffusion coefficients (cm*/hour) and the concentrations gradient
between subcompartments. Metabolism of naphthalene through the 1,2-epoxide pathway is simulated as
a Michaelis-Menten processes (Vmax, Km), with parameter values assigned to the nasal respiratory and
olfactory epithelial cell compartments. The dispositions of metabolites are not simulated. Absorption of
naphthalene from the submucosa is assumed to be flow-limited and governed by the mass of each
chemical in the submucosa, blood flow to the submucosa, and a tissue:blood partition coefficient.
Naphthalene that is not extracted into nasal cavity tissues is transferred to the lung, where flow-limited

absorption occurs (see description of systemic model).

Systemic model. The systemic model includes compartments representing the upper respiratory tract
(excluding the nasal cavity), lung, liver, fat, and two lumped compartments representing other richly

perfused and poorly perfused tissues, respectively. Transfer of naphthalene from the lung to blood is
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assumed to be flow-limited, governed by the concentration in pulmonary air, ventilation rate, cardiac
output, and the blood:air partition coefficient. Transfers between blood and other tissues are also
assumed to be flow-limited, governed by tissue blood flow, the arterial blood concentration, and the
tissue:blood partition coefficient. Metabolism of naphthalene through the 1,2-epoxide pathway is
simulated as a Michaelis-Menten processes (Vmax, Km), with parameter values assigned to lung and liver.

The dispositions of metabolites are not simulated.

Parameter Estimates and Calibration. Values for nasal cavity physiological parameters (air flow, blood
flow, subcompartment dimensions) were adopted from previously published nasal cavity models
(Bogdanfty et al. 1999; Frederick et al. 1998; Morris 1999; Plowchalk et al. 1997). Values for nasal
cavity blood flow in humans were based on estimates made in human clinical studies (Holmberg et al.
1989; Paulsson et al. 1985). Physiological parameters for the systemic model were adopted from Brown
et al. (1997). The value for the blood:air partition coefficient was reported in a naphthalene
carcinogenicity assay (NTP 2000). Values for tissue:blood partition coefficients were cited to personal

communications from A.R. Buckpitt.

Parameters (Vmax, Km) for metabolism of naphthalene in the nasal cavity and lung were from Buckpitt et
al. (2013). The K for liver was from Willems et al. (2001) and the liver Vimax was calibrated to the
naphthalene blood-time profile following intravenous dosing of rats (Campbell et al. 2014). Human
metabolism parameters for the nasal cavity and lung were based on estimates made in Rhesus monkeys
(Buckpitt et al. 2013). The Vmax for the monkey nasal cavity (olfactory and respiratory tissues combined)
from Buckpitt et al. (2013) was proportioned between olfactory and respiratory tissue in a 4:1 ratio based
on estimates made in rats (Buckpitt et al. 2013). Nasal cavity olfactory and respiratory tissue Ky values
for humans were assigned values estimated for rats (Buckpitt et al. 2013). The Ku for human lung was
from (Buckpitt et al. 2013) and the Vmax from Buckpitt and Bahnson (1986). Values for Kyv and Vimax of
human liver were based on Cho et al. (2006). All in vitro estimates of Vmax Were scaled to whole-tissue

microsomal protein content.

After calibration of the liver Vmax, the model predicted the overall dose-dependent time course for blood
naphthalene concentrations in rats following a single intravenous dose of naphthalene (1, 3, or 10 mg/kg,
Campbell et al. 2014). In general, the predicted concentrations were within a factor of 2 of observations.
For the 1 mg/kg dose, most predictions were within 1 standard deviation (SD) of the observed means

(shown in Figure 2 of Campbell et al. 2014).
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A sensitivity analysis of the model showed that predictions of steady-state blood naphthalene
concentrations and metabolism rates were most sensitive to values assigned to ventilation rate and cardiac
output (reported in Tables 4 and 5 of Campbell et al. 2014). Within the nasal cavity, predicted tissue
naphthalene concentrations and metabolism rates were most sensitive to values assigned to blood:air and

tissue:blood partition coefficients and to the Ky and Vimax for metabolism of naphthalene.

Evaluation. The model was evaluated against observations of blood naphthalene concentrations in rats
following 6-hour inhalation exposures to 10, 30 or 60 ppm naphthalene (NTP 2000). The model
predicted the time course for the post-exposure decline in blood naphthalene levels, with all predictions
within 1 SD of the observed means (shown in Figure 3 of Campbell et al. 2014). Model predictions of
extraction of inhaled naphthalene in the nasal cavity were evaluated against observations made in rats
following a 1-hour inhalation exposure to 3, 10, or 30 ppm naphthalene (Morris and Buckpitt 2009).
Nasal cavity extraction was estimated based on the inhalation rate and naphthalene concentration in air
sampled with a laryngeal cannula placed at the anterior end of the nasal cavity. The model predicted the
observed dose-dependent decline in nasal cavity extraction predicted for saturable metabolism of
naphthalene in the nasal cavity. Predictions were within 1 SD of the observed means (shown in Figure 4
of Campbell et al. 2014). The model also predicted a constant nasal cavity extraction that was
independent of dose in rats pre-treated with 5-phenyl pentene to inhibit metabolism of naphthalene
(Morris and Buckpitt 2009). The model was not evaluated against data from studies conducted in

humans.

Applications to Dosimetry. The model was used to predict naphthalene concentrations and rates of
metabolism in rat and human dorsal olfactory epithelium, ventral nasal respiratory epithelium, lung, and
liver for 6-hour inhalation exposures ranging from 0.1 to 60 ppm. Across this range of exposures,
naphthalene concentrations in the dorsal olfactory epithelium were predicted to be 3—4 times higher in the
human compared to the rat. Rates of metabolism in the human dorsal olfactory epithelium were predicted
to be approximately 20% of the rates predicted for rats (reported in Tables 6 and 7 of Campbell et al.
2014). Internal dose metrics were used to predict human equivalent exposure concentrations (HECs)
corresponding to the same internal doses in rats and humans (reported in Table 9 of Campbell et al. 2014).
The HEC based on dorsal olfactory epithelium naphthalene concentrations or rate of metabolism
increased with dose, reflecting different assumptions about saturable metabolism of naphthalene in the rat
and human nasal cavity. The HECs based on dorsal olfactory naphthalene concentration ranged from
0.0046 ppm (0.1 ppm rat exposure) to 4.47 ppm (60 ppm rat exposure). The HECs based on naphthalene
metabolism in the dorsal olfactory epithelium ranged from 0.12 (0.1 ppm rat exposure) to 9.85 ppm
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(3 ppm rat exposure). These outcomes predict that HECs would be dependent on the exposure

concentration and the internal dose metric selected.

Kapraun et al. 2020 Model

Description. Kapraun et al. (2020) developed a human model to simulate the kinetics of naphthalene
absorbed from an application of JP-8 to the skin surface. The model is an extension of the Campbell et al.
(2014) model with the addition of parameters describing the transfer of naphthalene from the exposure
site (“exposure well”) to blood. Two approaches to modeling skin penetration were explored, referred to
in Kapraun et al. (2020) as a 2-compartment (2C) model and a partial differential equation (PDE) model.
In the 2C model, transfer of naphthalene from the exposure well to the stratum corneum (SC) and from
SC to viable epidermis (VE) are governed by the concentration gradient between compartments, a
permeability coefficient (cm/minute) and tissue:well partition coefficient. Transfer of naphthalene from
the VE to blood is assumed to be flow-limited and governed by tissue blood flow, the arterial blood
concentration, and the tissue-blood partition coefficient. In the PDE model, transfer of naphthalene
through the SC is simulated as diffusion through a series of 10 subcompartments representing
progressively deeper layers of the SC and the outer layer of the VE. Each transfer is governed by the
concentration gradient between layers and a diffusion coefficient (cm*minute). The PDE model predicts
a SC depth profile for naphthalene concentrations in the SC, which is useful for simulating the loss of

naphthalene from the SC resulting from tape stripping (Kim et al. 2006).

Parameter Estimates and Calibration. Values for SC and VE thickness, SC:VE and BE:blood partition
coefficients, and diffusion coefficients of naphthalene in the VE were from McCarley and Bunge (2001).
Values for the SC:JP-8 and VE:JP-8 partition coefficients and the blood naphthalene dose rate from
background sources of exposure were calibrated to blood naphthalene observations in humans. In these
studies, 10 adult subjects received 30-minute dermal applications of JP-8 to a 20-cm? area of the forearm
(Kim et al. 2006). Parameters were calibrated against data from individual subjects and against the
combined observations from all subjects. The two approaches yiclded similar mean values for the three
parameters (reported in Tables 5 and 6 of Kapraun et al. 2020). The calibrated 2C and PDE models
predicted the time-course of blood naphthalene concentrations observed, with most predictions being less

than a factor of 2 from observations (shown in Figure 3 of Kapraun et al. 2020)

A sensitivity analysis of the model evaluated predictions for average, peak, and steady-state blood

naphthalene concentrations. In general, blood naphthalene concentrations were most sensitive to values
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assigned to parameters that determined the naphthalene dose to the skin surface such as the naphthalene
concentration in JP-8, exposure surface area, and SC:JP-8 partition coefficient (shown in Figure 4 of
Kapraun et al. 2020). The model was also sensitive to other systemic parameters such as cardiac output
and blood flow to the liver and body weight. Predictions of blood naphthalene concentrations were
relatively insensitive to values assigned to the nasal cavity parameters and to systemic metabolism

parameters.

Evaluation. Kapraun et al. (2020) did not report evaluations of performance of the model against

observations that were not used for calibrating the model.

Applications to Dosimetry. The model was used to predict naphthalene HECs to support derivation of an
acute inhalation reference dose (EPA 2022c¢). The approach taken to deriving HECs was similar to the
approach reported in Campbell et al. (2014). The study that formed the basis for the HECs exposed rats
to air concentrations of naphthalene ranging from 0.1 to 30 ppm for a period of 6 hours. The cumulative
amount of naphthalene metabolized in the dorsal olfactory epithelium during the 6-hour exposure period
was selected as the internal dose metric for HEC calculations based on the rationale that lesions observed
in the nasal cavity are likely to have resulted from reactive naphthalene metabolites formed in dorsal
olfactory tissues. The point of departure (POD) based on benchmark dose (BMD) modeling of the rat
internal doses was 24.2 pug metabolized/mL tissue. The Kapraun et al. (2020) human model was used to
predict HECs corresponding to the rat internal doses. The corresponding HECs were 19.6 pg/m? (1-hour
exposure), 1.41 pg/m?® (8-hour exposure), and 0.451 pg/m? (24-hour exposure).

3.1.6 Animal-to-Human Extrapolations

Naphthalene. Naphthalene-induced lesions in nasal epithelia of mice and rats appear to be the critical
nonneoplastic effect (i.e., the effect occurring at the lowest exposure level) associated with inhalation
exposure to naphthalene, while effects in the lung occur at higher exposures. Comparison of species
susceptibility to naphthalene-induced nonneoplastic lung damage suggests that mice are much more
sensitive than rats (e.g., nonneoplastic or neoplastic lung lesions were not found in chronically exposed
rats in the NTP [2000] study) and that differences in rates and stereoselectivity of naphthalene
metabolism to epoxide intermediates may be involved in this species difference (Buckpitt et al. 1992,
2002). Acute (4-hour) inhalation exposure of mice to naphthalene concentrations as low as 2—10 ppm
induced lung injury, whereas rats exposed to naphthalene concentrations as high as 110 ppm showed no

signs of lung injury (West et al. 2001). Some evidence has been reported that rates and stereoselectivity
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of naphthalene metabolism in primate lung tissue may be more like rats than mice (Buckpitt and Bahnson
1986; Buckpitt et al. 1992, 1995). In in vitro studies with microsomes from lymphoblastoid cells, which
expressed recombinant human CYP2F1, metabolism of naphthalene to epoxide intermediates was
demonstrated, but the predominant enantiomeric form produced (15,2R-oxide) was different from the
form (1R,2S-oxide) produced by mouse CYP2F2 (Lanza et al. 1999). Although these observations on
epoxide formation may suggest that mice may be more sensitive than humans to acute naphthalene lung
toxicity from epoxide intermediates, the possible role of other potentially reactive metabolites of

naphthalene (e.g., the naphthoquinone metabolites) is unknown with chronic exposure scenarios.

In contrast to the lung, the olfactory epithelium and respiratory epithelium of the nose of rats and mice do
not appear to differ in sensitivity to naphthalene nonneoplastic toxicity from inhalation exposure.
Nonneoplastic nasal lesions were found in nearly all exposed animals of both species at the lowest
exposure level, 10 ppm, in both chronic studies (NTP 1992a, 2000). /n vitro and ex vivo data suggest that
human nasal tissues may be susceptible to naphthalene toxicity. Kedderis et al. (2014) compared the
cytotoxicity of naphthalene in freshly isolated cells from target tissues (lung and nasal epithelium) and
nontarget tissues of F344 rats, B6C3F1 mice, and humans. Cytotoxicity in nasal respiratory epithelium,
measured as cellular LDH, ATP, and reduced glutathione, was most severe in human nasal tissues
(compared with rat and mouse), with dose-dependent decreases in all three measures, even though high-
performance liquid chromatography (HPLC) analysis did not detect any naphthalene metabolites
(Kedderis et al. 2014). The study authors suggested that human nasal respiratory epithelium may have a
smaller pool of available reduced glutathione than rat or mouse. DeStefano-Shields et al. (2010) provided
additional support for relevance of nasal lesions in rats to effects in humans. These investigators
compared the levels of adducted proteins in rat olfactory and septal turbinates with those in Rhesus
monkey maxilloturbinates and ethmoturbinates incubated with “C-naphthalene. No significant
differences in the covalently bound radioactivity were detected between the rat and monkey tissues.
Identification of the adducted proteins showed a wider variety in rat nasal tissue compared with monkey
nasal tissue. In rats, adducted proteins included structural proteins (actin and tubulin), proteins involved
in energy metabolism, and proteins involved in the unfolded protein response; in monkeys, the adducted
proteins were primarily structural, but also included a multifunctional protease inhibitor (DeStefano-

Shields et al. 2010).

Evidence for human susceptibility to naphthalene-induced nasal and pulmonary effects was provided in a
study of transgenic mice expressing human CYP2A13 and CYP2F1 (Li et al. 2017). Mice expressing the

humanized enzymes exhibited nasal and lung toxicity, while mice that lack CYP2 isozyme expression
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(Cyp2abfgs-null) did not. These findings support the human relevance of naphthalene toxicity seen in

mice.

As described further in Section 2.20, Carratt et al. (2019a) observed greater quantities of radiolabeled
naphthalene and 1,2-naphthoquinone DNA adducts in primate (Rhesus macaque) lung tissue explants
compared with mouse lung tissue explants, and rat nasal tissue explants showed the smallest adduct
levels. Carratt et al. (2019a) did not identify the specific adducts but did show that radiolabeled
naphthalene and 1,2-naphthoquinone were covalently bound to DNA. The relevance of the DNA adducts

to nasal and lung toxicity is uncertain.

Species differences in the effects of naphthalene may also be influenced by differing rates of hepatic
metabolism, which contributes to circulating naphthalene and metabolites. Kovalchuk et al. (2017)
compared airway histopathology changes in wild-type mice with those in liver-Cpr-null (LCN) mice after
inhalation exposure to 5 or 10 ppm naphthalene for 4 hours. The LCN strain lacks hepatic microsomal
P450 activity due to deletion of the Cpr gene. After inhalation exposure to naphthalene, the volume of
damaged airway epithelial cells was significantly lower in LCN mice compared with wild-type mice,

indicating that bioactivation of naphthalene in the liver contributes to lung tissue damage in mice.

1- and 2-Methylnaphthalene. Pulmonary alveolar proteinosis induced in mice following chronic-
duration oral exposure to 1- or 2-methylnaphthalene is assumed to be relevant to humans, in the absence
of data to indicate otherwise. Pulmonary alveolar proteinosis is a condition that has been described in
humans, although reports noting associations with human exposure to 1- or 2-methylnaphthalene were not

located.

In vitro studies comparing metabolism of naphthalene and alkylated naphthalenes by human and rat liver
microsomes showed higher overall intrinsic clearance in human microsomes compared to rat microsomes
(Wang et al. 2020). For naphthalene, metabolism by human microsomes yielded more 1,2-dihydro-
1,2-naphthalenediol than 1-naphthol, while the opposite was true of rat microsomes (Wang et al. 2020).

3.2 CHILDREN AND OTHER POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE

This section discusses potential health effects from exposures during the period from conception to
maturity at 18 years of age in humans. Potential effects on offspring resulting from exposures of parental

germ cells are considered, as well as any indirect effects on the fetus and neonate resulting from maternal
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exposure during gestation and lactation. Children may be more or less susceptible than adults to health

effects from exposure to hazardous substances and the relationship may change with developmental age.

This section also discusses unusually susceptible populations. A susceptible population may exhibit
different or enhanced responses to certain chemicals than most persons exposed to the same level of these
chemicals in the environment. Factors involved with increased susceptibility may include genetic
makeup, age, health and nutritional status, and exposure to other toxic substances (e.g., cigarette smoke).

These parameters can reduce detoxification or excretion or compromise organ function.

Populations at greater exposure risk to unusually high exposure levels to naphthalene,
I-methylnaphthalene, and 2-methylnaphthalene are discussed in Section 5.7, Populations with Potentially
High Exposures.

Naphthalene. Newborns and infants are thought to be more susceptible to adverse health effects from
naphthalene (e.g., hemolytic anemia from acute exposure) because hepatic enzyme systems involved in
conjugation and excretion of naphthalene metabolites are not well developed shortly after birth (EPA
1987). No studies were located, however, that specifically examined the influence of age on naphthalene

toxicokinetic capabilities in humans.

Although the occurrence of hemolytic anemia in neonates of anemic, naphthalene-exposed mothers
demonstrates that naphthalene and/or its metabolites can cross the placental barrier (Anziulewicz et al.
1959; Zinkham and Childs 1957, 1958), oral-exposure developmental toxicity studies in animals do not
provide evidence that naphthalene was fetotoxic or impaired fetal development, even at maternally toxic

dose levels as high as 450 mg/kg/day (NTP 1991; Plasterer et al. 1985; Texaco 1986).

Naphthalene has been detected in human milk samples (concentration not reported) (Pellizzari et al.
1982), but no studies were located that have specifically examined the rate or extent of naphthalene

distribution to breast milk in exposed humans or animals.

The hemolytic response to naphthalene is enhanced by the presence of inherited erythrocyte glucose-
6-phosphate dehydrogenase (G6PD) deficiency. Although any human may experience acute hemolysis if
exposed to a sufficiently high dose of naphthalene, this enzyme deficiency may cause some persons to be
unusually sensitive. The incidence of the deficiency among Caucasians of European origin is relatively

low, while there is a higher incidence among certain groups of Asians and Middle Eastern populations. A
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study of hemolytic anemia in African-American children with G6PD deficiency by Shannon and
Buchanan (1982) suggests that this is a population that may be susceptible to the hemolytic effects of
naphthalene exposure. It was also reported that 16% of African-American males are G6PD-deficient
(Calabrese 1986). According to Shannon and Buchanan (1982), a syndrome of acute severe hemolysis
following exposure to oxidative stress is associated with the Mediterranean variant of the deficiency,

whereas the hemolytic anemia seen in African Americans is generally mild.

Children with genetically determined G6PD deficiency are expected to be especially susceptible to the
hemolytic action of naphthalene (Owa 1989; Owa et al. 1993; Santucci and Shah 2000; Valaes et al.
1963). In support of this hypothesis, in 21 cases of hemolytic anemia in Greek infants exposed to
naphthalene, 10 of the children had a genetically determined deficiency in G6PD (Valaes et al. 1963). In
a 10-year chart review of 24 African-American children hospitalized with acute hemolytic anemia,

14 were noted to have been exposed to naphthalene-containing moth repellants (Santucci and Shah 2000).
Deficiency in G6PD makes red blood cells more susceptible to oxidative damage from a wide range of
causes including naphthalene exposure. Relatively high rates of genetically determined G6PD deficiency
have been reported in males of certain subpopulations of Asian, Arabic, Caucasian, African, and African-

American ancestry (EPA 1987).

The limited mobility of infants when they are wearing naphthalene-treated clothing or when they are near
other naphthalene-treated articles (e.g., blankets treated with naphthalene-containing moth repellants)
may maximize exposure due to the development of a microenvironment with a high level of naphthalene
vapor in the space around the infant. The tendency for infants and small children to place small objects,

such as mothballs, in their mouths also increases their risk.

Studies in animals have demonstrated greater susceptibility of young mice compared with adult mice to
naphthalene-induced lung effects. Juvenile animals have been shown to be more susceptible to the lung
toxicity of naphthalene after inhalation exposure than either adults or neonates. Carratt et al. (2019b)
exposed 7-day old, 3-week-old, and adult mice to 5 or 10 ppm naphthalene in air for 4 hours and
examined airway histology. Histopathology changes (club cell swelling and vacuolation) occurred in all
of the examined airways and groups but were most severe in the proximal airways of juvenile females.
The enhanced susceptibility of juvenile females was not explained by levels of glutathione-conjugated
naphthalene in the lungs, which were higher in neonatal females than juveniles. Gene expression analysis
showed that juvenile female mice were predisposed to upregulation of DNA damage and cancer

pathways, suggesting a possible mechanism for the susceptibility (Carratt et al. 2019b).
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In contrast, neonatal mice were more susceptible than juvenile or adult mice to lung injury from single i.p.
doses of 25, 50, or 100 mg/kg naphthalene (Fanucchi et al. 1997). Epithelial damage in terminal
bronchioles (principally in the club cells) was observed in 7-day-old mice exposed to 25 mg/kg but was
absent in adult mice at the same dose level. In adult mice exposed to 50 mg/kg, injury was only mild and
variable (from mouse to mouse) and only became consistent with exposure to 100 mg/kg. Epithelial
damage in 14-day-old mice was less severe than the damage in 7-day-old mice. Activities of CYP-
mediated naphthalene metabolism in bronchiolar tissues were 2.5 times lower in neonatal mice than in
adult mice, suggesting that the difference in susceptibility is not explained by differences in ability to
form reactive metabolites alone (e.g., 1,2-naphthalene oxide). Differences between neonates and adults in
the balance between formation of reactive naphthalene metabolites and downstream transformations
could potentially explain the difference in susceptibility to naphthalene toxicity, but the possibilities for
specific, age-related differences in downstream enzyme activities for naphthalene (e.g., epoxide
hydrolase, dihydrodiol dehydrogenase) have not been studied to date. Alternatively, toxicodynamic
differences may exist between neonatal and adult mice (e.g., different target macromolecules). Based on
findings that in utero exposure to other chemicals (which are bioactivated by CYP), caused club cell
tumors in adult offspring, Fanucchi et al. (1997) postulated that naphthalene exposure during the neonatal
period (when increased susceptibility to naphthalene-induced cytotoxicity occurs) may lead to loss of
regulatory mechanisms resulting in club cell proliferation and tumor formation in adult animals.
However, direct evidence for naphthalene in support of this hypothesis is not available (e.g.,
demonstration that in utero or neonatal naphthalene exposure will cause increased incidence of lung

tumors in adult mice).

Female mice, but not male mice, developed lung tumors after chronic exposure to naphthalene (NTP
1992a). Several studies have suggested that female mice are more susceptible to lung injury than male
mice after exposure to naphthalene. In the study of age-dependent lung toxicity in mice described above,
Carratt et al. (2019b) observed the most severe damage to airway epithelium in juvenile females. These
investigators also conducted studies examining DNA adducts in mouse and primate lung explants
exposed to naphthalene, and in both species, the adduct levels were significantly (2—5-fold) higher in
females than in males. In male and female Swiss-Webster mice given i.p. injections of 0 or 200 mg/kg
naphthalene in corn oil, club cell injury in terminal bronchioles occurred earlier, affected cells farther up
the airway tree, and showed a different temporal pattern of changes in female mice compared with male
mice (Van Winkle et al. 2002). Twenty-four hours after injection, club cell injury in the lobar bronchus

of female mice was evidenced by numerous vacuolated cells, whereas normal bronchiolar epithelium
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containing club and ciliated cells was found in vehicle-control males and females, as well as in exposed
male mice. Assessment of in vitro naphthalene metabolism in micro-dissected regions of airways from
male and female mice indicated that the rate of formation of a dihydrodiol metabolite (1,2-dihydroxy-
1,2-dihydronaphthalene) was greater in female tissue than in male tissue (Van Winkle et al. 2002).
Sutherland et al. (2012) showed that the higher susceptibility of female mice persisted when both sexes
were exposed to a naphthalene regimen designed to induce tolerance. After seven daily i.p. injections of
10 uL/g body weight naphthalene followed by a challenge i.p. injection of 300 mg/kg, both males and
females showed less damage than control animals given the challenge injection, but histopathology
findings in female airways remained more extensive than in airways of males (Sutherland et al. 2012).
Measurement of CYP2F2 messenger ribonucleic acid (mRNA) and protein levels showed that expression
of this enzyme was lower in airways of tolerant females than tolerant males. However, protein expression
of glutamate-cysteine ligase, a critical enzyme in glutathione synthesis that is believed to be upregulated

in tolerant males, was also lower in females (Sutherland et al. 2012).

Sex differences in susceptibility to nasal tumors in rats were also observed; male rats developed
respiratory adenomas, while female rats developed olfactory neuroblastomas (Abdo et al. 2001; NTP
2000). Cichocki et al. (2014) observed no difference in cytotoxicity in the nasal respiratory or olfactory
epithelium in F344 rats exposed nose-only to naphthalene vapor concentrations up to 30 ppm for 4 or

6 hours. However, the study authors also observed greater induction of glutamate-cysteine ligase
catalytic subunit gene expression in the olfactory epithelium of males compared to females (~2.5—4-fold
higher), and higher induction of heme oxygenase 1 gene expression. The study authors proposed that the
reduced ability of female rat olfactory epithelium to induce antioxidant-responsive genes may play a role

in the susceptibility of this tissue to tumor formation (Cichocki et al. 2014).

Other factors that could influence the susceptibility to naphthalene toxicity may include nutritional status
and genetic differences in the form or expression of enzymes involved in the bioactivation and/or
detoxification of naphthalene. Nutritional status can influence detoxification pathways such as
glutathione conjugation and antioxidant capacity; however, no studies examining the role of nutrition in
naphthalene toxicity were located. Some studies have shown that polymorphisms in genes encoding
CYP2E1 and glutathione-S-transferase can modify the excretion of urinary naphthols in humans exposed
to naphthalene (Rodrigues et al. 2014; Yang et al. 1999), but the relationship to naphthalene toxicity is

uncertain.
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1- and 2-Methylnaphthalene. No direct information was located on the relative susceptibility of children
or young animals to 1- or 2-methylnaphthalene toxicity, compared with adults. However, clinical
experience with humans displaying pulmonary alveolar proteinosis of unknown etiology has indicated
that children with this condition experience more severe symptoms and a worse prognosis for survival

than adults (EPA 2003; Mazzone et al. 2001).

3.3 BIOMARKERS OF EXPOSURE AND EFFECT

Biomarkers are broadly defined as indicators signaling events in biologic systems or samples. They have
been classified as biomarkers of exposure, biomarkers of effect, and biomarkers of susceptibility

(NAS/NRC 20006).

The National Report on Human Exposure to Environmental Chemicals provides an ongoing assessment
of the exposure of a generalizable sample of the U.S. population to environmental chemicals using
biomonitoring (see http://www.cdc.gov/exposurereport/). If available, biomonitoring data for
naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene from this report are discussed in Section 5.6,

General Population Exposure.

A biomarker of exposure is a xenobiotic substance or its metabolite(s) or the product of an interaction
between a xenobiotic agent and some target molecule(s) or cell(s) that is measured within a compartment
of an organism (NAS/NRC 2006). The preferred biomarkers of exposure are generally the substance
itself, substance-specific metabolites in readily obtainable body fluid(s), or excreta. Biomarkers of

exposure to naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene are discussed in Section 3.3.1.

Biomarkers of effect are defined as any measurable biochemical, physiologic, or other alteration within an
organism that (depending on magnitude) can be recognized as an established or potential health
impairment or disease (NAS/NRC 2006). This definition encompasses biochemical or cellular signals of
tissue dysfunction (e.g., increased liver enzyme activity or pathologic changes in female genital epithelial
cells), as well as physiologic signs of dysfunction such as increased blood pressure or decreased lung
capacity. Note that these markers are not often substance specific. They also may not be directly
adverse, but can indicate potential health impairment (e.g., DNA adducts). Biomarkers of effect caused

by naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene are discussed in Section 3.3.2.
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A biomarker of susceptibility is an indicator of an inherent or acquired limitation of an organism's ability
to respond to the challenge of exposure to a specific xenobiotic substance. It can be an intrinsic genetic or
other characteristic or a preexisting disease that results in an increase in absorbed dose, a decrease in the
biologically effective dose, or a target tissue response. Biomarkers of susceptibility are discussed in

Section 3.2, Children and Other Populations that are Unusually Susceptible.

3.3.1 Biomarkers of Exposure

Naphthalene. In cases where humans have swallowed one or more mothballs, it is possible to identify
the undissolved naphthalene in the stomach or duodenum by radioluminescence (Woolf et al. 1993).
Thus, radiography of the abdominal area is of value in determining if exposure has occurred, especially in
children who are often unreliable sources of exposure information. Of the 2,400 cases on naphthalene
ingestion reported to 72 Poison Control Centers in the United States, 2,100 involve children <6 years old.
Radioluminescence has the advantage of differentiating naphthalene-containing solids in the
gastrointestinal tract from paradichlorobenzene or other materials used in moth repellants and

deodorizers.

Methods are available for the determination of naphthalene in human adipose tissue (EPA 1986b; Liao et
al. 1988). In the National Human Adipose Tissue Survey, 40% of the subjects surveyed had measurable
levels of naphthalene with concentrations of up to 63 ng/g. Naphthalene and its metabolites can be
detected in human and animal urine (Horning et al. 1980; Mackell et al. 1951; Stillwell et al. 1982).
Investigators have reported strong correlations between 1-naphthol concentrations in the urine of exposed
workers and naphthalene concentrations in the breathing zone air (Bieniek 1994). Peak naphthalene
concentrations in the urine occurred immediately after the end of the exposure period and declined
thereafter. In some instances, 1-naphthol concentrations had returned to baseline 8 hours later. Few
current data are available relating naphthalene levels in adipose tissue or urine with the human exposure

concentrations.

In swine, a good correlation existed between 1-naphthol levels in hydrolyzed urine samples collected in
the first and second 24 hours after dosing with as little as 7 pg/kg/day naphthalene (Keimig and Morgan
1986). Thus, 1-naphthol may be an appropriate biomarker for monitoring naphthalene exposures in the
occupational setting. Some caution must be exercised in using 1-naphthol as a biomarker of naphthalene
exposure in the general population since this metabolite is also excreted after exposure to the common

insecticide, carbaryl (Benson and Dorough 1984).
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Early work to develop biomarkers of exposure, such as naphthalene mercapturic acid derivatives in urine
(Marco et al. 1993) and naphthalene hemoglobin adducts in blood (Cho et al. 1994b), has been extended
to develop techniques to measure cysteinyl adducts formed from reactions of hemoglobin and albumin
with reactive metabolites of naphthalene (Troester et al. 2002; Waidyanatha et al. 2002). One of the
reasons for developing these techniques is that it is difficult to measure reactive metabolites of
naphthalene in vivo. Using these techniques, hemoglobin and albumin adducts of 1,2-naphthalene oxide,
1,2-naphthoquinone, and 1,4-naphthoquinone were shown to increase with increasing dose in F344 rats
given single oral doses of 0, 100, 200, 400, or 800 mg/kg naphthalene (Waidyanatha et al. 2002). The
stabilities of the adducts were measured in rats following exposure to naphthalene (Troester et al. 2002).
Some were found to be stable and others unstable, although they all were more stable than the reactive
metabolites themselves. As such, the adducts are expected to be useful in estimating internal doses of

these metabolites.

1- and 2-Methylnaphthalene. An analytical method is available to determine levels of 2-methyl-
naphthalene and its derivatives in rat urine (Melancon et al. 1982). This method would probably also be
useful in measuring 2-methylnaphthalene levels in human urine. Because of the lack of information for

I-methylnaphthalene, it is not possible to identify a biomarker of exposure for this substance.

3.3.2 Biomarkers of Effect

Naphthalene. Hemolytic anemia has been frequently reported to be a consequence of exposure to
naphthalene. However, this effect can also occur without exposure to naphthalene, and may not be useful
as a specific biomarker of effect. Club cell damage may be identified by the presence of naphthalene/
protein adducts in lung lavage fluids (Cho et al. 1994a). Additional research is needed to improve the
specificity of this technique as a biomarker of effect. Similarly, naphthalene DNA adducts may serve as
biomarkers of naphthalene effects (Carratt et al. 2019a), but data on adduct identity, abundance, and fate

in various animal and human tissues are needed to ascertain specificity.

1- and 2-Methylnaphthalene. Because of the lack of information for 1- or 2-methylnaphthalene, it is not

possible to identify specific biomarkers of effect for these chemicals.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 157

3. TOXICOKINETICS, SUSCEPTIBLE POPULATIONS, BIOMARKERS, CHEMICAL INTERACTIONS

3.4 INTERACTIONS WITH OTHER CHEMICALS

Roberts et al. (2018) showed that concurrent exposure to naphthalene and carbon particles increased the
deposition of naphthalene in the respiratory tract of male rats compared with naphthalene vapor alone.
Significantly higher tissue concentrations of radioactivity were found in the bronchioles and lung of rats
co-exposed to 20 ppm *H-naphthalene and 5 mg/m?* carbon particles compared with naphthalene alone.
No effect of co-treatment with particles was seen in the radioactivity levels in the nasopharynx or trachea

(Roberts et al. 2018).

When naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene was applied dermally in combination
with benzo[a]pyrene (BaP), there was an inhibitory effect on the induction of skin tumors in female mice
(Schmeltz et al. 1978). These investigators also reported that a mixture containing naphthalene (0.02%),
2-methylnaphthalene (0.02%), and 10 other methylated and ethylated naphthalenes (each at 0.02%) also
appeared to inhibit the development of BaP-induced skin tumors. The study authors suggested that it is
likely that certain naphthalenes compete with BaP for the same enzyme sites, resulting in alteration of the
BaP metabolic pathway and decreased production of the active BaP metabolite. This hypothesis is
consistent with the observation that benzo(a)pyrene hydroxylase is inhibited by naphthalene (Shopp et al.
1984). Dermal application of the naphthalene mixture did not induce tumors in the absence of BaP. The

results of these studies were not analyzed statistically.

Several studies have been conducted to assess factors that influence the toxicity of naphthalene. For the
most part, these studies have evaluated the effects of mixed function oxidase activity (MFO) and
alterations in glutathione levels on pulmonary and ocular toxicities. The effects of cyclooxygenase
activity, antioxidants, and epoxide hydrolase inhibitors on the cataractogenic effect of naphthalene have
also been evaluated. The administration of MFO inhibitors (SKF-525A, metyrapone) and antioxidants
(caffeic acid and vitamin E) decreased ocular toxicity in mice (Wells et al. 1989). Use of ALO1576, an
inhibitor of the enzyme aldose reductase (also known as aldehyde reductase), prevented cataract
formation in both in vivo and in vitro studies (Xu et al. 1992a, 1992b). On the other hand, naphthalene-
induced cataracts were enhanced by pretreatment with a MFO inducer (phenobarbital) and a glutathione
depletor (diethyl maleate) (Wells et al. 1989). Pulmonary damage was decreased by prior treatment with
a MFO inhibitor (piperonyl butoxide), but enhanced by prior treatment with a glutathione depletor
(diethyl maleate) (Warren et al. 1982). For the most part, these studies support the role for MFO activity

and glutathione conjugation in naphthalene-induced pulmonary and ocular lesions.
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MFO inducers also affect the metabolism of 2-methylnaphthalene. Inducers that influence CYP increase
the oxidation of the side chain and the concentration of one dihydrodiol. Induction of CYP increased the
production of two other dihydrodiols (Melancon et al. 1985). The production of naphthoic acid in

preference to the diols may explain why acute exposure to 2-methylnaphthalene is less toxic to club cells

than acute exposure to naphthalene.

In general, interactions with environmental contaminants, such as other polycyclic aromatic hydrocarbons
(PAHSs), heavy metals, and organic solvents, may be expected at hazardous waste sites. For example,
many such sites contain arsenic, which is well known to increase oxidative stress and deplete GSH levels,

and thus may influence naphthalene toxicity.
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4.1 CHEMICAL IDENTITY

Naphthalene is a two-ringed aromatic hydrocarbon with a molecular formula of C;oHs; it is the smallest
PAH with two fused benzene rings. Both 1- and 2-methylnaphthalene contain a single methyl substituent
in their structure, connected one (alpha) or two (beta) carbon atoms away from the joined rings.
Information regarding the chemical identity of naphthalene, 1-methylnaphthalene, and 2-methyl-
naphthalene is presented in Table 4-1.

Table 4-1. Chemical Identity of Naphthalene, 1-Methylnaphthalene, and
2-Methylnaphthalene

Characteristic Naphthalene 1-Methylnaphthalene 2-Methylnaphthalene Reference
Synonyms and Tar camphor; Alpha-methyl- Beta-methyl- NLM 20233,
registered trade albocarbon,; naphthalene; naphthalene; 2023b, 2023c
name(s) naphthene; naphthalene, 1-methyl; naphthalene, 2-methyl;
mothballs; moth- naphthalene, naphthalene,
flakes; white tar; alpha-methyl beta-methyl
and others;
Caswell No.
587®
Chemical formula CioHs Ci1H1o Ci1H1o NLM 20233,
2023b, 2023c
SMILES C1=CC=C2C= CC1=CC=CC2=CC= CC1=CC2=CC=CC= NLM 2023a,
CC=CC2=C1 CC=C12 C2C=C1 2023b, 2023c
Chemical structure CH, CH3 NLM 20233,
OO 2023b, 2023¢
CAS Registry Number 91-20-3 90-12-0 91-57-6 NLM 2023a,

2023b, 2023c

CAS = Chemical Abstracts Service; SMILES = simplified molecular-input line-entry system

4.2 PHYSICAL AND CHEMICAL PROPERTIES

Naphthalene is a white solid with a strong characteristic odor. Naphthalene has relatively low vapor
pressure; it sublimes slowly at room temperature and appreciably above its melting point. It has low

solubility in water but is very soluble in several organic solvents such as benzene, ethanol, and ether.
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Information regarding the physical and chemical properties of naphthalene, 1-methylnaphthalene, and

2-methylnaphthalene is presented in Table 4-2.

Table 4-2. Physical and Chemical Properties of Naphthalene,
1-Methylnaphthalene, and 2-Methylnaphthalene

1-Methyl- 2-Methyl-
Property Naphthalene naphthalene naphthalene Reference
Molecular weight 128.17 142.20 142.20 NLM 2023a, 2023b,
2023c
Color White Colorless No data NLM 2023a, 2023b,
2023c
Physical state ~ Solid Liquid Solid NLM 2023a, 2023b,
2023c
Melting point 80.2°C -22°C 34.6°C NLM 2023a, 2023b,
2023c
Boiling point 217.9°C 244°C 241.1°C NLM 2023a, 2023b,
2023c
Density at 20°C  1.162 g/mL 1.0202 g/mL 1.0058 g/mL NLM 2023a, 2023b,
2023c
Vapor density 4.42 4.91 No data NLM 2023a, 2023b,
(air=1) 2023c
Odor Strong (tar or No data No data NLM 2023a, 2023Db,
mothballs) 2023c
Odor threshold:
Water 0.021 mg/L; 0.0075 mg/L 0.01 mg/L Amoore and Hautala
6.80 mg/L 1983; NLM 20233;
Verschueren 1983
Air 0.44 mg/m3 0.12 mg/m3 0.0581- NLM 2023a, 2023b,
0.2905 mg/m?3 2023c
Solubility:
Water at 25°C 31 mg/L 25.8 mg/L 24.6 mg/L NLM 2023a, 2023Db,
2023c
Organic Soluble in benzene, Soluble in alcohol, Soluble in alcohol, NLM 2023a, 2023b,
solvents alcohol, ether, ether, benzene ether, benzene 2023c

acetone

Partition coefficients:

Log Kow 3.30 3.87 3.86 NLM 2023a, 2023b,
2023c

Log Koc 2.05-3.97 3.36; 3.64 3.00-5.96 NLM 2023a, 2023b,
2023c

Vapor pressure  0.085 mmHg 0.067 mmHg 0.055 mmHg NLM 2023a, 2023b,

at 25°C

(sublimes)

2023c
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Table 4-2. Physical and Chemical Properties of Naphthalene,
1-Methylnaphthalene, and 2-Methylnaphthalene

Henry’s law

4.4x10* atm-m3/mol 5.14x10* atm-

5.18x10*# atm-

NLM 2023a, 2023b,

constant at 25°C m3/mol m3/mol 2023c
Autoignition 526°C 529°C No data NLM 2023a, 2023b,
temperature 2023c
Flashpoint 79°C 82°C 98°C NLM 2023a, 2023b,
(closed cup) 2023c
Vapor pressure  0.085 mmHg 0.067 mmHg 0.055 mmHg NLM 2023a, 2023b,

at 25°C

2023c

Henry’s law 4.4x10* atm-m3/mol 5.14x10# atm- 5.18x10* atm- NLM 2023a, 2023b,
constant at 25°C m3/mol m3/mol 2023c

Autoignition 526°C 529°C No data NLM 2023a, 2023b,
temperature 2023c

Flashpoint 79°C 82°C 98°C NLM 2023a, 2023b,
(closed cup) 2023c

Flammability 0.9-5.9% No data No data NLM 2023a, 2023b,
limits 2023c

Conversion 1 ppm=5.24 mg/m? 1 ppm=5.91 mg/m? 1 ppm=5.91 mg/m3 Verschueren 1983
factors 1 mg/m3=0.191 ppm 1 mg/m3=0.17 ppm 1 mg/m3=0.17 ppm

Explosive limits

No data No data

No data
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5.1 OVERVIEW

Naphthalene or methylnaphthalene has been identified in at least 682 of the 1,868 hazardous waste sites
that have been proposed for inclusion on the EPA National Priorities List (NPL) (ATSDR

2022a). However, the number of sites in which naphthalene or methylnaphthalene has been evaluated is
not known. The number of sites in each state is shown in Figure 5-1. Of these sites, 681 are located

within the United States, and 1 is located in the Virgin Islands (not shown).

Figure 5-1. Number of NPL Sites with Naphthalene and Methylnaphthalene

Frequency of
NPL Sites

0
15

M 69

B 10-20

B 22-71

Source: ATSDR 2022a

e People who use products which contain naphthalene (e.g., mothballs, inks, plastics), smoke
tobacco, or burn organic material indoors may be exposed to naphthalene.

e For the general public, the most likely route of exposure to naphthalene and methylnaphthalenes
is through inhalation. Most people will not be exposed to concentrations >2 ppbv (10 pug/m?) in
ambient air.
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e Naphthalene and methylnaphthalenes are expected to primarily volatilize to air. They may be
removed from the water column by sorption or retained in soil and sediment, especially where
solids have a high organic carbon content.

e Naphthalene and methylnaphthalenes are readily degraded by indirect photolysis in air and water.
Biodegradation in water, soil, and sediment is slow, but proceeds readily in historically
contaminated media where microorganisms are adapted.

Most of the naphthalene entering the environment is discharged to the air. The largest releases result
from the combustion of wood and fossil fuels; the largest amount to indoor air is from the off-gassing of
naphthalene-containing moth repellents. Smaller amounts of naphthalene are introduced to water as the
result of discharges from coal-tar production and distillation processes. The coal-tar industry is also a
major source of the small amounts of naphthalene that are directly discharged to land. A large amount of
naphthalene (often considerably >1,000 mg/kg) is present in soils contaminated with wastes from

manufactured-gas plants. Urban soils may also have increased concentrations of naphthalene.

Naphthalene in the atmosphere is subject to a number of degradation processes, including reaction with
photochemically produced hydroxyl radicals. Naphthalene has a short half-life in most natural waters and
soils because of its tendency to volatilize and biodegrade, although biodegradation may be slow if the site
was not previously contaminated and microorganisms are not adapted to naphthalene. As a consequence

of these processes, there is little tendency for naphthalene to build up in the environment over time.

The concentration of naphthalene in air tends to be low in rural areas, but is elevated in urban areas. The
highest atmospheric concentrations have been found in the immediate vicinity of specific industrial
sources and hazardous waste sites, and around forest fires. Naphthalene is also a common indoor
contaminant in households using naphthalene-containing moth repellents or where tobacco is smoked.
Electronic cigarettes may also release naphthalene, but at lower concentrations than conventional
cigarettes. Levels in water, sediments, and soil tend to be low, except in the immediate vicinity of point

sources of release, such as chemical waste sites.

The most likely pathway by which the general public is exposed to naphthalene is by inhalation due to the
release of this substance from combustion fuels, moth repellents, and tobacco smoke. The estimated

average per capita daily intake from ambient air is 0.8 pg. Exposure by other routes is not likely.

High naphthalene exposure levels could occur near industrial sources or chemical waste sites, but the
extent of such exposure to individuals can only be evaluated on a site-by-site basis. High naphthalene

exposure levels could also occur in certain work environments in industries that produce and use
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naphthalene such as wood preserving, tanning, coal distillation, and ink and dye production, or workers

who are in close proximity to naphthalene release during combustion, such as firefighters.

Based on limited data, potential human exposure to 1- or 2-methylnaphthalene is expected to be mainly

by inhalation from ambient air. Exposure to these chemicals from tobacco smoke is likely.

Both 1- and 2-methylnaphthalene have also been detected in the environment, particularly in air. These
are released from many of the same natural and industrial sources as naphthalene (combustion of wood

and fossil fuels, tobacco smoke, coal distillation), but in smaller quantities.

5.2 PRODUCTION, IMPORT/EXPORT, USE, AND DISPOSAL

5.2.1 Production

Table 5-1 summarizes information on companies that reported the production, import, or use of
naphthalene for the Toxics Release Inventory (TRI) in 2023 (TRI23 2024). TRI data should be used with

caution since only certain types of industrial facilities are required to report. This is not an exhaustive list.

Naphthalene and methylnaphthalenes occur naturally in fossil fuels such as petroleum and coal, and are
produced when organic materials (e.g., fossil fuels, wood, tobacco) are burned (EPA 2002; IARC 2002).
Commercially, naphthalene may be produced from either coal tar or petroleum. Distillation and
fractionation of coal tar was the most common production process until the late 1950s (Mason 2002). The
middle fraction (containing most of the naphthalene) is cooled, crystallizing the naphthalene. The crude
naphthalene may be refined by distillation, washing, and sublimation (EPA 1982; Hughes et al. 1985).
1-Methylnaphthalene and 2-methylnaphthalene are also produced from coal tar by first extracting the
heteroaromatics and phenols, then filtering off the crystallized 2-methylnaphthalene and redistilling the
filtrate to yield 1-methylnaphthalene (GDCH 1992; Sax and Lewis 1987). The individual isomers are not
often isolated for commercial purposes in the United States; a methylnaphthalene-rich fraction of the coal

tar or petroleum is distributed instead (Mason 2002).

From 1960, recovery of naphthalene from petroleum by dealkylation of methyl naphthalenes in the
presence of hydrogen at high temperature and pressure had become a major commercial production
process, accounting for over 40% of total naphthalene production (Mason 2002). The naphthalene is then

recovered by fractionation, decolorized, and purified by crystallization. Naphthalene produced from
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petroleum is about 99% pure. In the United States, most naphthalene was produced from petroleum, but
due to decreasing demand and production, this changed when the last petroleum processing plant for
naphthalene was closed in 1991 (EPA 1982; Hughes et al. 1985; Mason 2002). Petroleum sources made a
modest rebound later, however. In 2001, petroleum sources accounted for 20% of naphthalene
production capacity, leaving 80% production capacity to coal tar (Collin et al. 2012). It is not known

which is the current dominant process.

The 2019 nationally aggregated production volume for naphthalene was between 100,000,000 and
<250,000,000 pounds (EPA 2022a). The same production volumes were reported for 2016 and 2017, but
there was a temporary increase to >1,000,000,000 pounds in 2018. The 2019 nationally aggregated
production volume for 1-methylnaphthalene was about 1,900,000 pounds, comparable to reporting from
2016 to 2018; about 2,000,000 pounds were reported for 2-methylnaphthalene, also comparable to
previous reporting years (EPA 2022a).

There are currently five companies that reported manufacturing naphthalene in 2019: Coopers Creek
Chemical Corporation, Equilon Enterprises LLC dba Shell Oil Products US (a subsidiary of Shell Oil
Company), Koppers Inc., Monument Chemical LLC, and Shell Chemical LP (EPA 2022a). Only one
company, Shell Chemical LP, reported manufacturing 1- and 2-methylnaphthalene. This may not be an
exhaustive list; companies must meet a reporting threshold per site to trigger reporting to the Chemical

Data Reporting (CDR) rule.

Table 5-1 lists information on United States companies that reported the manufacture and use of
naphthalene in 2023 (TRI23 2024). The Toxics Release Inventory (TRI) data should be used with caution
since only certain types of facilities are required to report. The TRI is not an exhaustive list. No
information is available in the TRI database on facilities that manufacture or process 1- or
2-methylnaphthalene because these chemicals are not required to be reported under Section 313 of the
Emergency Planning and Community Right-to-Know Act (Title III of the Superfund Amendments and
Reauthorization Act of 1986) (EPA 2005).
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Table 5-1. Facilities that Produce, Process, or Use Naphthalene

Maximum
Number of Minimum amount amount on site

State? facilities on site in pounds® in pounds® Activities and uses®

AK 24 1,000 (or N/A) 9,999,999 (or 1,3,4,5,7,8,9,10, 12, 14
N/A)

AL 25 100 (or N/A) 9,999,999 (or  1,2,3,4,5,7,9,10,11, 12,13, 14
N/A)

AR 7 1,000 999,999 1,2,3,5,7,9,10, 12, 14

AZ 21 1,000 (or N/A) 9,999,999 (or 1,5,7,9, 11,12
N/A)

CA 76 0 (or N/A) 49,999,999 (or 1,2,3,4,5,6,7,8,9,10,11, 12,13, 14
N/A)

CO 9 100 (or N/A) 49,999,999 (or 1,5,7,9, 10, 12,13, 14
N/A)

CT 6 10,000 9,999,999 1,5,6,7,9,12, 14

DE 5 10,000 (or N/A) 99,999 (or N/A) 1,2,3,5,7,12,13, 14

FL 38 0 (or N/A) 49,999,999 (or 1,2,4,5,7,8,9,12, 13, 14
N/A)

GA 26 0 (or N/A) 9,999,999 (or 1,5,6,7,8,9,10, 12, 14
N/A)

GU 5 100 999,999 7,9, 12

HI 21 0 9,999,999 1,3,4,5,6,7,9,10, 12,13, 14

1A 19 1,000 (or N/A) 9,999,999 (or 1,4,5,7,8,9,10, 11,12
N/A)

ID 7 1,000 999,999 1,5,7,9,12, 14

IL 43 100 (or N/A) 49,999,999 (or 1,2,3,4,5,6,7,8,9,10, 11, 12,13, 14
N/A)

IN 42 0 (or N/A) 49,999,999 (or 1,3,4,5,6,7,8,9,10, 11,12, 14
N/A)

KS 19 0 (or N/A) 99,999,999 (or 1,3,5,6,7,8,9,10, 11, 12, 14
N/A)

KY 26 100 (or N/A) 9,999,999 (or 1,3,4,5,6,7,8,9,10, 11,12, 13, 14
N/A)

LA 73 0 (or N/A) 499,999,999 (or 1,2,3,4,5,6,7,8,9,10,11,12,13, 14
N/A)

MA 10 1,000 (or N/A) 9,999,999 (or 1,2,4,5,7,8,9,12
N/A)

MD 16 1,000 (or N/A) 9,999,999 (or 1,5,7,9, 10, 12
N/A)

ME 9 1,000 (or N/A) 9,999,999 (or 1,2,3,4,5,7,9,12
N/A)

Ml 33 0 (or N/A) 999,999 (or N/A) 1,2,3,4,5,6,7,8,9,10, 11,12, 13, 14

MN 8 0 (or N/A) 999,999 (or N/A) 1,2,3,4,5,6,7,9,10, 11,12, 13

MO 23 1,000 (or N/A) 9,999,999 (or 1,2,3,5,7,8,9,10, 11, 12, 13

N/A)




NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 167

5. POTENTIAL FOR HUMAN EXPOSURE

Table 5-1. Facilities that Produce, Process, or Use Naphthalene

Maximum
Number of Minimum amount amount on site

State? facilities on site in pounds® in pounds® Activities and uses®

MP 3 10,000 999,999 1,2,3,5,7,9

MS 20 100 (or N/A) 9,999,999 (or 1,2,3,4,5,7,9,10, 12,13, 14
N/A)

MT 6 1,000 99,999,999 1,2,3,4,5,6,7,9,12,13,14

NC 12 10,000 (or N/A) 999,999 (or N/A) 1,5,7,9, 12

ND 5 0 (or N/A) 9,999,999 (or 1,3,4,5,6,7,9,10, 11, 12, 13, 14
N/A)

NE 5 10,000 (or N/A) 999,999 (or N/A) 1,5, 9, 12

NH 8 1,000 (or N/A) 9,999,999 (or 1,2,3,4,5,7,9,12
N/A)

NJ 16 0 (or N/A) 49,999,999 (or 1,3,4,5,6,7,9,10, 12,14
N/A)

NM 12 100 (or N/A) 999,999 (or N/A) 1,3,5,6,7,9, 12

NV 20 100 (or N/A) 9,999,999 (or 1,5,7,9,12,13, 14
N/A)

NY 29 0 (or N/A) 9,999,999 (or 1,2,3,4,5,7,8,9,12,13, 14
N/A)

OH 59 100 (or N/A) 9,999,999 (or 1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14
N/A)

OK 20 100 (or N/A) 9,999,999 (or 1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14
N/A)

OR 6 100 999,999 1,5,7,9,12

PA 32 100 (or N/A) 10,000,000,000 1,2,4,5,6,7,8,9,10,11,12,13
(or N/A)

PR 22 0 (or N/A) 49,999,999 (or 1,2,3,4,5,9,12
N/A)

RI 5 10,000 (or N/A) 999,999 (or N/A) 1,5,7,9,12,13, 14

SC 17 100 (or N/A) 49,999,999 (or 1,5,6,8,9, 10,12, 13
N/A)

SD 2 10,000 99,999 1,5,12

TN 17 1,000 (or N/A) 9,999,999 (or 1,2,3,5,7,8,9,10, 11, 12, 13, 14
N/A)

TX 203 0 (or N/A) 499,999,999 (or 1,2,3,4,5,6,7,8,9,10,11,12,13, 14
N/A)

uT 17 0 (or N/A) 49,999,999 (or 1,2,3,4,5,6,7,8,9,10, 11,12
N/A)

VA 23 10,000 (or N/A) 49,999,999 (or 1,5,7,9,12
N/A)

VI 5 1,000 (or N/A) 999,999 (or N/A) 9, 12

WA 28 0 (or N/A) 9,999,999 (or 1,2,3,5,6,7,8,9, 10, 11, 12, 13, 14

N/A)
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Table 5-1. Facilities that Produce, Process, or Use Naphthalene

Maximum
Number of Minimum amount amount on site

State? facilities on site in pounds® in pounds® Activities and uses®

Wi 20 0 (or N/A) 49,999,999 (or 1,2,5,7,9,10,11,12,13
N/A)

wWv 11 1,000 (or N/A) 9,999,999 (or 1,2,3,5,7,8,9, 10, 11,12, 13
N/A)

wy 12 1,000 (or N/A) 9,999,999 (or 1,2,3,4,5,6,7,8,9,11,12,13, 14
N/A)

aPost office state abbreviations used.

bAmounts on site reported by facilities in each state. Facilities may report N/A (not applicable) instead of a numeric
value “if the waste stream that contains or contained the EPCRA Section 313 chemical is not directed to the relevant
environmental medium, or if leaks, spills, and fugitive emissions cannot occur” (EPA 2022d).

CActivities/uses:

1. Produce 6. Reactant 11. Manufacture Aid

2. Import 7. Formulation Component 12. Ancillary

3. Used Processing 8. Article Component 13. Manufacture Impurity
4. Sale/Distribution 9. Repackaging 14. Process Impurity

5. Byproduct 10. Chemical Processing Aid

EPCRA = Emergency Planning and Community Right-to-Know Act

Source: TRI23 2024 (Data are from 2023)

5.2.2 Import/Export

Around 74,000,000 pounds of naphthalene were reported as imported in 2019; around 1,900,000 pounds
were reported as exported the same year (EPA 2022a). No imports of 1- or 2-methylnaphthalene were
included in the CDR for 2019 and exported quantities of around 440,000 pounds of 1-methylnaphthalene
and 650,000 pounds of 2-methylnaphthalene were reported. These values may be lower than the actual
total amounts imported or exported; companies must meet a threshold to trigger reporting to the CDR

reporting rule, and some quantities were not available in the public dataset.

5.2.3 Use

The principal end use for naphthalene is as an intermediate in the production of phthalic anhydride (>60%
of consumption), which is used as an intermediate in the production of phthalate plasticizers, resins,
phthaleins, dyes, pharmaceuticals, insect repellents, and other materials (Collin et al. 2012; Mason 2002).
It is also used in the production of the insecticide carbaryl, synthetic leather-tanning agents, and surface-

active agents (naphthalene sulfonates and derivatives, which are used as dispersants or wetting agents in
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paint, dye, and paper-coating formulations), and miscellaneous organic chemicals, including dyes and
resins (Collin et al. 2012; EPA 2022a). Crystalline naphthalene is also used as a moth repellent; about
7% of total U.S. consumption in 2000 was used for this purpose (Mason 2002). Naphthalene is an active
ingredient in 22 pesticide products with active registration under the Federal Insecticide, Fungicide, and
Rodenticide Act (FIFRA) (EPA 2023a). These products include moth, small mammal, snake, and bat

repellants.

It is anticipated that consumption of naphthalene for phthalic anhydride and production of naphthalene
sulfonates will increase due to increased demand for these products, although some decline may occur

based on increased usage of o-xylene feedstock for phthalic anhydride production (Mason 2002).

Mixtures rich in methylnaphthalenes have been used as dye carriers and as feedstock for naphthalene or
phthalic anhydride production (Mason 2002). 1-Methylnaphthalene is used as a solvent, as feedstock in
the synthesis of 1-methylnaphthoic acid, and, to a lesser degree, as a dyeing agent and as a test substance
for determining the ignition capability of diesel fuels. 2-Methylnaphthalene is used in vitamin K
production by oxidation to 2-methyl-1,4-naphthoquinone, which can then be reacted to yield
phytomenadione (vitamin K). It can also be chlorinated and oxidized to form dyes and small amounts in

sulfonated form are used as textile aids, wetting agents, and emulators (GDCH 1992).

5.2.4 Disposal

Naphthalene and waste containing naphthalene are classified as hazardous wastes by EPA and its disposal
is regulated under RCRA (40 CFR §261). Rotary kiln or fluidized bed incineration methods are
acceptable disposal methods for these wastes (EPA 1988, 1989a). Bioremediation strategies with
removal efficiencies as high as 99%, utilizing microorganisms capable of degrading naphthalene have
been investigated as alternatives to traditional waste disposal methods for naphthalene and
methylnaphthalenes (Akash et al. 2023; Barnes et al. 2023; Fulekar 2017; Gao et al. 2023; Mohapatra and
Phale 2021; Olukanni et al. 2023).

No information was located on disposal methods or quantities of wastes containing 1- or 2-methyl-

naphthalene. However, these chemicals have been detected at hazardous waste sites (see Section 5.1).
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5.3 RELEASES TO THE ENVIRONMENT

The Toxics Release Inventory (TRI) data should be used with caution because only certain types of
facilities are required to report (EPA 2022d). This is not an exhaustive list. Manufacturing and
processing facilities are required to report information to the TRI only if they employ >10 full-time
employees; if their facility's North American Industry Classification System (NAICS) codes is covered
under EPCRA Section 313 or is a federal facility; and if their facility manufactures (defined to include
importing) or processes any TRI chemical in excess of 25,000 pounds, or otherwise uses any TRI

chemical in excess of 10,000 pounds, in a calendar year (EPA 2022d).

Most of the naphthalene entering environmental media is from combustion of wood and fossil fuels, and
is released to the air (EPA 2017b). Methylnaphthalenes are released from similar sources (EPA 2017b).
Smoking tobacco also releases small amounts of naphthalene and methylnaphthalenes into the

environment.

5.3.1 Air

Estimated releases of 1,037,410 pounds (~470 metric tons) of naphthalene to the atmosphere from

1,206 domestic manufacturing and processing facilities in 2023, accounted for about 53% of the estimated
total environmental releases from facilities required to report to the TRI (TRI23 2024). These releases are
summarized in Table 5-2. There is no information on releases of 1- or 2-methylnaphthalene to the
atmosphere from manufacturing and processing facilities because these releases are not required to be

reported (EPA 2022d).

Table 5-2. Releases to the Environment from Facilities that Produce, Process, or
Use Naphthalene?

Reported amounts released in pounds per year®
Total release
State¢ RFY  Air® Water’ Ul Land" Other On-sitel Off-site* On- and off-site

AL 25 36,563 38 0" 53,963 371 62,198 28,737 90,935
AK 24 202,046 94 0 7 196 202,144 198 202,342
AZ 21 810 0 0 26 406 815 427 1,242
AR 7 1,233 0 0 0 74 1,233 74 1,306
CA 70 19,342 341 0 308,025 1,908 323,214 6,402 329,615
CcO 9 269 1 0 13 292 270 305 575
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Table 5-2. Releases to the Environment from Facilities that Produce, Process, or
Use Naphthalene?

Reported amounts released in pounds per year®

Total release
State® RF¢ Aire Waterf Ul Land™ Other On-sitel Off-sitek On- and off-site

CT 6 464 2 0 3 1,051 469 1,051 1,520
DE 5 1,876 6 0 0 0 1,881 1 1,882
FL 38 15,795 1 0 15 804 15,797 819 16,616
GA 26 5,024 14 0 7,168 171 5,032 7,346 12,378
HI 21 3,581 5 1 160 2 3,587 162 3,748
ID 7 758 0 0 634 0 1,387 5 1,392
IL 43 103,929 43 0 79 587 103,972 667 104,639
IN 41 36,119 10 8,628 28,027 7,058 62,844 16,899 79,743
1A 18 26,425 109 0 43 94 26,534 137 26,671
KS 19 2,951 11 14 3,192 0 3,072 3,096 6,168
KY 26 103,136 27 0 270 1,018 103,170 1,281 104,450
LA 70 80,464 349 548 29,012 735 80,955 30,153 111,108
ME 9 498 2 0 1 1 500 2 502
MD 16 184 1 0 176 0 185 176 361
MA 10 158 0 0 12 575 161 585 745
Mi 32 9,624 251 0 4,199 702 9,805 4,871 14,676
MN 8 16,658 32 0 371 3 16,690 374 17,064
MS 20 24,014 181 0 15304 1,182 24,196 16,485 40,681
MO 23 23,030 5 0 0 337 23,035 337 23,372
MT 6 4,350 34 0 943 0 4,359 968 5,327
NE 5 284 0 0 16 19 284 35 319
NV 18 2,052 0 0 12 25 2,060 29 2,089
NH 8 42 2 0 9 0 44 9 53
NJ 16 3,926 349 0 5 191 4,275 196 4,471
NM 12 1,517 0 1 31 797 1,531 815 2,346
NY 29 3,167 38 0 6 1,062 3,207 1,066 4,273
NC 12 255 21 0 140 2,817 261 2,971 3,232
ND 4 2,891 6 6 38 0 2,941 0 2,941
OH 59 28,926 44 0 89912 465 40,286 79,062 119,348
OK 19 17,906 256 1 22 31,463 18,162 31,486 49,649
OR 6 32 0 0 2 22 32 24 56
PA 32 22,122 132 0 647 615 22,265 1,251 23,517
RI 5 16 0 0 0 0 16 0 16
SC 17 28,842 0 0 501 22 28,842 523 29,365
SD 2 14 0 0 0 0 14 0 14
TN 17 28,589 4 0 301 0 28,589 305 28,893

X 201 145,715 2,601 92,921 128,147 50,479 245,870 173,993 419,863
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Table 5-2. Releases to the Environment from Facilities that Produce, Process, or
Use Naphthalene?

Reported amounts released in pounds per year®

Total release
State® RF¢ Aire Waterf Ul Land™ Other On-sitel Off-sitek On- and off-site

uT 16 3,440 51 0 1,525 961 4,321 1,656 5,978
VA 23 1,306 549 0 28 1,592 1,855 1,620 3,475
WA 27 3,909 15 0 3,233 819 6,172 1,804 7,976
WV 11 11,263 0 0 8 0 11,264 7 11,272
Wi 20 7,833 0 0 13,848 848 7,838 14,692 22,530
WY 12 728 0 0 203 25 774 181 955
GU 5 1,459 0 0 0 0 1,459 0 1,459
MP 3 64 0 0 0 0 64 0 64
PR 22 1,784 0 0 0 51 1,784 51 1,835
VI 5 127 23 0 0 15 150 15 165
Total 1,206 1,037,410 5,650 102,020 690,277 109,857 1,511,863 433,350 1,945,214

aThe TRI data should be used with caution since only certain types of facilities are required to report. This is not an
exhaustive list. Data are rounded to nearest whole number.

bData in TRI are maximum amounts released by each facility.

°Post office state abbreviations are used.

dNumber of reporting facilities.

®The sum of fugitive and point source releases are included in releases to air by a given facility.

fSurface water discharges, wastewater treatment (metals only), and publicly owned treatment works (POTWs) (metal
and metal compounds).

9Class | wells, Class II-V wells, and underground injection.

hResource Conservation and Recovery Act (RCRA) subtitle C landfills; other onsite landfills, land treatment, surface
impoundments, other land disposal, other landfills.

'Storage only, solidification/stabilization (metals only), other off-site management, transfers to waste broker for
disposal, unknown.

iIThe sum of all releases of the chemical to air, land, water, and underground injection wells.

kTotal amount of chemical transferred off-site, including to POTWs.

'Due to reporting guidelines, a zero may represent that the facility or facilities in each state’s row reported "0", and
"NA", or left the cell blank in their Form R submission.

RF = reporting facilities; Ul = underground injection

Source: TRI23 2024 (Data are from 2023)

Nearly all naphthalene entering the environment is released directly to the air. The largest source of
emission is expected to be through inadvertent releases due to combustion of wood and fossil fuels (EPA
2017b). Naphthalene emissions from unvented kerosene space heaters have been reported (Traynor et al.
1990). Releases to indoor air include tobacco smoking, use of moth repellents containing naphthalene,
and proximity to motor vehicles (Jia and Batterman 2011). Methylnaphthalenes may be released to air

from fuel and wood combustion and from tobacco smoke (EPA 2017b; Schmeltz et al. 1978).
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Naphthalene may also enter the atmosphere during coal-tar production and distillation processes, through
volatilization processes (aeration) in publicly owned treatment works (POTWs), from the use of
naphthalene in the manufacture of phthalic anhydride, during the production and use of naphthalene, from
forest fires, and from tobacco smoke. Off-gassing of treated wood was shown to release <10 tons of
naphthalene/year at the Denver Koopers, Inc., facility in Colorado (Morgan et al. 2015). The facility is
also permitted to emit 8,160 kg/year volatile naphthalene from the wastewater treatment effluent tank and
59 kg/year volatile naphthalene from the creosote storage tank (Morgan et al. 2015). Naphthalene may
also be released from formulations containing naphthalene such as printer ink (Ar1 2020). Relatively
small emissions of naphthalene occur through the combustion of fireworks, even during heavy holiday

usage on the 4™ of July (Jia et al. 2020).

Naphthalene has been detected in the emissions from motor vehicles. A gasoline-powered vehicle
equipped with a catalytic converter reportedly emits 1,600 ug naphthalene per mile, and heavy-duty
diesel vehicles emit between 10.2 and 505 ug naphthalene per mile, depending on whether the vehicle is
idling or driving (Jia and Batterman 2011; Schauer et al. 2002). A gasoline-powered vehicle equipped
with a catalytic converter emits approximately 800 pg 1-methylnaphthalene per mile and 1,600 pg
2-methylnaphthalene per mile (Schauer et al. 2002). Average concentrations of 137-1714, 92—1,458, and
154-2,129 ng/m?® of naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene, respectively, were
detected during various flight related and ground-support activities of C-130H aircraft at an Air National
Guard base (Childers et al. 2000).

Naphthalene was previously detected in ash from municipal refuse and hazardous waste incinerators
(EPA 1989b; Shane et al. 1990). More recent monitoring studies were not located. More than
960,000 pounds of naphthalene and 260,000 pounds of 2-methylnaphthalene were estimated to be
released by waste disposal in 2017 (EPA 2020). In a lab-scale incineration experiment with municipal
solid waste, emission factors determined for naphthalene were 287 ng/g for gas, 30.4 ng/g for airborne
particles (diameter not reported), 24.9 ng/g for fine particles (0.4—10 um diameter), and 36.7 ng/g for

bottom ash emissions (Li et al. 2019a).

Volatile organic compounds (VOC) profiles were evaluated in the air at a coking wastewater treatment
plant in Shanxi, China in 2021 (Wang et al. 2023). Naphthalene was identified as a major constituent
(33.85%) of the plant’s atmospheric VOC emissions, with an average concentration of 29.98 ug/m? and

the maximum (236.73 pg/m?) observed in the regulating tank. The total VOC emission rate for the plant
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was ~2,711 g/day, with an annual emission of 0.99 tons; the emission rate for naphthalene was calculated

as 744.80 g/day.

Smoking tobacco products or using electronic cigarettes releases naphthalene and methylnaphthalenes to
the air; about 46, 30, and 32 pg/cigarette was released for naphthalene, 1-methylnaphthalene, and
2-methylnaphthalene, respectively (Schmeltz et al. 1976). More recent estimates of naphthalene release
ranges from 1,047 ng/cigarette and 2.2 ng/stick (for heated tobacco product use) (Scherer et al. 2022).
Cigarette butts littered to the environment can continue to emit naphthalene (Poppendieck et al. 2020). In
the aerosol produced from electronic cigarettes, naphthalene was detected at 61.5-92.2 pg/puff (Dusautoir
et al. 2021). In analyses of several tobacco-free nicotine oral pouches, snuff, and pharmaceutical nicotine
replacement therapy products, naphthalene was detected in the moist snuff loose and pouch samples at

70£1 and 34+1 ng/g, but not detected in the other samples above the method quantification limit (30 ng/g)

(Back et al. 2023).

The National Emissions Inventory (NEI) reports air emissions estimates sector for criteria pollutants and

precursors and hazardous air pollutants. The estimates are created over a 3-year period; the estimates for

2017 are reported in Table 5-3.

Table 5-3. National Emission Inventory (NEI) Total National Emissions (pounds)
for Naphthalene and Methylnaphthalenes Estimated by Sector 2017

Naphthalene 1-Methylnaphthalene 2-Methylnaphthalene
Sector emissions emissions emissions
Agriculture; livestock waste 0.09 - 49,582.19
Bulk gasoline terminals 8,296.77 27.20 57.61
Commercial cooking 201,519.72 - -
Dust; construction dust 1 - -
Fires; prescribed fires 37,374,454.72 - -
Fires; wildfires 85,672,702.66 - -
Fuel combustion; 17,321.75 684.33 970.29
commercial/institutional; biomass
Fuel combustion; 1,919.78 - -
commercial/institutional; coal
Fuel combustion; 4,125.92 - 89.52
commercial/institutional; natural gas
Fuel combustion; 2,151.99 - 0.01
commercial/institutional; oil
Fuel combustion; 1,334.69 - 0.20

commercial/institutional; other
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Table 5-3. National Emission Inventory (NEI) Total National Emissions (pounds)
for Naphthalene and Methylnaphthalenes Estimated by Sector 2017

Naphthalene 1-Methylnaphthalene 2-Methylnaphthalene
Sector emissions emissions emissions
Fuel combustion; electric generation; 10,656.77 - 7.70
biomass
Fuel combustion; electric generation; 3,765.66 - 61.15
coal
Fuel combustion; electric generation; 10,376.81 - 38.28
natural gas
Fuel combustion; electric generation; 6,931.90 - 0.69
oil
Fuel combustion; electric generation; 594.78 - 3.37
other
Fuel combustion; industrial boilers, 174,452.84 6,206.78 8,816.91
ICEs; biomass
Fuel combustion; industrial boilers, 4,127.96 - 0.28
ICEs; Coal
Fuel combustion; industrial boilers, 54,973.81 0.19 15,611.25
ICEs; Natural Gas
Fuel combustion; industrial boilers, 18,861.43 - 20.62
ICEs; Qil
Fuel combustion; industrial boilers, 767,535.55 - 70.27
ICEs; Other
Fuel combustion; residential; natural 2,733.93 - 0.60
gas
Fuel combustion; residential; oil 3,663.43 - -
Fuel combustion; residential; other 276.16 - -
Fuel combustion; residential; wood 5,172,159.62 - -
Gas stations 29,234.43 0.009 4.44
Industrial processes; cement 51,356.07 - 76.30
manufacturing
Industrial processes; chemical 185,758.64 0.01 61.09
manufacturing
Industrial processes; ferrous metals 54,204.35 998.75 474.88
Industrial processes; mining 583.79 - -
Industrial processes; NEC 439,728.82 0.002 4,579.67
Industrial processes; non-ferrous 18,671.10 - 1.86
metals
Industrial processes; oil and gas 210,055.59 - 0.35
production
Industrial processes; petroleum 168,207.30 229.73 44711
refineries
Industrial processes; pulp and paper 141,694.13 57.37 2,190.82
Industrial processes; storage and 128,486.79 102.34 502.77

transfer
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Table 5-3. National Emission Inventory (NEI) Total National Emissions (pounds)
for Naphthalene and Methylnaphthalenes Estimated by Sector 2017

Naphthalene 1-Methylnaphthalene 2-Methylnaphthalene
Sector emissions emissions emissions
Miscellaneous non-industrial NEC 23,494.82 - 604.42
Mobile; aircraft 1,231,718.57 3,317.82 207,506.43
Mobile; commercial marine vessels 236,093.00 - -
Mobile; locomotives 147,855.37 - -
Mobile; non-road equipment; diesel 574,528.59 - -
Mobile; non-road equipment; gasoline  3,065,367.09 - -
Mobile; non-road equipment; other 3,291.00 82.63 1,155.69
Mobile; on-road diesel heavy duty 2,112,775.51 - -
vehicles
Mobile; on-road diesel light duty 742,174.26 - -
vehicles
Mobile; on-road non-diesel heavy duty 79,914.05 - -
vehicles
Mobile; on-road non-diesel light duty 4,249,210.65 - -
vehicles
Solvent; consumer and commercial 7,901,059.66 - -
solvent use
Solvent; degreasing 20,442.35 - -
Solvent; dry cleaning 15.45 - -
Solvent; graphic arts 16,150.25 - 18.88
Solvent; industrial surface coating and 227,385.95 9.736 20.34
solvent use
Solvent; non-industrial surface coating 307,872.48 - -
Waste disposal 963,730.65 - 260,507.89

ICE = internal combustion engine; NEC = not elsewhere classified

Source: EPA 2017b

5.3.2 Water

Estimated releases of 5,650 pounds (~2.6 metric tons) of naphthalene to surface water from

1,206 domestic manufacturing and processing facilities in 2023, accounted for <1% of the estimated total
environmental releases from facilities required to report to the TRI (TRI23 2024). This estimate includes
releases to wastewater treatment and publicly owned treatment works (POTWs) (TRI23 2024). These
releases are summarized in Table 5-2. There is no information on releases of 1- or 2-methylnaphthalene
to surface water from manufacturing and processing facilities because these releases are not required to be

reported (EPA 2022d).
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Most of the naphthalene released to water is attributable to coal-tar production and distillation processes.
Some naphthalene from these sources is discharged directly to surface waters; the remainder is distributed
to POTWs. The effluent and oil-spills from the wood-preserving industry is the only other source of

consequence that releases naphthalene into the nation's waterways (EPA 1982).

Naphthalene was below the limits of quantification (<0.094-259 ng/L) in 99 wastewater treatment plant
effluent samples collected by the State of Oregon Department of Environmental Quality between 2010
and 2013 (WQP 2023). More robust effluent monitoring data were not located. VOC profiles of the
water phases at a coking wastewater treatment plant in Shanxi, China were evaluated in 2021 (Wang et al.
2023). Naphthalene was identified as one of three main constituents of the wastewater (19.4%), with an

average concentration of 8.73 pg/L.

The detection of naphthalene and methylnaphthalenes in groundwater in the vicinity of industrial facilities
and landfills (see Section 5.5.2) (Masoner et al. 2014) indicates that these chemicals are released to water
from these sources. Methylnaphthalenes have also been detected in effluents from industrial sources.
1-Methylnaphthalene and 2-methylnaphthalene were reported in process sewage and production water
samples from coal gasification plants at concentrations of 78-278 and 66—960 pg/L, respectively (GDCH
1992).

5.3.3 Soil

Estimated releases of 690,277 pounds (~313 metric tons) of naphthalene to soil from 1,206 domestic
manufacturing and processing facilities in 2023, accounted for about 35% of the estimated total
environmental releases from facilities required to report to the TRI (TRI23 2024). An additional
102,020 pounds (46 metric tons), constituting about 5% of the total environmental emissions, were
released via underground injection (TRI23 2024). These releases are summarized in Table 5-2. There is
no information on releases of 1- or 2-methylnaphthalene to the soil from manufacturing and processing

facilities because these releases are not required to be reported (EPA 2022d).

Sources of naphthalene emissions to soil include coal-tar production and minor contributions from
naphthalene production, POTW sludge disposal, the use of organic chemicals that include naphthalene,

and landfill disposal of municipal waste (EPA 1982).
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The residuals produced in gas production by coal carbonization, carbureted water gas production, or oil
gas production at manufactured gas plants (MGPs) included PAHs (naphthalene, anthracene,
phenanthrene, and benzo[ 1 Jpyrene). These residuals were deposited on site in tar wells, sewers, nearby

pits, or streams resulting in widespread soil and groundwater contamination (Luthy et al. 1994).

Discarded cigarette butts, particularly in large amounts as in urban environments, may contribute to local

contamination with naphthalene (Dobaradaran et al. 2019).

5.4 ENVIRONMENTAL FATE

5.4.1 Transport and Partitioning

Air. Naphthalene released to the atmosphere may be transported to surface water and/or soil by wet or
dry deposition. Since most airborne naphthalene and methylnaphthalenes will be in the vapor phase

based on their vapor pressures, deposition is expected to be very slow (about 0.04—0.06 cm/second). It
has been estimated that about 2—-3% of naphthalene emitted to air is transported to other environmental
media, mostly by dry deposition (EPA 1982). Atmospheric transportation and partitioning data for the

methylnaphthalenes were not located.

Water. Naphthalene in surface water may volatilize to the atmosphere. With a vapor pressure of

0.085 mm Hg, a water solubility of 31 mg/L at 20 °C, and a Henry's law constant of 4.4x10* atm-m3/mol
(NLM 2023a), it is likely that volatilization will be an important route of naphthalene loss from water.
The rate of volatilization also depends upon several environmental conditions, including temperature,
wind velocity, and mixing rates of the air and water columns (EPA 1982). The highest measured
volatilization flux of naphthalene from Gulf of Mexico sites of the Deepwater Horizon oil spill were
52,200 and 27,500 ng/m*/day (Tidwell et al. 2016). In an experiment using a mesocosm that simulated
Narragansett Bay, the half-life in water was 12 days during winter, with loss primarily due to

volatilization (Wakeham et al. 1983).

Limited data were located on transport and partitioning of methylnaphthalenes in the environment. The
respective vapor pressures (0.067 and 0.055 mm Hg), water solubilities (25.8 and 24.6 mg/L), and
Henry's law constants (5.14x10** and 5.18x10™* atm-m?/mol) for 1- and 2-methylnaphthalene are of
similar magnitude to these properties for naphthalene (NLM 2023a). Thus, it is likely that loss of methyl-

naphthalenes from ambient water occurs by volatilization. In a mesocosm experiment that simulated
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Narragansett Bay, the half-life of 2-methylnaphthalene in water was 13 days in winter, with loss primarily

due to volatilization (Wakeham et al. 1983).

The log octanol/water partition coefficient (Kow) for naphthalene is 3.30 and the log organic carbon
coefficients (K,) range from 2.05 to 3.97 (NLM 2023b, 2023¢). Based on the magnitude of these values,
it is expected that a moderate fraction of naphthalene in typical surface water would be associated with
particulate matter. Thus, some naphthalene discharged to surface waters would remain in solution, with

some quantity removed by sorption to suspended solids and benthic sediments.

Based on the magnitude of log K, values for 1- and 2-methylnaphthalene (3.87 and 3.86, respectively)
(NLM 2023b, 2023c) and the experimental log K, values of 3.36 and 3.64 for 1-methylnaphthalene and
3.00-5.96 for 2-methylnaphthalene (NLM 2023b, 2023c¢), these chemicals may partition similarly to

naphthalene in environmental media and may be removed from the water column by sorption to solids.

Sediment and Soil. Naphthalene is easily volatilized from aerated soils (Park et al. 1990) and is
adsorbed to a moderate extent (10%) (Karickhoff 1981; Schwarzenbach and Westall 1981). The extent of
sorption depends on the organic carbon content of the soil, with rapid movement expected through sandy
soils (Howard 1989). The estimated soil adsorption coefficient for naphthalene in a soil with <0.6%
organic carbon is 1.8 (Klecka et al. 1990). In soils with 0.4, 1.7, and 0.1% organic carbon, naphthalene
had calculated partition coefficients of 0.0034, 0.18, and 0.13 L/kg, respectively (Stagge et al. 2016).
Because it adsorbs to aquifer material (Ehrlich et al. 1982), naphthalene's passage through groundwater
will be somewhat retarded. Nevertheless, naphthalene frequently appears in effluent drainage from
disposal sites (Rittman et al. 1980; Roberts et al. 1980; Schwarzenbach et al. 1983). However, sorption of
naphthalene to aquifer materials with low organic carbon content (<0.03%) may be enhanced by the
presence of nonionic low-polarity organics, such as tetrachloroethene, commonly found at hazardous
waste sites (Brusseau 1991). Similarly, the presence of solvents such as cetylpyridinium chloride may
affect sorption capacity of the soils, increasing sorptive capacities for low organic carbon and cation
exchange capacity (CEC) soils or decreasing capacity for higher organic carbon and CEC soils (Stagge et
al. 2016).

Based on the magnitude of log K. values for 1- and 2-methylnaphthalene (3.87 and 3.86, respectively)
(NLM 2023b, 2023c) and the experimental log K, values of 3.36 and 3.64 for 1-methylnaphthalene and
3.00-5.96 for 2-methylnaphthalene (NLM 2023b, 2023c), these chemicals may partition similarly to

naphthalene in environmental media and are expected to be slightly mobile to immobile in soils.
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Other Media. Bioconcentration factors (BCFs) for naphthalene have been measured and calculated
from the Kow, Koc, or water solubility. BCFs of 36.5-168 have been measured in carp (NITE 2010a), and
692 and 714 wet-weight (9,230 and 10,307 lipid-weight adjusted) were measured in Sheepshead minnows
(Jonsson et al. 2004). Previous studies reported BCFs ranging from about 40 to 1,000 (Banerjee and
Baughman 1991; Bysshe 1982; Geyer et al. 1982; Kenaga 1980; Southworth et al. 1978; Veith et al.
1979). Based on the magnitude of the Ko, bioaccumulation in the food chain is not expected to occur
(Thomann 1989). However, naphthalene exposure of cows and chickens could lead to the presence of

naphthalene in milk and eggs (Eisele 1985).

In an Organisation for Economic Cooperation and Development (OECD) guideline terrestrial plant
bioaccumulation study, BCFs in lettuce (Lactuca sativa) via simulated uptake through atmospheric
deposition were 184.62 for naphthalene, 77.00 for 1-methylnaphthalene, and 120.26 for
2-methylnaphthalene (Teke et al. 2020).

BCFs for 1- and 2-methylnaphthalene in oysters ranged from about 500 to 12,590 (GDCH 1992).
Methylnaphthalenes are also metabolized and excreted rapidly by fish and shellfish when they are
removed from polluted waters (Breger et al. 1981; GDCH 1992). In Sheepshead minnows, BCFs of
2,800 and 2,900 (wet-weight), and 37,00 and 44,000 (lipid-weight adjusted) were determined kinetically

for 2-methylnaphthalene, with elimination occurring in 2—8 days (Jonsson et al. 2004).

Biota-sediment accumulation factors (BSAF) of 0.1124, 0.024, and 0.025 for naphthalene,
1-methylnaphthalene, and 2-methylnaphthalene, respectively, have been measured in deep-water
amphipods, Ampelisca mississippiana, sampled in June 2002 and August 2004 from the Gulf of Mexico
at the head of the Mississippi Canyon (Soliman and Wade 2008). Bioaccumulation factors (BAF) also
measured in these deep-water amphipods were 2.03, 0.43, and 0.45 for naphthalene,
I-methylnaphthalene, and 2-methylnaphthalene, respectively. For comparison, the study authors reported
values in shallow-water amphipods from the Houston Ship Channel with BSAF values of 1.29, 0.65, and
1.38 for naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene, respectively, and BAF values of
11.93, 5.95, and 12.75 for naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene, respectively.

In landfill leachate, a partition coefficient (Kpoc) of 22,000 mL/g dissolved organic carbon (DOC) was
determine for naphthalene, which correlated with the substance’s high water solubility, and supports the

possibility for leaching from landfills and other waste sites (Kalmykova et al. 2013). Most of the
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naphthalene was dissolved in the aqueous phase rather than bound to the dissolved organics in the

leachate.

Leaching from tobacco product waste into waters may be an important fate process. Dissolved
concentrations of naphthalene ranging from 51.09 to 103.08 ng per solid tobacco product unit were
measured after unused and used heat-not-burn tobacco products were soaked in various waters (river
water, rainwater, and seawater, at a standard ratio of 10 L/kg liquid to solid) for 24 hours (Solomou et al.

2023).

5.4.2 Transformation and Degradation

Air. The most important atmospheric removal process for naphthalene is reaction with photochemically
produced hydroxyl radicals (Howard 1989). The rate constant for this reaction is 2.17—

2.39x10"!'" cm*/molecule-second (Atkinson et al. 1987; Phousongphouang and Arey 2002) and the
atmospheric half-life for naphthalene based on this reaction is 5.8 hours—<1 day. The major products are
1- and 2-naphthol and 1- and 2-nitronaphthalene (Atkinson et al. 1987). Atmospheric oxidation with
other species such as nitrate radicals and ozone, occurs at a slower rate. Naphthalene reacts with N2>Os,
with an experimentally determined rate constant of 1.4x10"'” cm?/molecule-second (Atkinson et al. 1987).
Using an ambient 12-hour nighttime concentration for N>Os of 2x10'° molecules/cm?, an estimated half-
life of approximately 29 days was calculated. Naphthalene also reacts with nighttime nitrate radicals,
with an estimated atmospheric half-life of about 60 hours calculated from its experimentally determined
rate constant of 6.4x10!% cm?*/molecule-second and a nitrate radical concentration of 5x10% molecules/cm?
(Atkinson et al. 1984). The reaction of naphthalene with ozone is insignificant as compared to its reaction
with hydroxyl radicals. Direct photolysis is expected to occur, although no experimental data were

located (Howard 1989).

Methylnaphthalenes react with hydroxyl radicals. The reported rate constants are 5.30x10!'! and
5.23x10"!! cm3/molecule-second for 1- and 2-methylnaphthalene, respectively (NLM 2023b, 2023c).
Based on an atmospheric hydroxyl radical concentration of 1.5x10%cm?, the corresponding atmospheric
half-lives are 2.4 and 2.5 hours. Reactions of 1- and 2-methylnaphthalene with N,Os radicals have half-
lives of 24 and 19 days, respectively (GDCH 1992). These chemicals also react with atmospheric ozone
and nitrate radicals. In a rural setting, where the concentration of nitrate radicals is lower, calculated

atmospheric lifetimes for monosubstituted naphthalenes based on reactions with nitrate radicals range
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from 2.5 to 3.6 years; in urban and polluted environments, where the concentration of nitrate radicals is

higher, the calculated lifetimes range from 22 to 31 hours (Phousongphouang and Arey 2003).

Water. Naphthalene and methylnaphthalenes are degraded in water by photolysis and biological
processes. The half-life for direct photolysis of naphthalene in surface water is estimated to be about
71 hours, but the half-life in deeper water (5 m) is estimated at 550 days (Zepp and Schlotzhauer 1979).
The half-lives for photolysis of 1- and 2-methylnaphthalene were estimated at 22 and 54 hours,
respectively (GDCH 1992). Reduced indirect photolytic rates for naphthalene were observed with
increasing salinity, an important consideration when estimating fate in marine environments after oil
spills (Jing et al. 2014). Ions in seawater such as Br-, CO5%, and HCOs act as scavengers of hydroxyl

radicals, reducing indirect photolysis of naphthalene and methylnaphthalenes.

Biodegradation of naphthalene may be sufficiently rapid for it to be a significant fate process in aquatic
systems when acclimated organisms are present. Data on biodegradation of naphthalene in
biodegradability tests and natural systems suggest that biodegradation occurs after a relatively short
period of acclimation (half-life of about 7 days in oil-polluted water) and the biodegradation rate
increases with the naphthalene concentration. Biodegradation occurs slowly (half-lives up to 1,700 days)
in unpolluted water (Herbes 1981; Herbes and Schwall 1978; Herbes et al. 1980; Howard 1989; Kappeler
and Wuhrmann 1978). Reported biodegradation half-lives range from 3 to 1,700 days in various water
systems, occurring more rapidly in PAH- and oil-polluted environments (Howard 1989). In a static-flask-
screening test, naphthalene showed rapid acclimation and 100% loss from the test medium in 7 days
(Tabak et al. 1981). In another flask-screening test with unacclimated organisms, negligible loss (2%)
was observed (NITE 2010b). In an experiment with Narragansett Bay seawater, the half-life of
naphthalene in late summer was reported at 0.8 days, mainly due to biodegradation (Wakeham et al.

1983). The half-life of 2-methylnaphthalene was 0.7 days in the same experiment.

Methylnaphthalenes are biodegraded under aerobic conditions after adaptation. The highest degradation
rates were reported in water constantly polluted with petroleum (GDCH 1992).

Sediment and Soil. Biodegradation is expected to proceed more rapidly in sediments with acclimated
organisms. Half-lives reported in sediment include 4.9 hours and >88 days in oil-contaminated and
uncontaminated sediment, respectively (Herbes and Schwall 1978), 9 days in sediment near a coal-coking
discharge (Herbes 1981), 3, 5, and >2,000 hours in sediments with high, medium, and low PAH levels,

respectively (Herbes et al. 1980), and ranging from 2.4 weeks in sediments exposed to petroleum
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hydrocarbons to 4.4 weeks in sediments from a pristine environment (Howard 1989). Methyl-
naphthalenes biodegrade more slowly. Reported half-lives in sediments were 46 weeks for 1-methyl-

naphthalene and ranged from 14 to 50 weeks for 2-methylnaphthalene (GDCH 1992).

Biodegradation potential is important to biological remediation of soil. Studies on biodegradation of
PAHs suggest that adsorption to the organic matter significantly reduces the bioavailability for
microorganisms, and thus the biodegradability, of PAHs, including naphthalene (Heitzer et al. 1992;
Weissenfels et al. 1992). There is considerable variability in reported naphthalene soil half-lives. The
estimated half-life of naphthalene reported for a solid waste site was 3.6 months (Howard 1989). In soils
with 0.2-0.6% organic carbon and 92-94% sand, the half-lives were 11-18 days (Klecka et al. 1990). In
another study, sandy loams with 0.5-1% organic carbon had naphthalene half-lives of 2-3 days (Park et
al. 1990). The half-life in an unimpacted soil with 0.78% organic matter was 34.7 days (Agarry and
Oghenejoboh 2015). Biodegradation is accomplished through the action of aerobic microorganisms and
declines precipitously when soil conditions become anaerobic (Klecka et al. 1990). Studies indicate that
naphthalene biodegrades to carbon dioxide in aerobic soils, with salicylate as an intermediate product
(Heitzer et al. 1992). Anaerobic biodegradation of naphthalene to bicarbonate was observed within

180 days under sulfate-reducing conditions using enrichment cultures obtained from a neutral sandy loam

soil collected at a contaminated former gas plant site (Dhar et al. 2023).

Abiotic degradation of naphthalene seldom occurs in soils. In one study, only about 10% of the
naphthalene added to two soil samples treated with mercuric chloride to kill microorganisms was

degraded over a 105- or 196-day period (Park et al. 1990).

In contaminated subsurface soils often found at former MGP sites, naphthalene is present as a component
in coal tar, a dense nonaqueous-phase liquid (DNAPL). It may exist in the subsurface in the form of
trapped pools of organic liquid or as immobilized macroporous ganglia. Slow partitioning of naphthalene
and other PAHs from DNAPLSs into the aqueous phase causes them to be unavailable to the
microorganism, thus resulting in the partitioning of the PAHs being the rate-limiting step in their
biodegradation (Thomas et al. 1986). Using phenanthrene as a test substance, Birman and Alexander
(1996) showed that the viscosity of the nonaqueous-phase liquid (NAPL) may reflect a slower diffusion
of the aromatic substrate in the more viscous NAPLs and its subsequent slower mass transfer to water.
Ghoshal and Luthy (1996) demonstrated that a very large fraction of naphthalene can be biodegraded
from an accessible coal-tar-NAPL (free flowing) by microorganisms in bioslurry systems. Metabolically

active microflora were detected beneath the water table at former MGP sites from 2.6 to 30.8 m below the
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ground surface. The subsurface microflora appeared to be acclimated to the presence of PAHs and were
found to mineralize naphthalene (8-55%) in sediment-water microcosms under aerobic conditions.

Naphthalene biodegradation half-lives ranged from 18 to 480 days (Durant et al. 1994).

Partitioning to soil organic matter may also limit biodegradation in uncontaminated soils. Naphthalene
remaining in soil for extended periods of time was shown to become less available to bacteria and

earthworms (Kelsey and Alexander 1997).

Other Media. Naphthalene is reported to be rapidly eliminated from invertebrates when the organisms
are placed in pollutant-free water (Eastmond et al. 1984; Tarshis 1981). Naphthalene is readily
metabolized in fish (Howard 1989), and was eliminated within 2—8 days when placed in pollutant-free

water (Jonsson et al. 2004).

5.5 LEVELS IN THE ENVIRONMENT

Reliable evaluation of the potential for human exposure to naphthalene, 1-methylnaphthalene, and
2-methylnaphthalene depends, in part, on the reliability of supporting analytical data from environmental
samples and biological specimens. Concentrations of naphthalene, 1-methylnaphthalene, and
2-methylnaphthalene in unpolluted atmospheres and in pristine surface waters are often so low as to be
near the limits of current analytical methods. In reviewing data on naphthalene, 1-methylnaphthalene,
and 2-methylnaphthalene levels monitored or estimated in the environment, it should also be noted that
the amount of chemical identified analytically is not necessarily equivalent to the amount that is

bioavailable.

Table 5-4 shows the lowest limits of detection that are achieved by analytical analysis in environmental
media. An overview summary of the range of concentrations detected in ambient environmental media

sampled from a variety of site types (e.g., rural, urban) is presented in Table 5-5.
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Table 5-4. Lowest Limit of Detection Based on Standards for Naphthalene,
1-Methylnaphthalene, and 2-Methylnaphthalene?

Media Detection limit° Reference
Air 4.40 ng/m?3 Jia et al. 2020
Drinking water 0.012 pg/L EPA 2009
Surface water and groundwater  0.03 ug/L USGS 2006

Surface water

0.00014-0.027 pg/L
0.000056 (1-methylnaphthalene)
0.0001 (2-methylnaphthalene)

USGS 2018, 2019

Soil 4 ug/kg USGS 2004
Sediment 4 ug/kg USGS 2004
(pore water) 5.7 mg/mL EPA 2007a

2.4 ng/mL (1- and 2-methylnaphthalene)
Whole blood 0.0758 ng/g Hao et al. 2020

aDetection limits are based on using appropriate preparation and analytics. These limits may not be possible in all

situations.

bAll detection limits are for naphthalene unless otherwise noted.

Table 5-5. Summary of Environmental Levels of Naphthalene,
1-Methylnaphthalene, and 2-Methylnaphthalene

2-Methyl

Naphthalene 1-Methyl naphthalene naphthalene
For more

Media Low High Low High Low High information
Outdoor air 0.0025 221 0.036 0.0908 0.000574 0.132 Section 5.5.1
(ppbv)
Indoor air  0.034 1.9 - - - - Section 5.5.1
(ppbv)
Surface 0.00018 0.52 0.00034 0.2 0.00054 0.2  Section5.5.2
water (ppb)
Ground >0.2 4,070 0.01 19 36.1 431 Section 5.5.2
water (ppb)
Drinking - >0.2 - - - - Section 5.5.2
water (ppb)
Food (ppb) <0.61 561.4 <04 306.0 <0.36 286.9  Section 5.5.4
Soil (ppb) 2.0 25,900 22 4,400 1.3 11,500 Section 5.5.3

Concentration (ppbv) = 24.45 x concentration (ug/m?3) + molecular weight; ppb = pg/L = pg/kg

Detections of naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene in air, water, and soil at NPL

sites are summarized in Table 5-6.
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Table 5-6. Naphthalene and Methylnaphthalene Levels in Water, Soil, and Air of
National Priorities List (NPL) Sites

Geometric Number of

Geometric standard guantitative
Medium Median? mean? deviation? measurements NPL sites
Naphthalene
Water (ppb) 59.5 124 58.1 168 110
Soil (ppb) 32,000 38,100 43.2 272 174
Air (ppbv) 2.48 2.14 20.0 43 30
1-Methylnaphthalene
Water (ppb) 0.0245 1.07 1,230 6 3
Soil (ppb) 63,000 19,000 32.8 12 4
Air (ppbv) No data No data No data No data No data
2-Methylnaphthalene
Water (ppb) 21 324 56.8 57 41
Soil (ppb) 15,000 14,000 32.2 191 118
Air (ppbv) 0.0258 0.130 46.5 7 6
Methylnaphthalene
Water (ppb) 6 6 1 2 1
Soil (ppb) 5,300 11,900 18.0 7 5
Air (ppbv) No data No data No data No data No data

aConcentrations found in ATSDR site documents from 1981 to 2022 for 1,868 NPL sites (ATSDR 2022a). Maximum
concentrations were abstracted for types of environmental media for which exposure is likely. Pathways do not
necessarily involve exposure or levels of concern.

5.5.1 Air

Naphthalene and methylnaphthalenes have been reported in ambient air at several locations in the United
States. While concentrations of naphthalene in air in the United States have been well-studied, more
limited data are available on the methylnaphthalenes. The Air Quality System (AQS) reports that the
average naphthalene concentration from 2018 to 2021 has remained constant between 0.4 and 0.5 pg/m’,
with maximum concentrations reported in 2018, dropping over time. Data on methylnaphthalenes are too
limited to observe any longitudinal trends in concentration (EPA 2022b). These data are summarized in

Table 5-7.
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Table 5-7. Summary of Annual Concentrations of Naphthalene and
Methylnaphthalenes (ug/m3) Measured in Ambient Air at Locations

Across the United States2®

Number of monitoring  Number of
Year locations samples Average Maximum
Naphthalene
2018 32 1,739 0.04 2.66
2019 36 1,776 0.04 2.21
2020 34 1,801 0.06 1.7
2021 43 2,032 0.04 1.16
2022¢ 32 720 0.02 0.66
1-Methylnaphthalene
2018 - - - —
2019 - - — —
2020 1 130 0.0023 0.00581
2021 1 65 0.0026 0.0108
2022¢ - - - —
2-Methylnaphthalene
2018 1 71 0 0
2019 - - - -
2020 1 130 0.0040 0.00843
2021 1 63 0.0039 0.00922
2022¢ - - - -

aValues were originally reported in parts per billion carbon (ppbC) or ng/m3 and converted to pg/m?.

b24-hour sampling period.

¢As of October 14th, 2022.

Source: EPA 2022b

A Norfolk Southern train derailed near East Palestine, Ohio, on February 3, 2023, with hazardous

material being released to the local environment (NTSB 2023). Air monitoring and sampling data have

been reported by the EPA (EPA 2023b). Data collected from February 4 to August 18, 2023 resulted in

1,444 samples analyzed for naphthalene (EPA 2023b). A maximum value of 4.58 ppbv was detected on

February 28, 2023 (EPA 2023b).

Naphthalene concentrations in air can vary widely depending on the uses of the site, the site’s proximity

to sources of naphthalene, and atmospheric conditions. A summary of studies monitoring naphthalene

and methylnaphthalenes in outdoor air is provided in Table 5-8. During atmospheric stagnation periods

in January and July, 2009, ambient air samples were collected from mobile samplers in neighborhoods

adjacent to three fixed air toxic sites in Tacoma, Washington. Pollutant sources were identified as traffic-
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related or wood smoke-related. Wood-burning sources had calculated overall means of 16.5 pg/m? in

summer and 10.6 pg/m? in winter; traffic sources had calculated overall means of 69.5 pg/m® in summer

and 16.1 ug/m® in winter (Davey et al. 2014).

Table 5-8. Summary of Naphthalene and Methylnaphthalenes (ug/m3) Measured

in Outdoor Air

Percent

Date Location Average?® Range detected® Notes Source
Naphthalene
2001- Riverside, 0.259 0.013-0.767 - Urban air Lu et al.
2003 California 2005

San Dimas, 0.265 0.041-0.652 —

California

Mira Loma, 0.249 0.027-1.035 -

California

Upland, California 0.207 0.026-0.306 —

Long Beach, 0.091 0.046-0.178 -

California

Los Angeles, 0.697 0.094-2.543 -

California
January Tacoma, 10.6; 16.5 8.44-13.1; - Wood-burning Davey et
2009;  Washington 7.18-22.6 sources during two al. 2014
July air stagnation
2009 events

16.1; 69.5 12.1-20.3; - Traffic sources
31.8-116 during two air
stagnation events
1990- United States 0.178 NS-9.092 - Urban air  Liu et al.
2014 2017
0.135 NS-1.309 - Rural air

June Mille Lacs Band of 0.012+0.006 - - Rural air Ellickson
2013— Oijibwe Land et al.
June  \inneapolis, 0.075+0.016 - - Urban air 2017
2015 Minnesota
August, Eugene, Oregon  0.08¢d 0.005 (LOD)- 50% Air during wildfire Messier et
2018 0.3¢ al. 2019
1-Methylnaphthalene
August, Eugene, Oregon  0.009¢¢ 0.0009 (LOD) 52% Air during wildfire Messier et
2018 —-0.03d al. 2019
2-Methylnaphthalene
June Mille Lacs Band of 0.00334+0.00165 - - Rural air Ellickson
2013— Ojibwe Land et al.
%qg Minneapolis, 0.0339+0.00784 - - Urban air 2017

Minnesota

188
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Table 5-8. Summary of Naphthalene and Methylnaphthalenes (ug/m3) Measured
in Outdoor Air

Percent
Date Location Average?® Range detected® Notes Source
August, Eugene, Oregon  0.010d 0.001 (LOD) 55% Air during wildfire  Messier et
2018 -0.08¢ al. 2019

aValue is an average unless otherwise noted.

bPercent detection on a per sample basis.

®Value is reported as the median of values above the limit of detection (LOD).
dValues estimated from a figure and should be treated as approximates.

NS = not specified

Urban air may have higher concentrations of naphthalene and methylnaphthalenes. Rural and urban air
monitoring was conducted between June 2013 and June 2015 on the Mille Lacs Band of Ojibwe Land and
in south Minneapolis, respectively. Naphthalene was detected at 0.012 pg/m?® in Mille Lacs and at

0.075 pg/m? in Minneapolis; 2-methylnaphthalene was detected at 0.00334 pg/m? in Mille Lacs and at
0.0339 pg/m? in Minneapolis (Ellickson et al. 2017). The highest naphthalene concentrations were
observed at a site near a foundry and asphalt production facility. Average air concentrations between
2001 and 2003 in cities in California were between 0.091 and 0.697 pg/m? for cities in California (Lu et
al. 2005). Mean long-term trends analyzed from AQS data between 1990 and 2014 were 0.178 pg/m?
naphthalene in urban air and 0.135 pg/m® naphthalene in rural air (Liu et al. 2017).

Naphthalene concentrations in indoor air may be higher than outdoor air, depending on ventilation,
tobacco use, and use of naphthalene releasing products or burning wood or fuel. Concentrations of
naphthalene detected in indoor and outdoor air measured in 24 low-income homes in North Carolina were
0.33-9.7 and 0.57-1.82 pg/m? respectively (Chuang et al. 1999). In urban and suburban homes in
Southeast Michigan, Syracuse, New York, and Chicago, Illinois, median concentrations of naphthalene
detected were 0.84, 2.84, and 0.18 pg/m’, respectively (Jia and Batterman 2011). For rural homes in
Missoula, Montana, the median naphthalene concentration detected was 0.3 pug/m®. Indoor air
concentrations of naphthalene of residences in Ottawa, Canada, ranged from 0.68 to 1.83 ug/m* (Wheeler
et al. 2014). In homes with smokers, indoor and outdoor air concentrations were measured to be 2.2 and
0.3 pg/m’, respectively. Comparable values in homes without smokers were 1.0 and 0.1 pg/m?,
respectively (EPA 1991; Gold et al. 1993). Naphthalene was detected in indoor air at 2.6 and 49 pg/m?,
in soil gas at 0.5 ug/m?, and in outdoor air at 6.3 ug/m? at a daycare investigated for vapor intrusion by
ATSDR (2007b); a consumer product was reported as a more likely source of the indoor pollution than

vapor intrusion. Naphthalene was detected at a maximum of 9.7 ug/m? in apartments investigated for
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vapor intrusion, however soil gas samples were not reported (ATSDR 2008). Indoor air concentrations
may also be impacted by wildfires; the median indoor air concentration of naphthalene was approximately
0.1 pg/m? in comparison to 0.08 pg/m? for outdoor air, and indoor air ranged higher and had a higher
percent detection (detected in 79% of indoor air samples) (Messier et al. 2019). Similar trends were
observed for the methylnaphthalenes, and median indoor air concentrations of approximately 0.06 pg/m?*
1-methylnaphthalene and 0.09 pug/m? 2-methylnaphthalene were reported (detected in 67 and 64% of

samples, respectively).

Outside of the United States, median naphthalene concentrations of 0.70 pg/m? have been reported for
indoor air samples collected between May and September 2019 in 85 residential homes in Northeastern
British Columbia (Canada). Levels were similar to the median level of naphthalene found during the
Canadian Health Measure Survey (CHMS, cycle 3, 2012-2013) of 0.63 pg/m? (Caron-Beaudoin et al.
2022; Li et al. 2019b).

Limited recent data reporting naphthalene concentrations at industrial and hazardous waste sites were
located. Naphthalene was detected in the air of a wood creosote-treatment facility at 1.50 pg/m?® (Morgan
et al. 2015). At sites near another wood creosote-treatment facility, naphthalene ranged from 0.4 to

12.9 ug/m?, 1-methylnaphthalene ranged from 0.2 to 2.3 ug/m?, and 2-methylnaphthalene ranged from
0.2 to 5.7 ug/m?, during 24-hour sampling periods (ATSDR 2007a). Sampling periods of 1-3 hours had
larger maximum concentrations: 25.6, 7.2, and 19.4 pg/m’, respectively. Based on use and reported

emissions of naphthalene, detections at sites producing or using naphthalene would be expected.

Limited monitoring data were available for methylnaphthalenes. 1-Methylnaphthalene and 2-methyl-
naphthalene have been reported in ambient air at average concentrations of 0.21 and 0.37 pg/m?,

respectively (EPA 2022b).

5.5.2 Water

The EPA maintains a Water Quality Portal (WQP) database that aggregates environmental monitoring
data from the National Water Information System (NWIS) and STORage and RETrieval (STORET)
system, providing ample data for assessment of current conditions and trends in naphthalene and
methylnaphthalene concentrations in waters of the United States. A summary of the data for ambient
surface and groundwater from recent years are reported in Table 5-9 (WQP 2023). Naphthalene and

methylnaphthalenes have been detected in surface water and groundwater in the United States.
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Detections were generally infrequent and at trace levels, although limited sampling was conducted for the
methylnaphthalenes. Concentrations present in groundwater were generally higher than surface water,

where volatilization may occur.

Table 5-9. Summary of Concentrations of Naphthalene and Methylnaphthalenes
(ng/L) Measured in Surface and Groundwater Across the United States

Year Average Maximum Number of samples  Percent detected
Surface water
Naphthalene
2018 0.06 0.3 930 22%
2019 0.02 0.02 709 1.0%
2020 0.05 0.15 242 2.1%
2021 0.04 0.16 184 5.4%
2022 0.04 0.52 90 44%
2023¢ 0.04 0.06 22 41%
1-Methylnaphthalene
2018 0.03 0.2 182 13%
2019 0.02 0.1 176 7.4%
2020 0.02 0.02 56 1.8%
2021 0.01 0.01 72 4.2%
2022 0.03 0.03 23 4.3%
2023¢ - - 4 0%
2-Methylnaphthalene
2018 0.05 0.2 431 4.4%
2019 0.04 0.2 348 2.3%
2020 0.04 0.04 93 1.1%
2021 0.01 0.01 74 4.1%
2022 0.03 0.03 23 4.3%
2023¢ - - 4 0%
Groundwater
Naphthalene
2018 36.1 365 1,286 1.8%
2019 51.2 522 1,648 1.8%
2020 941 700 1,275 3.8%
2021 109 4,070 1,821 9.4%
2022 105 980 2,823 9.4%
2023¢ 115 740 716 10%
1-Methylnaphthalene
2018 0.02 0.028 38 7.9%
2019 0.01 0.01 19 5.2%
2020 - - 39 0%

2021 4.67 19 59 25%
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Table 5-9. Summary of Concentrations of Naphthalene and Methylnaphthalenes
(ng/L) Measured in Surface and Groundwater Across the United States

Year Average Maximum Number of samples  Percent detected
2022 0.077 0.077 22 4.5%

20232 - - - -
2-Methylnaphthalene

2018 201 66 68 8.8%

2019 42.4 379 53 26%

2020 414 200 119 16%

2021 36.1 431 216 31%

2022 63.6 1,830 184 35%

20232 55.2 91.5 36 25%

aAs of August, 2023.

Source: WQP 2023

In a study of surface water in Southern Lake Powell, recreational waters in Arizona and Utah,
naphthalene concentrations ranged from 0.00065 to 0.0029 pg/L in summer 2016 and were below the
detection limits (0.022 and 0.027 pg/L, respectively, which were an order of magnitude higher than
detection limits for other sampling campaigns) for spring and summer 2017 (USGS 2018, 2019).
1-Methylnaphthalene was detected at concentrations of 0.00058—0.0024, 0.00034—0.0017, and 0.00071—
0.0011 ug/L for summer 2016, spring 2017, and summer 2017, respectively; 2-methylnaphthalene was
detected at 0.0009-0.0035, 0.00054—0.0019, and 0.00088—0.0021 pg/L for summer 2016, spring 2017,
and summer 2017, respectively (USGS 2019).

In a study of contaminants of an urban watershed of Chesapeake Bay, naphthalene was detected in the
northeast and northwest branches of Anacostia River (an urban watershed of Chesapeake Bay) at a
concentration range of 0.00018-0.0216 pg/L. 2-Methylnaphthalene was also detected at a concentration
0f 0.00057-0.0627 pg/L (Foster et al. 2000).

Naphthalene is rarely detected in drinking water. In a large-scale monitoring study of principal aquifers
in the United States between 1991 to 2010, naphthalene was detected at >0.2 pg/L in 7 of the 40 aquifer
areas used for drinking water (USGS 2015). For these aquifers, percent detections ranged from only
0.22 to 5.26%. Current data regarding the presence of methylnaphthalenes in drinking water were not

located.
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Concentrations of naphthalene and methylnaphthalenes in groundwater are expected to be higher near
industrial sites using naphthalene and landfills. In a landfill leachate sampling campaign collected in
2011, naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene were detected in leachate at median
concentrations of 5.05, 1.70, and 1.92 pug/L, respectively, from landfills across the United States (Masoner
et al. 2014). Detections in leachate and groundwater plumes have been reported previously from
industrial and municipal landfills and waste disposal sites (Barbee 1994; Brown and Donnelly 1988;
Kinman et al. 1995). Naphthalene and 2-methylnaphthalene were detected in groundwater at five wood
treatment facilities (Rosenfeld and Plumb 1991). Naphthalene was reported in 35% of samples at all five
sites at an average concentration of 3,312 pg/L. 2-Methylnaphthalene was reported in 27% of samples at
four sites at an average concentration of 563 ug/L. Naphthalene, 1-methylnaphthalene, and 2-methyl-
naphthalene have been detected in groundwater at Gas Works Park, Seattle, Washington, in the range of
20-12,000, 201,100, and 30—1,400 ug/L, respectively (Turney and Goerlitz 1990). Gas Works Park is
located on the site of a coal and oil gasification plant that ceased operation in 1956. Naphthalene and
2-methylnaphthalene were detected in the groundwater of a former petroleum bulk plant at 147 and
1,420 pg naphthalene/L and 392 pg 2-methylnaphthalene/L (ATSDR 2006). Naphthalene was below the
ATSDR child and adult intermediate environmental media evaluation guide (EMEG) values; EMEGs
were not available for 2-methylnaphthalene. Naphthalene and 2-methylnaphthalene were detected in
groundwater at the Superfund Portland Harbor Site at an average of 1,150 pg/L (n=644, 71% detected)
and 69.3 pug/L (n=438, 77% detected), respectively, between 2004 and 2007 (WQP 2023). Detections in
surface water were much lower, with averages of 45.2 and 0.03 pg/L, respectively (percent detections
around 13-27%). Naphthalene was not detected in groundwater at the Palermo Wellfield Superfund site
between 2018 and 2020 (WQP 2023).

Limited data are available for marine environments. Naphthalene has been reported at a mean

concentration of 0.0063 pg/L in seawater in the south Atlantic Ocean (Cripps 1992).

5.5.3 Sediment and Soil

Naphthalene and methylnaphthalenes were generally commonly detected in soil/sediment samples, at
average concentrations typically between 100 and 200 pg/kg (WQP 2023). A summary of the data for
ambient soil/sediment monitoring is reported in Table 5-10. Samples were not specified as sediment or

soil.
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Table 5-10. Summary Naphthalene and Methylnaphthalenes (ug/kg) Measured in
Soil/Sediment Across the United States, Reported in the Water Quality Portal

Year Average Maximum Number of samples Percent detected
Naphthalene

2018 361 25,900 694 56%
2019 80.0 707 372 27%
2020 139 2,600 214 19%
2021 141 5,900 176 51%
2022 4.08 69 108 56%
20232 - - - -
1-Methylnaphthalene

2018 87.8 1,010 277 48%
2019 108 1,360 237 32%
2020 - - 142 0%
2021 8.72 214.8 118 43%
2022 1.22 5 55 38%
20232 - - - -
2-Methylnaphthalene

2018 170 11,500 500 63%
2019 144 2,990 314 30%
2020 216 1,600 193 7.7%
2021 79.7 4,400 152 45%
2022 5.96 140 80 48%
20232 - - - -

aAs of August, 2023.

Source: WQP 2023

Naphthalene concentrations have been well characterized in urban soils. The results of several soil and
sediment monitoring studies are provided in Table 5-11. In samples taken across Manhattan from 2005 to
2006, median concentrations of naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene in surface
soils were 23, 16, and 17 pg/kg, respectively (Azzolina et al. 2016). Concentrations were decreased in
subsurface soils. Soils collected from small cities in Florida had approximate median naphthalene
concentrations of 75-100 pg/kg (Gao et al. 2019). PAH sources were hypothesized to be from biomass,
coal and coke combustion, and vehicle emissions. Naphthalene and methylnaphthalene analysis was
conducted for surface and subsurface soil samples that were collected from parks in Milwaukee,

Wisconsin, where the only expected pollutant source was atmospheric deposition. In 0-7 cm soil, the
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mean concentrations were 69 pg/kg naphthalene, 37.3 pg/kg 1-methylnaphthalene, and 39.7 pug/kg

2-methylnaphthalene (Siemering and Thiboldeaux 2021). Subsurface concentrations decreased.

Table 5-11. Summary of Naphthalene and Methylnaphthalenes (png/kg) Measured
in Ambient Soil and Sediment

Percent
Date Location Average® Range detected Notes Source
Naphthalene
2005-2006 Manhattan, 23° 2.4-210 100 Urban surface Azzolina et al. 2016
New York soil, 0-5 cm
17° 2.0- 100 Urban subsurface
22,000 soil, >15 cm
2017 Milwaukee, 69 20.6—-190 5 Soil from parks, Siemering and
Wisconsin 0-7 cm Thiboldeaux 2021
- - 0% Soil from parks,
15-30 cm
2018 Clay County, 75 - - Soil from small  Gao et al. 2019
Florida cities
Ocala, 83b - -
Florida
Pensacola, 95° - -
Florida
West Palm  100° - -
Beach,
Florida
1992-1995 United - NS— 7% 496 streambeds Lopes and Furlong
States 4,900 sampled 2001
- Richardson - - - Decreased from Pereira et al. 1999
Bay, 33 to 2.1 with
California increasing depth
(0—148 cm)
- San Pablo - - - Decreased from
Bay, 18 to 4.1 with
California increasing depth
(0—-239 cm)
2012-2016 Northern - 61 4% Sediment from  Weissinger et al.
Colorado bodies of water in 2018
Plateau, and near national
Colorado parks; detected
at 2 of 18 sites
2017 Great Lakes 7.04 NS- 100% Streambeds of Baldwin et al. 2022
tributaries in 1,340 tributaries to the

Minnesota,
Wisconsin,
Indiana,
Ohio, and
New York

Great Lakes
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Table 5-11. Summary of Naphthalene and Methylnaphthalenes (pg/kg) Measured

in Ambient Soil and Sediment

Percent
Date Location Average® Range detected Notes Source
2005, Hudson Bay <1 <1-2.35 - Surface Stern et al. 2023
2018-2019 and Hudson sediments from
Strait 34 locations in
(Canada) transportation
route
1-Methylnaphthalene
2005-2006 Manhattan, 16° 1.4-150 100% Urban surface Azzolina et al. 2016
New York soil, 0-5 cm
130 2.2— 100% Urban subsurface
4,400 soil, >15 cm
2017 Milwaukee, 37.3 2.7-233 11%  Soil from parks, Siemering and
Wisconsin 0-7 cm Thiboldeaux 2021
18.6 14.5—- 15% Soil from parks,
224 15-30 cm
2012-2016 Northern - 41 8% Sediment from  Weissinger et al.
Colorado bodies of water in 2018
Plateau, and near national
Colorado parks; Detected
at 2 of 18 sites
2017 Great Lakes 11.0 NS- 60% Streambeds of Baldwin et al. 2022
tributaries in 3,050 tributaries to the
Minnesota, Great Lakes
Wisconsin,
Indiana,
Ohio, and
New York
2-Methylnaphthalene
2005-2006 Manhattan, 17° 1.3—-130 100% Urban surface Azzolina et al. 2016
New York soil, 0-5 cm
11p 1.8— 96% Urban subsurface
5,500 soil, >15 cm
2017 Milwaukee, 39.7 2.3-281 13%  Soil from parks, Siemering and
Wisconsin 0-7 cm Thiboldeaux 2021
21.8 17.3— 12% Soil from parks,
24.9 15-30 cm
2012-2016 Northern - 62 7% Sediment from  Weissinger et al.

Colorado
Plateau,
Colorado

bodies of water in 2018
and near national
parks; detected

at 2 of 18 sites
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Table 5-11. Summary of Naphthalene and Methylnaphthalenes (pg/kg) Measured
in Ambient Soil and Sediment

Percent
Date Location Average® Range detected Notes Source
2017 Great Lakes 18.0 NS- 60% Streambeds of  Baldwin et al. 2022
tributaries in 2,460 tributaries to the
Minnesota, Great Lakes
Wisconsin,
Indiana,
Ohio, and
New York

aValue is an average unless otherwise noted.
bValue is the median.

Streambed sediments collected from Great Lakes tributaries in several states in the summer of 2017 had
median concentrations of 7.04 pg/kg naphthalene, 11.0 ug/kg 1-methlynaphthalene, and 18.0 pg/kg
2-methylnaphthalene detected (Baldwin et al. 2022). Surface sediment samples were collected between
2012 and 2016 from locations in and near national parks on the northern Colorado Plateau for
naphthalene analysis. Naphthalene and methylnaphthalenes were detected in 2 of the 18 sites, with
maximum concentrations of 61, 41, and 62 ng/kg, for naphthalene, 1-methylnaphthalene, and
2-methylnaphthalene, respectively (Weissinger et al. 2018). Naphthalene was detected in 7% of

496 streambed sediment sites across the United States tested for the presence of semi-volatile organic
compounds; the maximum concentration was 4,900 pg/kg dry weight (Lopes and Furlong 2001). Like
soil, concentrations of naphthalene have been observed to decrease with depth in sediments.
Concentrations of naphthalene decreased from 33 to 2.1 pg/kg dry weight with increasing depth (0—
148 cm) in the sediment core in Richardson Bay and from 18 to 4.1 pug/kg dry weight with increasing
depth (0-239 cm) in the sediment core in San Pablo Bay (Pereira et al. 1999). These bays are located in

the San Francisco Bay, which is the largest urbanized estuary on the west coast of the United States.

Naphthalene and methylnaphthalenes have been reported at higher concentrations near or within sources
of contamination, although recent data were not located. Previously, reported naphthalene concentrations
in contaminated soils included 6,100 pg/kg in coal-tar contaminated soil (Yu et al. 1990), 16,700 pg/kg in
soil from a former tar-oil refinery (Weissenfels et al. 1992), and up to 66 ug/kg in sludge-treated soils
(Wild et al. 1990). Methylnaphthalenes (isomer not specified) were reported at a concentration of

2,900 pg/kg in coal-tar contaminated soil (Yu et al. 1990). Hawthorne et al. (2001) reported the
concentration of naphthalene to be 48,000 pg/kg in the soil from an unspecified MGP in the midwestern

United States. Naphthalene and 2-methylnaphthalene were detected in soil samples collected from a
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former petroleum bulk plant at 46,700 and 68,600 pg naphthalene/kg and 13,400 pg 2-methyl-
naphthalene/kg (ATSDR 2006). These pollutants were not reported in soil gas samples, and naphthalene
was below the ATSDR child and adult reference media evaluation guide (RMEG) values; RMEGs were
not available for 2-methylnaphthalene. The mean concentration of naphthalene found in the sediment
samples taken from 31 freshwater and estuarine sites adjacent to, nearby, or downstream from potential

pollutant sources in Florida was 33,000 ug/kg (Miles and Delfino 1999).

No studies evaluating indoor or residential dust concentrations of naphthalene or methylnaphthalenes in
the United States were located. Naphthalene was detected in dusts collected from inside 20 homes in
Greece (Stamatelopoulou et al. 2021) and 31 homes in China (Liu et al. 2021). Mean concentrations of
naphthalene were 0.339 and 1.984 ug/kg, respectively. Stamatelopoulou et al. (2021) included analyses
for 1- and 2-methylnaphthalene and reported mean concentrations of 0.126 and 0.242 ug/kg, respectively.
Van Metre et al. (2009) measured PAHs including naphthalene in pavement dust from sealcoated and
unsealcoated parking lots in six cities across the United States. The study authors presented the results as
the sum of 12 PAHs; results for naphthalene alone were not reported. The summed concentrations of
PAHs were substantially higher (on the order of 100-fold) in dust from parking lots that had been
sealcoated than those that had not been, indicating that coal tar-sealcoating mixture was likely an

important source of PAHs in the dust (Van Metre et al. 2009).

5.5.4 Other Media

Naphthalene and methylnaphthalenes have been detected in trace amounts in fish and unspecified
bivalves and polychaetes, although sample sizes were not very large. Most detections were <100 pg/kg.
In a review of 27 studies evaluating commercialized seafood from estuarine bays distributed throughout
the American continent, naphthalene was identified as the most frequently reported PAH found in the
30 various fish species included in the studies (de Pinho et al. 2023).

A summary of the available data reported by the WQP is presented in Table 5-12. Data for other taxa
groups were not located, although naphthalene has been previously detected in shellfish. Reported
naphthalene concentrations were 5—-176 pg/kg in oysters, 4-10 pg/kg in mussels, and <1-10 pg/kg in
clams from U.S. waters (Bender and Huggett 1989). In shore crabs collected from the San Francisco Bay
area, average naphthalene concentrations were 7.4 pg/kg (Miles and Roster 1999). Naphthalene and
methylnaphthalene (isomer not specified) were also detected in the muscle (1.5-3.1 pg/kg wet weight),
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kidney (1.4-4.3 ng/kg wet weight), liver (1.4—4.7 png/kg wet weight), and blubber (8.3-23.5 ng/kg wet
weight) of harp seals caught in southern Labrador on the eastern coast of Canada (Zitko et al. 1998).

Table 5-12. Summary of Concentrations of Naphthalene and

Methylnaphthalenes (ug/kg) Measured in Biota Samples

Across the United States

199

Number of Percent
Year Species Mean Maximum samples detected
Naphthalene
2018 3.2 79 140 99%
Ambloplites rupestris 1.1 2.1 25 100%
Ameiurus nebulosus 1.1 2.5 30 100%
Cyprinus carpio 10 79 29 100%
Micropterus salmoides 2 7.6 22 100%

Other species sampled with n<10: Lepomis gibbosus, Lepomis macrochirus, Lutjanus kasmira,
Micropterus dolomieu, Oncorhynchus mykiss, Perca flavescens, Selar crumenophthalmus

2019 2.7 4.83 19 42%
L. kasmira 24 4.1 6 33%
Salvelinus namaycush 3.3 4.83 5 100
S. crumenophthalmus 0.7 0.66 6 17%

Not detected in: Bivalvia, Polycheta

2020 8.8 73.7 27 59%
C. carpio 13.9 73.7 9 89%
L. kasmira 1.7 2.1 6 50%
M. salmoides 9.9 15.6 2 100%
S. crumenophthalmus 1.7 2 6 50%

Not detected in: Onchorhynchus tshawytscha

2021 25.8 240 27 70%
Ameiurus natalis 204 38.7 3 67%
Bivalvia 16.4 18 5 100%
Castomus commersonii 4.8 4.77 2 50%
Polycheta 3.4 3.41 1 100%
S. crumenophthalmus 91.3 240 3 100%
Vertebrata 21.3 57.8 3 100%

Not detected in: M. dolomieu, Semotilus atromaculatus

2022 3.19 12.643 57 91%
Catostomus latipinnis 5.58 12.643 9 100%
Pantosteus discobolus 4.82 6.467 7 100%
C. commersonii 3.87 5.014 4 100%
O. mykiss 4.74 5.608 6 100%
C. commersonii x C. latipinnis 4.3 4.792 2 100%
Salmo trutta 2.8 2.895 2 100%
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Table 5-12. Summary of Concentrations of Naphthalene and

Methylnaphthalenes (ug/kg) Measured in Biota Samples

Across the United States

200

Number of Percent

Year Species Mean Maximum samples detected
(gl:sgglbvvo%irson// x Catostomus 43 4.306 1 100%
Macoma nasuta 0.621 0.77 10 100%
S. crumenophthalmus 1.73 2.3 3 100%
Alitta virens 0.6 0.76 10 50%
L. kasmira 1.63 2.4 3 100%

20232 No data

1-Methylnaphthalene

2018 4.5 9.23 6 100%
O. mykiss 4.5 8.23 6 100%

2019 1.3 2.09 7 71%
S. namaycush 1.3 2.09 5 100%

Not detected in: Bivalvia, Polycheta

2020 15.8 95.8 15 60%
C. carpio 17.4 95.8 9 89%
O. tshawytscha 3.54 3.54 25%

Not detected in: M. salmoides

2021 9.9 55 22 68%
A. natalis 24.7 247 3 33%
Bivalvia 4.8 54 5 100%
C. commersonii 54 5.44 3 33%
Polychaeta 23.3 55 3 100%
S. atromaculatus 14.2 14.2 3 33%
Vertebrata 26 5771 4 100%

Not detected in: M. dolomieu

2022 3.63 11.09 31 97%
C. commersonii 2.48 3.054 4 75%
C. latipinnis 4.67 11.09 9 100%
P. discobolus 4.02 5.517 7 100%
C. commersonii x C. discobolus 412 4.123 1 100%
O. mykiss 3.04 3.754 6 100%
C. commersonii x C. latipinnis 2.59 2.847 2 100%
S. trutta 1.94 2.309 2 100%

20232 No data
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Table 5-12. Summary of Concentrations of Naphthalene and

Methylnaphthalenes (ug/kg) Measured in Biota Samples

Across the United States

201

Number of Percent
Year Species Mean Maximum samples detected
2-Methylnaphthalene
2018 3.6 28 128 100%
A. rupestris 1.7 3.5 25 100%
A. nebulosus 1.1 3.1 30 100%
C. carpio 7.4 28 29 100%
M. salmoides 4.5 23 22 100%

Other species sampled with n<10: L. gibbosus, L. macrochirus, M. dolomieu, O. mykiss, P. flavescens

2019 1.8 2.65 7 71%
S. namaycush 1.8 2.65 5 100%

Not detected in: Bivalvia, Polycheta

2020 7.8 41 15 80%
C. carpio 9.6 41 9 100%
O. tshawytscha 2.7 6.22 75%

Not detected in: M. salmoides

2021 14.6 84 22 73%
A. natalis 417 41.7 3 33%
Bivalvia 6.86 7.3 5 100%
C. commersonii 5.25 8.05 3 67%
Polychaeta 38 84 3 100%
S. atromaculatus 19.8 19.8 3 33%
Vertebrata 3.197 5.784 4 100%

Not detected in: M. dolomieu

2022 3.36 7.361 51 84%
C. latipinnis 5.2 6.726 9 100%
C. commersonii x C. discobolus 4.91 4.906 1 100%
C. commersonii 3.59 4.271 4 75%
O. mykiss 4.32 4.792 6 100%
P. discobolus 5.27 7.361 7 100%
C. commersonii x C. latipinnis 3.45 3.521 2 100%
S. trutta 2.78 3.76 2 100%
M. nasuta 0.525 0.64 10 100%
A. virens 0.507 0.68 10 30%

20232 No data

aAs of August, 2023.

Source: WQP 2023
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Higher concentrations of naphthalene and 1- and 2-methylnaphthalene in biota are expected to be caused
by nearby pollution. Naphthalene and methylnaphthalenes (isomer not specified) were detected at
concentrations of 7.15 and 65.11 pug/kg of salmon tissue, respectively, and at 12.9 and 17.3 pg/kg of
mussels, respectively. Both the salmon and mussels were caught in Exxon Valdez spill affected Snug
Harbor in the Prince William Sound (Neff and Burns 1996). Methylnaphthalenes have occasionally been
detected in fish from polluted waters. 2-Methylnaphthalene was reported at concentrations ranging from
0.4 to 320 ug/kg in fish from Ohio waters, but neither isomer of methylnaphthalene was detected in liver
or muscle tissue of fish from polluted areas of Puget Sound (GDCH 1992).

Table 5-13 presents a summary of naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene
concentrations in food, beverages, and supplements. Naphthalene was reported to be below the limit of
quantification in oil extracted from menhaden fish, a source of commercial fish oil, caught off the coasts
of New Jersey, Delaware, and Louisiana (Chopra et al. 2019). Naphthalene and methylnaphthalenes were
detected in commercial coffee beans at 8.2-561.4 ug/kg for naphthalene, 24.0-306.0 pug/kg for
I-methylnaphthalene, and 7.2-286.9 ng/kg for 2-methylnaphthalene (Jimenez et al. 2014). Higher
concentrations were associated with darker roasts, due to contamination likely occurring during the
roasting process. Other current data regarding naphthalene contamination of food in the United States
were not located. Naphthalene was not included in the Food and Drug Administration (FDA) Total Diet
Study between 2003 to 2017 (FDA 2022). Naphthalene may contaminate food from atmospheric
deposition of naphthalene in air, or partitioning from soil and water. Previously, naphthalene was
detected in 2 of 13,980 samples of foods analyzed in six states (Minyard and Roberts 1991). In a Lower
Rio Grande Valley environmental study, naphthalene (median concentration, 2.159 pg/kg body weight)
was detected in five of the nine duplicate-diet samples (Berry et al. 1997). Naphthalene (1-7 pg/kg) was

also detected in fresh tree-ripened apricots, plums, and their interspecific hybrids (Gomez et al. 1993).

Table 5-13. Summary of Naphthalene and Methylnaphthalenes Measured in
Food, Beverages, and Supplements

Location Product Average Range Notes Source
Naphthalene

Coasts of New Oil from Menhaden <3 ug/kg - Not detected Chopra et al.
Jersey, fish 2019

Delaware, and
Louisiana
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Table 5-13. Summary of Naphthalene and Methylnaphthalenes Measured in
Food, Beverages, and Supplements

Location Product Average Range Notes Source
United States Instant coffee beans <0.61 ug/lkg - Not detected in  Jimenez et al.
2 of 2 products 2014
Espresso coffee <0.61 ug/kg; - Not detected in
beans 22.8 pg/kg 1 of 2 products
Light blend coffee 8.2 ug/kg; -
beans 13.4 pg/kg
Medium blend 279 ug/kg; -
coffee beans 79.1 pg/kg
Dark blend 101.7 uglkg -
decaffeinated beans
Dark blend coffee  — 27.8-561.4 ug/kg 4 products
beans analyzed
United States; — - - Detected in 2 of Minyard and
10 states 13,980 food Roberts 1991
samples
- Apricots, plums, - 1-7 ug/kg Gomez et al.
and their hybrids 1993
Central Italy  Honey 0.278 ng/g  0.003-1.89 ng/lg 57 samples Passarella et al.
2022
Spain Cereal-based - 0.013-5.500 22 foods Sampaio et al.
foodstuffs; cookies, pa/kg analyzed 2021
breakfast cereal,
flour, pasta, rice,
bread
Spain Beer - 0.340-1.500 pg/L Sampaio et al.
Wine - 0.075-3.600 pg/L 2021
Juice - 0.00029-
0.0036 pg/L
Canada Farmed salmon 1.98 ug/kg - Easton et al.
Pacific coast ~ Wild salmon 215ugkg - 2002
1-Methylnaphthalene
United States Instant coffee beans <0.4 uglkg - Not detected in  Jimenez et al.
2 of 2 products 2014

Espresso coffee
beans

Light blend coffee

beans

Medium blend
coffee beans

Dark blend

<0.47 pg/kg;

24.0 pg/kg
<0.47 ug/kg

28.1 pg/kg;
39.7 ug/kg

97.6 pg/kg

decaffeinated beans

Dark blend coffee
beans

27.2-306.0 pg/kg

Not detected in
1 of 2 products

Not detected in
2 of 2 products

4 products
analyzed

Canada

Farmed salmon

0.96 pg/kg
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Table 5-13. Summary of Naphthalene and Methylnaphthalenes Measured in
Food, Beverages, and Supplements

Location Product Average Range Notes Source
Pacific cost Wild salmon 1.53 ug/kg - Easton et al.
2002
Poland Unsmoked cheese 10.5 ug/kg 8.8—-12.3 ug/kg 5 products Polak-Sliwiniska
analyzed et al. 2022
Smoked cheese 5.0 pg/kg 1.5-11.3 pg/kg 10 products
analyzed

2-Methylnaphthalene
United States Instant coffee beans <0.36 ug/kg

Not detected in  Jimenez et al.
2 of 2 products 2014

Not detected in

Espresso coffee 9.9 pg/kg;

beans <0.36 ug/kg 1 of 2 products

Light blend coffee  <0.36 ug/kg; - Not detected in

beans 28.2 ug/kg 1 of 2 products

Medium blend <0.36 ug’kg - Not detected in

coffee beans 2 of 2 products

Dark blend 7.2 ug/kg -

decaffeinated beans

Dark blend coffee  — 10.5-286.9 ug/kg 4 products

beans analyzed
Canada Farmed salmon 1.98 ug/kg - Easton et al.
Pacific cost Wild salmon 2.93 pg/kg - 2002

Outside of the United States, naphthalene was detected in 22 cereal-based foodstuffs, such as flour, pasta,
rice, and bread, at 0.013-5.5 pg/kg (Sampaio et al. 2021). Naphthalene was detected at 0.340—1.500 pg/L
in beer, 0.075-3.600 pg/L in wine, and 0.00029-0.0026 pg/L in juice (Sampaio et al. 2021). Naphthalene
concentrations determined in butter samples were 5.40-48.84 ug/kg (mean: 29.06 ug/kg; median:

27.08 ng/kg) before storage and 20.25-48.78 ng/kg (mean: 27.10 pg/kg; median: 25.72 ng/kg) after

160 days of storage at 4°C (Lan and Wu 2023).

Food grown near sources of naphthalene may have higher concentrations. Naphthalene was detected in
all leafy vegetable samples (e.g., garden egg leaves and Chinese cabbage) grown in the city center of
Accra, Ghana (Sampaio et al. 2021). Vegetables grown in an industrial area of Thessaloniki, Greece had
naphthalene concentrations measured to be 0.37-15 pg/kg dry weight in cabbage; 8.9-30 ng/kg dry
weight in carrots; 6.3-35 pg/kg dry weight in leeks; 4.9-53 pg/kg dry weight in lettuce; and 27-63 pg/kg
dry weight in endive (Kipopoulou et al. 1999). Naphthalene was among the VOCs identified in whole
and ground sorghum (Seitz et al. 1999).
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Naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene were detected at mean concentrations of
1.98, 0.96, and 1.98 pg/kg, respectively, in whole gutted farmed salmon and at 2.15, 1.53, and 2.93 ng/kg,

respectively, in whole gutted wild salmon from the Pacific coast (Easton et al. 2002).

Naphthalene may contaminate food if cooked by a source that releases naphthalene. Naphthalene was
detected in the gas phase (5,860 pg emitted per kg of meat cooked) as well as the particle phase (1,440—
1,690 pg emitted per kg of meat cooked) in the emissions from the process of charbroiling hamburger
meat over a natural gas grill (Schauer et al. 1999). Measurements in the meat were not conducted in this
study. Naphthalene was detected in traditionally smoked cheeses (5.0 ug/kg), but at higher average
concentrations in unsmoked cheeses (10.5 pg/kg) (Polak-Sliwinska et al. 2022). Naphthalene has also

been detected in smoked salmon (Zelinkova and Wenzl 2015).

Studies conducted in the 1990s suggested that naphthalene contamination could also occur from food
packaging. Naphthalene levels in sterilized milk drinks contained in low-density polyethylene (LDPE)
bottles were shown to be low (20 pg/L) at the time of purchase, increasing to 100 pg/L 30 days later, and
averaging 250 pg/L at the expiration date of the milk (Lau et al. 1994). Residual naphthalene present in
the LDPE packaging was hypothesized to be the contamination source. A later study by the same study
authors observed that the level of naphthalene in LDPE milk bottle material had been reduced to 100—
400 pg/kg due to the use of new packaging material (Lau et al. 1995). More recent data on naphthalene

leaching from food packaging were not located.

Naphthalene has been detected in a variety of other consumer products. In a study conducted in Taiwan
of 64 commercial cosmetic product samples of unknown origin, including 41 lipstick samples,
naphthalene was found at concentrations over the limit of detection (0.1 mg/kg) in 10 samples (13.7%), at
concentrations of 0.1-1.17 mg/kg (average 0.3 mg/kg) (Wang et al. 2019). Table 5-14 reproduced from a
report by the Danish Environmental Protection Agency, reports naphthalene concentrations detected in
products available commercially in Denmark (Danish EPA 2015). Similar analysis of products sold in

the United States were not located.

Table 5-14. Summary of Naphthalene Measured in Consumer Products

Product Value Notes
Window glass colors 5.7-11 mg/kg Red paint
Toothbrush 0.04-0.53 mg/kg 0.0053 mg/toothbrush

Incense smoke 403 pg/m?
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Table 5-14. Summary of Naphthalene Measured in Consumer Products

Product Value Notes

Printed matter 0.122-0.389 mg/kg; 18-90 ug/m? emitted

Textiles 0.04-2.4 mg/kg

Bathing shoes 0.2-0.5 mg/kg

Bicycle tires 0.5-1.0 mg/kg

Rubber figurine 0.2-0.5 mg/kg

Balloons 0.2-0.5 mg/kg

Toy car 0.2-0.5 mg/kg

Tattoo ink 0.8-81 mg/kg Black ink
1.9-2.8 mg/kg Blue ink
1.6 mg/kg Red ink
1.3 mg/kg Orange ink

Wood tar 510 mg/kg

Silicone based pacifiers >0.1 mg/kg

Products with <0.2 mg/kg: rubber shoes, bracelet, scooter and bicycle handles, eraser, doll, teething
ring, swimming equipment, bib, bags, alarm horn, and pen

Source: Danish EPA 2015

Naphthalene was detected in 87% of baby wipe and baby and adult diaper samples (31 products total)
purchased from stores in Michigan (United States) or from official company websites (Lin et al. 2023).

Concentrations of naphthalene in the samples were <1.0 ng/kg (Lin et al. 2023).

Naphthalene was detected at a concentration of 227 mg/kg of wood burned from the fireplace combustion
of pine wood. 1-Methylnaphthalene was detected at concentrations of 10.6, 6.39, and 4.31 mg/kg of
wood burned from the combustion of pine, oak, and eucalyptus wood respectively (Schauer et al. 2001).
2-Methylnaphthalene was detected at concentrations of 15.0, 9.31, and 5.69 mg/kg of wood burned from
combustion of pine, oak, and eucalyptus wood, respectively. Naphthalene was not measured from the oak
and eucalyptus fires (Schauer et al. 2001). In another study, the respective median concentrations of
naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene were determined to be 22.57, 4.14, and

4.76 mg/kg of burned Ponderosa pine in the fireplace; 60.86, 12.71, and 15.55 mg/kg for mixed
hardwoods in the fireplace; and 34.96, 5.23 and 6.32 mg/kg for mixed hardwoods burned in a woodstove
(McDonald et al. 2000).

Naphthalene and methylnaphthalene detections in tobacco products are reported in Table 5-15.
Naphthalene was not detected in main-stream smoke (smoke that is inhaled by the smoker) from filtered

“low nicotine” research cigarettes, but was emitted at a rate of 18.11 ug/cigarette into sidestream smoke
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(smoke emitted from the burning end of the cigarette) (Charles et al. 2007). In a study from 1978,
reported levels of naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene in the smoke from U.S.
commercial unfiltered cigarettes were 3, 1, and 1 pg, respectively (Schmeltz et al. 1978). Levels in
sidestream smoke were found to be higher: 46, 30, and 32 pg/cigarette, respectively (Schmeltz et al.
1976). Naphthalene was detected, but not quantified, in third-hand cigarette smoke, which is a mixture
resulting from second-hand smoke accumulating and circulating in indoor air (Borujeni et al. 2022).
Naphthalene has also been identified as a main component in the aroma profile of cigar tobacco leaves
after fermentation (Wu et al. 2023). In the emissions from electronic cigarettes, naphthalene was detected
at 6.15x10°-9.22x107° pg/puff, significantly lower than 3,598.6 pg/puff in a reference conventional
cigarette (Dusautoir et al. 2021). Naphthalene and the methylnaphthalenes have been detected at
approximately between 10 and 100 pg/kg dry weight in smokeless tobacco products (McAdam et al.
2013). Naphthalene was the most abundant (~25-70%) PAH detected in all tobacco products tested in
one study measuring levels in unused and operated heat-not-burn tobacco products and conventional
cigarettes (Solomou et al. 2023). The total concentrations of naphthalene in unused and used
conventional cigarettes were ~112 and 979 ng/unit, respectively; the total concentrations of naphthalene
in unused and used heat-not-burn tobacco products were ~57 and 60 ng/unit, respectively. The
bioavailable concentrations were reported to be ~59 and 67 ng/unit for unused and used heat-not-burn
tobacco products, respectively, and ~63 and 44 ng/unit for unused and smoked conventional cigarettes,

respectively.

Table 5-15. Summary of Naphthalene and Methylnaphthalenes Measured in
Tobacco Products

Product Naphthalene 1-Methylnaphthalene  2-Methylnaphthalene  Source

Smoke of 3 ug/cigarette 1 pg/cigarette 1 pg/cigarette Schmeltz et
unfiltered al. 1978
cigarettes

Sidestream 46 ug/cigarette 30 pg/cigarette 32 pg/cigarette
smoke of
unfiltered
cigarettes

Smoke of filtered Below detection Charles et
“low nicotine” limit al. 2007
research

cigarettes

Sidestream 18.11 ug/cigarette — -
smoke of filtered

“low nicotine”

research

cigarettes
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Table 5-15. Summary of Naphthalene and Methylnaphthalenes Measured in

Tobacco Products

Product Naphthalene 1-Methylnaphthalene  2-Methylnaphthalene  Source
Electronic 6.15x10-5- - - Dusautoir et
cigarette 9.22x105 ug/puff al. 2021
Reference 3,598.6 pg/puff - -

conventional

cigarette

Chewing tobacco 54.0 ug/kg dw 20.1 pg/kg dw 10.4 pg/kg dw McAdam et
Dry snuff 84.9 ug/kg dw 75.2 pg/kg dw 60.0 pg/kg dw al. 2013
Hard pellet 69.7 pg/kg dw 19.2 ug/kg dw 10.5 pg/kg dw

Soft pellet 76.5 pg/kg dw 74.2 pg/kg dw 65.6 pg/kg dw

Moist snuff 110 pg/kg dw 62.0 pg/kg dw 46.9 yg/kg dw

Plug products

53.4 pg/kg dw

18.3 pg/kg dw

9.51 pg/kg dw

dw = dry weight

Naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene were among the chemicals detected in air in
Lower Manhattan in the aftermath of the destruction of the World Trade Center, New York City, New
York on September 11, 2001. Concentration of naphthalene ranged from 699 ng/m* on September 26-27,
2001, to 42 ng/m? on October 21-22, 2001. The concentration of 1-methylnaphthalene ranged from

178 to 100 ng/m? and that of 2-methylnaphthylene ranged from 267 to 165 ng/m? for the same days
(Swartz et al. 2003).

5.6 GENERAL POPULATION EXPOSURE

The general population is most likely to be exposed to naphthalene by inhalation of ambient and indoor
air. The use of naphthalene-containing moth repellents and smoke from cigarettes are the main sources of
naphthalene in indoor air. Other indoor sources include kerosene heaters, wood burning, and

formulations containing naphthalene, such as printer ink (Ar1 2020).

Based on an urban/suburban average air concentration of 0.04 pg/m?* (8.0x10° ppmv) (EPA 2022b) and
an inhalation rate of 20 m?/day, it has been estimated that the average daily intake from ambient air is

0.8 ug (Howard 1989). Intake from indoor air may be higher, depending on the presence of indoor
sources. The estimated average daily intakes from ambient air may be about 4.2 ug for 1-methyl-
naphthalene and 7.4 pg for 2-methylnaphthalene. These estimates are based on ambient air samples taken
from an average air concentration of 0.21 pg/m? (0.036 ppmv) 1-methylnaphthalene, 0.37 pg/m?

(0.064 ppmv) 2-methylnaphthalene (EPA 2022b), and an assumed human daily intake of 20 m?.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 209

5. POTENTIAL FOR HUMAN EXPOSURE

Inhalation exposure is a major source of exposure in both adults and children, particularly in homes where
repellents and deodorant blocks containing naphthalene are used or tobacco is smoked in the home.
Estimated daily intakes of 10,860 and 30 ng naphthalene/day from the use of combustible cigarettes and
heated tobacco products, respectively, has been reported (Scherer et al. 2022). Tabatabaei et al. (2022)
reported that tobacco smoking (hookah) in the home was a significant source of children’s exposure to
naphthalene in a study that showed higher levels of urinary 1-naphthol in children from homes with

hookah smoking compared with those from homes where no hookah smoking occurred.

Under experimental conditions, a box of moth balls placed in a closet had naphthalene emissions between
8 and 12 mg/hour, decreasing over time to ~5 mg/hour (Guerrero and Corsi 2012). Naphthalene was one
of the PAHs detected in an eight-home pilot study that was conducted in Columbus, Ohio to measure the
PAH concentration profiles in house dust. The average concentration of naphthalene was found to be
dependent upon the method of extraction (2.8 mg/m?® by Soxhlet extraction and 1.8 mg/m? by sonication
extraction) (Chuang et al. 1995). Concentrations of naphthalene detected in the indoor and outdoor air
measured in 24 low-income homes in North Carolina were 0.33-9.7 and 0.57-1.82 pg/m?, respectively
(Chuang et al. 1999). In a study reporting the concentrations of VOCs in a wide range of environments
(i.e., homes, offices, restaurants, pubs, department stores, train and bus stations, heavily trafficked
roadside locations, buses, trains and automobiles) in Birmingham, United Kingdom, naphthalene
concentrations were found to range from 0.1 pg/m? (laboratories) to 12.1 pg/m? (heavily trafficked
roadside) (Kim et al. 2001). A mean concentration of naphthalene was found to be 2.3 pug/m* in a
German environmental survey that monitored 113 adults aged 25-69 years, selected at random, for
personal exposure to VOCs including naphthalene (Hoffmann et al. 2000). Low levels of naphthalene
(average concentration, 0.44 pg/m?) and 1-methylnaphthalene (average concentration, 0.08 pg/m?) were
found in the indoor air of 92% of single-family homes and 81% of apartments monitored (Kostianen
1995). Naphthalene has been detected in the smoke from charbroiling meat (Schauer et al. 1999) and
from the smoke from domestic fireplaces and wood-burning stoves (McDonald et al. 2000; Schauer et al.

2001).

Vapor intrusion may be a potential source of naphthalene and methyl naphthalene exposure, although
indoor and ambient sources may also contribute to indoor air levels. The EPA (2016) includes
naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene in its Vapor Intrusion Screening Levels
(VISL) Calculator, indicating that it is sufficiently volatile and sufficiently toxic to be considered a

concern for vapor intrusion from soil and groundwater. Accordingly, ATSDR recommends that health
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assessors should evaluate potential health implications of vapor intrusion for naphthalene during site risk

assessments.

Exposure to naphthalene may occur from ingestion of drinking water and/or food, but these exposures are
expected to be much less than inhalation exposures for the general population. Estimated exposure from
drinking water, assuming a worst-case water concentration of about 0.2 ug/L (USGS 2015), is 0.4 pg/day
(Howard 1989). However, naphthalene was rarely detected in drinking water. No recent dietary exposure

estimates were available.

Dermal exposure to naphthalene may occur from handling or wearing clothing stored in naphthalene-
containing moth repellents. However, no data were located concerning the level of human exposure to
naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene via this exposure route. Experimental studies
have shown that naphthalene can be dermally absorbed and systemically metabolized in rats (Turkall et

al. 1994).

The Centers for Disease Control and Prevention (CDC) creates ongoing assessments on Human Exposure
to Environmental Chemicals that were derived from data obtained from NHANES. The biomonitoring
data report urinary levels of two metabolites of naphthalene, 1-hydroxynaphthalene (or 1-naphthol) and
2-hydroxynaphthalene (2-naphthol), from a sample of people who represent the noninstitutionalized,
civilian U.S. population during 2-year study periods. The data for the most recent study period (2015—
2016) are summarized in Table 5-16. In studies on worker exposures, naphthalene air concentrations
were correlated with 1- and 2-hydroxynaphthalene; 1-hydroxynaphthalene, may also be a metabolite of
the insecticide carbaryl (CDC 2017). Urinary levels reflect recent exposure, and higher levels are
typically found in smokers and workers who are in industries that expose them to naphthalene.

Table 5-17 provides the urinary levels of 1- and 2-hydroxynaphthalene in U.S. adult (>18 years old)

smokers, who had means higher than adult (=20 years old) nonsmokers.

Table 5-16. Geometric Mean of the Urine Concentration (ug/L) of
1- and 2-Hydroxynaphthalene in the U.S. Population (2015-2016)

Population group Geometric mean 95% CL Sample size
1-Hydroxynaphthalene
Total population 1.36 1.29-1.43 2,926

Age 3-5 years 0.83 0.78-1.01 471

Age 6-11 years 0.88 0.78-1.00 373

Age 12-19 years 0.95 0.85-1.07 392
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Table 5-16. Geometric Mean of the Urine Concentration (ug/L) of
1- and 2-Hydroxynaphthalene in the U.S. Population (2015-2016)

Population group Geometric mean 95% CL Sample size
Age 20+ years 1.86 1.72-2.01 1,690
Males 1.53 1.42-1.65 1,463
Females 1.20 1.11-1.30 1,463

Mexican Americans 1.07 0.96-1.20 556

Non-Hispanic Blacks 1.96 1.75-2.19 640

Non-Hispanic Whites 1.48 1.32-1.64 879

2-Hydroxynaphthalene

Total population 5.23 5.02-5.45 2,926
Age 3-5 years 4.02 3.95-4.95 471
Age 6-11 years 4.42 3.95-4.96 373
Age 12-19 years 5.57 5.01-6.19 392
Age 20+ years 5.74 5.44-6.07 1,690
Males 5.36 5.06-5.66 1,463
Females 5.07 4.78-5.38 1,463

Mexican Americans 7.21 6.62—7.85 556

Non-Hispanic Blacks 713 6.59-7.71 640

Non-Hispanic Whites 4.03 3.73-4.36 879

CL = confidence limit

Source: CDC 2023

Table 5-17. Geometric Mean of the Urine Concentration (ug/L) of
1-Hydroxynaphthalene and 2-Hydroxynaphthalene in the U.S.
Adult Smoking Population (2015-2016)

Population group Geometric mean 95% CL Sample size
1-Hydroxynaphthalene
Total population 2.73 2.57-2.90 3,010
Males 3.17 2.89-3.48 1,114
Females 2.32 2.08-2.58 1,079
Mexican Americans 1.64 1.40-1.93 335
Non-Hispanic Blacks 4.61 4.05-5.23 504

Non-Hispanic Whites 3.23 2.82-3.71 743
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Table 5-17. Geometric Mean of the Urine Concentration (ug/L) of
1-Hydroxynaphthalene and 2-Hydroxynaphthalene in the U.S.
Adult Smoking Population (2015-2016)

Population group Geometric mean 95% CL Sample size
2-Hydroxynaphthalene
Total population 710 6.81-7.39 3,010
Males 7.48 7.01-7.98 1,114
Females 6.62 6.17-7.10 1,079
Mexican Americans 8.74 7.87-9.70 335
Non-Hispanic Blacks 10.43 9.63-11.29 504
Non-Hispanic Whites 6.04 5.52-6.61 743

CL = confidence limit

Source: CDC 2023

Naphthalene was detected in 40% of human adipose tissue samples at concentrations ranging from <9 to
63 ug/kg in a National Human Adipose Tissue Survey (NHATS) (EPA 1986b). More recent large-scale
biomonitoring studies were not available. Naphthalene was detected between 0.618 and 5.14 ng/g in

10 whole blood samples obtained from a blood donation center in the San Francisco Bay area (Hao et al.
2020). In a study of 52 women in Ottawa, Canada, naphthalene was detected in breastmilk, with a
median concentration of 7.55 ng/g lipid (range, 3.86—79.36 ng/g lipid) (Wheeler et al. 2014). The study
authors also concluded that urinary concentrations of naphthalene metabolites tended to be similar to
(1-naphthol) or lower (2-naphthol) than those reported in another Canadian survey of women of
reproductive age and only urinary metabolite 1-naphthol and naphthalene levels in breast milk were

correlated.

A personal air monitoring study of 17 pregnant women in their third trimester, conducted in the McAllen-
Edinburg-Mission area of Texas, utilized both air-sampler backpacks and passive-sampler silicone
wristbands to measure methylnaphthalene exposure across 3 nonconsecutive days. The backpack
reported exposure to 57.26 ng/m* 1-methylnaphthalene and the wristband reported exposure to

139.93 ng/m* 1-methylnaphthalene; 93.50 ng/m?® 2-methylnaphthalene and 174.78 ng/m?
2-methylnaphthalene were reported by the backpack and wristband samplers, respectively (Mendoza-
Sanchez et al. 2022). Personal air monitoring of pregnant women in Ottawa, Canada, reported median
naphthalene concentrations of 0.73 and 0.79 pug/m® during pregnancy on weekdays and weekends,
respectively, and 1.74 pg/m® 2-3 months after birth (Wheeler et al. 2014). Air samples were collected

from a sampler attached to the collar.
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Children are likely to be exposed to naphthalene via the same routes that affect adults, such as inhalation
of contaminated air, ingestion of contaminated drinking water or contaminated food, and dermal contact
with contaminated soils or products treated with the compound. Small children are more likely than
adults to come into intimate contact with yard dirt, lawns, and dust from carpets. Dislodgeable pesticide
residues in carpets or on uncovered floors may present a relatively important exposure route for infants
and toddlers through dermal contact and oral ingestion. The tendency of young children to ingest soil,
either intentionally through pica or unintentionally through hand-to-mouth activity, is well documented.
These behavioral traits can result in ingestion of naphthalene present in soil and dust. Naphthalene has

been detected in the house-dust in an eight-home pilot study (Chuang et al. 1995).

Accidental ingestion of household products containing naphthalene such as mothballs or deodorant blocks
frequently occurs in children. In 2020, 527 cases of accidental naphthalene moth repellent ingestion were
reported to Poison Control Centers in the United States (Gummin et al. 2021). About 50% of these cases

occurred in children under 5 years of age.

Naphthalene was among the chemicals detected at nine day care centers in Durham, Raleigh, and Chapel
Hill, North Carolina (Wilson et al. 1999). Indoor and outdoor air was found to contain naphthalene at
concentrations of 205 and 89.6 ng/m’, respectively. The concentrations were 0.011 ppm in soil,

0.008 ppm in dust, 0.94 ppb in liquid food, and 0.25 ppb in solid food samples. The differences in PAH
concentrations between daycare centers serving low-income clients and those serving middle-income

clients were found to be small.

Naphthalene (mothballs) is commonly used as a moth repellant in clothes during storage and as a
deodorizer in diaper pails. Acute hemolysis was reported in 21 children following a period of inhalation
exposure of naphthalene. The source of naphthalene was woolen clothes and blankets that had been

stored with mothballs over the summer (Valaes et al. 1963).

A potential source of exposure in infants is from the presence of naphthalene in breast milk or formula.
Naphthalene was detected (concentrations not reported) in six of eight breast milk samples from women
in four U.S. cities (Pellizzari et al. 1982). Children may also be exposed to naphthalene from milk drinks
that have been stored in LDPE bottles (Lau et al. 1994).
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Urinary metabolites of naphthalene were reported in urine samples collected from 359 Californian girls
aged 6—16 years in the California PAH Study (2011-2020). In first urine samples, 2-naphthol was
detected at a frequency of 98.1% (John et al. 2022b). The study found that concentrations were generally
associated with exposure to both outdoor (season of sample collection, neighborhood traffic) and indoor
(heating with gas, use of candles or incense, cigarette smoke exposure) sources of PAHs, as well as

dietary sources (frequent use of grill, consumption of smoked meat or fish) of PAHs.

The potential for exposure to naphthalene through oral intake of contaminated microplastics has been
reported. The adsorption efficiency of naphthalene on polyvinyl chloride microplastics was found to be
about 40% at 25°C (Bao et al. 2023a, 2023b). Bao et al. (2023a, 2023b) measured desorption efficiency
of naphthalene from contaminated polyvinyl chloride microplastics in simulated gastrointestinal fluids at
pH values of 1.5, 2.5, 3.5, and 4.5 at 37°C; the study showed that ~5.5-5.7% was released into the

simulated gastrointestinal environment.

Naphthalene may volatilize from water; thus, there is potential for inhalation exposure during showering
and bathing. ATSDR’s three-compartment Shower and Household-Use Exposure (SHOWER) model
predicts air concentrations in the shower stall, bathroom, and main house throughout the day by
estimating the contribution from showering or bathing and the contribution from other water sources in
the house, such as the dishwasher, clothes washer, and faucets. This information, along with human
activity patterns, is used to calculate a daily TWA exposure concentration via inhalation exposure and
from dermal uptake from skin contact. ATSDR’s SHOWER model is available by sending a request to
showermodel@cdc.gov. Using representative values from drinking water aquifers as discussed in
Section 5.5.2 and representative outdoor air levels discussed in Section 5.5.1, Reasonable Maximum
Exposure (RME) levels for naphthalene were calculated for different exposure groups (see Table 5-18).
Data regarding methylnaphthalene concentrations in drinking water sources were not available, and

estimates could therefore not be calculated.

Table 5-18. Reasonable Maximum Estimate of Naphthalene Daily Inhalation and
Dermal Doses from Showering by Exposure Group

Exposure group Inhalation (ug/m?) Dermal (ug/kg/day)
Birth—<1 year 0.096 0.0063
1-<2 years 0.096 0.0058
2—<6 years 0.096 0.0050
6—<11 years 0.096 0.0041

11-<16 years 0.096 0.0033
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Table 5-18. Reasonable Maximum Estimate of Naphthalene Daily Inhalation and
Dermal Doses from Showering by Exposure Group

Exposure group Inhalation (ug/m?) Dermal (ug/kg/day)
16-<21 years 0.096 0.0030
Adult 0.096 0.0030
Pregnant and breastfeeding women 0.096 0.0030

Source: ATSDR 2022b

5.7 POPULATIONS WITH POTENTIALLY HIGH EXPOSURES

Naphthalene concentrations can vary widely based on the site conditions, source of naphthalene, and
proximity to the source, resulting in large variations in the levels of exposure, even for populations with
expected high exposures. Members of the general population most likely to have high levels of exposure
to naphthalene are users of naphthalene-containing moth repellents (including infants exposed to blankets
or clothing stored in naphthalene-containing mothballs), smokers, and those in proximity to smokers.
Workers in naphthalene-producing or naphthalene-using industries, and workers exposed to burning wood
or coal, and fuels, could be subject to heightened exposure. Individuals living or working near hazardous
waste sites at which naphthalene has been detected could also be exposed to higher naphthalene
concentrations if they came into contact with contaminated media. Potentially high exposure to
naphthalene and other PAHs are possible for people working with or using coal tar or coal tar creosote

products (ATSDR 2024).

NIOSH (2009) evaluated environmental tobacco smoke exposure in Las Vegas casino dealers, including
measurements of naphthalene concentrations in personal breathing zone samples and area samples. The
geometric mean concentration naphthalene in personal breathing zone samples across three casinos was

0.78 pg/m?, with a range of 0.21-1.4 pg/m*. In area samples, the concentrations were similar, with a

geometric mean concentration of 0.729 pg/m? (range 0.19-1.6 pg/m>).

In a personal monitoring study collecting dermal wipes primarily from the lower arms, hands, and neck,
U.S. Air Force fuel-cell maintenance workers had an average estimate whole body dermal exposure of
2,020 ng/m? (range, 100-4.88x10° ng/m?) to naphthalene (Chao et al. 2005). The highest dermal
exposures were seen in workers who entered fuel tanks (to perform cleaning or maintenance tasks); those

whose work did not involve entry into the tanks had lower dermal exposure levels (Chao et al. 2005).



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 216

5. POTENTIAL FOR HUMAN EXPOSURE

People living near industrial sites may have increased exposure to naphthalene and methylnaphthalenes.
Naphthalene has been detected in household dust at 0.083 pg/m? from wipes collected in 25 homes in

Houston, Texas, near an oil refinery (Horney et al. 2018).

Firefighters may be exposed to naphthalene and methylnaphthalenes when around the combustion of
wood. Naphthalene was detected at <4-21,439 ng/m? via personal air monitoring during wildfire and
prescribed burning events (Navarro et al. 2017). During overhaul events, naphthalene was detected in air
at up to 89.91 pg/m? (Baxter et al. 2014), and at an average of 0.010 pug/m? in the air during a wildfire
(Simms et al. 2021). Another personal air monitoring study reported 7,460-344,000 pug/m? naphthalene
detected from monitors outside the firefighter’s jackets and from less than the limit of detection to

6,250 pg/m? naphthalene detected within the firefighters’ jackets (Mayer et al. 2022) suggesting that
firefighters may have higher dermal exposure to naphthalene than the general population. Increased
exposure to naphthalene emissions may also occur during residential fires. Airborne concentrations of
naphthalene were elevated during simulated residential fires when compared to pre-fire conditions (Horn
et al. 2022). In addition, firefighters or other workers exposed to naphthalene may carry it home or
elsewhere with them on their clothing. Naphthalene was detected at 9.24 and 9.22 ug/m? in the kitchen
and truck bay (respectively) of one firchouse but was below the quantification limit in the same areas of
another firehouse (Baxter et al. 2014). Skin wipes of firefighters on their hands and jaw/throat showed an
increase in naphthalene post shift: 3.27—4.24 ng/wipe for hands and 3.89-5.16 ng/wipe of the jaw/throat
area (Cherry et al. 2021). Naphthalene accounted for 47% of the total PAH exposure (16 priority PAHs)
measured with monitoring wristbands worn by 16 individual fire investigators at 46 post-fire scenes of

various scale and duration in North Carolina from January 2020 to September 2022 (Bakali et al. 2024).

The highest naphthalene exposure is anticipated to be in naphthalene-producing industries and
naphthalene-using industries such as wood preserving, tanning, and ink and dye production; however, no
current American workplace monitoring studies for these specific industries were located. Liu and Jia
(2015) compared PAH exposures across different occupations using urinary metabolite levels from
NHANES surveys between 2001 and 2008. Urinary levels of naphthalene metabolites in the study
population of 4,162 adults were highest among individuals whose jobs were categorized as “extractive,
construction, and repair” occupations (Liu and Jia 2015). The weighted geometric mean urinary
naphthalene metabolite concentration for this group was ~40% higher than the corresponding value in the
group categorized as “management” (the reference group). In a study of German and Austrian abrasive
manufacturing sites, personal air measurements of naphthalene were measured for workers over the

course of a 4-5.5-hour shift. The measurement for workers with direct naphthalene exposure by mixing
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or sieving was 8.0+3.0 mg/m?, and the measurement for workers with direct naphthalene exposure by
pressing or moulding was 4.9+3.7 mg/m?® (Weiss et al. 2020). Bystander exposure from post-pressing or
finishing was 0.6+0.2 mg/m> naphthalene. Naphthalene was still detected during shifts of spatially
separated workers who were finishing or packing, or working in an office, at 0.2+0.1 mg/m?® (Weiss et al.
2020). In coke plants in Poland between 2005 and 2010, naphthalene was measured by personal air
monitoring at medians of 86.0 ug/m?* for coke-oven workers, 175.5 pg/m? for coke byproduct workers,
and 73.5 pg/m? for total area workers (Bieniek and Lusiak 2012). In 2003, personal air monitoring of
road construction workers in the Milan and Lodi provinces of Italy was conducted during the first part of
the work shift (about 4 hours). Naphthalene exposure for asphalt workers was reported to be 426 ng/m?,

and exposure for road construction workers was reported to be 371 ng/m? (Buratti et al. 2007).

McCormick et al. (2022) evaluated exposure to PAHs including naphthalene in a group of 21 workers
using refined coal tar sealant to seal asphalt. The exposure measures included area and personal air
samples, wipe samples of the hand and neck, and analysis of pre- and post-shift urine samples for urinary
metabolites. The median personal air concentration was 61.81 pg/m?, the median post-shift hand wipe
exposure was 0.28 pg/cm?, and the median post-shift neck wipe exposure was 1.10 pg/sample
(McCormick et al. 2022). The median post-shift urinary 1- and 2-naphthol concentrations were 14.75 and
18.27 pg/g creatinine (McCormick et al. 2022). In a study of 290 paving workers exposed to bitumen
fume emissions at 63 French work sites, 626 samples (personal air n=463; urine n=130; environmental
n=103) were collected over a 10-year period (2012-2022). Naphthalene was the predominant compound
of the gaseous PAHs in bitumen fumes. No significant differences were observed between specific jobs
or processes, although metabolites of naphthalene were significantly higher in urine from pavers working
with hot-mix asphalt than from pavers working with warm-mix asphalt (Germin-Aizac et al. 2023). A
1980 National Institute for Occupational Safety and Health (NIOSH 1980) survey of worker exposures to
PAHs at a petroleum refinery in Tulsa, Oklahoma reported average air concentrations of naphthalene as
high as 10.18 pg/m? in an area sample and 19.27 pug/m? for a personal sample, measured over a day shift.
For the methylnaphthalenes, 16.4 and 17.56 pg/m? were the maximum average area concentrations
reported for 1-methylnaphthalene and 2-methylnapathalene, respectively, and the highest average
concentrations in personal samples over a shift detected were 17.81 and 31.9 pg/m? for
1-methylnaphthalene and 2-methylnapathalene, respectively. The workers at greatest risk of exposure

included mining machine operators, aircraft engine mechanics, and miscellaneous machine operators.

Naphthalene has been reported in the urine of workers at hair and beauty salons. In a study conducted in

Iran, naphthalene was the dominant urinary PAH contaminant in the urine of healthy women working in
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beauty salons (Arfaeinia et al. 2022). The mean urinary concentration of naphthalene before exposure
was 392.33 ng/L and the range was between 46.7 and 1,560 ng/L; after exposure, the mean concentration
was 467.88 ng/L and the range was between 59.45 and1,910.0 ng/L. In control group participants, the
mean urinary concentration of naphthalene was 28.33 ng/L and ranged from below the limit of detection
to 55.48 ng/L. An average naphthalene concentration of 12 pg/m?® was reported for indoor air samples

collected from five hair salons located in Cyprus (Kaikiti et al. 2022).

Recent estimates of the number of workers exposed to naphthalene during its manufacture and subsequent
use are 250-500 in the United Kingdom and 1,500-2,000 in the European Union (EU). These estimates
do not include operators handling creosote treated lumber or brush applicators, or users of tar

paints/membranes (EU 2003).
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Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the
Administrator of EPA and agencies and programs of the Public Health Service) to assess whether
adequate information on the health effects of naphthalene, 1-methylnaphthalene, and
2-methylnaphthalene is available. Where adequate information is not available, ATSDR, in conjunction
with NTP, is required to assure the initiation of a program of research designed to determine the adverse
health effects (and techniques for developing methods to determine such health effects) of naphthalene,

1-methylnaphthalene, and 2-methylnaphthalene.

Data needs are defined as substance-specific informational needs that, if met, would reduce the
uncertainties of human health risk assessment. This definition should not be interpreted to mean that all
data needs discussed in this section must be filled. In the future, the identified data needs will be

evaluated and prioritized, and a substance-specific research agenda will be proposed.

6.1 INFORMATION ON HEALTH EFFECTS

Studies evaluating the health effects of inhalation, oral, and dermal exposure of humans and animals to
naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene that are discussed in Chapter 2 are
summarized in Figures 6-1, 6-2, and 6-3. The purpose of these figures is to illustrate the information
concerning the health effects of naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene. The
number of human and animal studies examining each endpoint is indicated regardless of whether an effect

was found and the quality of the study or studies.

6.2 IDENTIFICATION OF DATA NEEDS

Missing information in Figures 6-1, 6-2, and 6-3 should not be interpreted as a “data need.” A data need,
as defined in ATSDR’s Decision Guide for Identifying Substance-Specific Data Needs Related to
Toxicological Profiles (ATSDR 1989), is substance-specific information necessary to conduct
comprehensive public health assessments. Generally, ATSDR defines a data gap more broadly as any

substance-specific information missing from the scientific literature.
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Figure 6-1. Summary of Existing Health Effects Studies on Naphthalene by Route and Endpoint*

Potential respiratory and ocular effects were the most studied endpoints
The majority of the studies examined oral exposure in ERILER (versus humans)
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may have examined more than one endpoint.
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Figure 6-2. Summary of Existing Health Effects Studies on 1-Methylnaphthalene by Route and Endpoint*

Potential respiratory and body weight effects were the most studied endpoints
The majority of the studies examined inhalation exposure in ERILEI (there were no studies in humans)
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Figure 6-3. Summary of Existing Health Effects Studies on 2-Methylnaphthalene by Route and Endpoint*

Potential respiratory effects were the most studied endpoints
The majority of the studies examined inhalation exposure in ERILEIL (there were no studies in humans)
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Acute-Duration MRLs.

Naphthalene. Acute-duration inhalation and oral MRLs were derived for naphthalene.

1-Methylnaphthalene. The inhalation and oral toxicity databases are inadequate to derive acute-duration
inhalation and oral MRLs for 1-methylnaphthalene. Comprehensive acute-duration inhalation and oral

studies could provide data needed to develop these MRLs.

2-Methylnaphthalene. The inhalation and oral toxicity databases are inadequate to derive acute-duration
inhalation and oral MRLs for 2-methylnaphthalene. Comprehensive acute-duration inhalation and oral

studies could provide data needed to develop these MRLs.

Intermediate-Duration MRLs.

Naphthalene. An intermediate-duration oral MRL was derived for naphthalene. The database of
intermediate-duration studies of inhaled naphthalene was not considered adequate for derivation of an
MRL, because the one available study (Dodd et al. 2012) identified a NOAEL in F344 rats at the same
concentration as the LOAEL for nasal lesions in an acute-duration exposure in Sprague-Dawley rats
(Dodd et al. 2010). An intermediate-duration study employing lower exposure concentrations and using
Sprague-Dawley rats would serve to determine whether this strain is truly more sensitive than F344 rats

and may identify a POD for MRL derivation.

1-Methylnaphthalene. Intermediate-duration inhalation and oral MRLs were derived for

I-methylnaphthalene.

2-Methylnaphthalene. An intermediate-duration inhalation MRLs was derived for 2-methylnaphthalene.
The database of intermediate-duration oral toxicity studies was not considered adequate to derive an
intermediate-duration oral MRL for 2-methylnaphthalene. The only intermediate-duration oral study of
2-methylnaphthalene was a range-finding study (described by Murata et al. 1997) with limited reporting

of experimental details and results.
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Chronic-Duration MRLs.

Naphthalene. Chronic-duration toxicity studies of oral exposure to naphthalene were not located; thus, a
chronic study of oral exposure is needed to derive an MRL. The database of chronic-duration studies of
inhaled naphthalene was not considered adequate for derivation of an MRL, because the available studies
(Abdo et al. 2001; NTP 1992a, 2000) identified LOAELS at higher concentrations than the LOAEL for
nasal lesions in an acute-duration study in Sprague-Dawley rats exposed by inhalation (Dodd et al. 2010).
A chronic-duration inhalation study employing lower exposure concentrations may identify a POD for

MRL derivation.

1-Methylnaphthalene. A chronic-duration oral MRL was derived for 1-methylnaphthalene. No chronic-
duration studies of inhaled 1-methylnaphthalene were located, precluding derivation of a chronic-duration
inhalation MRL. A comprehensive chronic-duration inhalation toxicity study could provide data needed

to develop an MRL.

2-Methylnaphthalene. A chronic-duration oral MRL was derived for 2-methylnaphthalene. No chronic-
duration studies of inhaled 2-methylnaphthalene were located, precluding derivation of a chronic-duration
inhalation MRL. A comprehensive chronic-duration inhalation toxicity study could provide data needed

to develop an MRL.

Health Effects.
Reproductive. One- or two-generation reproductive toxicity studies evaluating reproductive
performance variables in male and female animals exposed to naphthalene, 1-methylnaphthalene,
and 2-methylnaphthalene are not available. Results from such studies may help to better

determine the potential reproductive toxicity of naphthalene.

Developmental. No developmental toxicity studies involving inhalation or dermal exposure to
naphthalene are available. Although naphthalene and/or its metabolites can cross the placental
barrier (Anziulewicz et al. 1959; Zinkham and Childs 1957, 1958), oral-exposure developmental
toxicity studies in animals do not provide evidence that naphthalene was fetotoxic or impaired
fetal development, even at maternally toxic dose levels as high as 450 mg/kg/day (NTP 1991;
Plasterer et al. 1985; Texaco 1986). Additional developmental toxicity studies in animals with
inhalation or dermal exposure would determine if naphthalene exposure by these routes

represents a greater developmental hazard than oral exposure.
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There were no developmental effects in the offspring of Sprague-Dawley rats administered
I-methylnaphthalene at doses up to 250 mg/kg/day for 42 days (NITE 2009). No other studies
are available on the developmental toxicity of 1- or 2-methylnaphthalene in humans or animals

following inhalation, oral, or dermal exposure.

Immunotoxicity. There have been no comprehensive studies of the immunotoxicity of
naphthalene in humans exposed by the inhalation, oral, or dermal routes. The animal oral
exposure data indicate that naphthalene did not affect humoral or cell-mediated immunity in mice
(Shopp et al. 1984). Minor effects on the thymus and spleen were noted in mice and rats (NTP
1980b; Shopp et al. 1984), but in no case were animals of both sexes affected. Because there are
few data pertaining to the immunotoxicity of naphthalene, a battery of in vitro/in vivo screening
assays of immune function may be useful to determine whether more detailed and longer-term

studies are needed.

No studies are available on the immunotoxicity of 1- or 2-methylnaphthalene in humans or
animals following inhalation, oral, or dermal exposure. As with naphthalene, a battery of in
vitro/in vivo screening assays of immune function may be useful to determine whether more

detailed and longer-term studies are needed.

Neurotoxicity. The direct effects of naphthalene on the central nervous system have not been
investigated in either humans or animals. Persistent clinical signs of toxicity (lethargy and prone
position) were seen in pregnant rats given naphthalene by gavage during gestation (NTP 1991),
and transient clinical signs were seen in rats and mice exposed orally for 13 weeks (NTP 1980a,
1980b). In rabbits, hypoactivity and dyspnea were also noted at 200 mg/kg/day (Texaco 1985d,
1986). Additional studies involving batteries of neurological endpoints following oral and/or

inhalation exposure are needed to better determine the potential neurotoxicity of naphthalene.

No human studies on the neurotoxicity of 1- or 2-methylnaphthalene following inhalation, oral, or
dermal exposure were located. An acute animal study found decreased pain sensitivity following
exposure to 1- and 2-methylnaphthalene, but no effects on rotarod performance (Korsak et al.
1998). The biological significance of these findings is uncertain. A combined repeated-dose,

reproduction and developmental toxicity study that included a FOB examination as well as
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detailed open field observations found no neurotoxic effects in animals administered up to

250 mg/kg/day 1-methylnaphthalene for approximately 42 days (throughout mating and breeding)
(NITE 2009). Additional intermediate- and chronic-duration inhalation and acute- and chronic-
duration oral studies for 1-methylnaphthalene, and oral studies of all durations for
2-methylnaphthalene involving batteries of neurological endpoints may help to better determine

the potential neurotoxicity of the methylnaphthalenes.

Respiratory. The respiratory effects of naphthalene have been extensively studied. However,
available intermediate- and chronic-duration inhalation studies (Abdo et al. 2001; Dodd et al.
2012; NTP 1992a, 2000) did not use the most sensitive rat strain (Sprague-Dawley) and did not
use low enough exposure concentrations to identify NOAELSs for respiratory effects. Additional

studies using lower concentrations might enable the development of a chronic-duration inhalation

MRL.

No studies on the respiratory effects of 1- or 2-methylnaphthalene in humans following
inhalation, oral, or dermal exposure were located. Limited animal studies provide evidence for
respiratory effects after exposure to 1- and 2-methylnaphthalene. Studies on the respiratory
effects from 2-methylnaphthalene inhalation of any duration are needed. Studies on respiratory
effects of 1- and 2-methylnaphthalene oral exposure include chronic-duration studies by Murata

et al. (1993, 1997). Oral studies of acute and intermediate durations are needed.

Hepatic. The liver does not appear to be a sensitive direct target of naphthalene exposure. Liver

effects of 1- and 2-methylnaphthalene are well-studied.

Hematological. Hematological changes are not a sensitive effect of exposure to naphthalene,
I-methylnaphthalene, or 2-methylnaphthalene in laboratory rodents. Hemolytic effects of
naphthalene exposure in humans, particularly those with G6PD deficiency, are well-known. The
mechanism(s) underlying differences in species susceptibility to hemolytic effects of naphthalene
has not been established. Research on the mechanism(s) for this difference could be beneficial,
especially if it provides a basis for predicting the potential for hematological effects of

methylnaphthalenes in humans.

Epidemiology and Human Dosimetry Studies. A small number of reports have equivocally

suggested that workers exposed to naphthalene for long periods of time may have an elevated risk of



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 227

6. ADEQUACY OF THE DATABASE

cataract development (Ghetti and Mariani 1956; Lezenius 1902). This information, coupled with the
cataractogenic effects of naphthalene in orally exposed rats (Kojima 1992; Xu et al. 1992b; Yamauchi
et al. 1986) and rabbits (Rossa and Pau 1988; Srivastava and Nath 1969; van Heyningen and Pirie 1967)
in acute- and intermediate-duration studies, suggests that studies of occupationally-exposed workers
would help to determine naphthalene’s potential to produce ocular toxicity in humans. Currently, no
cohort mortality or morbidity studies or case-control studies examining possible associations between
naphthalene exposure and increased risk of cancer are available. If human populations that are
specifically and repeatedly exposed to naphthalene can be identified, epidemiological studies of these

populations may help to better assess the potential carcinogenicity of naphthalene.

No epidemiological or human dosimetry studies on the effects of 1- or 2-methylnaphthalene were located.
Exposure to these compounds, particularly through dermal contact or inhalation, can occur in workplaces
where the compounds are produced or used. Populations living near hazardous waste sites can potentially
be exposed by the oral, inhalation, and dermal routes. If an appropriate population can be identified, it
may be helpful to conduct epidemiological studies to determine if there are toxic effects (particularly on

the lungs) resulting from exposure to methylnaphthalenes.

Biomarkers of Exposure and Effect. There are methods to determine the presence of naphthalene
in adipose tissue. Metabolites of naphthalene, such as naphthols and naphthoquinones, have been
measured in urine. 1-Naphthol is present in the urine of workers occupationally exposed to naphthalene.
However, 1-naphthol is not a specific biomarker of naphthalene exposure. Maximum 1-naphthol levels
occurred immediately after the end of the work period and in some cases had returned to baseline levels

8 hours later (Bieniek 1994). Techniques have been developed to measure cysteinyl adducts formed from
reactions of hemoglobin and albumin with reactive metabolites of naphthalene (Troester et al. 2002;
Waidyanatha et al. 2002). The adducts are expected to be useful in estimating internal doses of these

metabolites, and with further development, they may become useful biomarkers of exposure.

There are no known specific biomarkers of effect for naphthalene, 1-methylnaphthalene, or 2-methyl-
naphthalene. Hemolytic anemia has been frequently associated with human exposure to naphthalene, but
may also be the result of exposure to other chemicals. Pulmonary alveolar proteinosis in mice has been
associated with chronic oral exposure to 1- and 2-methylnaphthalene. The condition has been described
in humans but has not been associated with human exposure to 1- or 2-methylnaphthalene. These effects
(hemolytic anemia or pulmonary alveolar proteinosis) are not specific biomarkers of effect for

naphthalene or methylnaphthalenes. Identification of specific biomarkers of effect such as particular
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protein adducts in naphthalene-affected target tissues in animals may be useful to test whether similar

biomarkers of effect may exist in naphthalene-exposed human populations.

Absorption, Distribution, Metabolism, and Excretion. There are hybrid computational fluid
dynamics-PBPK models that predict nasal tissue concentrations of naphthalene metabolites in rats and
humans exposed by inhalation (Campbell et al. 2014; Kapraun et al. 2020). The calibration of the
Kapraun et al. (2020) model was limited to observations of blood naphthalene levels following dermal
exposures to JP-8. While the calibrated model performed well for predicting observed blood naphthalene
levels, the predicted blood naphthalene levels were relatively insensitive to nasal cavity parameter values
and highly sensitive to dermal and systemic parameters. Therefore, the model could perform well for
predicting blood naphthalene following dermal exposures but perform poorly at predicting nasal cavity
doses following inhalation. Additional research to directly evaluate the Campbell et al. (2014) or
Kapraun et al. (2020) models for predicting nasal cavity doses in human would provide confidence in the

model and enable its application to MRL derivation.

Adequate information is available on the absorption, distribution, and excretion of 1- and 2-methyl-
naphthlane. Data on the metabolism of 1-methylnaphthalene are limited to an in vitro study of human and
rat liver microsomes. However, the metabolism of the related compound 2-methylnaphthalene is well-
studied and is expected to be similar to that of 1-methylnaphthalene based on structural similarity and

similar metabolism in vitro.

Comparative Toxicokinetics. The comparative toxicokinetics of naphthalene in rodent and primate
nasal and lung tissues has been well studied. Limited information is available on the comparative
toxicokinetics of 1-methylnaphthalene. Studies identifying metabolites in rodents and urinary metabolites

in occupationally-exposed humans would be useful.

Children’s Susceptibility. Data needs relating to both prenatal and childhood exposures, and
developmental effects expressed either prenatally or during childhood, are discussed in the

Developmental Toxicity subsection above.

Cases of naphthalene-induced hemolytic anemia in children have been frequently reported (Owa 1989;
Owa et al. 1993; Santucci and Shah 2000; Valaes et al. 1963). Newborns and infants are thought to be
more susceptible than older people because hepatic enzymes involved in conjugation and excretion of

naphthalene metabolites are not well developed after birth, and children with genetically determined
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G6PD deficiency are thought to be especially susceptible to chemically induced hemolytic anemia (EPA
1987). There are no studies that have specifically examined the influence of age on naphthalene
toxicokinetic capabilities in humans. Although the availability of such studies may increase the
understanding of the specific physiological basis for the apparent susceptibility of newborns, they are
unlikely to be conducted. Experiments examining the most sensitive targets in animals (see below) are

likely surrogates.

Neonatal mice (7 days old) appear to be more susceptible than adult mice to lung injury induced by acute
1.p. injection of naphthalene (Fanucchi et al. 1997). The mechanistic basis of this difference is currently
unknown, but does not appear to be explained by differences in CYP catalytic capabilities to produce
epoxide metabolites, since CYP activities were 2.5 times lower in neonates than in adults. Downstream
metabolic capabilities, however, were not examined in this study. Comparison of neonatal and adult
tissues in these metabolic steps may help to explain this apparent susceptibility of neonatal mice. Based
on findings that in utero exposure to other CYP-bioactivated chemicals caused club cell tumors in adult
offspring, Fanucchi et al. (1997) postulated that naphthalene exposure during the neonatal period may
lead to loss of regulatory mechanisms resulting in club cell proliferation and tumor formation in adult
animals. Direct evidence for naphthalene in support of this hypothesis, however, is not available.
Additional research may help to determine whether or not in utero or neonatal naphthalene exposure will

cause increased incidence of lung tumors in adult mice.

Physical and Chemical Properties. The physical and chemical properties of naphthalene, 1-methyl-
naphthalene, and 2-methylnaphthalene that are required to evaluate its behavior in the environment have

been determined (see Table 4-2).

Production, Import/Export, Use, Release, and Disposal. Naphthalene producers, production
locations and volumes, uses, and releases are well documented (EPA 2022a; TRI23 2024). Disposal
practices are reported generally, and naphthalene-specific recommendations were not located. Disposal
of naphthalene-containing wastes are regulated by EPA, and major spills or accidental releases must be
reported to EPA. Data regarding production volume of 1- or 2-methylnaphthalene were well documented
(EPA 2022a); however, no data were located on releases, and disposal practices. This information would

be helpful to predict the potential for human exposure to these chemicals.

Environmental Fate. Existing information indicates that most naphthalene and methylnaphthalene is

released to the atmosphere and undergoes rapid reaction with hydroxyl and nitrate (Atkinson et al. 1987,
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Phousongphouang and Arey 2002). Available data indicate that volatilization and biodegradation are
important removal processes from water and soil (EPA 1982; Howard 1989; Tabak et al. 1981; Wakeham
et al. 1983). Additional studies on the rates of volatilization, degradation, and transport in groundwater
would be helpful in assessing potential human exposure in the vicinity of industrial sources and chemical
waste sites. Data describing the volatilization, biodegradation, and transport of 1- and 2-methyl-

naphthalene would be useful in predicting the potential for human exposure.

Bioavailability from Environmental Media. No studies were located on the bioavailability of
naphthalene in various environmental media. Available toxicity data indicate that naphthalene present in
contaminated air and ingested in drinking water or soil is probably absorbed. Confirmatory, quantitative
data would be useful. Data on infants indicate that toxicologically significant amounts of naphthalene
may be absorbed dermally from residues left on stored clothing, especially under circumstances where
baby oil was used on the infants' skin (Schafer 1951). Quantitative studies of the dermal absorption of
naphthalene from water and soil would be useful in determining potential exposure for populations living

near hazardous waste sites.

No data were located pertaining to the bioavailability of 1- or 2-methylnaphthalene in environmental
media. Studies in laboratory animals to assess the absorption of this compound via the oral, inhalation,

and dermal routes would be useful before bioavailability from each medium can be reasonably estimated.

Food Chain Bioaccumulation. Naphthalene is often readily degraded in the environment and is
easily metabolized by a wide variety of organisms. Studies indicate that although naphthalene may
bioconcentrate to some degree for brief periods, it will not significantly bioaccumulate in organisms due
to metabolism, and thus, is unlikely to biomagnify through the food chain (Howard 1989; Thomann
1989). Naphthalene has been found to be present in fish and shellfish (Bender and Huggett 1989; Miles
and Roster 1999; Neff and Burns 1996; WQP 2023; Zitko et al. 1998). It has also been located in the
flesh of fresh fruits and vegetables (Gomez et al. 1993; Kipopoulou et al. 1999; Seitz et al. 1999). Other
food monitoring data were from products bought outside of the United States. Because cooking and
processing methods, packaging, and production site can impact naphthalene levels in food, additional data
on naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene concentrations in foods and processed

foods commercially available would be useful to assess the extent of human exposure via the food chain.

Exposure Levels in Environmental Media. Reliable monitoring data for the levels of naphthalene,

I-methylnaphthalene, and 2-methylnaphthalene in contaminated media at hazardous waste sites are
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needed so that the information obtained on levels of naphthalene, 1-methylnaphthalene, and
2-methylnaphthalene in the environment can be used in combination with the known body burden of
naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene to assess the potential risk of adverse health

effects in populations living in the vicinity of hazardous waste sites.

The concentrations of naphthalene in the air, water, and soil have been documented. In addition, indoor
air levels have been measured (Chuang et al. 1991; Jia and Batterman 2011; Wheeler et al. 2014; Wilson
et al. 1989). Additional information regarding exposure levels of 1- and 2-methylnaphthalene in

environmental media would be useful for deriving exposure estimates for the general population.

Exposure Levels in Humans. NHANES biomonitoring data from 2015 to 2016 in the U.S.
population and the U.S. smoking adult population were available for two urinary metabolites of
naphthalene, 1-hydroxynaphthalene and 2-hydroxynaphthalene. Urinary metabolites are sensitive to
recent exposures, and 1-hydroxynaphthalene is also a metabolite of carbaryl and may not be a specific
indicator of naphthalene exposure. Other biomonitoring studies that reflect long-term exposure and
measure naphthalene and methylnaphthalenes directly would be useful. A national survey of adipose
tissue samples indicates that about 40% of the study subjects had measurable levels of naphthalene (EPA
1986b). More recent monitoring data of blood (Hao et al. 2020) and breastmilk (Wheeler et al. 2014) had
small sample sizes. More large-scale biomonitoring data would be useful to see how body burdens of
naphthalene have changed compared to the NHATS study, and how common detections in blood and
breastmilk are. Further, data on the effect of cigarette filters on naphthalene uptake by the adipose tissues

would be useful.

No data on exposure levels in humans were located for 1- or 2-methylnaphthalene. This information

would be useful to determine whether any significant exposure to these chemicals occurs.

This information is necessary for assessing the need to conduct health studies on these populations.

Exposures of Children. No monitoring studies have been performed to investigate the exposure to,
and the body burden of, naphthalene in children. No studies are available that quantify the dermal
absorption of naphthalene in infants and toddlers due to activities such as crawling (which will result in
contact with the floor and soil) or from skin contact with clothes stored with mothballs. Since
naphthalene is likely to be adsorbed to these materials, more information would allow the estimation of a

child’s exposure to naphthalene to be more rigorously determined. Naphthalene has been detected in
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house dust (Chuang et al. 1995). No studies on amounts of naphthalene present in foods eaten by
children are available. Such studies may help to identify childhood-specific means of decreasing

exposure to naphthalene.

6.3 ONGOING STUDIES

There are several ongoing studies evaluating the mechanisms of naphthalene toxicity to the lung

(Table 6-1).

Table 6-1. Ongoing Studies on Naphthalene, 1-Methylnaphthalene, and
2-Methylnaphthalene

Investigator Affiliation Research description Sponsor

Begley, Thomas State University of Role of tRNA epitranscriptome in response to NIEHS
New York at Albany  naphthalene in environmental tobacco smoke

Chernoff, Chaim Harvard Medical Mechanisms of airway regeneration after NHLBI

Zev School naphthalene injury

Ding, Xinxin University of Arizona Metabolic mechanisms of naphthalene lung toxicity NIEHS

Hannon, Sarrah  University of Arizona DNA adducts induced by naphthalene in mouse NIEHS
and in human firefighters

Que, Jianwen Columbia University = Mechanisms of airway regeneration after NHLBI
Health Sciences naphthalene injury

Wong, Irene Gar- Harvard Medical Mechanisms of airway regeneration after NHLBI

Ling School naphthalene injury

DNA = deoxyribonucleic acid; NIEHS = National Institute of Environmental Health Sciences; NHLBI = National Heart,
Lung, and Blood Institute; tRNA = transfer ribonucleic acid

Source: RePORTER 2024
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CHAPTER 7. REGULATIONS AND GUIDELINES

Pertinent international and national regulations, advisories, and guidelines regarding naphthalene,

1-methylnaphthalene, and 2-methylnaphthalene in air, water, and other media are summarized in

Table 7-1. This table is not an exhaustive list, and current regulations should be verified by the

appropriate regulatory agency.

233

ATSDR develops MRLs, which are substance-specific guidelines intended to serve as screening levels by

ATSDR health assessors and other responders to identify contaminants and potential health effects that

may be of concern at hazardous waste sites. See Section 1.3 and Appendix A for detailed information on

the MRLs for naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene.

Table 7-1. Regulations and Guidelines Applicable to Naphthalene,

1-Methylnaphthalene, and 2-Methylnaphthalene

Agency Description Information Reference
Air
EPA RfC
Naphthalene 3x10-3 mg/m3 (6x10“ ppm) RIS 1998
Provisional peer-reviewed toxicity values
1-Methylnaphthalene EPA 2024
Chronic provisional RfC 3x10 mg/m3 (6x107 ppm)
Subchronic provisional RfC 3x10-® mg/m3 (6x10 ppm)
WHO Indoor air quality guidelines
Naphthalene 0.01 mg/m? (2x10-2 ppm) WHO 2010
annual average
Water & Food
EPA Drinking water standards and health EPA 2018a
advisories
Naphthalene
1-Day health advisory (10-kg child) 0.5 mg/L
10-Day health advisory (10-kg child) 0.5 mg/L
DWEL 0.7 mg/L
Lifetime health advisory 0.1 mg/L
10 Cancer risk No data
National primary drinking water regulations Not listed EPA 2023c
Chronic RfD (IRIS)
Naphthalene 2x10-2 mg/kg/day IRIS 1998
2-Methylnaphthalene 4x10-% mg/kg/day IRIS 2003



https://iris.epa.gov/static/pdfs/0436_summary.pdf
https://cfpub.epa.gov/ncea/pprtv/recordisplay.cfm?deid=361053
https://www.who.int/publications/i/item/9789289002134
https://www.epa.gov/system/files/documents/2022-01/dwtable2018.pdf
https://www.govinfo.gov/content/pkg/CFR-2023-title40-vol25/pdf/CFR-2023-title40-vol25-part141.pdf
https://iris.epa.gov/static/pdfs/0436_summary.pdf
https://iris.epa.gov/static/pdfs/1006_summary.pdf
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Table 7-1. Regulations and Guidelines Applicable to Naphthalene,
1-Methylnaphthalene, and 2-Methylnaphthalene

Agency Description Information Reference
Provisional peer reviewed toxicity values
1-Methylnaphthalene EPA 2024
Screening chronic provisional RfD 1x102 mg/kg/day

Screening subchronic provisional RfD 2x10-" mg/kg/day
2-Methylnaphthalene
Subchronic provisional RfD 4x10-3 mg/kg/day EPA 2007b

Human health risk assessment in support of
registration review (OPP)

Naphthalene EPA 2018b
Chronic RfD 0.1 mg/kg/day
Acute RfD 0.4 mg/kg/day
WHO Drinking water quality guidelines Not listed WHO 2022
FDA Substances added to food?
1-Methylnaphthalene FEMA GRAS FDA 2024
Cancer
HHS Carcinogenicity classification
Naphthalene Reasonably anticipatedto  NTP 2021
be a human carcinogen
EPA Carcinogenicity classification
Naphthalene Group CP IRIS 1998
Provisional peer reviewed toxicity values
1-Methylnaphthalene EPA 2024
Cancer WOE descriptor, oral Suggestive evidence of
carcinogenic potential
Cancer WOE descriptor, inhalation Inadequate information to
assess carcinogenic
potential
Screening provisional oral slope factor 0.051 (mg/kg/day)’
IARC Carcinogenicity classification
Naphthalene Group 2B¢ IARC 2002

Occupational
OSHA PEL (8-hour TWA) for general industry,
shipyards, and construction

Naphthalene 10 ppm (50 mg/m?) OSHA 20233,
2023b, 2023c

NIOSH REL and IDLH

Naphthalene
REL TWA (up to 10-hour TWA) 10 ppm (50 mg/m?) NIOSH 2019
REL ST (15-minute TWA) 15 ppm (75 mg/m?)

IDLH 250 ppm NIOSH 1994



https://cfpub.epa.gov/ncea/pprtv/recordisplay.cfm?deid=361053
https://cfpub.epa.gov/ncea/pprtv/recordisplay.cfm?deid=338998
https://www.regulations.gov/document/EPA-HQ-OPP-2016-0113-0018
https://www.who.int/publications/i/item/9789240045064
https://www.cfsanappsexternal.fda.gov/scripts/fdcc/index.cfm?set=FoodSubstances&id=METHYLNAPHTHALENE
https://ntp.niehs.nih.gov/ntp/roc/content/profiles/naphthalene.pdf
https://iris.epa.gov/static/pdfs/0436_summary.pdf
https://cfpub.epa.gov/ncea/pprtv/recordisplay.cfm?deid=361053
https://publications.iarc.fr/100
https://www.govinfo.gov/content/pkg/CFR-2023-title29-vol6/pdf/CFR-2023-title29-vol6-sec1910-1000.pdf
https://www.govinfo.gov/content/pkg/CFR-2023-title29-vol7/pdf/CFR-2023-title29-vol7-sec1915-1000.pdf
https://www.govinfo.gov/content/pkg/CFR-2017-title29-vol8/pdf/CFR-2017-title29-vol8-sec1926-55.pdf
https://www.cdc.gov/niosh/npg/npgd0439.html
https://www.cdc.gov/niosh/idlh/91203.html
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Table 7-1. Regulations and Guidelines Applicable to Naphthalene,
1-Methylnaphthalene, and 2-Methylnaphthalene

Agency Description Information Reference
Emergency Criteria
EPA AEGLs-air No data EPA 2018c
DOE PACs-air DOE 2024a
Naphthalene
PAC-14 15 ppm
PAC-2¢ 83 ppm
PAC-3¢ 500 ppm
1-Methylnaphthalene
PAC-1¢ 20 mg/m?
PAC-2¢ 61 mg/m?
PAC-3¢ 360 mg/m?
2-Methylnaphthalene
PAC-1¢ 9 mg/m?
PAC-2¢ 54 mg/m?
PAC-3¢ 320 mg/m?

aThe Substances Added to Food inventory replaces EAFUS and contains the following types of ingredients: food and
color additives listed in FDA regulations, flavoring substances evaluated by FEMA or JECFA, GRAS substances
listed in FDA regulations, substances approved for specific uses in food prior to September 6, 1958, substances that
are listed in FDA regulations as prohibited from use in food, delisted color additives, and some substances "no
longer FEMA GRAS."

bGroup C: possible human carcinogen.

¢Group 2B: possibly carcinogenic to humans.

dDefinitions of PAC terminology are available from DOE (2024b).

AEGL = acute exposure guideline levels; DOE = Department of Energy; DWEL = drinking water equivalent level;
EAFUS = Everything Added to Food in the United States; EPA = Environmental Protection Agency; FAO = Food and
Agriculture Organization; FDA = Food and Drug Administration; FEMA = Flavor and Extract Manufacturers
Association of the United States; GRAS = generally recognized as safe; HHS = Department of Health and Human
Services; IARC = International Agency for Research on Cancer; IDLH = immediately dangerous to life or health;
IRIS = Integrated Risk Information System; JECFA = Joint FAO/WHO Expert Committee on Food Additives;

NIOSH = National Institute for Occupational Safety and Health; NTP = National Toxicology Program; OPP = Office of
Pesticide Programs; OSHA = Occupational Safety and Health Administration; PAC = protective action criteria;

PEL = permissible exposure limit; REL = recommended exposure limit; RfC = inhalation reference concentration;
RfD = oral reference dose; ST = short-term; TWA = time-weighted average; WHO = World Health Organization;
WOE = weight of evidence


https://www.epa.gov/sites/production/files/2018-08/documents/compiled_aegls_update_27jul2018.pdf
https://edms3.energy.gov/pac/TeelDocs

NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 236

CHAPTER 8. REFERENCES

Abdo KM, Grumbein S, Chou BJ, et al. 2001. Toxicity and carcinogenicity study in F344 rats following
2 years of whole-body exposure to naphthalene vapors. Inhal Toxicol 13(10):931-950.
https://doi.org/10.1080/089583701752378179.

Adkins B, Van Stee EW, Simmons JE, et al. 1986. Oncogenic response of strain A/J mice to inhaled
chemicals. J Toxicol Environ Health 17(2-3):311-322.
https://doi.org/10.1080/15287398609530825.

Agarry SE, Oghenejoboh KM. 2015. Enhanced aerobic biodegradation of naphthalene in soil: kinetic
modelling and half-life study. Int J Environ Bioremediat Biodegrad 3(2):48-53.
https://doi.org/10.12691/ijebb-3-2-2.

Agarwal P, Anand M, Chakraborty P, et al. 2022. Placental levels of polycyclic aromatic hydrocarbons
(PAHSs) and their association with birth weight of infants. Drug Chem Toxicol 45(2):868-877.
https://doi.org/10.1080/01480545.2020.1783285.

Ahmad R, Amir SH, Khan SA. 2019. Naphthalene mothballs poisoning leading to intravascular
hemolysis: A case report. J Emerg Med 58(1):e1-¢3.
https://doi.org/10.1016/j.jemermed.2019.09.047.

Akash S, Sivaprakash B, Rajamohan N, et al. 2023. Biotransformation as a tool for remediation of
polycyclic aromatic hydrocarbons from polluted environment - review on toxicity and treatment
technologies. Environ Pollut 318:120923. https://doi.org/10.1016/j.envpol.2022.120923.

Aktay G, Cengiz G, Soylemezoglu T. 2000. Protective effect of nitrendipine on naphthalene-induced
oxidative stress. J Fac Pharm Gazi 17(1):19-24. https://doi.org/10.1023/A:1010946517651.

Alalaiwe A, Lin YK, Lin CH, et al. 2020. The absorption of polycyclic aromatic hydrocarbons into the
skin to elicit cutaneous inflammation: The establishment of structure-permeation and in silico-in
vitro-in vivo relationships. Chemosphere 255:126955.
https://doi.org/10.1016/j.chemosphere.2020.126955.

Ambre J, Ruo TI, Smith-Coggins R. 1986. Mothball composition: Three simple tests for distinguishing
paradichlorobenzene from naphthalene. Ann Emerg Med 15:724-726.
https://doi.org/10.1016/S0196-0644(86)80434-6.

Amoore JE, Hautala E. 1983. Odor as an aid to chemical safety: Odor thresholds compared with
threshold limit values and volatilities for 214 industrial chemicals in air and water dilution. J Appl
Toxicol 3(6):272-290. https://doi.org/10.1002/jat.2550030603.

Anand V, Venkatesan DK, Pugazhentham T, et al. 2023. Methemoglobinemia secondary to a traditional
healing practice using mothballs: A need of pediatric vigilance. Cureus 15(6):¢41192.
https://doi.org/10.7759/cureus.41192.

Andersen ME, Krishnan K. 1994. Relating in vitro to in vivo exposures with physiologically based
tissue dosimetry and tissue response models. In: Salem H, ed. Animal test alternatives:
Refinement, reduction, replacement. New York, NY: Marcel Dekker, Inc., 9-25.

Angu Bala Ganesh KSV, Soman S, Reginald SR, et al. 2024. Ultrastructural changes of synapses in the
hippocampus of Sprague Dawley rat brain following exposure to naphthalene balls. J Pharm
Bioallied Sci 16(Suppl 2):S1522-s1525. https://doi.org/10.4103/jpbs.jpbs 1184 23.

Anziulewicz JA, Dick HJ, Chiarulli EE. 1959. Transplacental naphthalene poisoning. Am J Obstet
Gynecol 78:519-521. https://doi.org/10.1016/0002-9378(59)90522-8.

Aoshiba K, Tsuji T, Itoh M, et al. 2014. A murine model of airway fibrosis induced by repeated
naphthalene exposure. Exp Toxicol Pathol 66(4):169-177.
https://doi.org/10.1016/j.etp.2014.01.001.

Arfaeinia H, Dobaradaran S, Mahmoodi M, et al. 2022. Urinary profile of PAHs and related compounds
in women working in beauty salons. Sci Total Environ 851(Pt 2):158281.
https://doi.org/10.1016/j.scitotenv.2022.158281.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 237

8. REFERENCES

Arfsten DP, Davenport R, Schaeffer DJ. 1994. Reversion of bioluminescent bacteria (Mutatox) to their
luminescent state upon exposure to organic compounds, munitions, and metal salts. Biomed Environ
Sci 7:144-149.

Ar1 A. 2020. A comprehensive study on gas and particle emissions from laser printers: Chemical
composition and health risk assessment. Atmos Pollut Res 11(2):269-282.
https://doi.org/10.1016/j.apr.2019.10.013.

Asada S, Sasaki K, Tanaka N, et al. 2005. Detection of initiating as well as promoting activity of
chemicals by a novel cell transformation assay using v-Ha-ras-transfected BALB/c 3T3 cells (Bhas
42 cells). Mutat Res 588(1):7-21. https://doi.org/10.1016/j.mrgentox.2005.07.011.

Aslam R, Sharif F, Bagar M, et al. 2023. Association of human cohorts exposed to blood and urinary
biomarkers of PAHs with adult asthma in a South Asian metropolitan city. Environ Sci Pollut Res
Int 30(13):35945-35957. https://doi.org/10.1007/s11356-022-24445-z.

Atkinson R, Aschmann SM, Pitts JN. 1984. Kinetics of the reactions of naphthalene and biphenyl with
OH radicals and with Oz at 294 = 1 K. Environ Sci Technol 18:110-113.
https://doi.org/10.1021/es00120a012.

Atkinson R, Arey J, Zielinska B, et al. 1987. Kinetics and products of the gas-phase reactions of OH
radicals and N>Os with naphthalene and biphenyl. Environ Sci Technol 21:1014-1022.
https://doi.org/10.1021/es50001a017.

Atkinson JJ, Toennies HM, Holmbeck K, et al. 2007. Membrane type 1 matrix metalloproteinase is
necessary for distal airway epithelial repair and keratinocyte growth factor receptor expression after
acute injury. Am J Physiol Lung Cell Mol Physiol 293(3):L600-L610.
https://doi.org/10.1152/ajplung.00028.2007.

ATSDR. 1989. Decision guide for identifying substance- specific data needs related to toxicological
profiles; Notice. Fed Reg 54(174):37617-37634. https://www.loc.gov/item/fr054174/. October 10,
2024.

ATSDR. 2006. Health consultation: Brewer Brothers Petroleum Bulk Plant Cardwell, Dunklin County,
Missouri. Atlanta, GA: Agency for Toxic Substances and Disease Registry.
https://www.atsdr.cdc.gov/HAC/pha/BrewerBrothersPetroleumBulkPlant/BrewerBrothersHC093006
.pdf. September 7, 2023.

ATSDR. 2007a. Health consultation: Laugh and Learn Daycare Ashville, Pickaway County, Ohio.
Atlanta, GA: Agency for Toxic Substances and Disease Registry.
https://www.atsdr.cdc.gov/HAC/pha/LaughandLearnDaycare/LaughAndLearnDaycareHC061807.pd
f. September 7, 2023.

ATSDR. 2007b. Health consultation follow-up on J.H. Baxter health assessment based on new air
monitoring data Eugene, Oregon EPA facility ID: ORD009032400. Atlanta, GA: Agency for Toxic
Substances and Disease Registry.
https://www.oregon.gov/oha/PH/HEALTHYENVIRONMENTS/TRACKINGASSESSMENT/ENVI
RONMENTALHEALTHASSESSMENT/Documents/nweugene _finalhc july2008.pdf. December
30, 2022.

ATSDR. 2008. Health consultation: Schuylkill Haven MGP Site, Schuylkill Haven, Schuylkill County,
Pennsylvania, EPA Facility ID: PAD981104870. Atlanta, GA: Agency for Toxic Substances and
Disease Registry.
https://www.atsdr.cdc.gov/HAC/pha/SchuylkillHavenMGPSite/Schuylkill Haven MGP_Site%20H
C%209-30-2008.pdf. September 7, 2023.

ATSDR. 2022a. Full SPL data. Substance priority list (SPL) resource page. Agency for Toxic
Substances and Disease Registry. http://www.atsdr.cdc.gov/SPL/resources. June 8, 2023.

ATSDR. 2022b. Sanders2015 HLCs used in SHOWER Model v3 and PHAST. Atlanta, GA: Agency
for Toxic Substances and Disease Registry.

ATSDR. 2024. Toxicological profile for creosote. Atlanta, GA: Agency for Toxic Substances and
Disease Registry. https://wwwn.cdc.gov/TSP/ToxProfiles/ToxProfiles.aspx?id=66&tid=18.
February 12, 2025.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 238

8. REFERENCES

Ayala DC, Morin D, Buckpitt AR. 2015. Simultaneous quantification of multiple urinary naphthalene
metabolites by liquid chromatography tandem mass spectrometry. PLoS One 10(4):e0121937.
https://doi.org/10.1371/journal.pone.0121937.

Azzolina NA, Kreitinger JP, Skorobogatov Y, et al. 2016. Background concentrations of PAHs and
metals in surface and subsurface soils collected throughout Manhattan, New York. Environ
Forensics 17(4):294-310. https://doi.org/10.1080/15275922.2016.1230905.

Back S, Masser AE, Rutqvist LE, et al. 2023. Harmful and potentially harmful constituents (HPHCs) in
two novel nicotine pouch products in comparison with regular smokeless tobacco products and
pharmaceutical nicotine replacement therapy products (NRTs). BMC Chem 17(1):9.
https://doi.org/10.1186/s13065-023-00918-1.

Baek K, Kim M, Kwak K. 2021. Exposure to diesel engine exhausts and increase of urinary 8-hydroxy-
2'-deoxyguanosine among male tank maintenance workers in the Republic of Korea Army. Ind
Health 59(6):403-414. https://doi.org/10.2486/indhealth.2021-0022.

Bagchi D, Bagchi M, Balmoori J, et al. 1998. Induction of oxidative stress and DNA damage by chronic
administration of naphthalene to rats. Res Commun Mol Pathol Pharmacol 101(3):249-257.

Bagchi D, Balmoori J, Bagchi M, et al. 2000. Role of p53 tumor suppressor gene in the toxicity of
TCDD, endrin, naphthalene, and chromium (VI) in liver and brain tissues of mice. Free Radic Biol
Med 28(6):895-903. https://doi.org/10.1016/S0891-5849(00)00173-8.

Bagchi D, Balmoori J, Bagchi M, et al. 2002. Comparative effect of TCDD, endrin, naphthalene and
chromium (VI) on oxidative stress and tissue damage in the liver and brain tissues of mice.
Toxicology 175:73-82. https://doi.org/10.1016/S0300-483X(02)00062-8.

Bakali U, Baum JLR, Louzado-Feliciano P, et al. 2024. Characterization of fire investigators'
polyaromatic hydrocarbon exposures using silicone wristbands. Ecotoxicol Environ Saf
278:116349. https://doi.org/10.1016/j.ecoenv.2024.116349.

Bakke J, Struble C, Gustafsson JA, et al. 1985. Catabolism of premercapturic acid pathway metabolites
of naphthalene to naphthols and methylthio-containing metabolites in rats. Proc Natl Acad Sci USA
82:668-671. https://doi.org/10.1073/pnas.82.3.668.

Baldwin AK, Corsi SR, Stefaniak OM, et al. 2022. Risk-based prioritization of organic chemicals and
locations of ecological concern in sediment from Great Lakes tributaries. Environ Toxicol Chem
41(4):1016-1041. https://doi.org/10.1002/etc.5286.

Banerjee S, Baughman GL. 1991. Bioconcentration factors and lipid solubility. Environ Sci Technol
25:536-539. https://doi.org/10.1021/es00015a024.

Bao ZZ, Lu SQ, Wang G, et al. 2023a. Adsorption of 2-hydroxynaphthalene, naphthalene, phenanthrene,
and pyrene by polyvinyl chloride microplastics in water and their bioaccessibility under in vitro
human gastrointestinal system. Sci Total Environ 871:162157.
https://doi.org/10.1016/j.scitotenv.2023.162157.

Bao ZZ, Lu SQ, Wang G, et al. 2023b. Supplemental material: Adsorption of 2-hydroxynaphthalene,
naphthalene, phenanthrene, and pyrene by polyvinyl chloride microplastics in water and their
bioaccessibility under in vitro human gastrointestinal system. Sci Total Environ 871
https://doi.org/10.1016/j.scitotenv.2023.162157.

Barbee GC. 1994. Fate of chlorinated aliphatic hydrocarbons in the vadose zone and ground water.
Ground Water Monit Remed 14:129-140. https://doi.org/10.1111/j.1745-6592.1994.tb00098..x.

Barfknecht TR, Naismith RW, Matthews RJ. 1985. Rat hepatocyte primary culture/DNA repair test:
naphthalene. Texaco, Inc. Submitted to U.S. Environmental Protection Agency under section 8D.
OTS0513638. 86-870000560. PH 311-TX-008-85.
https://ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail/OTS0513638. xhtml. April 19, 2023.

Barnes DG, Dourson M. 1988. Reference dose (RfD): Description and use in health risk assessments.
Regul Toxicol Pharmacol 8:471-486. https://doi.org/10.1016/0273-2300(88)90047-5.

Barnes NM, Damare SR, Bhatawadekar VC, et al. 2023. Degradation of crude oil-associated polycyclic
aromatic hydrocarbons by marine-derived fungi. 3 Biotech 13(10):335.
https://doi.org/10.1007/s13205-023-03753-2.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 239

8. REFERENCES

Baxter CS, Hoffman JD, Knipp MJ, et al. 2014. Exposure of firefighters to particulates and polycyclic
aromatic hydrocarbons. J Occup Environ Hyg 11(7):D85-91.
https://doi.org/10.1080/15459624.2014.890286.

Bender ME, Huggett RJ. 1989. Polynuclear aromatic hydrocarbon residues in shellfish: Species
variations and apparent intraspecific differences. In: Kaiser HE, ed. Comparative aspects of tumor
development. Doredrecht, Netherlands: Kluwer Academic Publishers, 226-234.

Benson WH, Dorough HW. 1984. Comparative ester hydrolysis of carbaryl and ethiofencarb in four
mammalian species. Pestic Biochem Physiol 21:199-206. https://doi.org/10.1016/0048-
3575(84)90055-5.

Berry MR, Johnson LS, Jones JW, et al. 1997. Dietary characterizations in a study of human exposure in
the lower Rio Grande valley: I. Foods and beverages. Environ Int 23(5):675-692.
https://doi.org/10.1016/S0160-4120(97)00069-X.

Bieniek G. 1994. The presence of 1-naphthol in the urine of industrial workers exposed to naphthalene.
Occup Environ Med 51(5):357-359. https://doi.org/10.1136/0em.51.5.357.

Bieniek G, Lusiak A. 2012. Occupational exposure to aromatic hydrocarbons and polycyclic aromatic
hydrocarbons at a coke plant. Ann Occup Hyg 56(7):796-807.
https://doi.org/10.1093/annhyg/mes016.

Birman I, Alexander M. 1996. Effect of viscosity of nonaqueous-phase liquids (NAPLs) on
biodegradation of NAPL constituents. Environ Toxicol Chem 15(10):1683-1686.
https://doi.org/10.1002/etc.5620151005.

Bock KW, Van Ackeren G, Lorch F, et al. 1976. Metabolism of naphthalene to naphthalene dihydrodiol
glucuronide in isolated hepatocytes and in liver microsomes. Biochem Pharmacol 25(21):2351-
2356. https://doi.org/10.1016/0006-2952(76)90027-7.

Bock KW, von Clausbruch UC, Winne D. 1979. Absorption and metabolism of naphthalene and
benzo[a]pyrene in the rat jejunum in situ. Med Biol 57:262-264.

Bogdanffy MS, Sarangapani R, Plowchalk DR, et al. 1999. A biologically based risk assessment for
vinyl acetate-induced cancer and noncancer inhalation toxicity. Toxicol Sci 51(1):19-35.
https://doi.org/10.1093/toxsci/51.1.19.

Borujeni ET, Yaghmaian K, Naddafi K, et al. 2022. Identification and determination of the volatile
organics of third-hand smoke from different cigarettes and clothing fabrics. J Environ Health Sci
Eng 20(1):53-63. https://doi.org/10.1007/s40201-021-00755-1.

Bos RP, Theuws JL, Jongeneelen FJ, et al. 1988. Mutagenicity of bi-, tri- and tetra-cyclic aromatic
hydrocarbons in the "taped-plate assay" and in the conventional Salmonella mutagenicity assay.
Mutat Res 204:203-206. https://doi.org/10.1016/0165-1218(88)90090-0.

Breger RK, Franklin RB, Lech JJ. 1981. Metabolism of 2-methylnaphthalene to isomeric dihydrodiols
by hepatic microsomes of rat and rainbow trout. Drug Metab Dispos 9(2):88-93.

Breger RK, Novak RF, Franklin RB, et al. 1983. Further structural analysis of rat liver microsomal
metabolites of 2-methylnaphthalene. Drug Metab Dispos 11(4):319-323.

Bregman R. 1954. Mothball poisoning. A case presentation. Clin Proc Child Hosp Dist Columbia 9:1-
5.

Brown KW, Donnelly KC. 1988. An estimation of risk associated with the organic constituents of
hazardous and municipal waste landfill leachates. Haz Waste Haz Mater 5(1):1-30.
https://doi.org/10.1089/hwm.1988.5.1.

Brown RP, Delp MD, Lindstedt SL, et al. 1997. Physiological parameter values for physiologically
based pharmacokinetic models. Toxicol Ind Health 13(4):407-484.
https://doi.org/10.1177/074823379701300401.

Brusseau ML. 1991. Cooperative sorption of organic chemicals in systems composed of low organic
carbon aquifer materials. Environ Sci Technol 25:1747-1752. https://doi.org/10.1021/es00022a011.

Buchholz BA, Haack KW, Sporty JL, et al. 2010. Free flow electrophoresis separation and AMS
quantitation of C-naphthalene-protein adducts. Nucl Instrum Methods Phys Res B 268(7-8):1324-
1327. https://doi.org/10.1016/j.nimb.2009.10.164.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 240

8. REFERENCES

Buchholz BA, Carratt SA, Kuhn EA, et al. 2019. Naphthalene DNA adduct formation and tolerance in
the lung. Nucl Instrum Methods Phys Res B 438:119-123.
https://doi.org/10.1016/j.nimb.2018.07.004.

Buckpitt AR, Bahnson LS. 1986. Naphthalene metabolism by human lung microsomal enzymes.
Toxicology 41:333-341. https://doi.org/10.1016/0300-483X(86)90186-1.

Buckpitt AR, Franklin RB. 1989. Relationship of naphthalene and 2-methylnaphthalene metabolism to
pulmonary bronchiolar epithelial cell necrosis. Pharmacol Ther 41:393-410.
https://doi.org/10.1016/0163-7258(89)90116-2.

Buckpitt AR, Buonarati M, Avey LB, et al. 1992. Relationship of cytochrome P450 activity to cell
cytotoxicity. II. Comparison of stereo-selectivity of naphthalene epoxidation in lung and nasal
mucosa of mouse, hamster, rat and Rhesus monkey. J Pharmacol Exp Ther 261(1):364-372.

Buckpitt A, Chang A, Weir A, et al. 1995. Relationship of cytochrome P450 activity to cell cytotoxicity.
IV. Metabolism of naphthalene and naphthalene oxide in microdissected airways from mice, rats,
and hamsters. Molecular Pharmacol 47:74-81.

Buckpitt A, Boland B, Isbell M, et al. 2002. Naphthalene-induced respiratory tract toxicity: Metabolic
mechanisms of toxicity. Drug Metab Rev 34(4):791-820. https://doi.org/10.1081/DMR-120015694.

Buckpitt A, Morin D, Murphy S, et al. 2013. Kinetics of naphthalene metabolism in target and non-
target tissues of rodents and in nasal and airway microsomes from the Rhesus monkey. Toxicol
Appl Pharmacol 270(2):97-105. https://doi.org/10.1016/j.taap.2013.04.006.

Buratti M, Campo L, Fustinoni S, et al. 2007. Application of ultraviolet spectrophotometry to estimate
occupational exposure to airborne polyaromatic compounds in asphalt pavers. J Occup Environ Hyg
4(6):412-419. https://doi.org/10.1080/15459620701337817.

Bush A, Pabary R. 2020. Pulmonary alveolarproteinosis in children. Breathe 16(2):200001.
https://doi.org/10.1183/20734735.0001-2020.

Bushnik T, Wong SL, Holloway AC, et al. 2020. Association of urinary polycyclic aromatic
hydrocarbons and obesity in children aged 3-18: Canadian Health Measures Survey 2009-2015. J
Dev Orig Health Dis 11(6):623-631. https://doi.org/10.1017/s2040174419000825.

Bysshe SE. 1982. Bioconcentration factor in aquatic organisms. In: Lyman W], ed. Handbook of
chemical property estimation methods. New York, NY: McGraw Hill, 5.1-5.30.

Cakmak S, Dales RE, Liu L, et al. 2014. Residential exposure to volatile organic compounds and lung
function: results from a population-based cross-sectional survey. Environ Pollut 194:145-151.
https://doi.org/10.1016/j.envpol.2014.07.020.

Calabrese EJ. 1986. Ecogenetics: Historical foundation and current status. J Occup Med 28:1096-1102.

Campbell JL, Andersen ME, Clewell HJ. 2014. A hybrid CFD-PBPK model for naphthalene in rat and
human with IVIVE for nasal tissue metabolism and cross-species dosimetry. Inhal Toxicol
26(6):333-344. https://doi.org/10.3109/08958378.2014.896059.

Caron-Beaudoin E, Whyte KP, Bouchard MF, et al. 2022. Volatile organic compounds (VOCs) in
indoor air and tap water samples in residences of pregnant women living in an area of
unconventional natural gas operations: Findings from the EXPERIVA study. Sci Total Environ
805:150242. https://doi.org/10.1016/j.scitotenv.2021.150242.

Carratt SA, Morin D, Buckpitt AR, et al. 2016. Naphthalene cytotoxicity in microsomal epoxide
hydrolase deficient mice. Toxicol Lett 246:35-41. https://doi.org/10.1016/j.toxlet.2016.01.019.

Carratt SA, Hartog M, Buchholz BA, et al. 2019a. Naphthalene genotoxicity: DNA adducts in primate
and mouse airway explants. Toxicol Lett 305:103-109. https://doi.org/10.1016/j.toxlet.2019.01.009.

Carratt SA, Kovalchuk N, Ding X, et al. 2019b. Metabolism and lung toxicity of inhaled naphthalene:
Effects of postnatal age and sex. Toxicol Sci 170(2):536-548. https://doi.org/10.1093/toxsci/kfz100.

CDC. 2017. Biomonitoring summary: polycyclic aromatic hydrocarbons overview. Centers for Disease
Control and Prevention.
https://www.cdc.gov/biomonitoring/Naphthalene BiomonitoringSummary.html. January 20, 2023.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 241

8. REFERENCES

CDC. 2023. Biomonitoring data tables for environmental chemicals: [1- and 2-hydroxynaphthalene].
Centers for Disease Control and Prevention. https://www.cdc.gov/exposurereport/data_tables.html.
January 20, 2023.

Chao YC, Gibson RL, Nylander-French LA. 2005. Dermal exposure to jet fuel (JP-8) in US Air Force
personnel. Ann Occup Hyg 49(7):639-645. https://doi.org/10.1093/annhyg/mei021.

Chao YC, Kupper LL, Serdar B, et al. 2006. Dermal exposure to jet fuel JP-8 significantly contributes to
the production of urinary naphthols in fuel-cell maintenance workers. Environ Health Perspect
114(2):182-185. https://doi.org/10.1289/ehp.8288.

Charles SM, Batterman SA, Jia C. 2007. Composition and emissions of VOCs in main- and side-stream
smoke of research cigarettes. Atmos Environ 41(26):5371-5384.
https://doi.org/10.1016/j.atmosenv.2007.02.020.

ChenY, YiL, Yan G, et al. 2010a. a-Lipoic acid alters post-translational modifications and protects the
chaperone activity of lens a-crystallin in naphthalene-induced cataract. Curr Eye Res 35(7):620-630.
https://doi.org/10.3109/02713681003768211.

ChenY, YiL, Yan GQ, et al. 2010b. Decreased chaperone activity of a-crystallins in naphthalene-
induced cataract possibly results from C-terminal truncation. J Int Med Res 38(3):1016-1028.
https://doi.org/10.1177/147323001003800328.

Chen Y, Jiang YX, Yi L, etal. 2012. Excessive milk intake as a risk factor, probably associated with
oxidative stress, in experimental naphthalene-initiated cataract in rats. Ophthalmic Res 47(2):87-97.
https://doi.org/10.1159/000330504.

Chen YY, Kao TW, Wang CC, et al. 2019. Exposure to polycyclic aromatic hydrocarbons and risk of
disability among an elderly population. Environ Sci Pollut Res Int 26(11):10719-10726.
https://doi.org/10.1007/s11356-019-04498-3.

Chen Q, Wang F, Yang H, et al. 2021. Exposure to fine particulate matter-bound polycyclic aromatic
hydrocarbons, male semen quality, and reproductive hormones: The MARCHS study. Environ
Pollut 280:116883. https://doi.org/10.1016/j.envpol.2021.116883.

Cherry N, Galarneau JM, Kinniburgh D, et al. 2021. Exposure and absorption of PAHs in wildland
firefighters: A field study with pilot interventions. Ann Work Expo Health 65(2):148-161.
https://doi.org/10.1093/annweh/wxaa064.

Childers JW, Witherspoon CL, Smith LB, et al. 2000. Real-time and integrated measurement of
potential human exposure to particle-bound polycyclic aromatic hydrocarbons (PAHs) from aircraft
exhaust. Environ Health Perspect 108(9):853-862. https://doi.org/10.1289/ehp.00108853.

Cho TM, Rose RL, Hodgson E. 2006. In vitro metabolism of naphthalene by human liver microsomal
cytochrome P450 enzymes. Drug Metab Dispos 34(1):176-183.
https://doi.org/10.1124/dmd.105.005785.

Cho M, Chichester C, Morin D, et al. 1994a. Covalent interactions of reactive naphthalene metabolites
with proteins. J Pharmacol Exp Ther 269(2):881-889.

Cho M, Jedrychowski R, Hammock B, et al. 1994b. Reactive metabolite binding to hemoglobin and
albumin. Fundam Appl Toxicol 22:26-33. https://doi.org/10.1093/toxsci/22.1.26.

Choi JW, Kim M, Song G, et al. 2023. Toxicokinetic analyses of naphthalene, fluorene, phenanthrene,
and pyrene in humans after single oral administration. Sci Total Environ 870:161899.
https://doi.org/10.1016/j.scitotenv.2023.161899.

Chopra S, Ridley L, Murphy WR, et al. 2019. Quantitative analysis of polycyclic aromatic hydrocarbons
at part per billion levels in fish oil by headspace solid-phase microextraction and gas
chromatography-mass spectrometry (HS-SPME-GC-MS). J Chromatogr Sci 57(1):87-92.
https://doi.org/10.1093/chromsci/bmy086.

Chuang JC, Mack GA, Kuhlman MR, et al. 1991. Polycyclic aromatic hydrocarbons and their
derivatives in indoor and outdoor air in an eight-home study. Atmos Environ 25B(3):369-380.
https://doi.org/10.1016/0957-1272(91)90008-3.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 242

8. REFERENCES

Chuang JC, Callahan PJ, Menton RG, et al. 1995. Monitoring methods for polycyclic aromatic
hydrocarbons and their distribution in house dust and track-in soil. Environ Sci Technol 29:494-500.
https://doi.org/10.1021/es00002a027.

Chuang JC, Callahan PJ, Lyu CW, et al. 1999. Polycyclic aromatic hydrocarbon exposures of children in
low-income families. J Exp Anal Environ Epidem 9(2):85-98.
https://doi.org/10.1038/sj.jea.7500003.

Chusid E, Fried CT. 1955. Acute hemolytic anemia due to naphthalene ingestion. AMA Am J Dis Child
89:612-614. https://doi.org/10.1001/archpedi.1955.02050110726019.

Cichocki JA, Smith GJ, Mendoza R, et al. 2014. Sex differences in the acute nasal
antioxidant/antielectrophilic response of the rat to inhaled naphthalene. Toxicol Sci 139(1):234-244.
https://doi.org/10.1093/toxsci/kfu031.

Cilluffo G, Ferrante G, Murgia N, et al. 2022. Effects of polycyclic aromatic hydrocarbons on lung
function in children with asthma: A mediation analysis. IntJ Environ Res Public Health 19(3):1826.
https://doi.org/10.3390/ijerph19031826.

Clark JD, Serdar B, Lee DJ, et al. 2012. Exposure to polycyclic aromatic hydrocarbons and serum
inflammatory markers of cardiovascular disease. Environ Res 117:132-137.
https://doi.org/10.1016/j.envres.2012.04.012.

Clewell HJ. 1995. The application of physiologically based pharmacokinetic modeling in human health
risk assessment of hazardous substances. Toxicol Lett 79(1-3):207-217.
https://doi.org/10.1016/0378-4274(95)03372-r.

Clewell HJ, Efremenko A, Campbell JL, et al. 2014. Transcriptional responses in the rat nasal
epithelium following subchronic inhalation of naphthalene vapor. Toxicol Appl Pharmacol
280(1):78-85. https://doi.org/10.1016/j.taap.2014.06.015.

Collin G, Hoke H, Greim H. 2012. Naphthalene and hydronaphthalenes. In: Ullmann's encyclopedia of
industrial chemistry. Vol. 23. Weinheim: Wiley-VCH Verlag GmbH & Co. KGaA, 661-670.
https://doi.org/10.1002/14356007.a17_001.pub2.

Connor TH, Thiess JC, Hanna HA, et al. 1985. Genotoxicity of organic chemicals frequently found in
the air of mobile homes. Toxicol Lett 25:33-40. https://doi.org/10.1016/0378-4274(85)90097-9.

Cripps GC. 1992. Baseline levels of hydrocarbons in seawater of the Southern Ocean: Natural
variability and regional patterns. Mar Pollut Bull 24(2):109-114. https://doi.org/10.1016/0025-
326X(92)90739-S.

Danish EPA. 2015. Survey of naphthalene (CAS 91-20-3). Danish Environmental Protection Agency.
Environmental project no. 1721. https://www2.mst.dk/Udgiv/publications/2015/06/978-87-93352-
34-6.pdf. January 12, 2023.

Darious M, Daoud A, Dawara A. 2020. Study the effect of alcoholic flaxseed extract on naphthalene-
induced hemolytic anemia in Syrian hamster. Chem Res J 5(1):47-55.

Davey NG, Fitzpatrick CT, Etzkorn JM, et al. 2014. Measurement of spatial and temporal variation in
volatile hazardous air pollutants in Tacoma, Washington, using a mobile membrane introduction
mass spectrometry (MIMS) system. J Environ Sci Health A Tox Hazard Subst Environ Eng
49(11):1199-1208. https://doi.org/10.1080/10934529.2014.910014.

Dawson JP, Thayer WW, Desforges JF. 1958. Acute hemolytic anemia in the newborn infant due to
naphthalene poisoning: Report of two cases, with investigations into the mechanism of the disease.
Blood 13(12):1113-1125. https://doi.org/10.1182/blood.V13.12.1113.1113.

de Pinho JV, Lopes AP, de Almeida Rodrigues P, et al. 2023. Food safety concerns on polycyclic
aromatic hydrocarbon contamination in fish products from estuarine bays throughout the American
continent. Sci Total Environ 858(Pt 2):159930. https://doi.org/10.1016/j.scitotenv.2022.159930.

Dean BS, Lopez G, Krenzelok EP. 1992. Environmentally-induced methemoglobinemia in an infant.
Clin Toxicol 30(1):127-133. https://doi.org/10.3109/15563659208994453.

Dehghani S, Fararouei M, Rafiee A, et al. 2022. Prenatal exposure to polycyclic aromatic hydrocarbons
and effects on neonatal anthropometric indices and thyroid-stimulating hormone in a Middle Eastern
population. Chemosphere 286(Pt 1):131605. https://doi.org/10.1016/j.chemosphere.2021.131605.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 243

8. REFERENCES

Dela Cruz M, Khalid MM, Mostafa A, et al. 2019. Hemolytic crisis following naphthalene mothball
ingestion in a 21-month-old patient with glucose-6-phosphate dehydrogenase (G6PD) deficiency.
Case Rep Pediatr 2019:1092575. https://doi.org/10.1155/2019/1092575.

Delgado-Rodriquez A, Ortiz-Marttelo R, Graf U, et al. 1995. Genotoxic activity of environmentally
important polycyclic aromatic hydrocarbons and their nitro derivatives in the wing spot test of
Drosophila melanogaster. Mutat Res 341:235-247. https://doi.org/10.1016/0165-1218(95)90095-0.

DeStefano-Shields C, Morin D, Buckpitt A. 2010. Formation of covalently bound protein adducts from
the cytotoxicant naphthalene in nasal epithelium: species comparisons. Environ Health Perspect
118(5):647-652. https://doi.org/10.1289/ehp.0901333.

Dhar K, Panneerselvan L, Subashchandrabose SR, et al. 2023. Anaerobic degradation of naphthalene
and pyrene by sulfate-reducing cultures enriched from former manufactured gas plant soil. Microb
Ecol 86(1):271-281. https://doi.org/10.1007/s00248-022-02042-4.

Djomo JE, Ferrier V, Gauthier L, et al. 1995. Amphibian micronucleus test in vivo: Evaluation of the
genotoxicity of some major polycyclic aromatic hydrocarbons found in a crude oil. Mutagenesis
10(3):223-226. https://doi.org/10.1093/mutage/10.3.223.

Dobaradaran S, Schmidt TC, Lorenzo-Parodi N, et al. 2019. Cigarette butts: An overlooked source of
PAHs in the environment? Environ Pollut 249:932-939.
https://doi.org/10.1016/j.envpol.2019.03.097.

Dodd DE, Gross EA, Miller RA, et al. 2010. Nasal olfactory epithelial lesions in F344 and SD rats
following 1- and 5-day inhalation exposure to naphthalene vapor. Int J Toxicol 29(2):175-184.
https://doi.org/10.1177/1091581809357955.

Dodd DE, Wong BA, Gross EA, et al. 2012. Nasal epithelial lesions in F344 rats following a 90-day
inhalation exposure to naphthalene. Inhal Toxicol 24(1):70-79.
https://doi.org/10.3109/08958378.2011.636086.

DOE. 2024a. Protective action criteria (PAC) based on AEGLs, ERPGs, or TEELs. U.S. Department of
Energy. https://edms3.energy.gov/pac/TeelDocs. September 13, 2024.

DOE. 2024b. Definition of PACs (AEGLs, ERPGs or TEELs). U.S. Department of Energy.
https://edms3.energy.gov/pac/TeelDef. September 13, 2024.

Doherty MD, Cohen GM, Smith MT. 1984. Mechanisms of toxic injury to isolated hepatocytes by 1-
naphthol. Biochem Pharmacol 33(4):543-549. https://doi.org/10.1016/0006-2952(84)90305-8.

Durant ND, Wilson LP, Bouwer EJ. 1994. Screening for natural subsurface biotransformation of
polycyclic aromatic hydrocarbons at a former manufactured gas plant. In: Hinchee RE, Leeson A,
Semprini L, et al., eds. Bioremediation of chlorinated and polycyclic aromatic hydrocarbon
compounds. Boca Raton: CRC Press, Inc., 457-461.

Dusautoir R, Zarcone G, Verriele M, et al. 2021. Comparison of the chemical composition of aerosols
from heated tobacco products, electronic cigarettes and tobacco cigarettes and their toxic impacts on
the human bronchial epithelial BEAS-2B cells. J Hazard Mater 401:123417.
https://doi.org/10.1016/j.jhazmat.2020.123417.

Eastmond DA, Booth GM, Lee ML. 1984. Toxicity, accumulation, and elimination of polycyclic
aromatic sulfur heterocycles in Daphnia magna. Arch Environ Contam 13:105-111.
https://doi.org/10.1007/BF01055652.

Easton MDL, Luszniak D, Von der Geest E. 2002. Preliminary examination of contaminant loadings in
farmed salmon, wild salmon and commercial salmon feed. Chemosphere 46(7):1053-1074.
https://doi.org/10.1016/S0045-6535(01)00136-9.

Egeghy PP, Hauf-Cabalo L, Gibson R, et al. 2003. Benzene and naphthalene in air and breath as
indicators of exposure to jet fuel. Occup Environ Med 60(12):969-976.
https://doi.org/10.1136/0em.60.12.969.

Ehrlich GG, Goerlitz DF, Godsy EM, et al. 1982. Degradation of phenolic contaminants in ground water
by anaerobic bacteria: St. Louis Park, Minnesota. Ground Water 20(6):703-710.
https://doi.org/10.1111/j.1745-6584.1982.tb01390.x.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 244

8. REFERENCES

Eisele GR. 1985. Naphthalene distribution in tissues of laying pullets, swine, and dairy cattle. Bull
Environ Contam Toxicol 34:549-556.

Ekambaram S, Chandan Kumar KM, Mahalingam V. 2017. Acute kidney injury: A rare complication of
mothball (Naphthalene) poisoning. Saudi J Kidney Dis Transpl 28(6):1412-1415.
https://doi.org/10.4103/1319-2442.220858.

Ellickson KM, McMahon CM, Herbrandson C, et al. 2017. Analysis of polycyclic aromatic
hydrocarbons (PAHs) in air using passive sampling calibrated with active measurements. Environ
Pollut 231(Pt 1):487-496. https://doi.org/10.1016/j.envpol.2017.08.049.

El-Masri HA, Mumtaz MM, Yushak ML. 2004. Application of physiologically-based pharmacokinetic
modeling to investigate the toxicological interaction between chlorpyrifos and parathion in the rat.
Environ Toxicol Pharmacol 16(1-2):57-71. https://doi.org/10.1016/j.etap.2003.10.002.

Emi Y, Konishi Y. 1985. Endogenous lipid pneumonia in female B6C3F1 mice. In: Jones TC, Mohr U,
Hunt RD, eds. Respiratory system. Berlin, Germany: Springer, 166-168.
https://doi.org/10.1007/978-3-642-96846-4 25.

EPA. 1982. Exposure and risk assessment for benzo(a)pyrene and other polycyclic aromatic
hydrocarbons. Volume 2: Naphthalene. Washington, DC: U.S. Environmental Protection Agency.
PB85222560. EPA440485020V2.
https://ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail/PB85222560.xhtml. April 18, 2023.

EPA. 1986a. Guidelines for the health risk assessment of chemical mixtures. U.S. Environmental
Protection Agency. Fed Reg 51(185):34014-34025. https://www.loc.gov/item/fr051185/. October
10, 2024.

EPA. 1986b. Broad scan analysis of the FY82 national human adipose tissue survey specimens. Volume
I: Executive summary. Washington, DC: U.S. Environmental Protection Agency. EPA560586035.
https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=2000HPAT.txt. February 9, 2023.

EPA. 1987. Summary review of health effects associated with naphthalene: Health issue assessment.
Research Triangle Park, NC: U.S. Environmental Protection Agency. PB88172374.
EPA600887055F. https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=30001GTV.txt. April 19, 2023.

EPA. 1988. Health effects assessment for naphthalene. Cincinnati, OH: U.S. Environmental Protection
Agency. PB90142464. EPA600889094.
https://ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail/PB90142464.xhtml. April 19, 2023.

EPA. 1989a. Land disposal restrictions for second third scheduled wastes; proposed rule. U.S.
Environmental Protection Agency. Fed Reg 54(7):1056-1119.

EPA. 1989b. Characteristics of pilot and full-scale hazardous waste incinerator ash. Cincinnati, OH:
U.S. Environmental Protection Agency. PB90134396. EPA600D89232.
https://ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail/PB90134396.xhtml. April 19, 2023.

EPA. 1991. Indoor air-assessment; indoor air concentrations of environmental carcinogens. Research
Triangle Park, NC: U.S. Environmental Protection Agency. EPA600890042.
https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=30001J0D.txt. April 19, 2023.

EPA. 1994. Methods for derivation of inhalation reference concentrations and application of inhalation
dosimetry. U.S. Environmental Protection Agency. EPA600890066F.
https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=30001K4C.txt. April 19, 2023.

EPA. 1996. Exposure factors handbook. Washington, DC: U.S. Environmental Protection Agency.
EPA600889043. https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=30001191.txt. April 19, 2023.

EPA. 1998. Toxicological review of naphthalene (CAS No. 91-20-3). In support of summary
information on the Integrated Risk Information System (IRIS). U.S. Environmental Protection
Agency. PB99137358. EPA635R98010.
https://ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail/PB99137358. xhtml. April 19, 2023.

EPA. 2002. Health effects support document for naphthalene: External review draft. Alexandria, VA:
U.S. Environmental Protection Agency. EPA822R02031.
https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=20003JAW .txt. April 19, 2023.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 245

8. REFERENCES

EPA. 2003. Toxicological review of 2-methylnaphthalene (CAS No. 91-57-6) U.S. Environmental
Protection Agency. EPA635R03010. http://www.epa.gov/iris. May 9, 2022,

EPA. 2005. Toxic chemical release inventory reporting forms and instructions: Revised 2004 version.
Section 313 of the Emergency Planning and Community Right-to-Know Act (Title III of the
Superfund Amendments and Reauthorization Act of 1986). U.S. Environmental Protection Agency.
EPA260B05001. https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=P100EI4V.txt. December 4,
2024.

EPA. 2007a. Method 8272: Parent and alkyl polycyclic aromatics in sediment pore water by solid-phase
microextraction and gas chromatography/mass spectrometry in selected ion monitoring mode. U.S.
Environmental Protection Agency. https://www.epa.gov/sites/default/files/2015-
12/documents/8272.pdf. May 9, 2022.

EPA. 2007b. Provisional peer-reviewed toxicity values for 2-methylnaphthalene. Cincinnati, OH: U.S.
Environmental Protection Agency. EPA690R07022F.
https://cfpub.epa.gov/ncea/pprtv/recordisplay.cfm?deid=338998. May 9, 2022.

EPA. 2008. Provisional peer-reviewed toxicity values for 1-methylnaphthalene. Cincinnati, OH: U.S.
Environmental Protection Agency. EPA690R08017F.
https://cfpub.epa.gov/ncea/pprtv/recordisplay.cfm?deid=338997. May 9, 2022.

EPA. 2009. Method 524.3, V.1: Measurement of purgeable organic compounds in water by capillary
column gas chromatography/mass spectrometry. Cincinnati, OH: U.S. Environmental Protection
Agency. EPA815B09009. https://www.nemi.gov/methods/method summary/10417/. November
21,2023.

EPA. 2012. Data evaluation record: Naphthalene, immunotoxicity study in mice [MRID 48792701].
U.S. Environmental Protection Agency. https://www.regulations.gov/document/EPA-HQ-OPP-
2016-0113-0025. January 20, 2023.

EPA. 2016. Vapor intrusion screening level calculator. U.S. Environmental Protection Agency.
https://www.epa.gov/vaporintrusion. October 9, 2024.

EPA. 2017a. Hazardous air pollutants. U.S. Environmental Protection Agency. 42 U.S.C. 7412.
https://www.govinfo.gov/app/details/USCODE-2011-title42/USCODE-2011-title42-chap85-
subchapl-partA-sec7412. December 15, 2022.

EPA. 2017b. National emission inventory (NEI) data. U.S. Environmental Protection Agency.
https://www.epa.gov/air-emissions-inventories/2017-national-emissions-inventory-nei-data. October
20, 2022.

EPA. 2018a. 2018 Edition of the drinking water standards and health advisories. Washington, DC: U.S.
Environmental Protection Agency. EPA822S12001.
https://www.epa.gov/sites/production/files/2018-03/documents/dwtable2018.pdf. July 25, 2018.

EPA. 2018b. Naphthalene. Human health risk assessment in support of registration review.
Washington, DC: U.S. Environmental Protection Agency. D440842.
https://www.regulations.gov/document/EPA-HQ-OPP-2016-0113-0018. May 11, 2022.

EPA. 2018c. Compiled AEGL values. U.S. Environmental Protection Agency.
https://www.epa.gov/sites/production/files/2018-
08/documents/compiled aegls update 27jul2018.pdf. April 12, 2020.

EPA. 2020. 2017 NEI data. U.S. Environmental Protection Agency. https://www.epa.gov/air-
emissions-inventories/2017-national-emissions-inventory-nei-data. January 15, 2023.

EPA. 2022a. 2020 CDR data. U.S. Environmental Protection Agency. https://www.epa.gov/chemical-
data-reporting/access-cdr-data#2020. October 26, 2022.

EPA. 2022b. Annual summary data: Naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene. Air
data: Air quality data collected at outdoor monitors across the US. U.S. Environmental Protection
Agency. https://www.epa.gov/outdoor-air-quality-data. April 19, 2023.

EPA. 2022c. Derivation of an acute reference concentration for inhalation exposure to naphthalene.
Washington, DC: U.S. Environmental Protection Agency. EPA600R21292.
https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=P1015I0L.txt. April 19, 2023.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 246

8. REFERENCES

EPA. 2022d. Toxic chemical release inventory reporting forms and instructions: Revised 2021 version.
U.S. Environmental Protection Agency. EPA740B22002.
https://ordspub.epa.gov/ords/guideme ext/guideme ext/guideme/file/ry 2021 rfi.pdf. August 22,
2023.

EPA. 2023a. Chemical name: naphthalene. U.S. Environmental Protection Agency.
https://ordspub.epa.gov/ords/pesticides/f?p=113:6:::::P6  XCHEMICAL 1D:3014. January 1, 2023.

EPA. 2023b. Air monitoring and sampling data: East Palestine, Ohio Train Derailment. U.S.
Environmental Protection Agency. https://www.epa.gov/east-palestine-oh-train-derailment/air-
monitoring-and-sampling-data. September 5, 2023.

EPA. 2023c. National primary drinking water regulations. U.S. Environmental Protection Agency.
Code of Federal Regulations. 40 CFR 141. https://www.govinfo.gov/content/pkg/CFR-2023-
title40-vol25/pdf/CFR-2023-title40-vol25-part141.pdf. May 3, 2024.

EPA. 2024. Provisional peer-reviewed toxicity values for 1-methylnaphthalene (CASRN 90-12-0).
Cincinnati, OH: U.S. Environmental Protection Agency. EPA690R24001F.
https://cfpub.epa.gov/ncea/pprtv/documents/methylnaphthalenel.pdf. October 1, 2024.

Eskandarani RM, Alghamdi FS. 2020. Naphthalene toxicity in a three-year-old child complicated by
severe hemolytic anemia and mild methemoglobinemia: A case report. J Emerg Med 59(4):e113-
el17. https://doi.org/10.1016/j.jemermed.2020.06.009.

EU. 2003. European Union risk assessment report: Naphthalene. European Chemicals Bureau.
European Union. EUR 20763 EN. https://echa.europa.eu/documents/10162/4c955673-9744-4d1c-
a812-2bf97863906a. February 9, 2023.

Fait DW, Nachreiner RW. 1985. Naphthalene acute inhalation toxicity study. Submitted to the U.S.
Environmental Protection Agency under TSCA section 8D. OTS0513636. 86-870000558. Project
Report 48-511. https://ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail/OTS0513636.xhtml.
April 19, 2023.

Fanucchi MV, Buckpitt AR, Murphy ME, et al. 1997. Naphthalene cytotoxicity of differentiating cells in
neonatal mice. Toxicol Appl Pharmacol 144:96-104. https://doi.org/10.1006/taap.1997.8119.

FDA. 2022. FDA total diet study (TDS): 1991-2017. U.S. Food and Drug Administration.
https://www.fda.gov/food/fda-total-diet-study-tds/fda-total-diet-study-tds-1991-2017. December 15,
2022.

FDA. 2024. 1-Methylnaphthalene. Substances added to food. U.S. Food and Drug Administration.
https://www.cfsanappsexternal.fda.gov/scripts/fdcc/index.cfm?set=FoodSubstances&id=METHYLN
APHTHALENE. October 8, 2024.

Florin I, Rutberg L, Curvall M, et al. 1980. Screening of tobacco smoke constituents for mutagenicity
using the Ames test. Toxicology 18:219-232. https://doi.org/10.1016/0300-483X(80)90055-4.

Flowers L, Ohnishi T, Penning TM, et al. 1997. DNA strand scission by polycyclic aromatic
hydrocarbon o-quinones: role of reactive oxygen species, Cu(Il)/Cu(l) redox cycling and o-
semiquinone anion radicals. Biochemistry 36:8640-8648. https://doi.org/10.1021/bi970367p.

Flowers-Geary L, Bleczinski W, Harvey RG, et al. 1996. Cytotoxicity and mutagenicity of polycyclic
aromatic hydrocarbon o-quinones produced by dihydrodiol dehydrogenase. Chem Bio Int 99:55-72.
https://doi.org/10.1016/0009-2797(95)03660-1.

Foster GD, Roberts EC, Gruessner B, et al. 2000. Hydrogeochemistry and transport of organic
contaminants in an urban watershed of Chesapeake Bay (USA). Appl Geochem 15:901-915.
https://doi.org/10.1016/S0883-2927(99)00107-9.

Frantz SW, Van Miller JP, Hengler WC. 1986. Ninety-day (sub-chronic) dermal toxicity study with
naphthalene in albino rats. Texaco, Inc. Submitted to the U.S. Environmental Protection Agency
under TSCA section 8D. OTS0513643. 86-8700000565.
https://ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail/OTS0513643 xhtml. April 19, 2023.

Frederick CB, Bush ML, Lomax LG, et al. 1998. Application of a hybrid computational fluid dynamics
and physiologically based inhalation model for interspecies dosimetry extrapolation of acidic vapors



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 247

8. REFERENCES

in the upper airways. Toxicol Appl Pharmacol 152(1):211-231.
https://doi.org/10.1006/taap.1998.8492.

Freeman AE, Weisburger EK, Weisburger JH, et al. 1973. Transformation of cell cultures as an
indication of the carcinogenic potential of chemicals. J Natl Cancer Inst 51:799-808.
https://doi.org/10.1093/jnci/51.3.799.

Fulekar MH. 2017. Microbial degradation of petrochemical waste-polycyclic aromatic hydrocarbons.
Bioresour Bioprocess 4(1):28. https://doi.org/10.1186/s40643-017-0158-4.

Gaines TB. 1969. Acute toxicity of pesticides. Toxicol Appl Pharmacol 14(3):515-534.
https://doi.org/10.1016/0041-008x(69)90013-1.

Gao P, Xu M, Liu Y, et al. 2019. Emerging and legacy PAHs in urban soils of four small cities:
Concentrations, distribution, and sources. Sci Total Environ 685:463-470.
https://doi.org/10.1016/].scitotenv.2019.05.403.

Gao B, Wang X, Ford RM. 2023. Chemotaxis along local chemical gradients enhanced bacteria
dispersion and PAH bioavailability in a heterogenous porous medium. Sci Total Environ 859(Pt
1):160004. https://doi.org/10.1016/j.scitotenv.2022.160004.

Garcia-Pérez J, Fernandez de Larrea-Baz N, Lope V, et al. 2020. Residential proximity to industrial
pollution sources and colorectal cancer risk: A multicase-control study (MCC-Spain). Environ Int
144:106055. https://doi.org/10.1016/j.envint.2020.106055.

Gatehouse D. 1980. Mutagenicity of 1,2 ring-fused acenaphthenes against S. typhimurium TA1537 and
TA1538: structure-activity relationships. Mutat Res 78:121-135. https://doi.org/10.1016/0165-
1218(80)90091-9.

GDCH. 1992. Methylnaphthalenes. GDCH-Advisory Committee on existing chemicals of
environmental relevance (BUA). Gesellschaft Deutscher Chemiker. BUA Report 47.

Germansky M, Jamall IS. 1988. Organ-specific effects of naphthalene on tissue peroxidation,
glutathione peroxidases and superoxide dismutase in the rat. Arch Toxicol 61(6):480-483.
https://doi.org/10.1007/BF00293694.

Germin-Aizac J, Maitre A, Balducci F, et al. 2023. Bitumen fumes and PAHs in asphalt road paving:
Emission characteristics, determinants of exposure and environmental impact. Environ Res
228:115824. https://doi.org/10.1016/j.envres.2023.115824.

Geyer H, Sheehan P, Kotzias D, et al. 1982. Prediction of ecotoxicological behaviour of chemicals:
Relationship between physico-chemical properties and bioaccumulation of organic chemicals in the
mussel Mytilus edulis. Chemosphere 11(11):1121-1134. https://doi.org/10.1016/0045-
6535(82)90122-9.

Ghetti G, Mariani L. 1956. [Eye changes due to naphthalene]. Med Lav 47(10):533-538. (Italian)

Ghoshal S, Luthy RG. 1996. Bioavailability of hydrophobic organic compounds from nonaqueous-
phase liquids: The biodegradation of naphthalene from coal tar. Environ Toxicol Chem
15(11):1894-1900. https://doi.org/10.1002/etc.5620151106.

Gidron E, Leurer J. 1956. Naphthalene poisoning. Lancet 270(6910):228-231.
https://doi.org/10.1016/s0140-6736(56)91152-7.

Godek EG, Naismith RW, Matthews RJ. 1985. Ames Salmonella/microsome plate test (EPA/OECD)
(unpublished material). Texaco, Inc. Submitted to the U.S. Environmental Protection Agency under
TSCA section 8D. OTS0513637. 86-870000559. PH 301-TX-020-85.
https://ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail/OTS0513637 xhtml. April 19, 2023.

Gold KW, Naugle DF, Berry MA. 1993. Indoor concentrations of environmental carcinogens. In:
Seifert B, van de Wiel HJ, Dodet B, et al., eds. IARC scientific publication on indoor concentrations
of environmental carcinogens. Vol. 12: Indoor air. Lyon, France: International Agency for
Research on Cancer, 41-71.

Gollahon LS. 1990. Dissertation: Chromosomal damage to preimplantation embryos in vitro by
naphthalene. Texas A&M University ProQuest Dissertations Publishing.

Gomez E, Ledbetter CA, Hartsell PL. 1993. Volatile compounds in apricot, plum, and their interspecific
hybrids. J Agric Food Chem 41:1669-1676. https://doi.org/10.1021/jf00034a029.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 248

8. REFERENCES

Greeley MA, Van Winkle LS, Edwards PC, et al. 2010. Airway trefoil factor expression during
naphthalene injury and repair. Toxicol Sci 113(2):453-467. https://doi.org/10.1093/toxsci/kfp268.

Greene JF, Zheng J, Grant DF, et al. 2000. Cytotoxicity of 1,2-epoxynaphthalene is correlated with
protein binding and in situ glutathione depletion in cytochrome P4501A1 expressing Sf-21 cells.
Toxicol Sci 53:352-360. https://doi.org/10.1093/toxsci/53.2.352.

Griffin KA, Johnson CB, Breger RK, et al. 1982. Effects of inducers and inhibitors of cytochrome P-
450-linked monooxygenases on the toxicity, in vitro metabolism and in vivo irreversible binding of
2-methylnaphthalene in mice. J Pharmacol Exp Ther 221:517-524.

Griffin KA, Johnson CB, Breger RK, et al. 1983. Pulmonary toxicity of 2-methylnaphthalene: Lack of a
relationship between toxicity, dihydrodiol formation and irreversible binding to cellular
macromolecules in DBA/2J mice. Toxicology 26:213-230. https://doi.org/10.1016/0300-
483X(83)90083-5.

Grimes AJ, Young L. 1956. The metabolism of 2-methylnaphthalene. Biochem J 62:11.

Guerrero PA, Corsi RL. 2012. Emissions of p-dichlorobenzene and naphthalene from consumer
products. J Air Waste Manag Assoc 62(9):1075-1084.
https://doi.org/10.1080/10962247.2012.694399.

Gummin DD, Mowry JB, Beuhler MC, et al. 2021. 2020 Annual report of the American Association of
Poison Control Centers' National Poison Data System (NPDS): 38" annual report. Clin Toxicol
59(12):1282-1501. https://doi.org/10.1080/15563650.2021.1989785.

Guo J, Huang Y, Bian S, et al. 2018. Associations of urinary polycyclic aromatic hydrocarbons with
bone mass density and osteoporosis in U.S. adults, NHANES 2005-2010. Environ Pollut 240:209-
218. https://doi.org/10.1016/j.envpol.2018.04.108.

Gupta R, Singhal PC, Muthusethupathy MA, et al. 1979. Cerebral oedema and renal failure following
naphthalene poisoning. J Assoc Physicians India 27:347-348.

Haggerty RJ. 1956. Toxic hazards: Naphthalene poisoning. N Engl ] Med 255(19):919-920.
https://doi.org/10.1056/NEJM195611082551917.

Han B, Wang L, Wang X, et al. 2024. Association between multipollutant exposure and thyroid
hormones in elderly people: A cross-sectional study in China. Environ Res 252(Pt 1):118781.
https://doi.org/10.1016/j.envres.2024.118781.

Hanchi M, Campo L, Polledri E, et al. 2017. Urinary 8-oxo-7,8-dihydro-2'-deoxyguanosine in Tunisian
electric steel foundry workers exposed to polycyclic aromatic hydrocarbons. Ann Work Expo
Health 61(3):333-343. https://doi.org/10.1093/annweh/wxw030.

Hao W, Kingston HM, Dillard A, et al. 2020. Quantification of persistent organic pollutants in human
whole blood samples using stir bar sorptive extraction coupled with GC/MS/MS and isotope dilution
mass spectrometry. Microchem J 153:104279. https://doi.org/10.1016/j.microc.2019.104279.

Haque SE, Gilani KM. 2005. Effect of ambroxol, spirulina and vitamin-E in naphthalene induced
cataract in female rats. Indian J Physiol Pharmacol 49(1):57-64.

Harden RA, Baetjer AM. 1978. Aplastic anemia following exposure to paradichlorobenzene and
naphthalene. J Occup Med 20:820-822.

Harper BL, Ramanujam VMS, Gad-El-Karim MM, et al. 1984. The influence of simple aromatics on
benzene clastogenicity. Mutat Res 128:105-114. https://doi.org/10.1016/0027-5107(84)90097-6.

Hawthorne SB, Poppendieck DG, Grabanski CB, et al. 2001. PAH release during water desorption,
supercritical carbon dioxide extraction, and field bioremediation. Environ Sci Technol 35(22):4577-
4583. https://doi.org/10.1021/es0107711.

Heaton KJ, Maule AL, Smith KW, et al. 2017. JP8 exposure and neurocognitive performance among US
Air Force personnel. Neurotoxicology 62:170-180. https://doi.org/10.1016/j.neuro.2017.07.001.

Heck JE, He D, Wing SE, et al. 2024. Exposure to outdoor ambient air toxics and risk of breast cancer:
The multiethnic cohort. IntJ Hyg Environ Health 259:114362.
https://doi.org/10.1016/].ijheh.2024.114362.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 249

8. REFERENCES

Heitzer A, Webb OF, Thonnard JE, et al. 1992. Specific and quantitative assessment of naphthalene and
salicylate bioavailability by using a bioluminescent catabolic reporter bacterium. Appl Environ
Microbiol 58(6):1839-1846. https://doi.org/10.1128/aem.58.6.1839-1846.1992.

Herbes SE. 1981. Rates of microbial transformation of polycylic aromatic hydrocarbons in water and
sediments in the vicinity of a coal-coking wastewater discharge. Appl Environ Microbiol 41(1):20-
28. https://doi.org/10.1128/aem.41.1.20-28.1981.

Herbes SE, Schwall LR. 1978. Microbial transformation of polycyclic aromatic hydrocarbons in pristine
and petroleum-contaminated sediments. Appl Environ Microbiol 35(2):306-316.
https://doi.org/10.1128/aem.35.2.306-316.1978.

Herbes SE, Southworth GR, Shaeffer DL, et al. 1980. Critical pathways of polycyclic aromatic
hydrocarbons in aquatic environments. In: Witschi H, ed. The scientific basis of toxicity
assessment. Amsterdam: Elsevier/North Holland Biomedical Press, 113-128.

Hoffmann K, Krause C, Seifert B, et al. 2000. The German Environmental Survey 1990/92 (GERES II)
Sources of personal exposure to volatile organic compounds. J Expo Anal Environ Epidemiol
10:115-125. https://doi.org/10.1038/sj.jea.7500084.

Holmberg K, Bake B, Pipkorn U. 1989. Mucosal blood flow in the human nose following local
challenge with histamine. Allergy 44(1):45-51. https://doi.org/10.1111/5.1398-
9995.1989.tb00445 .x.

Holmén JB, Ekesten B, Lundgren B. 1999. Naphthalene-induced cataract model in rats: A comparative
study between slit and retroillumination images, biochemical changes and naphthalene dose and
duration. Curr Eye Res 19(5):418-425. https://doi.org/10.1076/ceyr.19.5.418.5296.

Honda T, Kiyozumi M, Kojima S. 1990. Alkylnaphthalene. XI. Pulmonary toxicity of naphthalene, 2-
methylnaphthalene, and isopropylnaphthalenes in mice. Chem Pharm Bull 38(11):3130-3135.
https://doi.org/10.1248/cpb.38.3130.

Horn GP, Madrzykowski D, Neumann DL, et al. 2022. Airborne contamination during post-fire
investigations: Hot, warm and cold scenes. J Occup Environ Hyg 19(1):35-49.
https://doi.org/10.1080/15459624.2021.2002343.

Horney JA, Casillas GA, Baker E, et al. 2018. Comparing residential contamination in a Houston
environmental justice neighborhood before and after Hurricane Harvey. PLoS One 13(2):0192660.
https://doi.org/10.1371/journal.pone.0192660.

Horning MG, Stillwell WG, Griffin GW, et al. 1980. Epoxide intermediates in the metabolism of
naphthalene by the rat. Drug Metab Dispos 8(6):404-414.

Howard PH. 1989. Naphthalene. In: Handbook of environmental fate and exposure data for organic
chemicals. Vol. 1. Lewis Publishers, 408-421.

HuJ, Sheng L, Li L, et al. 2014. Essential role of the cytochrome P450 enzyme CYP2AS in olfactory
mucosal toxicity of naphthalene. Drug Metab Dispos 42(1):23-27.
https://doi.org/10.1124/dmd.113.054429.

Huang S, Nian M, Ma S, et al. 2023. Associations between urinary monohydroxylated polycyclic
aromatic hydrocarbons and unexplained recurrent spontaneous abortion and health risk assessment in
a large case-control study in China. Environ Res 218:115039.
https://doi.org/10.1016/j.envres.2022.115039.

Hughes CS, Bakker J, Kamatari O. 1985. CEH product review: Naphthalene. In: Chemical economics
handbook. Menlo Park, CA: SRI International, 300.7600 C-Z.

TIARC. 2002. Volume 82: Some traditional herbal medicines, some mycotoxins, naphthalene and styrene.
IARC Monographs on the evaluation of carcinogenic risks to humans. Lyon, France: International
Agency for Research on Cancer. https://monographs.iarc.who.int/wp-
content/uploads/2018/06/mono82.pdf. April 19, 2023.

IRIS. 1998. Naphthalene. CASRN 91-20-3. Integrated Risk Information System. Chemical assessment
summary. U.S. Environmental Protection Agency.
https://iris.epa.gov/static/pdfs/0436 summary.pdf. May 9, 2022.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 250

8. REFERENCES

IRIS. 2003. 2-Methylnaphthalene. CASRN 91-57-6. Integrated Risk Information System. Chemical
assessment summary. U.S. Environmental Protection Agency.
https://iris.epa.gov/static/pdfs/0436 summary.pdf. May 9, 2022.

Jia C, Batterman S. 2011. A critical review of naphthalene sources and exposures relevant to indoor and
outdoor air. Int J Environ Res Public Health 7(7):2903-2939.
https://doi.org/10.3390/ijerph7072903.

Jia C, Xue Z, Fu X, et al. 2020. Impacts of Independence Day fireworks on pollution levels of
atmospheric polycyclic aromatic hydrocarbons (PAHs) in the U.S. Sci Total Environ 743:140774.
https://doi.org/10.1016/j.scitotenv.2020.140774.

Jimenez A, Adisa A, Woodham C, et al. 2014. Determination of polycyclic aromatic hydrocarbons in
roasted coffee. J Environ Sci Health B 49(11):828-835.
https://doi.org/10.1080/03601234.2014.938552.

Jin M, Kijima A, Suzuki Y, et al. 2012. In vivo genotoxicity of 1-methylnaphthalene from
comprehensive toxicity studies with B6C3F1 gpt delta mice. J Toxicol Sci 37(4):711-721.
https://doi.org/10.2131/jts.37.711.

Jin H, Zhao C, Chen Y, et al. 2024. Environmental exposure to polycyclic aromatic hydrocarbons: An
underestimated risk factor for systemic lupus erythematosus onset and progression. Sci Total
Environ 926:171841. https://doi.org/10.1016/j.scitotenv.2024.171841.

Jing L, Chen B, Zhang B, et al. 2014. Naphthalene degradation in seawater by UV irradiation: the effects
of fluence rate, salinity, temperature and initial concentration. Mar Pollut Bull 81(1):149-156.
https://doi.org/10.1016/j.marpolbul.2014.02.003.

John EM, Keegan TH, Terry MB, et al. 2022a. Urinary biomarkers of polycyclic aromatic hydrocarbons
and timing of pubertal development: The California PAH study. Epidemiology 33(6):777-787.
https://doi.org/10.1097/ede.0000000000001535.

John EM, Koo J, Ingles SA, et al. 2022b. Predictors of urinary polycyclic aromatic hydrocarbon
metabolites in girls from the San Francisco Bay Area. Environ Res 205:112534.
https://doi.org/10.1016/j.envres.2021.112534.

Jonsson G, Bechmann RK, Bamber SD, et al. 2004. Bioconcentration, biotransformation, and
elimination of polycyclic aromatic hydrocarbons in sheepshead minnows (Cyprinodon variegatus)
exposed to contaminated seawater. Environ Toxicol Chem 23(6):1538-1548.
https://doi.org/10.1897/03-173.

Juchau MR, Boutelet-Bochan H, Huang Y. 1998. Cytochrome-P450-dependent biotransformation of
xenobiotics in human and rodent embryonic tissues. Drug Metab Rev 30(3):541-568.
https://doi.org/10.3109/03602539808996324.

Kaden DA, Hites RA, Thilly WG. 1979. Mutagenicity of soot and associated polycyclic aromatic
hydrocarbons to Salmonella typhimurium. Cancer Res 39(10):4152-4159.

Kaikiti C, Stylianou M, Agapiou A. 2022. TD-GC/MS analysis of indoor air pollutants (VOCs, PM) in
hair salons. Chemosphere 294:133691. https://doi.org/10.1016/j.chemosphere.2022.133691.

Kalmykova Y, Bjorklund K, Strémvall AM, et al. 2013. Partitioning of polycyclic aromatic
hydrocarbons, alkylphenols, bisphenol A and phthalates in landfill leachates and stormwater. Water
Res 47(3):1317-1328. https://doi.org/10.1016/j.watres.2012.11.054.

Kamal A, Malik RN, Martellini T, et al. 2014. PAH exposure biomarkers are associated with clinico-
chemical changes in the brick kiln workers in Pakistan. Sci Total Environ 490:521-527.
https://doi.org/10.1016/j.scitotenv.2014.05.033.

Kanekal S, Plopper C, Morin D, et al. 1990. Metabolic activation and bronchiolar cell necrosis from
naphthalene in the isolated perfused mouse lung. J Pharmacol Exp Ther 252(1):428-437.

Kanekal S, Plopper C, Morin D, et al. 1991. Metabolism and cytotoxicity of naphthalene oxide in the
isolated perfused mouse lung. J Pharmacol Exp Ther 256(1):391-401.

Kappeler T, Wuhrmann K. 1978. Microbial degradation of the water-soluble fraction of gas oil - I.
Water Res 12:327-333. https://doi.org/10.1016/0043-1354(78)90120-3.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 251

8. REFERENCES

Kapraun DF, Schlosser PM, Nylander-French LA, et al. 2020. A physiologically based pharmacokinetic
model for naphthalene with inhalation and skin routes of exposure. Toxicol Sci 177(2):377-391.
https://doi.org/10.1093/toxsci/kfaal 17.

Kapuci M, Ulker Z, Gurkan S, et al. 2014. Determination of cytotoxic and genotoxic effects of
naphthalene, 1-naphthol and 2-naphthol on human lymphocyte culture. Toxicol Ind Health 30(1):82-
89. https://doi.org/10.1177/0748233712451772.

Karagiannis TC, Li X, Tang MM, et al. 2012. Molecular model of naphthalene-induced DNA damage in
the murine lung. Hum Exp Toxicol 31(1):42-50. https://doi.org/10.1177/0960327111407228.

Karickhoff SW. 1981. Semi-empirical estimation of sorption of hydrophobic pollutants on natural
sediments and soils. Chemosphere 10(8):833-846. https://doi.org/10.1016/0045-6535(81)90083-7.

Katsnelson BA, Minigaliyeva IA, Degtyareva TD, et al. 2014. Does a concomitant exposure to lead
influence unfavorably the naphthalene subchronic toxicity and toxicokinetics? Environ Toxicol
Chem 33(1):152-157. https://doi.org/10.1002/etc.2405.

Kedderis GL, Shepard KG, Recio L. 2014. Cytotoxicity of naphthalene toward cells from target and
non-target organs in vitro. Chem Biol Interact 209:85-95. https://doi.org/10.1016/j.cbi.2013.12.003.

Keimig SD, Morgan DP. 1986. Urinary 1-naphthol as a biological indicator of naphthalene exposure.
Appl Ind Hyg 2:61-65. https://doi.org/10.1080/08828032.1986.10390469.

Kelsey JW, Alexander M. 1997. Declining bioavailability and inappropriate estimation of risk of
persistent compounds. Environ Toxicol Chem 16(3):582-585.
https://doi.org/10.1002/etc.5620160327.

Kelty JS, Keum C, Brown VJ, et al. 2020. Comparison of acute respiratory epithelial toxicity for 4-
Methylimidazole and naphthalene administered by oral gavage in B6C3F1 mice. Regul Toxicol
Pharmacol 116:104761. https://doi.org/10.1016/j.yrtph.2020.104761.

Kenaga EE. 1980. Predicted bioconcentration factors and soil sorption coefficients of pesticides and
other chemicals. Ecotoxicol Environ Safety 4:26-38. https://doi.org/10.1016/0147-6513(80)90005-
6.

Khalili Doroodzani A, Dobaradaran S, Akhbarizadeh R, et al. 2021. Diet, exposure to polycyclic
aromatic hydrocarbons during pregnancy, and fetal growth: A comparative study of mothers and
their fetuses in industrial and urban areas in Southwest Iran. Environ Pollut 276:116668.
https://doi.org/10.1016/j.envpol.2021.116668.

Khosravipour M, Khosravipour H. 2020. The association between urinary metabolites of polycyclic
aromatic hydrocarbons and diabetes: A systematic review and meta-analysis study. Chemosphere
247:125680. https://doi.org/10.1016/j.chemosphere.2019.125680.

Kim YM, Harrad S, Harrison RM. 2001. Concentrations and sources of VOCs in urban domestic and
public microenvironments. Environ Sci Technol 35:997-1004. https://doi.org/10.1021/es000192y.

Kim D, Andersen ME, Nylander-French LA. 2006. A dermatotoxicokinetic model of human exposures
to jet fuel. Toxicol Sci 93(1):22-33. https://doi.org/10.1093/toxsci/kfl048.

Kim YS, Lee MJ, Seo DS, et al. 2020. Thirteen-week inhalation toxicity study of 1-methylnaphthalene
in F344 rats. Toxicol Res 36(1):13-20. https://doi.org/10.1007/s43188-019-00009-1.

Kinman RN, Nutini DL, Carson D. 1995. Evaluation of leachate and gas from sanitary landfills with and
without HHW components. In: 19" Purdue industrial waste conference proceedings. Chelsea, MI:
Lewis Publishers, 263-269.

Kipopoulou AM, Manoli E, Samara C. 1999. Bioconcentration of polycyclic aromatic hydrocarbons in
vegetables grown in an industrial area. Environ Pollut 106:369-380. https://doi.org/10.1016/S0269-
7491(99)00107-4.

Kitchin KT, Brown JL, Kulkarni AP. 1992. Predictive assay for rodent carcinogenicity using in vivo
biochemical parameters: Operational characteristics and complementarity. Mutat Res 266:253-272.
https://doi.org/10.1016/0027-5107(92)90193-6.

Kitchin KT, Brown JL, Kulkarni AP. 1994. Predicting rodent carcinogenicity by in vivo biochemical
parameters. Environ Carcinog Ecotoxicol C12(1):63-88.
https://doi.org/10.1080/10590509409373430.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 252

8. REFERENCES

Klecka GM, Davis JW, Gray DR, et al. 1990. Natural bioremediation of organic contaminants in ground
water: Cliff-Dow Superfund site. Ground Water 28(4):534-543. https://doi.org/10.1111/j.1745-
6584.1990.tb01709.x.

Kojima M. 1992. Enzymatic distribution patterns of rat lenses and the changes that occur during
naphthalene cataract development. Ophthalmic Res 24:73-82. https://doi.org/10.1159/000267150.

Korsak Z, Majcherek W, Rydzynski K. 1998. Toxic effects of acute inhalation exposure to 1-
methylnaphthalene and 2-methylnaphthalene in experimental animals. Int J Occup Med Environ
Health 11(4):335-342.

Kostianen R. 1995. Volatile organic compounds in the indoor air of normal and sick houses. Atmos
Environ 29(6):693-702. https://doi.org/10.1016/1352-2310(94)00309-9.

Kovalchuk N, Kelty J, Li L, et al. 2017. Impact of hepatic P450-mediated biotransformation on the
disposition and respiratory tract toxicity of inhaled naphthalene. Toxicol Appl Pharmacol 329:1-8.
https://doi.org/10.1016/j.taap.2017.05.015.

Kovalchuk N, Zhang QY, Van Winkle L, et al. 2020. Contribution of pulmonary CYP-mediated
bioactivation of naphthalene to airway epithelial injury in the lung. Toxicol Sci 177(2):334-346.
https://doi.org/10.1093/toxsci/kfaal 14.

Krieg EF, Mathias PI, Toennis CA, et al. 2012. Detection of DNA damage in workers exposed to JP-8
jet fuel. Mutat Res 747(2):218-227. https://doi.org/10.1016/j.mrgentox.2012.05.005.

Kulka U, Schmid E, Huber R, et al. 1988. Analysis of the cytogenetic effect in human lymphocytes
induced by metabolically activated 1- and 2-methylnaphthalene. Mutat Res 208:155-158.
https://doi.org/10.1016/0165-7992(88)90052-8.

Kurz JM. 1987. Naphthalene poisoning: Critical care nursing techniques. Dimens Crit Care Nurs
6(5):264-270.

Kuwada G, Murakami A, Glaser DW, et al. 2022. Mothball ingestion in the setting of G6PD deficiency
causing severe hemolytic anemia, methemoglobinemia, and multiple organ failure in a toddler.
Hawaii J Health Soc Welf 81(1):3-5.

Lakritz J, Chang A, Weir A, et al. 1996. Cellular and metabolic basis of cell tolerance to multiple doses
of cytochrome P450-activated cytotoxicants. I: Bronchiolar epithelial reorganization and expression
of cytochrome P450 monooxygenases in mice exposed to multiple doses of naphthalene. J
Pharmacol Exp Ther 278(3):1408-1418.

Lan J, Wu S. 2023. Occurrence, concentration and toxicity of 54 polycyclic aromatic hydrocarbons in
butter during storage. Foods 12(24):4393. https://doi.org/10.3390/foods12244393.

Lanza DL, Code E, Crespi CL, et al. 1999. Specific dehydrogenation of 3-methylindole and epoxidation
of naphthalene by recombinant human CYP2F1 expressed in lymphoblastoid cells. Drug Metab
Dispos 27(7):798-803.

Lau OW, Wong SK, Leung KS. 1994. Naphthalene contamination of sterilized milk drinks contained in
low-density polyethylene bottles. Part 1. Analyst 119(5):1037-1042.
https://doi.org/10.1039/AN9941901037.

Lau OW, Wong SK, Leung KS. 1995. Naphthalene contamination of sterilized milk drinks contained in
low-density polyethylene bottles. Part 2. Effect of naphthalene vapour in air. Analyst 120(4):1125-
1128. https://doi.org/10.1039/AN9952001125.

Lee K, Levin DL, Webb R, et al. 1997. Pulmonary alveolar proteinosis: High-resolution CT, chest
radiographic, and functional correlations. Chest 111(4):989-995.
https://doi.org/10.1378/chest.111.4.989.

Lee MG, Phimister A, Morin D, et al. 2005. In situ naphthalene bioactivation and nasal airflow cause
region-specific injury patterns in the nasal mucosa of rats exposed to naphthalene by inhalation. J
Pharmacol Exp Ther 314(1):103-110. https://doi.org/10.1124/jpet.105.084517.

Lehmann I, Rehwagen M, Diez U, et al. 2001. Enhanced in vivo IgE production and T cell polarization
toward the type 2 phenotype in association with indoor exposure to VOC: Results of the LARS
study. IntJ Hyg Environ Health 204(4):211-221. https://doi.org/10.1078/1438-4639-00100.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 253

8. REFERENCES

Lehmann I, Thoelke A, Rehwagen M, et al. 2002. The influence of maternal exposure to volatile organic
compounds on the cytokine secretion profile of neonatal T cells. Environ Toxicol 17(3):203-210.
https://doi.org/10.1002/tox.10055.

Lezenius A. 1902. [A fall from naphthalene-induced cataracts in masons]. Klin Monatsbl Augenheilkd
40:129. (German)

Li HY, Gao PP, Ni HG. 2019a. Emission characteristics of parent and halogenated PAHs in simulated
municipal solid waste incineration. Sci Total Environ 665:11-17.
https://doi.org/10.1016/j.scitotenv.2019.02.002.

Li Y, Cakmak S, Zhu J. 2019b. Profiles and monthly variations of selected volatile organic compounds
in indoor air in Canadian homes: Results of Canadian national indoor air survey 2012-2013. Environ
Int 126:134-144. https://doi.org/10.1016/j.envint.2019.02.035.

LiL, Wei Y, Van Winkle L, et al. 2011. Generation and characterization of a CYP2F2-null mouse and
studies on the role of CYP2F2 in naphthalene-induced toxicity in the lung and nasal olfactory
mucosa. J Pharmacol Exp Ther 339(1):62-71. https://doi.org/10.1124/jpet.111.184671.

Li L, Carratt S, Hartog M, et al. 2017. Human CYP2A13 and CYP2F1 mediate naphthalene toxicity in
the lung and nasal mucosa of CYP2A13/2F1-humanized mice. Environ Health Perspect
125(6):067004. https://doi.org/10.1289/ehp844.

LiK, Zou'Y, Wang Y, et al. 2022. 2-Naphthalenemethanol participates in metabolic activation of 2-
methylnaphthalene. Xenobiotica 52(4):360-369. https://doi.org/10.1080/00498254.2022.2079022.

Liao W, Smith WD, Chiang TC. 1988. Rapid, low-cost cleanup procedure for determination of
semivolatile organic compounds in human and bovine adipose tissues. J Assoc Off Anal Chem
71(4):742-747. https://doi.org/10.1093/jaoac/71.4.742.

Lin CY, Isbell MA, Morin D, et al. 2005. Characterization of a structurally intact in situ lung model and
comparison of naphthalene protein adducts generated in this model vs lung microsomes. Chem Res
Toxicol 18(5):802-813. https://doi.org/10.1021/tx049746r.

Lin TJ, Guo YL, Hsu JC, et al. 2018. 2-Naphthol levels and allergic disorders in children. Int J Environ
Res Public Health 15(7):1449. https://doi.org/10.3390/ijerph15071449.

Lin XY, Liu YX, Zhang YJ, et al. 2022. Polycyclic aromatic hydrocarbon exposure and DNA oxidative
damage of workers in workshops of a petrochemical group. Chemosphere 303(Pt 2):135076.
https://doi.org/10.1016/j.chemosphere.2022.135076.

Lin N, Ding N, Meza-Wilson E, et al. 2023. Volatile organic compounds in disposable diapers and baby
wipes in the US: A survey of products and health risks. Environ Sci Technol 57(37):13732-13743.
https://doi.org/10.1021/acs.est.3c02862.

Linick M. 1983. Illness associated with exposure to naphthalene in mothballs - Indiana. MMWR 32:34-
35.

Liu B, Jia C. 2015. Effects of exposure to mixed volatile organic compounds on the neurobehavioral test
performance in a cross-sectional study of US adults. IntJ Environ Health Res 25(4):349-363.
https://doi.org/10.1080/09603123.2014.945514.

Liu B, Xue Z, Zhu X, et al. 2017. Long-term trends (1990-2014), health risks, and sources of
atmospheric polycyclic aromatic hydrocarbons (PAHs) in the U.S. Environ Pollut 220(Pt B):1171-
1179. https://doi.org/10.1016/j.envpol.2016.11.018.

Liu B, Huang F, Yu Y, etal. 2021. Polycyclic aromatic hydrocarbons (PAHs) in indoor dust across
China: Occurrence, sources and cancer risk assessment. Arch Environ Contam Toxicol 81(3):482-
491. https://doi.org/10.1007/s00244-021-00881-9.

Liu C, Liu Q, Song S, et al. 2023. The association between internal polycyclic aromatic hydrocarbons
exposure and risk of Obesity-A systematic review with meta-analysis. Chemosphere 329:138669.
https://doi.org/10.1016/j.chemosphere.2023.138669.

LiuJ, Song R, Li X, et al. 2024. Effects of PM2.5 and its components on disease severity in patients
with schizophrenia and the mediating role of thyroid hormones. Environ Health 2(5):290-300.
https://doi.org/10.1021/envhealth.3c00194.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 254

8. REFERENCES

Long PH, Herbert RA, Peckham JC, et al. 2003. Morphology of nasal lesions in F344/N rats following
chronic inhalation exposure to naphthalene vapors. Toxicol Pathol 31(6):655-664.
https://doi.org/10.1080/01926230390242016.

Lopes TJ, Furlong ET. 2001. Occurrence and potential adverse effects of semivolatile organic
compounds in streambed sediment, United States 1992-1995. Environ Sci Technol 20(4):727-737.
https://doi.org/10.1002/etc.5620200406.

Lorber M. 1972. Hematoxicity of synergized pyrethrin insecticides and related chemicals in intact,
totally and subtotally splenectomized dogs. Acta Hepato-Gastroenterol 19:66-78.

LuR, Wu J, Turco RP, et al. 2005. Naphthalene distributions and human exposure in Southern
California. Atmos Environ 39(3):489-507. https://doi.org/10.1016/j.atmosenv.2004.09.045.

Luo K, Zeng Y, Li M, et al. 2021. Inhalation bioacessibility and absorption of polycyclic aromatic
hydrocarbons (PAHs) in indoor PM(2.5) and its implication in risk assessment. Sci Total Environ
774:145770. https://doi.org/10.1016/j.scitotenv.2021.145770.

Luthy RG, Dzombak DA, Peters CA, et al. 1994. Remediating tar-contaminated soils at manufactured
gas plant sites. Environ Sci Technol 28(6):266A-276A. https://doi.org/10.1021/es00055a002.

MacGregor RR. 1954. Naphthalene poisoning from the ingestion of moth balls. Can Med Assoc J
70:313-314.

Mackell JV, Rieders F, Brieger H, et al. 1951. Acute hemolytic anemia due to ingestion of naphthalene
moth balls. 1. Clinical aspects. Pediatrics 71:722-727.

Mamber SW, Bryson V, Katz SE. 1983. The Escherichia coli WP2/WP100 rec assay for detection of
potential chemical carcinogens. Mutat Res 119:135-144. https://doi.org/10.1016/0165-
7992(83)90121-5.

Mamber SW, Bryson V, Katz SE. 1984. Evaluation of the Escherichia coli K12 inductest for detection
of potential chemical carcinogens. Mutat Res 130:141-151. https://doi.org/10.1016/0165-
1161(84)90116-X.

Marco MP, Nasiri M, Kurth MJ, et al. 1993. Enzyme-linked immunosorbent assay for the specific
detection of the mercapturic acid metabolites of naphthalene. Chem Res Toxicol 6:284-293.
https://doi.org/10.1021/tx00033a006.

Marczynski B, Preuss R, Mensing T, et al. 2005. Genotoxic risk assessment in white blood cells of
occupationally exposed workers before and after alteration of the polycyclic aromatic hydrocarbon
(PAH) profile in the production material: comparison with PAH air and urinary metabolite levels.
Int Arch Occup Environ Health 78(2):97-108. https://doi.org/10.1007/s00420-004-0567-5.

Marczynski B, Raulf-Heimsoth M, Spickenheuer A, et al. 2011. DNA adducts and strand breaks in
workers exposed to vapours and aerosols of bitumen: associations between exposure and effect.
Arch Toxicol 85(Suppl 1):S53-S64. https://doi.org/10.1007/s00204-011-0682-5.

Mason RT. 2002. Naphthalene. In: Ley C, ed. Kirk-Othmer encyclopedia of chemical technology.
Vol. 17. John Wiley & Sons, Inc., 1-25.
https://doi.org/10.1002/0471238961.1401160813011915.a01.pub2.

Masoner JR, Kolpin DW, Furlong ET, et al. 2014. Contaminants of emerging concern in fresh leachate
from landfills in the conterminous United States. Environ Sci Process Impacts 16(10):2335-2354.
https://doi.org/10.1039/c4em00124a.

Mathur P, Garg S. 2023. Acute kidney injury following naphthalene (mothball) poisoning. Saudi J
Kidney Dis Transpl 34(3):259-264. https://doi.org/10.4103/1319-2442.394000.

Mayer AC, Fent KW, Wilkinson A, et al. 2022. Characterizing exposure to benzene, toluene, and
naphthalene in firefighters wearing different types of new or laundered PPE. IntJ Hyg Environ
Health 240:113900. https://doi.org/10.1016/].ijheh.2021.113900.

Mazzone P, Thomassen MJ, Kavuru M. 2001. Our new understanding of pulmonary alveolar
proteinosis: What an internist needs to know. Cleve Clin J Med 68:977-985.

McAdam KG, Faizi A, Kimpton H, et al. 2013. Polycyclic aromatic hydrocarbons in US and Swedish
smokeless tobacco products. Chem Cent J 7(1):151. https://doi.org/10.1186/1752-153x-7-151.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 255

8. REFERENCES

McCann J, Choi E, Yamasaki E, et al. 1975. Detection of carcinogens as mutagens in the
Salmonella/microsome test: Assay of 300 chemicals. Proc Natl Acad Sci USA 72(12):5135-5139.
https://doi.org/10.1073/pnas.72.12.5135.

McCarley KD, Bunge AL. 2001. Pharmacokinetic models of dermal absorption. J Pharm Sci
90(11):1699-1719. https://doi.org/10.1002/jps.1120.

McCormick S, Snawder JE, Chen IC, et al. 2022. Exposure assessment of polycyclic aromatic
hydrocarbons in refined coal tar sealant applications. Int J Hyg Environ Health 242:113971.
https://doi.org/10.1016/j.ijheh.2022.113971.

McCoull KD, Rindgen D, Blair IA, et al. 1999. Synthesis and characterization of polycyclic aromatic
hydrocarbon o-quinone depurinating N7-guanine adducts. Chem Res Toxicol 12:237-246.
https://doi.org/10.1021/tx980182z.

McDonald JD, Zielinska B, Jujita EM, et al. 2000. Fine particle and gaseous emission rates from
residential wood combustion. Environ Sci Technol 34:2080-2091.
https://doi.org/10.1021/es9909632.

McMurray WC. 1977. Nitrogen metabolism. In: Essentials of human metabolism. 2" ed.
Philadelphia, PA: Harper & Row, 252-254.

Meeker JD, Ryan L, Barr DB, et al. 2004a. The relationship of urinary metabolites of
carbaryl/naphthalene and chlorpyrifos with human semen quality. Environ Health Perspect
112(17):1665-1670. https://doi.org/10.1289/ehp.7234.

Meeker JD, Singh NP, Ryan L, et al. 2004b. Urinary levels of insecticide metabolites and DNA damage
in human sperm. Hum Reprod 19(11):2573-2580. https://doi.org/10.1093/humrep/deh444.

Meeker JD, Ryan L, Barr DB, et al. 2006. Exposure to nonpersistent insecticides and male reproductive
hormones. Epidemiology 17(1):61-68. https://doi.org/10.1097/01.ede.0000190602.14691.70.

Meeker JD, Ravi SR, Barr DB, et al. 2008. Circulating estradiol in men is inversely related to urinary
metabolites of nonpersistent insecticides. Reprod Toxicol 25(2):184-191.
https://doi.org/10.1016/j.reprotox.2007.12.005.

Mehdi Z, Gupta M, Kaur J, et al. 2023. Severe hemolytic anemia after mothball ingestion complicated
by an undiagnosed enzyme deficiency: A case report. Cureus 15(11):e48733.
https://doi.org/10.7759/cureus.48733.

Melancon MJ, Rickert DE, Lech JJ. 1982. Metabolism of 2-methylnaphthalene in the rat in vivo: L.
Identification of 2-naphthoylglycine. Drug Metab Dispos 10(2):128-133.

Melancon MJ, Williams DE, Buhler DR, et al. 1985. Metabolism of 2-methylnaphthalene by rat and
rainbow trout hepatic microsomes and purified cytochromes P-450. Drug Metab Dispos 13(5):542-
547.

Melzer-Lange M, Walsh-Kelly C. 1989. Naphthalene-induced hemolysis in a black female toddler
deficient in glucose-6-phosphate dehydrogenase. Pediatr Emerg Care 5(1):24-26.

Mendoza-Sanchez I, Uwak [, Myatt L, et al. 2022. Maternal exposure to polycyclic aromatic
hydrocarbons in South Texas, evaluation of silicone wristbands as personal passive samplers. J
Expo Sci Environ Epidemiol 32(2):280-288. https://doi.org/10.1038/s41370-021-00348-y.

Meng F, Wang Y, Myers MB, et al. 2011. p53 codon 271 CGT to CAT mutant fraction does not
increase in nasal respiratory and olfactory epithelia of rats exposed to inhaled naphthalene. Mutat
Res 721(2):199-205. https://doi.org/10.1016/j.mrgentox.2011.02.004.

Mersch-Sundermann V, Mochayedi S, Kevekordes S, et al. 1993. The genotoxicity of unsubstituted and
nitrated polycyclic aromatic hydrocarbons. Anticancer Res 13(6A):2037-2043.

Messier KP, Tidwell LG, Ghetu CC, et al. 2019. Indoor versus outdoor air quality during wildfires.
Environ Sci Technol Lett 6(12):696-701. https://doi.org/10.1021/acs.estlett.9b00599.

Miles AK, Roster N. 1999. Enhancement of polycyclic aromatic hydrocarbons in estuarine invertebrates
by surface runoff at a decommissioned military fuel depot. Mar Environ Res 47(1):49-60.
https://doi.org/10.1016/S0141-1136(98)00104-4.

Miles CJ, Delfino JJ. 1999. Priority pollutant polycyclic aromatic hydrocarbons in Florida sediments.
Bull Environ Contam Toxicol 63:226-234. https://doi.org/10.1007/s001289900970.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 256

8. REFERENCES

Minyard JP, Roberts WE. 1991. Chemical contaminants monitoring. State findings on pesticide residues
in foods-1988 and 1989. J Assoc Off Anal Chem 74(3):438-452.
https://doi.org/10.1093/jaocac/74.3.438.

Mlyczynska E, Bongrani A, Rame C, et al. 2023. Concentration of polycyclic aromatic hydrocarbons
(PAHs) in human serum and adipose tissues and stimulatory effect of naphthalene in adipogenesis in
3T3-L1 cells. IntJ Mol Sci 24(2):1455. https://doi.org/10.3390/ijms24021455.

Mohapatra B, Phale PS. 2021. Microbial degradation of naphthalene and substituted naphthalenes:
Metabolic diversity and genomic insight for bioremediation. Front Bioeng Biotechnol 9:602445.
https://doi.org/10.3389/fbioe.2021.602445.

Morgan B, Hansgen R, Hawthorne W, et al. 2015. Industrial odor sources and air pollutant
concentrations in Globeville, a Denver, Colorado neighborhood. J Air Waste Manag Assoc
65(9):1127-1140. https://doi.org/10.1080/10962247.2015.1064833.

Morris JB. 1999. A method for measuring upper respiratory tract vapor uptake and its applicability to
quantitative inhalation risk assessment. Inhal Toxicol 11(10):943-965.
https://doi.org/10.1080/089583799196727.

Morris JB. 2013. Nasal dosimetry of inspired naphthalene vapor in the male and female B6C3F1 mouse.
Toxicology 309:66-72. https://doi.org/10.1016/j.t0x.2013.04.009.

Morris JB, Buckpitt AR. 2009. Upper respiratory tract uptake of naphthalene. Toxicol Sci 111(2):383-
391. https://doi.org/10.1093/toxsci/kfp138.

Mortelmans K, Haworth S, Lawlor T, et al. 1986. Salmonella mutagenicity tests: II. Results from the
testing of 270 chemicals. Environ Mutagen 8(Supplement 7):1-119.
https://doi.org/10.1002/em.2860080703.

Mu G, Fan L, Zhou Y, et al. 2019. Personal exposure to PM> s-bound polycyclic aromatic hydrocarbons
and lung function alteration: Results of a panel study in China. Sci Total Environ 684:458-465.
https://doi.org/10.1016/j.scitotenv.2019.05.328.

Muhammad F, Monteiro-Riviere NA, Riviere JE. 2005. Comparative in vivo toxicity of topical JP-8 jet
fuel and its individual hydrocarbon components: identification of tridecane and tetradecane as key
constituents responsible for dermal irritation. Toxicol Pathol 33(2):258-266.
https://doi.org/10.1080/01926230590908222.

Mumtaz MM, Ray M, Crowell SR, et al. 2012a. Translational research to develop a human PBPK
models tool kit-volatile organic compounds (VOCs). J Toxicol Environ Health A 75(1):6-24.
https://doi.org/10.1080/15287394.2012.625546.

Mumtaz M, Fisher J, Blount B, et al. 2012b. Application of physiologically based pharmacokinetic
models in chemical risk assessment. J Toxicol 2012:904603. https://doi.org/10.1155/2012/904603.

Murano H, Kojima M, Sasaki K. 1993. Differences in naphthalene cataract formation between albino
and pigmented rat eyes. Ophthalmic Res 25:16-22. https://doi.org/10.1159/000267216.

Murata Y, Emi Y, Denda A, et al. 1992. Ultrastructural analysis of pulmonary alveolar proteinosis
induced by methylnaphthalene in mice. Exp Toxicol Pathol 44(1):47-54.
https://doi.org/10.1016/S0940-2993(11)80137-5.

Murata Y, Denda A, Maruyama H, et al. 1993. Chronic toxicity and carcinogenicity studies of 1-
methylnaphthalene in B6C3F1 mice. Fundam Appl Toxicol 21(1):44-51.
https://doi.org/10.1006/faat.1993.1070.

Murata Y, Denda A, Maruyama H, et al. 1997. Chronic toxicity and carcinogenicity studies of 2-
methylnaphthalene in B6C3F1 mice. Fundam Appl Toxicol 36(1):90-93.
https://doi.org/10.1006/faat.1996.2283.

Mwachiro MM, Pritchett N, Calafat AM, et al. 2021. Indoor wood combustion, carcinogenic exposure
and esophageal cancer in southwest Kenya. Environ Int 152:106485.
https://doi.org/10.1016/j.envint.2021.106485.

Nakamura S, Oda Y, Shimada T, et al. 1987. SOS-inducing activity of chemical carcinogens and
mutagens in Salmonella typhimurium TA1535/pSK1002: Examination with 151 chemicals. Mutat
Res 192:239-246. https://doi.org/10.1016/0165-7992(87)90063-7.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 257

8. REFERENCES

Narbonne JF, Cassand P, Alzieu P, et al. 1987. Structure-activity relationships of the N--
methylcarbamate series in Salmonella typhimurium. Mutat Res 191:21-27.
https://doi.org/10.1016/0165-7992(87)90165-5.

NAS/NRC. 2006. Human biomonitoring for environmental chemicals. Washington, DC: The National
Academies Press, National Research Council. https://doi.org/10.17226/11700.

Navarro KM, Cisneros R, Noth EM, et al. 2017. Occupational exposure to polycyclic aromatic
hydrocarbon of wildland firefighters at prescribed and wildland fires. Environ Sci Technol
51(11):6461-6469. https://doi.org/10.1021/acs.est.7b00950.

Nayak J, Jena SR, Kumar S, et al. 2023. Human sperm proteome reveals the effect of environmental
borne seminal polyaromatic hydrocarbons exposome in etiology of idiopathic male factor infertility.
Front Cell Dev Biol 11:1117155. https://doi.org/10.3389/fcell.2023.1117155.

Neff JM, Burns WA. 1996. Estimation of polycyclic aromatic hydrocarbon concentrations in the water
column based on tissue residues in mussels and salmon: An equilibrium partitioning approach.
Environ Toxicol Chem 15(12):2240-2253. https://doi.org/10.1002/etc.5620151218.

Nie J, LiJ, Cheng L, et al. 2018. Maternal urinary 2-hydroxynaphthalene and birth outcomes in Taiyuan,
China. Environ Health 17(1):91. https://doi.org/10.1186/s12940-018-0436-4.

NIOSH. 1980. Worker exposure to polyaromatic hydrocarbons at selected petroleum refinery process
units of Sun Oil Refinery, Tulsa, Oklahoma. Cincinnati, OH: National Institute for Occupational
Safety and Health. PB81236846.
https://ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail/PB81236846.xhtml. April 19, 2023.

NIOSH. 1994. Naphthalene. Immediately dangerous to life or health concentrations (IDLH). National
Institute for Occupational Safety and Health. https://www.cdc.gov/niosh/idlh/91203.html. May 10,
2022.

NIOSH. 2009. Environmental and biological assessment of environmental tobacco smoke exposure
among casino dealers. Health Hazard Evaluation Report. National Institute for Occupational Safety
and Health. HETA 2005-0076; 2005-0201-3080. https://www.cdc.gov/niosh/hhe/reports/pdfs/2005-
0201-3080.pdf. April 5, 2024.

NIOSH. 2019. Naphthalene. NIOSH pocket guide to chemical hazards. National Institute for
Occupational Safety and Health. https://www.cdc.gov/niosh/npg/npgd0439.html. May 10, 2022.

NITE. 2009. 1-Methylnapthalene summary: [Combined repeat dose and reproductive/developmental
toxicity screening test of 1-methylnaphthalene by oral administration in rats]. Japanese National
Institute of Technology and Evaluation.
https://www.nite.go.jp/chem/jcheck/tempfile_list.action?tpk=23402&ppk=7239&kinou=100&type=j
a. November 30, 2022. (Japanese)

NITE. 2010a. Naphthalene - Bioaccumulation: aquatic/sediment. Japanese Chemicals and Collaborative
Knowledge Database. Japanese National Institute of Technology and Evaluation.
https://www.nite.go.jp/chem/jcheck/template.action?ano=27773&mno=4-0311&cno=91-20-
3&request locale=en. December 15, 2022.

NITE. 2010b. Naphthalene - Biodegradation in water: screening tests. Japanese Chemicals and
Collaborative Knowledge Database. Japanese National Institute of Technology and Evaluation.
https://www.nite.go.jp/chem/jcheck/template.action?ano=1428&mno=4-0311&cno=91-20-
3&request locale=en. December 15, 2022.

NLM. 2023a. Naphthalene. PubChem database. U.S. National Library of Medicine.
https://pubchem.ncbi.nlm.nih.gov/compound/931. January 4, 2023.

NLM. 2023b. 1-Methylnaphthalene. PubChem database. U.S. National Library of Medicine.
https://pubchem.ncbi.nlm.nih.gov/compound/7002. January 4, 2023.

NLM. 2023c. 2-Methylnaphthalene. PubChem database. U.S. National Library of Medicine.
https://pubchem.ncbi.nlm.nih.gov/compound/7055. January 4, 2023.

NTP. 1980a. Subchronic toxicity study: Naphthalene (C52904), B6C3F1 mice. Research Triangle Park,
NC: National Toxicology Program.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 258

8. REFERENCES

NTP. 1980b. Subchronic toxicity study: Naphthalene (C52904), Fischer 344 rats. Research Triangle
Park, NC: National Toxicology Program.

NTP. 1991. Developmental toxicity of naphthalene in Sprague-Dawley (CD) rats. Research Triangle
Park, NC: National Toxicology Program. TER91006.
https://ntp.niehs.nih.gov/publications/abstracts/dev/ter91006/ter91006.html. April 21, 2022.

NTP. 1992a. Toxicology and carcinogenesis studies of naphthalene (CAS No. 91-20-3) in B6C3F1 mice
(inhalation studies). Research Triangle Park, NC: National Toxicology Program. TR-410. NIH
Publication No. 92-3141. https://ntp.niehs.nih.gov/publications/reports/tr/400s/tr410/index.html.
April 19, 2023.

NTP. 1992b. Developmental toxicity of naphthalene in New Zealand white rabbits. Research Triangle
Park, NC: National Toxicology Program. TER91021.
https://ntp.niehs.nih.gov/publications/abstracts/dev/ter91021/ter91021.html. April 21, 2022.

NTP. 2000. Toxicology and carcinogenesis studies of naphthalene (CAS No. 91-20-3) in F344/N rats
(inhalation studies). National Toxicology Program. TR-500. NIH Publication No. 01-4434.
https://ntp.niehs.nih.gov/publications/reports/tr/500s/tr500/index.html. April 19, 2023.

NTP. 2013. Draft OHAT approach for systematic review and evidence integration for literature-based
health assessments - February 2013. National Toxicology Program, Office of Health Assessment
and Translation.
https://ntp.niehs.nih.gov/ntp/ohat/evaluationprocess/draftohatapproach february2013.pdf. May 9,
2022.

NTP. 2015. OHAT risk of bias rating tool for human and animal studies. National Toxicology Program,
Office of Health Assessment and Translation.
https://ntp.niehs.nih.gov/ntp/ohat/pubs/riskofbiastool 508.pdf. March 19, 2019.

NTP. 2021. Naphthalene. In: Report on carcinogens. 15" ed. National Toxicology Program,
https://ntp.niehs.nih.gov/ntp/roc/content/profiles/naphthalene.pdf. May 9, 2022.

NTSB. 2023. Norfolk Southern Railway train derailment with subsequent hazardous material release and
fires. National Transportation Safety Board. Preliminary Report: RRD23MRO00S.
https://www.ntsb.gov/investigations/Pages/RRD23MR005.aspx. September 5, 2023.

O'Brien KA, Smith LL, Cohen GM. 1985. Differences in naphthalene-induced toxicity in the mouse and
rat. Chem Biol Interact 55:109-122. https://doi.org/10.1016/S0009-2797(85)80122-8.

Ohnishi S, Hiraku Y, Hasegawa K, et al. 2018. Mechanism of oxidative DNA damage induced by
metabolites of carcinogenic naphthalene. Mutat Res Genet Toxicol Environ Mutagen 827:42-49.
https://doi.org/10.1016/j.mrgentox.2018.01.005.

Ojwang PJ, Ahmed-Jushuf I[H, Abdullah MS. 1985. Naphthalene poisoning following ingestion of moth
balls: Case report. East Afr Med J 62(1):71-73.

Oliver JR, Kushwah R, Wu J, et al. 2009. Gender differences in pulmonary regenerative response to
naphthalene-induced bronchiolar epithelial cell injury. Cell Prolif 42(5):672-687.
https://doi.org/10.1111/j.1365-2184.2009.00629 .x.

Oliver JR, Kushwah R, Wu J, et al. 2011. EIf3 plays a role in regulating bronchiolar epithelial repair
kinetics following Clara cell-specific injury. Lab Invest 91(10):1514-1529.
https://doi.org/10.1038/labinvest.2011.100.

Olukanni OD, Albert AA, Farinto M, et al. 2023. Tween-80 enhanced biodegradation of naphthalene by
Klebsiella quasipneumoniae. Antonie Van Leeuwenhoek 116(7):697-709.
https://doi.org/10.1007/s10482-023-01839-8.

Omurtag GZ, Giiranlioglu FD, Sehirli O, et al. 2005. Protective effect of aqueous garlic extract against
naphthalene-induced oxidative stress in mice. J Pharm Pharmacol 57(5):623-630.
https://doi.org/10.1211/0022357055939.

Orjuela MA, Liu X, Miller RL, et al. 2012. Urinary naphthol metabolites and chromosomal aberrations
in 5-year-old children. Cancer Epidemiol Biomarkers Prev 21(7):1191-1202.
https://doi.org/10.1158/1055-9965.Epi-12-0214.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 259

8. REFERENCES

Orzalesi N, Migliavacca L, Miglior S. 1994. Subretinal neovascularization after naphthalene damage to
the rabbit retina. Invest Ophthalmol Vis Sci 35(2):696-705.

OSHA. 2023a. Occupational safety and health standards. Subpart Z - Toxic and hazardous substances.
Air contaminants. Table Z-2. Occupational Safety and Health Administration. Code of Federal
Regulations. 29 CFR 1910.1000. https://www.govinfo.gov/content/pkg/CFR-2023-title29-
vol6/pdf/CFR-2023-title29-vol6-sec1910-1000.pdf. September 13, 2024.

OSHA. 2023b. Occupational safety and health standards for shipyard employment. Subpart Z - Toxic
and hazardous substances. Air contaminants. Occupational Safety and Health Administration.
Code of Federal Regulations. 29 CFR 1915.1000. https://www.govinfo.gov/content/pkg/CFR-2023-
title29-vol 7/pdf/CFR-2023-title29-vol 7-sec1915-1000.pdf. September 13, 2024.

OSHA. 2023c. Safety and health regulations for construction. Subpart D - Occupational health and
environment controls. Gases, vapors, fumes, dusts, and mists. Occupational Safety and Health
Administration. Code of Federal Regulations. 29 CFR 1926.55.
https://www.govinfo.gov/content/pkg/CFR-2023-title29-vol8/pdf/CFR-2023-title29-vol8-sec1926-
55.pdf. September 13, 2024.

Owa JA. 1989. Relationship between exposure to icterogenic agents, glucose-6-phosphate
dehydrogenase deficiency and neonatal jaundice in Nigeria. Acta Paediatr Scand 78(6):848-852.
https://doi.org/10.1111/j.1651-2227.1989.tb11162.x.

Owa JA, Izedonmwen OE, Ogundaini AO, et al. 1993. Quantitative analysis of 1-naphthol in urine of
neonates exposed to mothballs: the value in infants with unexplained anaemia. Afr J Med Med Sci
22(1):71-76.

Paiva JHHGL, Junior GBS, Magalhaes KDN, et al. 2022. Acute kidney injury following naphthalene
poisoning in children. Nefrologia 42(3):356-359. https://doi.org/10.1016/j.nefroe.2022.05.004.

Pakenham G, Lango J, Buonarati M, et al. 2002. Urinary naphthalene mercapturates as biomarkers of
exposure and stereoselectivity of naphthalene epoxidation. Drug Metab Dispos 30(3):247-253.

Papciak RJ, Mallory VT. 1990. Acute toxicological evaluation of naphthalene. J Am Coll Toxicol Part
B 1(1):17-19.

Park KS, Sims RC, Dupont RR, et al. 1990. Fate of PAH compounds in two soil types: Influence of
volatilization, abiotic loss and biological activity. Environ Toxicol Chem 9:187-195.
https://doi.org/10.1002/etc.5620090208.

Passarella S, Guerriero E, Quici L, et al. 2022. PAHs presence and source apportionment in honey
samples: Fingerprint identification of rural and urban contamination by means of chemometric
approach. Food Chem 382:132361. https://doi.org/10.1016/j.foodchem.2022.132361.

Patel MR, Patel BG. 2018. Anti-cataract activity of Garcinia indica against naphthalene-induced cataract
in rats. Asian J Pharm Clin Res 11(6):208-211. https://doi.org/10.22159/AJPCR.2018.V1116.24913.

Paulsson B, Bende M, Ohlin P. 1985. Nasal mucosal blood flow at rest and during exercise. Acta
Otolaryngol 99(1-2):140-143. https://doi.org/10.3109/00016488509119156.

Pellizzari ED, Hartwell TD, Harris BS, et al. 1982. Purgeable organic compounds in mother's milk. Bull
Environ Contam Toxicol 28(3):322-328. https://doi.org/10.1007/BF01608515.

Peng S, Lu T, Liu Y, et al. 2022. Short-term exposure to fine particulate matter and its constituents may
affect renal function via oxidative stress: A longitudinal panel study. Chemosphere 293:133570.
https://doi.org/10.1016/j.chemosphere.2022.133570.

Pereira WE, Hostettler FD, Luoma SN, et al. 1999. Sedimentary record of anthropogenic and biogenic
polycyclic aromatic hydrocarbons in San Francisco Bay, California. Mar Chem 64(1-2):99-113.
https://doi.org/10.1016/s0304-4203(98)00087-5.

Pham NT, Jewell WT, Morin D, et al. 2012. Analysis of naphthalene adduct binding sites in model
proteins by tandem mass spectrometry. Chem Biol Interact 199(2):120-128.
https://doi.org/10.1016/j.cbi.2012.05.009.

Phimister AJ, Lee MG, Morin D, et al. 2004. Glutathione depletion is a major determinant of inhaled
naphthalene respiratory toxicity and naphthalene metabolism in mice. Toxicol Sci 82(1):268-278.
https://doi.org/10.1093/toxsci/kfh258.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 260

8. REFERENCES

Phimister AJ, Williams KJ, Van Winkle LS, et al. 2006. Consequences of abrupt glutathione depletion
in murine Clara cells: ultrastructural and biochemical investigations into the role of glutathione loss
in naphthalene cytotoxicity. J Pharmacol Exp Ther 314(2):506-513.
https://doi.org/10.1124/jpet.105.084533.

Phousongphouang PT, Arey J. 2002. Rate constants for the gas-phase reactions of a series of
alkylnaphthalenes with the OH radical. Environ Sci Technol 36(9):1947-1952.
https://doi.org/10.1021/es011434c.

Phousongphouang PT, Arey J. 2003. Rate constants for the gas-phase reactions of a series of
alkylnaphthalenes with the nitrate radical. Environ Sci Technol 37(2):308-313.
https://doi.org/10.1021/es026015+.

Plasterer MR, Bradshaw WS, Booth GM, et al. 1985. Developmental toxicity of nine selected
compounds following prenatal exposure in the mouse: naphthalene, p-nitrophenol, sodium selenite,
dimethyl phthalate, ethylenethiourea, and four glycol ether derivatives. J Toxicol Environ Health
15(1):25-38. https://doi.org/10.1080/15287398509530633.

Platt KL, Aderhold S, Kulpe K, et al. 2008. Unexpected DNA damage caused by polycyclic aromatic
hydrocarbons under standard laboratory conditions. Mutat Res 650(2):96-103.
https://doi.org/10.1016/j.mrgentox.2007.09.011.

Plopper CG, Suverkropp C, Morin D, et al. 1992. Relationship of cytochrome P-450 activity to cell
cytotoxicity. I. Histopathologic comparison of the respiratory tract of mice, rats and hamsters after
parenteral administration of naphthalene. J Pharmacol Exp Ther 261(1):353-363.

Plowchalk DR, Andersen ME, Bogdanffy MS. 1997. Physiologically based modeling of vinyl acetate
uptake, metabolism, and intracellular pH changes in the rat nasal cavity. Toxicol Appl Pharmacol
142(2):386-400. https://doi.org/10.1006/taap.1996.8052.

Polak-Sliwifiska M, Paszczyk B, Sliwinski M. 2022. Evaluation of polycyclic aromatic hydrocarbons in
smoked cheeses made in Poland by HPLC method. Molecules 27(20):6909.
https://doi.org/10.3390/molecules27206909.

Poppendieck D, Gong M, Pham V. 2020. Influence of temperature, relative humidity, and water
saturation on airborne emissions from cigarette butts. Sci Total Environ 712:136422.
https://doi.org/10.1016/j.scitotenv.2019.136422.

Probst GS, McMahon RE, Hill LE, et al. 1981. Chemically induced unscheduled DNA synthesis in
primary rat hepatocyte cultures: A comparison with bacterial mutagenicity tests using 218
compounds. Environ Mutagen 3:11-32. https://doi.org/10.1002/em.2860030103.

Purchase IF, Longstaff E, Ashby J, et al. 1978. An evaluation of 6 short-term tests for detecting organic
chemical carcinogens. Br J Cancer 37(6):873-903. https://doi.org/10.1038/bjc.1978.132.

Ranjbar M, Rotondi MA, Ardern CI, et al. 2015. Urinary biomarkers of polycyclic aromatic
hydrocarbons are associated with cardiometabolic health risk. PLoS One 10(9):e0137536.
https://doi.org/10.1371/journal.pone.0137536.

Rao GS, Pandya KP. 1981. Biochemical changes induced by naphthalene after oral administration in
albino rats. Toxicol Lett 8(6):311-315. https://doi.org/10.1016/0378-4274(81)90119-3.

Rappaport SM, Waidyanatha S, Serdar B. 2004. Naphthalene and its biomarkers as measures of
occupational exposure to polycyclic aromatic hydrocarbons. J Environ Monit 6(5):413-416.
https://doi.org/10.1039/b314088c.

Rathbun WB, Holleschau AM, Murray DL, et al. 1990. Glutathione synthesis and glutathione redox
pathways in naphthalene cataract of the rat. Curr Eye Res 9(1):45-53.
https://doi.org/10.3109/02713689009000054.

Rawlins EL, Ostrowski LE, Randell SH, et al. 2007. Lung development and repair: contribution of the
ciliated lineage. Proc Natl Acad Sci USA 104(2):410-417.
https://doi.org/10.1073/pnas.0610770104.

Recio L, Shepard KG, Hernandez LG, et al. 2012. Dose-response assessment of naphthalene-induced
genotoxicity and glutathione detoxication in human TK6 lymphoblasts. Toxicol Sci 126(2):405-412.
https://doi.org/10.1093/toxsci/kfs012.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 261

8. REFERENCES

Recio L, Fowler J, Martin L, et al. 2023. Genotoxicity assessment in HepaRG™ cells as a new approach
methodology follow up to a positive response in the human TK6 cell micronucleus assay:
Naphthalene case study. Environ Mol Mutagen 64(8-9):458-465. https://doi.org/10.1002/em.22575.

RePORTER. 2024. Naphthalene. Research Portfolio Online Reporting Tools. National Institutes of
Health. https://reporter.nih.gov/. October 7, 2024.

Rhodes AG, LeMasters GK, Lockey JE, et al. 2003. The effects of jet fuel on immune cells of fuel
system maintenance workers. J Occup Environ Med 45(1):79-86.
https://doi.org/10.1097/00043764-200301000-00016.

Rittman BE, McCarty PL, Roberts PV. 1980. Trace-organics biodegradation in aquifer recharge.
Ground Water 18(3):236-243. https://doi.org/10.1111/j.1745-6584.1980.tb03395.x.

Roberts PV, McCarty PL, Reinhard M, et al. 1980. Organic contaminant behavior during groundwater
recharge. J Water Pollut Control Fed 52(1):161-172.

Roberts SM, Rohr AC, Mikheev VB, et al. 2018. Influence of airborne particulates on respiratory tract
deposition of inhaled toluene and naphthalene in the rat. Inhal Toxicol 30(1):19-28.
https://doi.org/10.1080/08958378.2018.1438539.

Rodrigues EG, Smith K, Maule AL, et al. 2014. Urinary polycyclic aromatic hydrocarbon (OH-PAH)
metabolite concentrations and the effect of GST polymorphisms among US Air Force personnel
exposed to jet fuel. J Occup Environ Med 56(5):465-471.
https://doi.org/10.1097/jom.0000000000000142.

Rooney AA, Boyles AL, Wolfe MS, et al. 2014. Systematic review and evidence integration for
literature-based environmental health science assessments. Environ Health Perspect 122(7):711-718.
https://doi.org/10.1289/ehp.1307972.

Rosenfeld JK, Plumb RH. 1991. Ground water contamination at wood treatment facilities. Ground
Water Monit Rev 11:133-140. https://doi.org/10.1111/j.1745-6592.1991.tb00360.x.

Rossa V, Pau H. 1988. Is the experimental naphthalene cataract a model for human senile cataract?
Graefes Arch Clin Exp Ophthalmol 226:291-293. https://doi.org/10.1007/BF02181199.

Royce SG, Patel KP, Samuel CS. 2014b. Characterization of a novel model incorporating airway
epithelial damage and related fibrosis to the pathogenesis of asthma. Lab Invest 94(12):1326-1339.
https://doi.org/10.1038/labinvest.2014.119.

Royce SG, Li X, Tortorella S, et al. 2014a. Mechanistic insights into the contribution of epithelial
damage to airway remodeling. Novel therapeutic targets for asthma. Am J Respir Cell Mol Biol
50(1):180-192. https://doi.org/10.1165/rcmb.2013-00080C.

Rozman K, Summer KH, Rozman T, et al. 1982. Elimination of thioethers following administration of
naphthalene and diethylmaleate to the Rhesus monkey. Drug Chem Toxicol 5(3):265-275.
https://doi.org/10.3109/01480548209041057.

Ruiz P, Ray M, Fisher J, etal. 2011. Development of a human Physiologically Based Pharmacokinetic
(PBPK) Toolkit for environmental pollutants. IntJ Mol Sci 12(11):7469-7480.
https://doi.org/10.3390/ijms12117469.

Rundell JO, Guntakatta M, Matthews EJ. 1983. Criterion development for the application of BALB/c-
3T3 cells to routine testing for chemical carcinogenic potential. Environ Sci Res 27:309-324.
https://doi.org/10.1007/978-1-4613-3611-2 22,

Saeed M, Higginbotham S, Rogan E, et al. 2007. Formation of depurinating N3adenine and N7guanine
adducts after reaction of 1,2-naphthoquinone or enzyme-activated 1,2-dihydroxynaphthalene with
DNA. Implications for the mechanism of tumor initiation by naphthalene. Chem Biol Interact
165(3):175-188. https://doi.org/10.1016/j.cbi.2006.12.007.

Saced M, Higginbotham S, Gaikwad N, et al. 2009. Depurinating naphthalene-DNA adducts in mouse
skin related to cancer initiation. Free Radic Biol Med 47(7):1075-1081.
https://doi.org/10.1016/j.freeradbiomed.2009.07.020.

Sahni M, Vibert Y, Bhandari V, et al. 2019. Newborn infant with mothball toxicity due to maternal
ingestion. Pediatrics 143(6):e20183619. https://doi.org/10.1542/peds.2018-3619.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 262

8. REFERENCES

Sakai M, Yoshida D, Mizusaki S. 1985. Mutagenicity of polycyclic aromatic hydrocarbons and quinones
on Salmonella typhimurium TA97. Mutat Res 156:61-67. https://doi.org/10.1016/0165-
1218(85)90007-2.

Sampaio GR, Guizellini GM, da Silva SA, et al. 2021. Polycyclic aromatic hydrocarbons in foods:
Biological effects, legislation, occurrence, analytical methods, and strategies to reduce their
formation. Int J Mol Sci 22(11):6010. https://doi.org/10.3390/ijms22116010.

Santhanakrishnan BR, Ranganathan G, Balagopala Raju V. 1973. Naphthalene induced haemolytic
anaemia with haemoglobinuria. Indian J Pediatr 40:195-197. https://doi.org/10.1007/BF02755155.

Santucci K, Shah M. 2000. Association of naphthalene with acute hemolytic anemia. Acad Emerg Med
7(1):42-47. https://doi.org/10.1111/j.1553-2712.2000.tb01889.x.

Sasaki JC, Arey J, Eastmond DA, et al. 1997. Genotoxicity induced in human lymphoblasts by
atmospheric reaction products of naphthalene and phenanthrene. Mutat Res 393(1-2):23-35.
https://doi.org/10.1016/S1383-5718(97)00083-1.

Sax NI, Lewis RJ. 1987. Methylnaphthalenes. In: Hawley's condensed chemical dictionary. New York,
NY: Van Nostrand Reinhold Company, 775, 806.

Schafer WB. 1951. Acute hemolytic anemia related to naphthalene: Report of a case in a newborn
infant. Pediatrics 7:172-174. https://doi.org/10.1542/peds.7.2.172.

Schauer JJ, Kleeman MJ, Cass GR, et al. 1999. Measurement of emissions from air pollution sources. 1.
C. through Cy organic compounds from meat charbroiling. Environ Sci Technol 33(10):1566-1577.
https://doi.org/10.1021/es980076;.

Schauer JJ, Kleeman MJ, Cass GR, et al. 2001. Measurement of emissions from air pollution sources. 3.
C;-Cy9 organic compounds from fireplace combustion of wood. Environ Sci Technol 35:1716-1728.
https://doi.org/10.1021/es00133 1e.

Schauer JJ, Kleeman MJ, Cass GR, et al. 2002. Measurement of emissions from air pollution sources. 5.
C;-Cs; organic compounds from gasoline-powered motor vehicles. Environ Sci Technol 36(6):1169-
1180. https://doi.org/10.1021/es0108077.

Scherer G, Scherer M, Rogner N, et al. 2022. Assessment of the exposure to polycyclic aromatic
hydrocarbons in users of various tobacco/nicotine products by suitable urinary biomarkers. Arch
Toxicol 96(11):3113-3126. https://doi.org/10.1007/s00204-022-03349-4.

Schmahl D. 1955. [The testing of naphthalene and anthracene for a carcinogenic effect on rats]. Z
Krebsforsch 60:697-710. (German)

Schmeltz I, Tosk J, Hoffman D. 1976. Formation and determination of naphthalene in cigarette smoke.
Anal Chem 48(4):645-650. https://doi.org/10.1021/ac60368a031.

Schmeltz I, Tosk J, Hilfrich J, et al. 1978. Bioassays of naphthalene and alkylnaphthalenes for co-
carcinogenic activity. Relation to tobacco carcinogenesis. Carcinogenesis 3:47-60.

Schwarzenbach RP, Westall J. 1981. Transport of nonpolar organic compounds from surface water to
groundwater. Laboratory sorption studies. Environ Sci Technol 15(11):1360-1367.
https://doi.org/10.1021/es00093a009.

Schwarzenbach RP, Giger W, Hoehn E, et al. 1983. Behavior of organic compounds during infiltration
of river water to groundwater. Environ Sci Technol 17:472-479.
https://doi.org/10.1021/es00114a007.

Scinicariello F, Buser MC. 2014. Urinary polycyclic aromatic hydrocarbons and childhood obesity:
NHANES (2001-2006). Environ Health Perspect 122(3):299-303.
https://doi.org/10.1289/ehp.1307234.

Sehirli O, Tozan A, Omurtag GZ, et al. 2008. Protective effect of resveratrol against naphthalene-
induced oxidative stress in mice. Ecotoxicol Environ Saf 71(1):301-308.
https://doi.org/10.1016/j.ecoenv.2007.08.023.

Seitz LM, Ram MS, Rengarajan R. 1999. Volatiles obtained from whole and ground grain samples by
supercritical carbon dioxide and direct helium purge methods: Observations on 2,3-butanediols and
halogenated anisoles. J Agric Food Chem 47:1051-1061. https://doi.org/10.1021/jf980795h.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 263

8. REFERENCES

Serdar B, Egeghy PP, Waidyanatha S, et al. 2003. Urinary biomarkers of exposure to jet fuel (JP-8).
Environ Health Perspect 111(14):1760-1764. https://doi.org/10.1289/ehp.6275.

Serdar B, Egeghy PP, Gibson R, et al. 2004. Dose-dependent production of urinary naphthols among
workers exposed to jet fuel (JP-8). Am J Ind Med 46(3):234-244.
https://doi.org/10.1002/ajim.20049.

Serdar B, Brindley S, Dooley G, et al. 2016. Short-term markers of DNA damage among roofers who
work with hot asphalt. Environ Health 15(1):99. https://doi.org/10.1186/s12940-016-0182-4.

Shafer G, Arunachalam A, Lohmann P. 2020. Newborn with perinatal naphthalene toxicity after
maternal ingestion of mothballs during pregnancy. Neonatology 117(1):127-130.
https://doi.org/10.1159/000504345.

Shahrokny P, Maison N, Riemann L, et al. 2023. Increased breath naphthalene in children with asthma
and wheeze of the All Age Asthma Cohort (ALLIANCE). J Breath Res 18(1):016003.
https://doi.org/10.1088/1752-7163/acf23e.

Shahsavani S, Fararouei M, Soveid M, et al. 2022. Exposure to polycyclic aromatic hydrocarbon-
induced oxidative stress in Shiraz, Iran: urinary levels, health risk assessment and mediation effect of
MDA on the risk of metabolic syndromes. Int Arch Occup Environ Health 95(5):1043-1058.
https://doi.org/10.1007/s00420-021-01822-8.

Shane BS, Henry CB, Hotchkiss JH, et al. 1990. Organic toxicants and mutagens in ashes from eighteen
municipal refuse incinerators. Arch Environ Toxicol 19(5):665-673.
https://doi.org/10.1007/BF01183982.

Shannon K, Buchanan GR. 1982. Severe hemolytic anemia in black children with glucose-6-phosphate
dehydrogenase deficiency. Pediatrics 70(3):364-369. https://doi.org/10.1542/peds.70.3.364.

Sherris AR, Loftus CT, Szpiro AA, et al. 2024. Prenatal polycyclic aromatic hydrocarbon exposure and
asthma at age 8-9 years in a multi-site longitudinal study. Environ Health 23(1):26.
https://doi.org/10.1186/512940-024-01066-2.

Shopp GM, White KL JR, Holsapple MP, et al. 1984. Naphthalene toxicity in CD-1 mice: General
toxicology and immunotoxicology. Fundam Appl Toxicol 4(3 Pt 1):406-419.
https://doi.org/10.1016/0272-0590(84)90198-2.

Shultz MA, Choudary PV, Buckpitt A. 1999. Role of murine cytochrome P-450 2F2 in metabolic
activation of naphthalene and metabolism of other xenobiotics. J Pharmacol Exp Ther 290(1):281-
288.

Shultz MA, Morin D, Chang AM, et al. 2001. Metabolic capabilities of CYP2F2 with various
pulmonary toxicants and its relative abundance in mouse lung subcompartments. J Pharmacol Exp
Ther 296(2):510-519.

Siddiqui TA, Zafar S, Igbal N, et al. 2002. Effect of Kohl-Chikni Dawa - a compound ophthalmic
formulation of Unani medicine on naphthalene-induced cataracts in rats. BMC Complement Altern
Med 2:13. https://doi.org/10.1186/1472-6882-2-13.

Siegel E, Wason S. 1986. Mothball toxicity. Pediatr Clin North Am 33(2):369-374.

Siemering GS, Thiboldeaux R. 2021. Background concentration, risk assessment and regulatory
threshold development: Polycyclic aromatic hydrocarbons (PAH) in Milwaukee, Wisconsin surface
soils. Environ Pollut 268(Pt B):115772. https://doi.org/10.1016/j.envpol.2020.115772.

Simms LA, Borras E, Chew BS, et al. 2021. Environmental sampling of volatile organic compounds
during the 2018 Camp Fire in Northern California. J Environ Sci 103:135-147.
https://doi.org/10.1016/.jes.2020.10.003.

Sina JF, Bean CL, Dysart GR, et al. 1983. Evaluation of the alkaline elution/rat hepatocyte assay as a
predictor of carcinogenic/mutagenic potential. Mutat Res 113:357-391.
https://doi.org/10.1016/0165-1161(83)90228-5.

Singh S, Singh J. 2004. Dermal toxicity and microscopic alterations by JP-8 jet fuel components in vivo
in rabbit. Environ Toxicol Pharmacol 16(3):153-161. https://doi.org/10.1016/j.etap.2003.12.001.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 264

8. REFERENCES

Singh A, Bodakhe SH. 2020. Resveratrol delay the cataract formation against naphthalene-induced
experimental cataract in the albino rats. J Biochem Mol Toxicol 34(1):e22420.
https://doi.org/10.1002/jbt.22420.

Snyder JC, Zemke AC, Stripp BR. 2009. Reparative capacity of airway epithelium impacts deposition
and remodeling of extracellular matrix. Am J Respir Cell Mol Biol 40(6):633-642.
https://doi.org/10.1165/rcmb.2008-03340C.

Soliman Y'S, Wade TL. 2008. Estimates of PAHs burdens in a population of ampeliscid amphipods at
the head of the Mississippi Canyon (N. Gulf of Mexico). Deep Sea Res Part I Top Stud Oceanogr
55(24-26):2577-2584. https://doi.org/10.1016/j.dsr2.2008.07.007.

Solomou N, Fernandez E, Szatnauer R, et al. 2023. Total and bioavailable polycyclic aromatic
hydrocarbons in unused and operated heat-not-burn tobacco products and conventional cigarettes.
Chemosphere 335:139050. https://doi.org/10.1016/j.chemosphere.2023.139050.

Sonar SS, Schwinge D, Kilic A, et al. 2010. Nerve growth factor enhances Clara cell proliferation after
lung injury. Eur Respir J 36(1):105-115. https://doi.org/10.1183/09031936.00165508.

Sorg RM, Naismith RW, Matthews RJ. 1985. Micronucleus test (MNT) OECD. Texaco, Inc.
Submitted to the U.S. Environmental Protection Agency under TSCA section 8D. OTS0513639.
86-870000561. PH 309A-TX-007-85.
https://ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail/OTS0513639.xhtml. April 19, 2023.

Southworth GR, Beauchamp JJ, Schmieder PK. 1978. Bioaccumulation potential of polycyclic aromatic
hydrocarbons in Daphnia pulex. Water Res 12:973-977. https://doi.org/10.1016/0043-
1354(78)90080-5.

Srivastava SK, Nath R. 1969. Metabolic alterations in experimental cataract. Part I. Inhibition of lactate
dehydrogenase and appearance of o-diphenol oxidase in cataractous lens of naphthalene fed rabbits.
Indian J Med Res 57(2):225-227.

Stagge JH, Seagren EA, Song X. 2016. Sorption of naphthalene onto natural and surfactant-amended
soils. J Environ Eng 142(4):06015010. https://doi.org/10.1061/(ASCE)EE.1943-7870.0001076.

Stamatelopoulou A, Dasopoulou M, Bairachtari K, et al. 2021. Contamination and potential risk
assessment of polycyclic aromatic hydrocarbons (PAHs) and heavy metals in house settled dust
collected from residences of young children. Appl Sci 11(4):1479.
https://doi.org/10.3390/app11041479.

Stern GA, Macdonald CR, Carvalho PC, et al. 2023. Baseline levels and characterization of
hydrocarbons in surface marine sediments along the transportation corridor in Hudson Bay: A
multivariate analysis of n-alkanes, PAHs and biomarkers. Sci Total Environ 855:158718.
https://doi.org/10.1016/j.scitotenv.2022.158718.

Sterner TR, Covington TR, Mattie DR. 2023. Complex mixtures: Array PBPK modeling of jet fuel
components. Toxics 11(2):187. https://doi.org/10.3390/toxics11020187.

Stillwell WG, Horning MG, Griffin GW, et al. 1982. Identification of new sulfur-containing metabolites
of naphthalene in mouse urine. Drug Metab Dispos 10(6):624-631.

Sucker K, Zschiesche W, Aziz M, et al. 2021. Naphthalene: irritative and inflammatory effects on the
airways. Int Arch Occup Environ Health 94(5):889-899. https://doi.org/10.1007/s00420-020-01636-
0.

Sudakin DL, Smit E, Cardenas A, et al. 2011. Naphthalene biomarkers and relationship with hemoglobin
and hematocrit in White, Black, and Hispanic adults: results from the 2003-2004 National Health
and Nutrition Examination Survey. J Med Toxicol 9(2):133-138. https://doi.org/10.1007/s13181-
012-0262-y.

Sugiyama K, Wang T-C, Simpson JT, et al. 1999. Aldose reductase catalyzes the oxidation of
naphthalene-1,2-dihydrodiol for the formation of ortho-naphthoquinone. Drug Metab Dispos
27(1):60-67.

Summer KH, Rozman K, Coulston F, et al. 1979. Urinary excretion of mercapturic acids in chimpanzees
and rats. Toxicol Appl Pharmacol 50:207-212. https://doi.org/10.1016/0041-008X(79)90145-5.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 265

8. REFERENCES

Sun Y, Kan Z, Zhang ZF, et al. 2023. Association of occupational exposure to polycyclic aromatic
hydrocarbons in workers with hypertension from a northeastern Chinese petrochemical industrial
area. Environ Pollut 323:121266. https://doi.org/10.1016/j.envpol.2023.121266.

Sutherland KM, Edwards PC, Combs TJ, et al. 2012. Sex differences in the development of airway
epithelial tolerance to naphthalene. Am J Physiol Lung Cell Mol Physiol 302(1):L68-L81.
https://doi.org/10.1152/ajplung.00089.2011.

Swartz E, Stockburger L, Vallero DA. 2003. Polycyclic aromatic hydrocarbons and other semivolatile
organic compounds collected in New York City in response to the events of 9/11. Environ Sci
Technol 37:3537-3546. https://doi.org/10.1021/es0303561.

Sweeney LM, Gearhart JM. 2020. Examples of physiologically based pharmacokinetic modeling applied
to risk assessment. In: Fisher JW, Gearhart JM, Lin Z, eds. Physiologically based pharmacokinetic
(PBPK) modeling. Academic Press: 281-299. https://doi.org/10.1016/B978-0-12-818596-4.00011-
4.

Swiercz R, Wasowicz W. 2018. The distribution and excretion of 1-methylnaphthalene in rats exposed
to 1-methylnaphthalene by inhalation. Int J Occup Med Environ Health 31(6):763-770.
https://doi.org/10.13075/ijomeh.1896.01224.

Swiercz R, Stepnik M. 2020. The effects of 1-methylnaphthalene after inhalation exposure on the serum
corticosterone levels in rats. Int J Occup Med Environ Health 33(5):691-699.
https://doi.org/10.13075/ijomeh.1896.01476.

Swiercz R, Wasowicz W, Majcherek W. 2010. The toxicokinetics of 2-methylnaphtalene in rats. Int J
Occup Med Environ Health 23(4):385-389. https://doi.org/10.2478/v10001-010-0026-3.

Swiercz R, Wasowicz W, Stetkiewicz J, et al. 2011. 4-Week inhalation toxicity of 2-methylnaphthalene
in experimental animals. Int J Occup Med Environ Health 24(4):399-408.
https://doi.org/10.2478/s13382-011-0036-9.

Swiercz R, Stepnik M, Gromadzifiska J, et al. 2022. Metabolism and in vitro assessment of the
mutagenic activity of urinary extracts from rats after inhalation exposure to 1-methylnaphthalene.
Int J Occup Med Environ Health 35(6):731-746. https://doi.org/10.13075/ijomeh.1896.01955.

Tabak HH, Quave SA, Mashni CI, et al. 1981. Biodegradability studies with organic priority pollutant
compounds. J Water Pollut Control Fed 53(10):1503-1518.

Tabatabaei Z, Shamsedini N, Mohammadpour A, et al. 2022. Exposure assessment of children living in
homes with hookah smoking parents to polycyclic aromatic hydrocarbons: urinary level, exposure
predictors, and risk assessment. Environ Sci Pollut Res Int 29(45):68667-68679.
https://doi.org/10.1007/s11356-022-20589-0.

Tan YM, Chan M, Chukwudebe A, et al. 2020. PBPK model reporting template for chemical risk
assessment applications. Regul Toxicol Pharmacol 115:104691.
https://doi.org/10.1016/j.yrtph.2020.104691.

Tang KY. 2017. A patient presented with dark brown urine after mothballs powder ingestion. Clin
Toxicol 55(7):674-675. https://doi.org/10.1080/15563650.2017.1305110.

Tannor EK, Hutton-Mensah KA. 2019. Naphthalene induced acute kidney injury in an African patient in
Ghana: a case report. Pan Afr Med J 32:201. https://doi.org/10.11604/pamj.2019.32.201.17886.

Tao RV, Holleschau AM, Rathbun WB. 1991. Naphthalene-induced cataract in the rat. II. Contrasting
effects of two aldose reductase inhibitors on glutathione and glutathione redox enzymes.
Ophthalmic Res 23(5):272-283. https://doi.org/10.1159/000267123.

Tarshis IB. 1981. Uptake and depuration of petroleum hydrocarbons by crayfish. Arch Environ Contam
Toxicol 10:79-86. https://doi.org/10.1007/BF01057577.

Teeguarden JG, Bogdanffy MS, Covington TR, et al. 2008. A PBPK model for evaluating the impact of
aldehyde dehydrogenase polymorphisms on comparative rat and human nasal tissue acetaldehyde
dosimetry. Inhal Toxicol 20(4):375-390. https://doi.org/10.1080/08958370801903750.

Teke G, Hubai K, Diodsi D, et al. 2020. Assessment of foliar uptake and accumulation of airborne
polyaromatic hydrocarbons under laboratory conditions. Bull Environ Contam Toxicol 104(4):444-
448. https://doi.org/10.1007/s00128-020-02814-z.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 266

8. REFERENCES

Teshima R, Nagamatsu K, Ikebuchi H, et al. 1983. In vivo and in vitro metabolism of 2-methyl-
naphthalene in the guinea pig. Drug Metab Dispos 11(2):152-157.

Texaco. 1985a. Primary dermal irritation study in rabbits (83/EPA): Naphthalene. Texaco, Inc.
Submitted to the U.S. Environmental Protection Agency under TSCA section 8D. OTS0513633.
86-870000555. PH 420-TX-013-84.
https://ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail/OTS0513633 .xhtml. April 19, 2023.

Texaco. 1985b. Rabbit eye irritation study (WASH): Naphthalene. Texaco, Inc. Submitted to the U.S.
Environmental Protection Agency under TSCA section 8D. OTS0513634. 86-870000556. PH 421-
TX-009-84. https://ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail/OTS0513634.xhtml.
February 9, 2023.

Texaco. 1985c. Delayed contact hypersensitivity in guinea pigs: Naphthalene. Texaco, Inc. Submitted
to the U.S. Environmental Protection Agency under TSCA section 8. OTS0513632. 86-870000554.
PH 424-TX-001-84.
https://ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail/OTS0513632.xhtml. April 19, 2023.

Texaco. 1985d. Dose-range-finding - developmental toxicity study in rabbits. Texaco, Inc. Submitted
to the U.S. Environmental Protection Agency under TSCA section 8D. OTS0513640.
86870000562. PH 329DR-TX-001-85.
https://ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail/OTS0513640.xhtml. February 10,
2023.

Texaco. 1986. Developmental toxicity study in rabbits: Naphthalene. Texaco, Inc. Submitted to the
U.S. Environmental Protection Agency under TSCA section 8D. OTS0513641. 86-870000563. PH
329-TX-001-85. https://ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail/OTS0513641.xhtml.
April 19, 2023.

Thangatorai R. 2022. Naphthalene-induced acute oxidative hemolysis with methemoglobinemia in
glucose-6-phosphate dehydrogenase (G6PD) deficiency. Cureus 14(3):€23496.
https://doi.org/10.7759/cureus.23496.

Thomann RV. 1989. Bioaccumulation model of organic chemical distribution in aquatic food chains.
Environ Sci Technol 23:699-707. https://doi.org/10.1021/es00064a008.

Thomas JM, Yordy JR, Amador JA, et al. 1986. Rates of dissolution and biodegradation of water-
insoluble organic compounds. Appl Environ Microbiol 52(2):290-296.
https://doi.org/10.1128/aem.52.2.290-296.1986.

Thornton-Manning JR, Dahl AR. 1997. Metabolic capacity of nasal tissue interspecies comparisons of
xenobiotic-metabolizing enzymes. Mutat Res 380:43-59. https://doi.org/10.1016/S0027-
5107(97)00126-7.

Tidwell LG, Allan SE, O'Connell SG, et al. 2016. PAH and OPAH flux during the deepwater horizon
incident. Environ Sci Technol 50(14):7489-7497. https://doi.org/10.1021/acs.est.6b02784.

Tingle MD, Pirmohamed M, Templeton E, et al. 1993. An investigation of the formation of cytotoxic,
genotoxic, protein-reactive and stable metabolites from naphthalene by human liver microsomes.
Biochem Pharmacol 46(9):1529-1538. https://doi.org/10.1016/0006-2952(93)90319-r.

Toba H, Wang Y, Bai X, etal. 2015. XB130 promotes bronchioalveolar stem cell and Club cell
proliferation in airway epithelial repair and regeneration. Oncotarget 6(31):30803-30817.
https://doi.org/10.18632/oncotarget.5062.

Tomasetig F, Tebby C, Graillot V, et al. 2020. Comparative genotoxic potential of 27 polycyclic
aromatic hydrocarbons in three human cell lines. Toxicol Lett 326:99-105.
https://doi.org/10.1016/j.tox1et.2020.03.007.

Tonelli QJ, Custer RP, Sorof S. 1979. Transformation of cultured mouse mammary glands by aromatic
amines and amides and their derivatives. Cancer Res 39:1784-1792.

Traynor GW, Apte MG, Sokol HA. 1990. Selected organic pollutant emissions from unvented kerosene
space heaters. Environ Sci Technol 24:1265-1270. https://doi.org/10.1021/es00078a017.

TRI23. 2024. Naphthalene. TRI search. Washington, DC: Toxics Release Inventory. U.S.
Environmental Protection Agency. https://www.epa.gov/enviro/tri-search. October 10, 2024.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 267

8. REFERENCES

Troester MA, Lindstrom AB, Waidyanatha S, et al. 2002. Stability of hemoglobin and albumin adducts
of naphthalene oxide, 1,2-naphthoquinone, and 1,4-naphthoquinone. Toxicol Sci 68:314-321.
https://doi.org/10.1093/toxsci/68.2.314.

Tsuda H, Lee G, Farber E. 1980. Induction of resistant hepatocytes as a new principle for a possible
short-term in vivo test for carcinogens. Cancer Res 40:1157-1164.

Tsuruda LS, Lamé MW, Jones AD. 1995. Formation of epoxide and quinone protein adducts in B6C3F1
mice treated with naphthalene, sulfate conjugate of 1,4-dihydroxynaphthalene and 1,4-
naphthoquinone. Arch Toxicol 69(6):362-367. https://doi.org/10.1007/s002040050185.

Turkall RM, Skowronski GA, Kadry AM, et al. 1994. A comparative study of the kinetics and
bioavailability of pure and soil-adsorbed naphthalene in dermally exposed male rats. Arch Environ
Contam Toxicol 26(4):504-509. https://doi.org/10.1007/BF00214154.

Turney GL, Goerlitz DF. 1990. Organic contamination of ground water at Gas Works Park, Seattle,
Washington. Ground Water Monit Rev 10(3):187-198. https://doi.org/10.1111/j.1745-
6592.1990.tb00014.x.

USGS. 2004. Methods of analysis of the U.S. Geological Survey National Water Quality Laboratory -
Determination of polycyclic aromatic hydrocarbon compounds in sediment by gas
chromatography/mass spectrometry. Reston, VA: U.S. Geological Survey. Water-Resources
Investigations Report 03-4318. https://www.nemi.gov/methods/method summary/8947/. November
21, 2023.

USGS. 2006. Determination of wastewater compounds in whole water by continuous liquid-liquid
extraction and capillary-column gas chromatography/mass spectrometry. Reston, VA: U.S.
Geological Survey. Techniques and Methods 5—B4.
https://www.nemi.gov/methods/method summary/99999997833/. November 21, 2023.

USGS. 2015. Water quality in principal aquifers of the United States, 1991-2010. Reston, VA: U.S.
Geological Survey. Circular 1360. https://pubs.usgs.gov/circ/1360/pdf/circ1360report.pdf.
February 8, 2023.

USGS. 2018. Supplemental material: Assessment of polycyclic aromatic hydrocarbon concentrations in
southern Lake Powell, Glen Canyon National Recreation Area, Arizona and Utah, 2016-17. U.S.
Geological Survey. https://doi.org/10.5066/P96QGCVN.

USGS. 2019. Assessment of polycyclic aromatic hydrocarbon concentrations in southern Lake Powell,
Glen Canyon National Recreation Area, Arizona and Utah, 2016-17. U.S. Geological Survey.
SIR20195065. https://doi.org/10.3133/sir20195065.

Uthuman AAA, Jayasinghe CS, Fernando AHN. 2019. Acute intravascular hemolysis due to
naphthalene toxicity: a case report. J Med Case Rep 13(1):91. https://doi.org/10.1186/s13256-018-
1963-x.

Valaes T, Doxiadis SA, Fessas P. 1963. Acute hemolysis due to naphthalene inhalation. J Pediatr
63(5):904-915. https://doi.org/10.1016/S0022-3476(63)80221-8.

van der Hoeve J. 1906. [Chorioretinitis in humans from the effects of naphthalene]. Arch Augenheilkd
56:259-262. (German)

van Heyningen R, Pirie A. 1967. The metabolism of naphthalene and its toxic effect on the eye.
Biochem J 102(3):842-852. https://doi.org/10.1042/bj1020842.

Van Metre PC, Mahler BJ, Wilson JT. 2009. PAHs underfoot: contaminated dust from coal-tar
sealcoated pavement is widespread in the United States. Environ Sci Technol 43(1):20-25.
https://doi.org/10.1021/es802119h.

Van Winkle LS, Isaac JM, Plopper CG. 1996. Repair of naphthalene-injured microdissected airways in
vitro. Am J Respir Cell Mol Biol 15:1-8. https://doi.org/10.1165/ajremb.15.1.8679213.

Van Winkle LS, Isaac JM, Plopper CG. 1997. Distribution of epidermal growth factor receptor and
ligands during bronchiolar epithelial repair from naphthalene-induced Clara cell injury in the mouse.
Am J Pathol 151(2):443-459.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 268

8. REFERENCES

Van Winkle LS, Gunderson AD, Shimizu JA, et al. 2002. Gender differences in naphthalene metabolism
and naphthalene-induced acute lung injury. Am J Physiol Lung Cell Mol Physiol 282(5):L1122-
L1134. https://doi.org/10.1152/ajplung.00309.2001.

Van Winkle LS, Brown CD, Shimizu JA, et al. 2004. Impaired recovery from naphthalene-induced
bronchiolar epithelial injury in mice exposed to aged and diluted sidestream cigarette smoke.
Toxicol Lett 154(1-2):1-9. https://doi.org/10.1016/j.toxlet.2004.06.007.

Veith GD, DeFoe DL, Bergstedt BV, et al. 1979. Measuring and estimating the bioconcentration factor
of chemicals in fish. J Fish Res Board Can 36:1040-1048. https://doi.org/10.1139/£79-146.

Verschueren K. 1983. 2-Methylnapthalene. In: Handbook of environmental data on organic chemicals.
2 ed. New York, NY: Van Nostrand Reinhold Company, 862-865, 890-899.

Volckaert T, Dill E, Campbell A, et al. 2011. Parabronchial smooth muscle constitutes an airway
epithelial stem cell niche in the mouse lung after injury. J Clin Invest 121(11):4409-4419.
https://doi.org/10.1172/jci58097.

Waidyanatha S, Troester MA, Lindstrom AB, et al. 2002. Measurement of hemoglobin and albumin
adducts of naphthalene-1,2-oxide, 1,2-naphthoquinone after administration of naphthalene to F344
rats. Chem Biol Interact 141(3):189-210. https://doi.org/10.1016/S0009-2797(02)00048-0.

Wakeham SG, Davis AC, Karas IL. 1983. Mesocosm experiments to determine the fate and persistence
of volatile organic compounds in coastal seawater. Environ Sci Technol 17:611-617.
https://doi.org/10.1021/es00116a009.

Wang BM, Stern EJ, Schmidt RA, et al. 1997. Diagnostic pulmonary alveolar proteinosis. A review and
an update. Chest 111:460-466. https://doi.org/10.1378/chest.111.2.460.

Wang BL, Pang ST, Zhang XL, et al. 2014. Levels and neurodevelopmental effects of polycyclic
aromatic hydrocarbons in settled house dust of urban dwellings on preschool-aged children in
Nanjing, China. Atmos Pollut Res 5(2):292-302. https://doi.org/10.5094/apr.2014.035.

Wang Y, Zhao H, Wang T, et al. 2019. Polycyclic aromatic hydrocarbons exposure and hematotoxicity
in occupational population: A two-year follow-up study. Toxicol Appl Pharmacol 378:114622.
https://doi.org/10.1016/j.taap.2019.114622.

Wang D, Bruyneel B, Kamelia L, et al. 2020. In vitro metabolism of naphthalene and its alkylated
congeners by human and rat liver microsomes via alkyl side chain or aromatic oxidation. Chem Biol
Interact 315:108905. https://doi.org/10.1016/j.cbi.2019.108905.

Wang Y, Zhu L, James-Todd T, et al. 2022a. Urinary polycyclic aromatic hydrocarbon excretion and
regional body fat distribution: evidence from the U.S. National Health and Nutrition Examination
Survey 2001-2016. Environ Health 21(1):75. https://doi.org/10.1186/s12940-022-00890-8.

Wang F, Wang Y, Wang Y, et al. 2022b. Urinary polycyclic aromatic hydrocarbon metabolites were
associated with hypertension in US adults: data from NHANES 2009-2016. Environ Sci Pollut Res
Int 29(53):80491-80501. https://doi.org/10.1007/s11356-022-21391-8.

Wang X, Li A, Xu Q. 2022c. The association between urinary polycyclic aromatic hydrocarbons
metabolites and type 2 diabetes mellitus. Int J Environ Res Public Health 19(13):7605.
https://doi.org/10.3390/ijerph19137605.

Wang C, Wang W, Deng W, et al. 2023. Distribution characteristics, air-water exchange, ozone
formation potential and health risk assessments of VOCs emitted from typical coking wastewater
treatment process. Sci Total Environ 862:160845. https://doi.org/10.1016/j.scitotenv.2022.160845.

Wanying L, Okromelidze MT, et al. 2023. The association of in-utero exposure to polycyclic aromatic
hydrocarbons and umbilical liver enzymes. Sci Total Environ 889:164220.
https://doi.org/10.1016/j.scitotenv.2023.164220.

Warren DL, Brown DL, Buckpitt AR. 1982. Evidence for cytochrome P-450 mediated metabolism in the
bronchiolar damage of naphthalene. Chem Biol Interact 40:287-303. https://doi.org/10.1016/0009-
2797(82)90152-1.

Weiss T, Breuer D, Bury D, et al. 2020. (Mono-) exposure to naphthalene in the abrasives industry: Air
monitoring and biological monitoring. Ann Work Expo Health 64(9):982-992.
https://doi.org/10.1093/annweh/wxaa062.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 269

8. REFERENCES

Weissenfels WD, Klewer HJ, Langhoff J. 1992. Adsorption of polycyclic aromatic hydrocarbons
(PAHSs) by soil particles: influence on biodegradability and biotoxicity. Appl Microbiol Biotechnol
36(5):689-696. https://doi.org/10.1007/BF00183251.

Weissinger RH, Blackwell BR, Keteles K, et al. 2018. Bioactive contaminants of emerging concern in
National Park waters of the northern Colorado Plateau, USA. Sci Total Environ 636:910-918.
https://doi.org/10.1016/j.scitotenv.2018.04.332.

Wells PG, Wilson B, Lubek BM. 1989. In vivo murine studies on the biochemical mechanism of
naphthalene cataractogenesis. Toxicol Appl Pharmacol 99:466-473. https://doi.org/10.1016/0041-
008X(89)90154-3.

West JAA, Buckpitt AR, Plopper CG. 2000. Elevated airway GSH resynthesis confers protection to cells
from naphthalene injury in mice made tolerant by repeated exposures. J Pharmacol Exp Ther
294(2):516-523.

West JAA, Pakehham G, Morin D, et al. 2001. Inhaled naphthalene causes dose dependent Clara cell
cytotoxicity in mice but not in rats. Toxicol Appl Pharmacol 173(2):114-119.
https://doi.org/10.1006/taap.2001.9151.

Wheeler AJ, Dobbin NA, Héroux ME, et al. 2014. Urinary and breast milk biomarkers to assess
exposure to naphthalene in pregnant women: an investigation of personal and indoor air sources.
Environ Health 13(1):30. https://doi.org/10.1186/1476-069x-13-30.

WHO. 2010. Guidelines for indoor air quality: Selected pollutants. World Health Organization.
https://www.who.int/publications/i/item/9789289002134. September 13, 2024.

WHO. 2022. Guidelines for drinking-water quality. Fourth edition incorporating the first and second
addenda. World Health Organization. https://www.who.int/publications/i/item/9789240045064.
June 22, 2022.

Wild SR, Waterhouse KS, McGrath SP, et al. 1990. Organic contaminants in an agricultural soil with a
known history of sewage sludge amendments: Polynuclear aromatic hydrocarbons. Environ Sci
Technol 24:1706-1711. https://doi.org/10.1021/es00081a013.

Willems BA, Melnick RL, Kohn MC, et al. 2001. A physiologically based pharmacokinetic model for
inhalation and intravenous administration of naphthalene in rats and mice. Toxicol Appl Pharmacol
176(2):81-91. https://doi.org/10.1006/taap.2001.9269.

Williams KJ, Cruikshank MK, Plopper CG. 2003. Pulmonary heat shock protein expression after
exposure to a metabolically activated Clara cell toxicant: relationship to protein adduct formation.
Toxicol Appl Pharmacol 192(2):107-118. https://doi.org/10.1016/s0041-008x(03)00302-8.

Wilson NK, Kuhlman MR, Chuang JC. 1989. A quiet sampler for the collection of semivolatile organic
pollutants in indoor air. Environ Sci Technol 23:1112-1116. https://doi.org/10.1021/es00067a008.

Wilson AS, Tingle MD, Kelly MD, et al. 1995. Evaluation of the generation of genotoxic and cytotoxic
metabolites of benzo[a]pyrene, aflatoxin B1, naphthalene and tamoxifen using human liver
microsomes and human lymphocytes. Hum Exp Toxicol 14:507-515.
https://doi.org/10.1177/096032719501400608.

Wilson AS, Davis CD, Williams DP, et al. 1996. Characterisation of the toxic metabolite(s) of
naphthalene. Toxicology 114:233-242. https://doi.org/10.1016/S0300-483X(96)03515-9.

Wilson NK, Chuang JC, Lyu C. 1999. Multimedia concentrations of PAH in several day care centers.
Polycycl Aromat Compd 17(1-4):255-265. https://doi.org/10.1080/10406639908020620.

Woolf AD, Saperstien A, Zarwin J, et al. 1993. Radiopacity of household deodorizers, air fresheners,
and moth repellents. J Toxicol Clin Toxicol 31(3):415-428.
https://doi.org/10.3109/15563659309000410.

WQP. 2023. Water quality portal data: Naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene.
Environmental Protection Agency (EPA); National Water Quality Monitoring Council (NWQMC);
United States Geological Survey (USGS). https://www.waterqualitydata.us/portal/. August 30,
2023.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 270

8. REFERENCES

Wu X, Hu'Y, Wang Q, et al. 2023. Study on the correlation between the dominant microflora and the
main flavor substances in the fermentation process of cigar tobacco leaves. Front Microbiol
14:1267447. https://doi.org/10.3389/fmicb.2023.1267447.

Xia Y, Han Y, Zhu P, et al. 2009. Relation between urinary metabolites of polycyclic aromatic
hydrocarbons and human semen quality. Environ Sci Technol 43(12):4567-4573.
https://doi.org/10.1021/es9000642.

Xu GT, Zigler JS, Lou MF. 1992a. Establishment of a naphthalene cataract model in vitro. Exp Eye Res
54:73-81. https://doi.org/10.1016/0014-4835(92)90071-Y.

Xu GT, Zigler JS, Lou MF. 1992b. The possible mechanism of naphthalene cataract in rat and its
prevention by an aldose reductase inhibitor (AL01576). Exp Eye Res 54:63-72.
https://doi.org/10.1016/0014-4835(92)90070-9.

Xu J, Niehoff NM, White AJ, et al. 2022. Fossil-fuel and combustion-related air pollution and
hypertension in the Sister Study. Environ Pollut 315:120401.
https://doi.org/10.1016/j.envpol.2022.120401.

Yamauchi T, Komura S, Yagi K. 1986. Serum lipid peroxide levels of albino rats administered
naphthalene. Biochem Int 13(1):1-6.

Yang M, Koga M, Katoh T, et al. 1999. A study for the proper application of urinary naphthols, new
biomarkers for airborne polycyclic aromatic hydrocarbons. Arch Environ Contam Toxicol 36(1):99-
108. https://doi.org/10.1007/s002449900447.

Yang P, Wang YX, Chen YJ, et al. 2017. Urinary polycyclic aromatic hydrocarbon metabolites and
human semen quality in China. Environ Sci Technol 51(2):958-967.
https://doi.org/10.1021/acs.est.6b04810.

Ye X, Pan W, Li C, et al. 2020. Exposure to polycyclic aromatic hydrocarbons and risk for premature
ovarian failure and reproductive hormones imbalance. J Environ Sci 91:1-9.
https://doi.org/10.1016/j.jes.2019.12.015.

Yin S, Tang M, Chen F, et al. 2017. Environmental exposure to polycyclic aromatic hydrocarbons
(PAHSs): The correlation with and impact on reproductive hormones in umbilical cord serum.
Environ Pollut 220(Pt B):1429-1437. https://doi.org/10.1016/j.envpol.2016.10.090.

Yu X, Wang X, Bartha R, et al. 1990. Supercritical fluid extraction of coal tar contaminated soil.
Environ Sci Technol 24:1732-1738. https://doi.org/10.1021/es00081a017.

Zelinkova Z, Wenzl T. 2015. The occurrence of 16 EPA PAHs in food - A review. Polycycl Aromat
Compd 35(2-4):248-284. https://doi.org/10.1080/10406638.2014.918550.

Zepp RG, Schlotzhauer PF. 1979. Photoreactivity of selected aromatic hydrocarbons in water. In: Jones
PW, Leber P, eds. Polynuclear aromatic hydrocarbons. Ann Arbor, MI: Ann Arbor Science, 141-
157.

Zhang X, Li Z. 2023. Co-PBK: a computational biomonitoring tool for assessing chronic internal
exposure to chemicals and metabolites. Environ Sci Process Impacts 25(12):2167-2180.
https://doi.org/10.1039/d3em00396e.

Zhang X, Li Z. 2024. Assessing chronic gestational exposure to environmental chemicals in pregnant
women: Advancing the co-PBK model. Environ Res 247:118160.
https://doi.org/10.1016/j.envres.2024.118160.

Zhang F, Zhang Y, Wang K, et al. 2015. Diallyl trisulfide inhibits naphthalene-induced oxidative injury
and the production of inflammatory responses in A549 cells and mice. Int Immunopharmacol
29(2):326-333. https://doi.org/10.1016/j.intimp.2015.10.033.

Zhang F, Zhang Y, Wang K, et al. 2016. Protective effect of diallyl trisulfide against naphthalene-
induced oxidative stress and inflammatory damage in mice. Int J Immunopathol Pharmacol
29(2):205-216. https://doi.org/10.1177/0394632015627160.

Zhang S, Li C, Li Y, etal. 2017. Bioaccessibility of PAHs in contaminated soils: Comparison of five in
vitro methods with Tenax as a sorption sink. Sci Total Environ 601-602:968-974.
https://doi.org/10.1016/j.scitotenv.2017.05.234.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 271

8. REFERENCES

Zhang Y, Wang X, Yang X, et al. 2022. Chemical mixture exposure patterns and obesity among U.S.
adults in NHANES 2005-2012. Ecotoxicol Environ Saf 248:114309.
https://doi.org/10.1016/j.ecoenv.2022.114309.

Zhang H, Liu R, Yang L, et al. 2023. Exposure to polycyclic aromatic hydrocarbons (PAHSs) in outdoor
air and respiratory health, inflammation and oxidative stress biomarkers: A panel study in healthy
young adults. Sci Total Environ 899:165582. https://doi.org/10.1016/j.scitotenv.2023.165582.

Zhang D, Liu X, Tu J, et al. 2024. Mediating role of glucose-lipid metabolism in the association between
the increased risk of coronary heart disease and exposure to organophosphate esters, phthalates, and
polycyclic aromatic hydrocarbons. Environ Health 2(3):170-179.
https://doi.org/10.1021/envhealth.3c00155.

Zhao W, Ramos JS. 1998. Cytotoxic response profiles of cultured rat hepatocytes to selected aromatic
hydrocarbons. Toxicol In Vitro 12:175-182. https://doi.org/10.1016/S0887-2333(97)00099-4.

Zheng J, Cho M, Jones AD, etal. 1997. Evidence of quinone metabolites of naphthalene covalently
bound to sulfur nucleophiles of proteins of Murine cells after exposure to naphthalene. Chem Res
Toxicol 10(9):1008-1014. https://doi.org/10.1021/tx970061j.

Zhou F, Onizawa S, Nagai A, et al. 2011. Epithelial cell senescence impairs repair process and
exacerbates inflammation after airway injury. Respir Res 12(1):78. https://doi.org/10.1186/1465-
9921-12-78.

Zhu X, LuY. 2012. Selenium supplementation can slow the development of naphthalene cataract. Curr
Eye Res 37(3):163-169. https://doi.org/10.3109/02713683.2011.639123.

Zhu P, Bian Z, Xia Y, et al. 2009. Relationship between urinary metabolites of polycyclic aromatic
hydrocarbons and thyroid hormone levels in Chinese non-occupational exposure adult males.
Chemosphere 77(7):883-888. https://doi.org/10.1016/j.chemosphere.2009.08.054.

Zhu X, LiJ, Deng S, et al. 2016. Genome-wide analysis of DNA methylation and cigarette smoking in a
Chinese population. Environ Health Perspect 124(7):966-973. https://doi.org/10.1289/ehp.1509834.

Zinkham WH, Childs B. 1957. Effect of vitamin K and naphthalene metabolites on glutathione
metabolism of erythrocytes from normal newborns and patients with naphthalene hemolytic anemia.
Am J Dis Child 94(6):420-423.

Zinkham WH, Childs B. 1958. A defect of glutathione metabolism in erythrocytes from patients with a
naphthalene-induced hemolytic anemia. Pediatrics 22(3):461-471.
https://doi.org/10.1542/peds.22.3.461.

Zitko V, Stenson G, Hellou J. 1998. Levels of organochlorine and polycyclic aromatic compounds in
harp seal beaters (Phoca groenlandica). Sci Total Environ 221:11-29.
https://doi.org/10.1016/S0048-9697(98)00159-4.

Zuelzer WW, Apt L. 1949. Acute hemolytic anemia due to naphthalene poisoning: A clinical and
experimental study. J Am Med Assoc 141(3):185-190.
https://doi.org/10.1001/jama.1949.02910030015004.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE A-1

APPENDIX A. ATSDR MINIMAL RISK LEVEL WORKSHEETS

MRLs are derived when reliable and sufficient data exist to identify the target organ(s) of effect or the
most sensitive health effect(s) for a specific duration for a given route of exposure. An MRL is an
estimate of the daily human exposure to a hazardous substance that is likely to be without appreciable risk
of adverse noncancer health effects over a specified route and duration of exposure. MRLs are based on
noncancer health effects only; cancer effects are not considered. These substance-specific estimates,
which are intended to serve as screening levels, are used by ATSDR health assessors to identify
contaminants and potential health effects that may be of concern at hazardous waste sites. It is important

to note that MRLs are not intended to define clean-up or action levels.

MRLs are derived for hazardous substances using the NOAEL/uncertainty factor approach. They are
below levels that might cause adverse health effects in the people most sensitive to such chemical-
induced effects. MRLs are derived for acute (1-14 days), intermediate (15-364 days), and chronic

(=365 days) durations and for the oral and inhalation routes of exposure. Currently, MRLs for the dermal
route of exposure are not derived because ATSDR has not yet identified a method suitable for this route
of exposure. MRLs are generally based on the most sensitive substance-induced endpoint considered to
be of relevance to humans. LOAELSs for serious health effects (such as irreparable damage to the liver or
kidneys, or serious birth defects) are not used as a basis for establishing MRLs. Exposure to a level above

the MRL does not mean that adverse health effects will occur.

MRLs are intended only to serve as a screening tool to help public health professionals decide where to
look more closely. They may also be viewed as a mechanism to identify those hazardous waste sites that
are not expected to cause adverse health effects. Most MRLs contain a degree of uncertainty because of
the lack of precise toxicological information on the people who might be most sensitive (e.g., infants,
elderly, nutritionally or immunologically compromised) to the effects of hazardous substances. ATSDR
uses a conservative (i.e., protective) approach to address this uncertainty consistent with the public health
principle of prevention. Although human data are preferred, MRLs often must be based on animal studies
because relevant human studies are lacking. In the absence of evidence to the contrary, ATSDR assumes
that humans are more sensitive to the effects of hazardous substance than animals and that certain persons
may be particularly sensitive. Thus, the resulting MRL may be as much as 100-fold below levels that

have been shown to be nontoxic in laboratory animals.
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APPENDIX A

Proposed MRLs undergo a rigorous review process: Health EffectsyMRL Workgroup reviews within the
Office of Innovation and Analytics, Toxicology Section, expert panel peer reviews, and agency-wide
MRL Workgroup reviews, with participation from other federal agencies and comments from the public.
They are subject to change as new information becomes available concomitant with updating the
toxicological profiles. Thus, MRLs in the most recent toxicological profiles supersede previously
published MRLs. For additional information regarding MRLs, please contact the Office of Innovation
and Analytics, Toxicology Section, Agency for Toxic Substances and Disease Registry, 1600 Clifton
Road NE, Mailstop S106-5, Atlanta, Georgia 30329-4027.
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Chemical Name:
CAS Numbers:
Date:

Profile Status:
Route:

Duration:

MRL:

Critical Effect:
References:

Point of Departure:
Uncertainty Factor:
LSE Graph Key:
Species:

APPENDIX A

MINIMAL RISK LEVEL (MRL) WORKSHEET

Naphthalene

91-20-3

March 2025

Final

Inhalation

Acute

6x107 ppm (3x10™* mg/m?)
Nasal olfactory epithelial necrosis
Dodd et al. 2010
BMCLygc 0of 0.0017 ppm
30

4

Rat

A-3

MRL Summary: An acute-duration inhalation MRL of 6x10~° ppm was derived for naphthalene based on
a BMCLy, adjusted for continuous exposure and converted to a BMCLugc of 0.0017 ppm for increased
incidences of nasal olfactory epithelial necrosis in Sprague-Dawley rats exposed to naphthalene by
inhalation for 6 hours (Dodd et al. 2010). The BMCLugc was divided by a total uncertainty factor of

30 (10 for human variability and 3 for extrapolation from animals to humans when a dosimetric

adjustment is used).

Selection of the Critical Effect: Most acute-duration inhalation studies of naphthalene focused on effects
in the respiratory tract, a well-known target organ for inhaled naphthalene. Effects seen at the lowest
exposure concentrations consisted of nasal lesions in rats. Table A-1 shows the lowest effect levels for
acute-duration inhalation studies of naphthalene. As Table A-1 shows, the lowest LOAELs were for
nasal olfactory lesions in rats.

Table A-1. Summary of Lowest NOAEL and LOAEL Values for Sensitive Targets

of Acute Inhalation Exposure to Naphthalene?

NOAEL LOAEL NOAELaps LOAELADy

Species Duration (ppm) (ppm) (ppm) (ppm) Effect Reference
Rat Once, ND 0.1 ND 0.025 Minimal severity necrosis Dodd et al.
(Sprague- 6 hours of the nasal olfactory 2010
Dawley) epithelium
Rat Once, 0.3 1.0 0.075 0.25 Minimal severity necrosis Dodd et al.
(F344) 6 hours of the nasal olfactory 2010
epithelium
Rat 5 days, 0.1 0.025 Minimal severity necrosis Dodd et al.
(Sprague- 6 of the nasal olfactory 2010
Dawley) hours/day epithelium in females
Rat 5 days, 0.1 1.0 0.025 0.25 Minimal severity necrosis Dodd et al.
(F344) 6 of the nasal olfactory 2010
hours/day epithelium and
nasopharyngeal goblet
cell hyperplasia
Mouse Once, ND 1.5 ND 0.13 Mild cell loss in nasal Phimister et
(Swiss) 2 hours olfactory epithelium al. 2004
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Table A-1. Summary of Lowest NOAEL and LOAEL Values for Sensitive Targets
of Acute Inhalation Exposure to Naphthalene?

NOAEL LOAEL NOAELaps LOAELApy

Species Duration (ppm) (ppm) (ppm) (ppm) Effect Reference
Rat Once, ND 3.4 ND 0.57 Necrosis, vacuolation, Lee et al.
(Sprague- 4 hours and exfoliation of the 2005
Dawley) nasal olfactory epithelium
Mouse Once, ND 5 ND 0.83 Epithelial damage Carratt et
(B6:129) 4 hours (vacuolization and al. 2016
swelling) in proximal
airways
Mouse Once, ND 5 ND 0.83 Epithelial damage Carratt et
(C57BL/6) 4 hours (vacuolization and al. 2019b
swelling) in proximal
airways

aGreen shading shows principal study for MRL derivation.

ADJ = adjusted; ND = not determined; LOAEL = lowest-observed-adverse-effect level; NOAEL = no-observed-
adverse-effect level

Selection of the Principal Study: The study by Dodd et al. (2010) identified the lowest LOAEL
(0.1 ppm) and was selected as the principal study.

Summary of the Principal Study:

Dodd DE, Gross EA, Miller RA, et al. 2010. Nasal olfactory epithelial lesions in F344 and
SD rats following 1- and 5-day inhalation exposure to naphthalene vapor. IntJ Toxicol 29(2):175-184.

Sprague-Dawley and Fischer-344 rats (5/sex/strain/group) were exposed whole body to naphthalene
vapor at concentrations of 0, 0.1, 0.3, 1, 10, and 30 ppm for 6 hours. During exposure, animals were
monitored for mortality, clinical signs of toxicity, and body weight. One day following the exposure,
animals were sacrificed for gross necropsy and histopathology of nasal tissues. No mortality or clinical
signs occurred, and no effects on body weight or gross necropsy findings were observed. Necrosis of the
nasal olfactory epithelium was observed at all concentrations in Sprague-Dawley rats and at
concentrations >1 ppm in F344 rats; incidences are summarized in Table A-2. Mean severity scores for
each exposure level were not reported; however, in a later publication, Dodd et al. (2012) reported that the
severity of this effect at 1 ppm in the 1-day experiment was minimal. Necrosis of the nasal respiratory
epithelium was observed in all rats of both strains and sexes at 10 and 30 ppm; controls and animals of
lower exposure groups did not show this effect (apart from one of five male Sprague-Dawley rats at

1 ppm). Severity scores for necrosis of the nasal respiratory epithelium were not reported qualitatively or
quantitatively.
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Table A-2. Incidence of Selected Nasal Lesions in Sprague-Dawley and Fischer-
344 Rats Exposed to Naphthalene for 6 Hours (Once) or 5 Days (6 Hours/Day)

Exposure concentration (ppm)

Strain Sex 0 0.1 03 1 10 30

Nasal olfactory epithelium necrosis (Level 3), 6-hour exposure

Sprague-Dawley M 0/5 2/5 3/5 4/5  5/5 5/5
F 15 1/5 2/5 4/5 5/5 5/5

F344 M 05 0/5 0/5 5/5 5/5 5/5

F 05 0/5 0/5 4/5 5/5 5/5
Nasal olfactory epithelium degeneration (Level 3), 5-day exposure

Sprague-Dawley M 0/5 0/10 9/10 10/10
F 05 210 10/10 10/10
F344 M 0/5 0/10 8/10 10/10
F 05 0/10 10/10 10/10

Source: Dodd et al. 2010

Selection of the Point of Departure for the MRL: Necrosis of the olfactory epithelium occurred at a
lower exposure level in Sprague-Dawley rats than in F344 rats, so the data for Sprague-Dawley rats were
selected as the basis for the MRL derivation. BMD modeling was conducted to identify a POD using the
data for necrosis of the olfactory epithelium in male and female Sprague-Dawley rats administered
naphthalene via inhalation for 6 hours. The data were fit to all available dichotomous models in EPA’s
Benchmark Dose Software (BMDS, version 3.2.0.1) using a benchmark response (BMR) of 10% extra
risk. Adequate model fit was judged by four criteria: goodness-of-fit statistics (p-value >0.1), visual
inspection of the dose-response curve, a 95% confidence limit on the BMC (BMCL) that is not 10 times
lower than the lowest non-zero dose, and scaled residual within +2 units at the data point (except the
control) closest to the predefined BMR. Among all of the models providing adequate fit to the data, the
lowest BMCL was selected as the POD when the difference between the BMCLs estimated from these
models was >3-fold; otherwise, the BMCL from the model with the lowest Akaike information criterion
(AIC) was chosen. BMDS recommended the frequentist restricted log-logistic model for the data, and
after verifying the model fit by the four criteria listed above, this model was selected as the basis for
estimating this MRL. The BMC/BMCL values considered for MRL derivation are presented in Table A-3
and the fit of the selected model is presented in Figure A-1.

Table A-3. Model Predictions for Increased Incidence of Necrosis of the
Olfactory Epithelium in Male and Female Sprague-Dawley Rats Exposed
to Naphthalene via Inhalation for 6 Hours (Dodd et al. 2010)

Scaled residuals®

Dose Dose

BMC1® BMCL1? below above
Model (ppm) (ppm) p-Value® AIC BMC BMC
Dichotomous Hill 0.062 0.017 0.87 51.00 -0.10 0.27
Gammad 0.064 0.037 0.99 46.85 -0.24 0.31
Log-Logistic®f 0.062 0.017 0.96 49.00 -0.10 0.27

Multistage Degree 59 0.064 0.037 0.97 48.85 -0.24 0.31
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Table A-3. Model Predictions for Increased Incidence of Necrosis of the
Olfactory Epithelium in Male and Female Sprague-Dawley Rats Exposed
to Naphthalene via Inhalation for 6 Hours (Dodd et al. 2010)

Scaled residuals®

Dose Dose
BMC1® BMCL1? below above

Model (ppm) (ppm) p-Value® AIC BMC BMC
Multistage Degree 49 0.064 0.037 0.97 48.85 -0.24 0.31
Multistage Degree 39 0.064 0.037 0.99 46.85 -0.24 0.31
Multistage Degree 29 0.064 0.037 0.99 46.85 -0.24 0.31
Multistage Degree 19 0.064 0.034 0.99 46.85 -0.24 0.31
Weibulld 0.064 0.037 0.99 46.85 -0.24 0.31
Logistic 0.144 0.094 0.85 48.09 0.27 0.70
Log-Probit 0.99 48.78 -0.06 0.20
Probit 0.289 0.221 0.40 50.52 -1.62 -0.43

aBMC and BMCLs values for models that do not provide adequate fit or yield BMCLs more than 10-fold lower than
the lowest nonzero exposure concentration are not included in this table.

bValues <0.1 fail to meet conventional x? goodness-of-fit criteria.

¢Scaled residuals at doses immediately below and above the BMC.

dPower restricted to 1.

eSlope restricted to 1.

fAll models provided an adequate fit to the data. BMCLs were not sufficiently close (differed by >3-fold). Therefore,
the model with the lowest BMCL was selected (Log-Logistic).

9Betas restricted to 20.

AIC = Akaike Information Criterion; BMC = benchmark concentration (maximum likelihood estimate of the
concentration associated with the selected benchmark response); BMCL10 = 95% lower confidence limit on the BMC
(subscripts denote benchmark response: i.e., 10 = dose associated with 10% extra risk)
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Figure A-1. Fit of the Log-logistic Model to Data for Naphthalene, Necrosis
Olfactory Epithelium in Male and Female Sprague-Dawley Rats (Dodd et al. 2010)

Frequentist Log-Logistic Model with BMR of 10% Extra Risk for
the BMD and 0.95 Lower Confidence Limit for the BMDL
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Calculations

Adjustment for Intermittent Exposure: Dodd et al. (2010) exposed rats to naphthalene for 6 hours of
1 day. Therefore, the BMCL,o was adjusted for intermittent exposure as follows:

6 hours 6 hours

=0.017 ppm X

BMCLyp; = BMCL X = 0.0043 ppm

24 hours 24 hours

Human Equivalent Concentration: The critical effect was nasal olfactory epithelium necrosis in the
respiratory system. PBPK modeling was considered for interspecies extrapolation. There are hybrid
computational fluid dynamics-PBPK models that predict nasal tissue concentrations of naphthalene
metabolites in rats and humans exposed by inhalation, namely Campbell et al. (2014) and Kapraun et al.
(2020). However, there has been no direct evaluation of the Campbell et al. (2014) or Kapraun et al.
(2020) models for predicting nasal tissue doses in human. The calibration of the Kapraun et al. (2020)
model was limited to observations of blood naphthalene levels following dermal exposures to JP-8.
While the calibrated model performed well for predicting observed blood naphthalene levels, the
predicted blood naphthalene levels were relatively insensitive to nasal cavity parameter values and highly
sensitive to dermal and systemic parameters (e.g., blood flow to liver, skin exposure surface area,
partition coefficients for skin and systemic tissues). Therefore, the model could perform well for
predicting blood naphthalene following dermal exposures but perform poorly at predicting nasal cavity
doses following inhalation. For this reason, the models were not used.

The BMCL4py was converted to a BMCLugc using guidance from EPA (1994) on dosimetric adjustments
for respiratory effects using the RGDR for extrathoracic effects (RGDREgr). This RGDREr is calculated
using the following equation as defined by EPA (1994):

Vg, Vg 0.413 _ 13.8
L+ —h = e == =040
SAq ~ SAp 15 200

RGDRET =
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where:
Vg, = ventilation rate for male and female Sprague-Dawley rats = 0.413 L/minute (EPA 2012)

SA, = surface area of the extrathoracic region in rats = 15 cm? (EPA 1994)
Vg, = ventilation rate for humans = 13.8 L/minute (EPA 1994)

SA;,, = surface area of the extrathoracic region in humans = 200 cm? (EPA 1994)

Applying this equation results in an RGDR of 0.40 for extrathoracic effects in rats, and the HEC is
calculated as:

Uncertainty Factor: The BMCLyugc was divided by a composite uncertainty factor of 30:
e 10 for human variability
e 3 for animal to human extrapolation after dosimetric adjustment.

This results in the following MRL:

BMCLygc _ 0.0017 ppm
UFs 30

MRL = ~ 0.00006 ppm (6x107 ppm)

Other Additional Studies or Pertinent Information that Lend Support to this MRL: The respiratory
tract is a well-established target of naphthalene exposure. In humans exposed occupationally, effects of
naphthalene on the respiratory system include inflammation and irritation of the nasal tissue (Sucker et al.
2021). Studies in rats and mice exposed to naphthalene by inhalation consistently demonstrate adverse
effects on the olfactory and respiratory epithelium of the nasal cavity. Acute-duration exposures typically
result in nasal tissue injury (necrosis, vacuolation, swelling, and exfoliation) (Carratt et al. 2016, 2019a;
Cichocki et al. 2014; Dodd et al. 2010; Lee et al. 2005; Li et al. 2017; Phimister et al. 2004). With longer
exposure durations, regenerative changes consisting of hyperplasia and metaplasia and lesions deeper in
the nasal cavity are seen (Abdo et al. 2001; Dodd et al. 2012; NTP 1992a, 2000). Available data suggest
that rats may be more sensitive to the nasal effects of naphthalene than mice, and that Sprague-Dawley
rats may be more sensitive than F344 rats. However, the only studies using exposure concentrations

<1 ppm were those by Dodd et al. (2010, 2012). These studies tested only rats, and Sprague-Dawley rats
were tested only in the acute-duration experiments (Dodd et al. 2010).

The odor threshold for naphthalene in air is 0.44 mg/m? or 0.084 ppm (see Section 4.2).

Agency Contacts (Chemical Managers): Gaston Casillas, Ph.D.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE A-9

APPENDIX A

MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical Name: Naphthalene
CAS Numbers: 91-20-3
Date: March 2025
Profile Status: Final
Route: Inhalation
Duration: Intermediate

MRL Summary: An intermediate-duration inhalation MRL was not derived for naphthalene. The one
available intermediate-duration study (Dodd et al. 2012) identified a NOAEL for nasal lesions in F344
rats at the same concentration (0.1 ppm) as the LOAEL for nasal lesions after acute-duration exposure in
Sprague-Dawley rats, precluding use of the intermediate-duration study for deriving an MRL. No
intermediate-duration inhalation studies using Sprague-Dawley rats were located. Based on current
information, it is possible that the acute-duration inhalation MRL may be protective for intermediate-
duration exposure, but this cannot be known with certainty without intermediate-duration studies using
Sprague-Dawley rats. Nevertheless, a health-protective option available at present would be to use the
acute-duration MRL to assess intermediate-duration exposure. This option is considered to be health-
protective because studies conducted in F344 rats have found that the LOAELSs for acute-duration and
subchronic-duration studies are similar (1 ppm), which suggests that adverse effects on the nasal cavity in
rats may be independent of exposure duration.

Rationale for Not Deriving an MRL: There is one intermediate-duration inhalation study of naphthalene
in laboratory animals: a 13-week study in rats (Dodd et al. 2012). In this study, groups of F344 rats
(10/sex/group) were exposed, whole body, to naphthalene vapor at concentrations of 0 (air control), 0.1,
1, 10 or 30 ppm for 6 hours/day, 5 days/week for 90 days. Atthe LOAEL of 1 ppm, effects included
reduced absolute (but not relative to body weight) thymus weights in females and minimal hyperplasia of
the transitional/respiratory epithelium at Level 2 of the nasal cavity (in all exposed males; incidence not
reported for females). At higher concentrations, transitional/respiratory epithelium metaplasia was seen at
Level 2, and olfactory epithelium degeneration/necrosis and basal cell hyperplasia were observed at
Levels 2-5. In males, severity scores for olfactory epithelial degeneration/necrosis were minimal to mild
at 10 ppm and mild to moderate at 30 ppm; severity scores for basal cell hyperplasia were minimal at

10 ppm and mild at 30 ppm. Severity in females was not reported. Minimal severity goblet cell
hyperplasia of the nasopharyngeal duct was noted at Level 5.

The nasal lesions seen in F344 rats exposed for 90 days are consistent with the effects seen in acute-
duration (1- and 5-day) exposures and with those seen in the 2-year study (Abdo et al. 2001; NTP 2000).
Acute-duration exposures are associated with necrosis of the olfactory and respiratory epithelia in the
anterior portions of the nose. With longer exposure durations, regenerative changes consisting of
hyperplasia and metaplasia and lesions deeper in the nasal cavity are seen. Table A-4 provides an
overview of the progression of nasal lesions with time and exposure concentration. As the table shows,
Sprague-Dawley rats appear to be more sensitive than F344 rats to naphthalene at the 6-hour exposure
duration. With a 5-day exposure, the two strains respond differently but do not appear to differ in
sensitivity. There are no 90-day or 2-year studies in Sprague-Dawley rats. The table also demonstrates
that the NOAEL for F344 rats in the 90-day study is the same concentration as the LOAEL for Sprague-
Dawley rats in the 1-day study. Thus, the one available intermediate-duration study is not suitable for use
in deriving an MRL.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE

Table A-4. Treatment-related Nasal Lesions in Male and Female Rats exposed to Naphthalene by Inhalation

APPENDIX A

Exposure concentration® (ppm)

1

10

30

OE necrosis in 5/10 OE necrosis (L3)
RE necrosis in 1/10

OE necrosis (L3)

OE necrosis (L3)

OE necrosis (L3)

RE necrosis (tip to RE necrosis (tip to

L3)
OE necrosis (L3)

L3)
OE necrosis (L3)

RE necrosis (tip to RE necrosis (tip to

L3)

L3)

Rat
Duration strain 0.1 0.3
1 Day, Sprague- OE necrosis in
6 hours Dawley 3/10 (L3) (L3)
F344 None None
5 Days, Sprague- OE degeneration

6 hours/day Dawley in 2/10 (L3)

F344 Goblet cell
hyperplasia in
2/10 (L5)

OE degeneration
(L3)

OE degeneration
(L3)

Goblet cell
hyperplasia in 3/10
(LS)

OE degeneration

(L3-5); Gobilet cell
hyperplasia (L4 and

L5)

OE degeneration
(L3-5)

Goblet cell
hyperplasia (L4
and L5)

90 Days, F344 None
5 days/week,
6 hours/day

T/RE hyperplasia
(L2)

T/RE squamous
metaplasia (L2)
OE necrosis and
hyperplasia (L2-
L5)

T/RE squamous
metaplasia (L2)
OE necrosis and
hyperplasia (L2-
L5)

Goblet cell
hyperplasia (NPD)
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Table A-4. Treatment-related Nasal Lesions in Male and Female Rats exposed to Naphthalene by Inhalation

Rat Exposure concentration® (ppm)

Duration strain 0.1 0.3 1 10 30 60

2 Years, F344 OE hyperplasia, OE hyperplasia, OE hyperplasia,

5 days/week, atrophy, atrophy, atrophy,

6 hours/day inflammation, inflammation, inflammation,
hyaline hyaline hyaline
degeneration; degeneration; degeneration;
RE hyperplasia, RE hyperplasia, RE hyperplasia,
squamous squamous squamous
metaplasia, hyaline metaplasia, hyaline metaplasia, hyaline
degeneration, degeneration, degeneration,
goblet cell goblet cell goblet cell
hyperplasia, hyperplasia, hyperplasia,
glandular glandular glandular
hyperplasia and hyperplasia and  hyperplasia and
squamous squamous squamous
metaplasia; nasal metaplasia; nasal metaplasia; nasal
tumors tumors tumors

aGray shading shows exposure concentrations that were not tested for the corresponding duration. Bold indicates lesions observed in most animals at this

exposure level.

L1-L5 Nasal cavity levels 1-5; NPD = nasopharyngeal duct; OE = olfactory epithelium; RE = respiratory epithelium (of the nasal cavity); T/RE = transitional/

respiratory epithelium (of the nasal cavity)

Sources: Abdo et al. 2001; Dodd et al. 2010, 2012; NTP 2000

Agency Contacts (Chemical Managers): Gaston Casillas, Ph.D.
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MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical Name: Naphthalene
CAS Numbers: 91-20-3
Date: March 2025
Profile Status: Final
Route: Inhalation
Duration: Chronic

MRL Summary: A chronic-duration inhalation MRL was not derived for naphthalene. Available
chronic-duration studies identified LOAELs without NOAELSs at a concentration (10 ppm) 2 orders of
magnitude higher than the LOAEL for acute-duration exposure (0.1 ppm), precluding their use in deriving
an MRL. Consistent with acute- and intermediate-duration inhalation studies of naphthalene, the
available chronic-duration inhalation studies of naphthalene also identified nasal lesions as the critical
effect. In the absence of chronic-duration inhalation studies at lower concentrations, a chronic-duration
MRL could not be derived. Based on current information, it is possible that the acute-duration inhalation
MRL may be protective for chronic-duration exposures, but this cannot be known with certainty without
chronic-duration inhalation studies at lower concentrations. Nevertheless, a health-protective option
available at present would be to use the acute-duration MRL to assess chronic-duration exposures. This
option is considered to be health-protective because a chronic MRL based on the LOAEL from the NTP
(2000) chronic study would be higher (less health-protective) than the acute-duration MRL, and because
studies conducted in F344 rats have found that the LOAELSs for acute- and subchronic-duration studies
are similar (1 ppm), which suggests that adverse effects on the nasal cavity in rats may be independent of
exposure duration.

Rationale for Not Deriving an MRL: The NTP (Abdo et al. 2001; NTP 1992a, 2000) conducted 2-year
bioassays in B6C3F1 mice and F344/N rats exposed to naphthalene by inhalation at concentrations of 0,
10, or 30 ppm. The lowest exposure level was a LOAEL in both sexes of both species for nonneoplastic
lesions in the olfactory and respiratory epithelium of the nasal cavity affecting essentially all of the
animals. Mice also exhibited increased incidences of lung inflammation at the LOAEL (NTP 1992a), and
an increased incidence of nasal respiratory epithelial adenomas was seen in male rats at the LOAEL (NTP
2000; Abdo et al. 2001); see Table A-3.

The LOAEL of 10 ppm for both mice and rats in the available chronic-duration inhalation studies is
100-fold higher than the LOAEL of 0.1 ppm for nasal lesions in Sprague-Dawley rats in the 1-day
exposure study (Dodd et al. 2010) that was used for the acute-duration inhalation MRL. In the absence of
chronic-duration studies using lower exposure concentrations, a chronic-duration inhalation MRL could
not be derived.

Agency Contacts (Chemical Managers): Gaston Casillas, Ph.D.
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Chemical Name:
CAS Numbers:
Date:

Profile Status:
Route:
Duration:

MRL:

Critical Effect:

Reference:

Point of Departure:
Uncertainty Factor:

LSE Graph Key:
Species:

APPENDIX A

MINIMAL RISK LEVEL (MRL) WORKSHEET

Naphthalene

91-20-3

March 2025

Final

Oral

Acute

0.2 mg/kg/day

Clinical signs of neurotoxicity (slow respiration, lethargy, or prone body
posture)

NTP 1991

LOAEL of 50 mg/kg/day
300

3

Rat

MRL Summary: An acute-duration oral MRL of 0.2 mg/kg/day was derived for naphthalene based on a
LOAEL of 50 mg/kg/day for clinical signs of neurotoxicity (slow respiration, lethargy, and pronation) in
rats administered naphthalene via gavage during gestation (NTP 1991). The LOAEL was divided by a
total uncertainty factor of 300 (10 for extrapolation from animals to humans, 3 for use of a minimal
LOAEL, and 10 for human variability).

Selection of the Critical Effect: A number of studies have evaluated the toxicity of naphthalene
following acute-duration oral exposure; these studies examined a variety of endpoints including
developmental (NTP 1991, 1992a, 1992b; Plasterer et al. 1985; Texaco 1985d, 1986), hepatic (Rao and
Pandya 1981; Zhang et al. 2016), respiratory (Kelty et al. 2020; Shopp et al. 1984; Zhang et al. 2015,
2016), and neurological (NTP 1991). The lowest LOAELSs for these studies range from 50 to

300 mg/kg/day and are shown in Table A-5. The available data indicate that clinical signs of
neurotoxicity were the most sensitive endpoint following acute-duration oral exposure. In pregnant
female Sprague-Dawley rats exposed to naphthalene via gavage during GDs 6—15, a LOAEL of

50 mg/kg/day was determined based on clinical signs of neurotoxicity including slowed respiration,
lethargy, and pronation (NTP 1991). The next highest LOAEL was 100 mg/kg/day, which was a serious
LOAEL for respiratory effects (Zhang et al. 2016, 2017).

Table A-5. Summary of Lowest NOAEL and LOAEL Values for Sensitive Targets

of Acute Oral Exposure to Naphthalene?

NOAEL LOAEL
Species Duration (mg/kg/day) (mg/kg/day) Effect Reference
Neurological effects
Sprague- GDs 6- ND 50 Transient clinical signs of toxicity NTP 1991
Dawley 15 (lethargy) in dams; at higher exposure
rat levels, signs were more persistent
New GDs6- 40 200 Maternal body drop and hypoactivity Texaco
Zealand 18 with no pathological changes 19854,
rabbit 1986

A-13
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Table A-5. Summary of Lowest NOAEL and LOAEL Values for Sensitive Targets
of Acute Oral Exposure to Naphthalene?

NOAEL LOAEL

Species Duration (mg/kg/day) (mg/kg/day) Effect Reference
Respiratory effects

Kunming Once ND 100 Lung histopathology including Zhang et
mouse (SLOAEL) structural degeneration, al. 2015

vasocongestion, edema, inflammatory
cell infiltration and destroyed
interalveolar septa with large,
irregular alveolar space

Kunming Once ND 100 Lung structural degeneration, Zhang et
mouse (SLOAEL) inflammatory cell infiltrate, al. 2016
vasocongestion, edema, alterations of
alveoli and alveolar septa

B6C3F1  Once ND 150 Respiratory epithelial cytotoxicity Kelty et al.
mouse 2020

New GDs6- 40 200 Maternal dyspnea, cyanosis Texaco
Zealand 18 (SLOAEL) 1985d,
rabbit 1986
Hepatic effects

Kunming Once ND 100 Increased serum levels of AST Zhang et
mouse (SLOAEL) (>5-fold) and ALT (>13-fold), al. 2016

extensive hepatocellular necrosis,
moderate inflammatory cell
infiltration, massive fatty
degeneration, and structural

degeneration
Death
CD-1 14days NA 267 10/96 male and 3/60 females died Shopp et
mouse (SLOAEL) al. 1984
CD-1 GDs 7-4 NA 300 5/33 dams died Plasterer
mouse (SLOAEL) etal. 1985

aGreen shading shows principal study for MRL derivation.

ALT = alanine aminotransferase; AST = aspartate aminotransferase; GD = gestation day; LOAEL = lowest-
observed-adverse-effect level; M = male(s); NOAEL = no-observed-adverse-effect level; SLOAEL = serious
lowest-observed-adverse-effect level

Selection of the Principal Study: The lowest LOAEL was 50 mg/kg/day based on clinical signs of
toxicity in rats in the developmental study by NTP (1991); the next highest LOAEL was a serious
LOAEL of 100 mg/kg/day for respiratory effects in mice (Zhang et al. 2015, 2016). Therefore, the study
by NTP (1991) was selected as the principal study.

Summary of the Principal Study:

NTP. 1991. Developmental toxicity of naphthalene (CAS No. 91-20-3) administered by gavage to
Sprague-Dawley (CD) rats on gestational days 6 through 15. Research Triangle Park, NC: National
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Toxicology Program, National Institute of Environmental Health Sciences, U.S. Department of Health
and Human Services, Public Health Service, National Institutes of Health. TER91006.

Groups of 25 pregnant female Sprague-Dawley rats were administered naphthalene in corn oil at doses of
0, 50, 150, and 450 mg/kg/day during GDs 6—-15. Dams were monitored for death and clinical signs of
toxicity daily. Body weights were measured. Dams were sacrificed on GD 20 for necropsy. Uteruses
were weighed and uterine contents were examined for number of implantation sites, resorptions, dead and
live fetuses, fetal body weights, and external and visceral malformations.

There were no treatment-related mortalities. Rat dams in exposed groups showed one or more of several
clinical signs of toxicity (slow respiration, lethargy, or prone body posture) on the first day of dosing (81,
96, and 96% of rats in the 50-, 150-, and 450-mg/kg/day groups, respectively). By the third day of
dosing, these signs did not occur in any of the 50-mg/kg/day rats. A similar trend was noted in the
150-mg/kg/day group, but apparent tolerance did not develop until the sixth day of dosing. In the
450-mg/kg/day group, the incidence of rats exhibiting these signs of toxicity also declined during the
exposure period but did not fall below 15%. With the development of “tolerance,” the slow respiration,
lethargy, and prone body posture were replaced with rooting behavior, a common behavior of rodents
following gavage administration of chemicals with strong odors or irritant properties. At the end of the
exposure period (GD 15), incidence of rats showing rooting behavior was 0% for the control and
50-mg/kg/day groups, compared with 24 and 92% of dams in the 150- and 450-mg/kg/day groups,
respectively. Weight gain during exposure (GDs 6—15) was similar between the control and
50-mg/kg/day group but was decreased by 31 and 53% in the 150- and 450-mg/kg/day groups, compared
with controls. From these results, 50 mg/kg/day was judged to be a minimal less serious LOAEL for
transient clinical signs of maternal toxicity in pregnant rat dams. At higher doses (150 and

450 mg/kg/day), these effects were more persistent and were accompanied by decreased weight gain. No
effects were observed on uterus weights, pregnancy rate, number of implantation sites, resorptions, dead
and live fetuses, or fetal body weights. At 0, 50, 150, and 450 mg/kg/day, the percentages of malformed
fetuses per litter were 4, 4, 7, and 10%, respectively, and the percentages of litters with malformed fetuses
were 23, 27, 33, and 50%, respectively. Both effects were statistically significant by trend test, but
pairwise comparisons between individual exposure groups and the control were not statistically
significant.

Selection of the Point of Departure for the MRL: The lowest LOAEL was 50 mg/kg/day based on
transient clinical signs of toxicity in rats exposed during gestation. As the data were not amenable to
BMD modeling, a LOAEL approach was used.

Calculations
Adjustment for Intermittent Exposure: Not applicable.

Uncertainty Factor: The LOAEL of 50 mg/kg/day was divided by a total uncertainty factor of
300 (10 for extrapolation from animals to humans, 10 for human variability, and 3 for use of a minimal
LOAEL), resulting in an MRL of 0.2 mg/kg/day.

e 10 for extrapolation from animals to humans

e 10 for human variability

e An uncertainty factor of 3 was selected for the use of a minimal LOAEL of 50 mg/kg/day. At
this dose level, the only adverse effects observed in the pregnant rat dams were signs of maternal
toxicity, which were only observed on the first 2 days of exposure.
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MRL =LOAEL + UF
=50 mg/kg/day + (10 x 10 x 3) = 0.16 mg/kg/day, rounded to 0.2 mg/kg/day

Other Additional Studies or Pertinent Information that Lend Support to this MRL: Neurologic
symptoms have been reported in humans following ingestion of naphthalene at unknown, but presumably
high dose levels. These include confusion (Ojwang et al. 1985) and listlessness and lethargy (Bregman
1954; Chusid and Fried 1955; Kurz 1987; MacGregor 1954; Zuelzer and Apt 1949), as well as decreased
responses to painful stimuli and coma prior to death (Gupta et al. 1979; Kurz 1987). Persistent neurologic
symptoms were not recorded in 13-week studies with rats or mice exposed to doses as high as

200 mg/kg/day (NTP 1980a, 1980b), but the highest exposure level tested in these studies,

400 mg/kg/day, produced lethargy in exposed rats (only rats were exposed to 400 mg/kg/day).

Hemolytic anemia has been identified in many human cases of acute accidental or intentional ingestion of
naphthalene (e.g., Gidron and Leurer 1956; MacGregor 1954). Estimations of dose levels involved in
these cases, however, are limited to a report (Gidron and Leurer 1956) of hemolytic anemia in a 16-year-
old girl who swallowed 6 g of naphthalene (estimated dose=109 mg/kg, assuming body weight of 55 kg).
Laboratory animals do not appear to be susceptible to the hemolytic activity of naphthalene. No
pronounced changes in red-cell-related hematologic parameters were observed following 13-week oral
exposures to doses up to 200 mg/kg/day in mice (NTP 1980a) and 400 mg/kg/day in rats (NTP 1980b), or
in mice exposed by inhalation for 14 days to air concentrations as high as 30 ppm (NTP 1992a).
Naphthalene-induced hemolytic anemia has been observed in dogs exposed to a single dose of

1,525 mg/kg or 263 mg/kg/day for 7 days (Zuelzer and Apt 1949), but more information on the dose-
response relationship for hemolytic anemia in humans or animals acutely exposed to naphthalene is not
available.

Development of cataracts is also associated with acute or repeated oral exposure to naphthalene in
animals (Kojima 1992; Murano et al. 1993; van Heyningen and Pirie 1967; Xu et al. 1992b). These
ocular effects, however, appear to occur at dose levels (in the range of 500—1,000 mg/kg/day) much
higher than the lowest dose level (50 mg/kg/day) producing clinical signs of toxicity in pregnant rats.

Agency Contacts (Chemical Managers): Gaston Casillas, Ph.D.
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MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical Name: Naphthalene

CAS Numbers: 91-20-3

Date: March 2025

Profile Status: Final

Route: Oral

Duration: Intermediate

MRL: 0.2 mg/kg/day (based on the acute-duration oral MRL)

Critical Effect: Clinical signs of neurotoxicity (slow respiration, lethargy, or prone body
posture)

Reference: NTP 1991 (see acute-duration oral MRL)

Point of Departure: LOAEL of 50 mg/kg/day

Uncertainty Factor: 300

LSE Graph Key: 3

Species: Rat

MRL Summary: The acute-duration oral MRL of 0.2 mg/kg/day based on a LOAEL of 50 mg/kg/day for
clinical signs of slow respiration, lethargy, and pronation in rats administered naphthalene via gavage
during gestation (NTP 1991) was adopted as the intermediate-duration oral MRL. Three intermediate-
duration oral toxicity studies in rats and mice that included comprehensive toxicological evaluations
provide support for the use of the acute-duration oral MRL for the intermediate duration.

Selection of the Critical Effect: See worksheet for acute-duration oral MRL.

Selection of the Principal Study: See worksheet for acute-duration oral MRL.

Summary of the Principal Study: See worksheet for acute-duration oral MRL.

Selection of the Point of Departure for the MRL: See worksheet for acute-duration oral MRL.
Calculations: See worksheet for acute-duration oral MRL.

Uncertainty Factor: See worksheet for acute-duration oral MRL.

Other Additional Studies or Pertinent Information that Lend Support to this MRL: A number of
studies have evaluated the toxicity of naphthalene following intermediate-duration oral exposure. The
majority of these studies used naphthalene to induce cataracts and used only high doses known to give
this result (Chen et al. 2010a, 2010b, 2012; Holmén et al. 1999; Kojima 1992; Murano et al. 1993;
Orzalesi et al. 1994; Patel and Patel 2018; Rathbun et al. 1990; Rossa and Pau 1988; Siddiqui et al. 2002;
Singh and Bodakhe 2020; Tao et al. 1991; van Heyningen and Pirie 1967; Xu et al. 1992b; Yamauchi et
al. 1986).

Apart from the studies of cataracts, there are three single dose studies of limited endpoints (Darious et al.
2020; Germansky and Jamall 1988; Katsnelson et al. 2014) and three comprehensive intermediate-
duration oral toxicity studies in laboratory animals (NTP 1980a, 1980b; Shopp et al. 1984). A 13-week
oral toxicity study in Fischer 344 rats found no adverse exposure-related effects other than decreased
body weight (NTP 1980b). This study identified a LOAEL of 200 mg/kg/day based on decreased body
weights and a NOAEL of 100 mg/kg/day. A 13-week oral toxicity study in B6C3F1 mice found no
adverse effects in mice exposed to doses as high as 200 mg/kg/day (NTP 1980a). A 90-day gavage study
in mice that focused on immune toxicity identified 133 mg/kg/day as a LOAEL for weight decreases in
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several organs (brain, liver, and spleen) and 53 mg/kg/day as a NOAEL but found no biologically
significant exposure-related changes in other endpoints evaluated (Shopp et al. 1984). This study,
however, did not include histopathological examination of tissues.

In the three comprehensive toxicity studies, the most sensitive effects were decreased spleen and liver
weights in mice exposed to 133 mg/kg/day; the NOAEL for these effects was 53 mg/kg/day (Shopp et al.
1984). Considering that the NOAEL for the lowest LOAEL in intermediate-duration studies was greater
than the LOAEL (50 mg/kg/day) used as the POD for the acute-duration MRL, the acute-duration oral
MRL of 0.2 mg/kg/day is expected to be protective for intermediate-duration exposure scenarios and was
adopted as the intermediate-duration oral MRL.

Summaries of the three comprehensive studies of intermediate-duration exposure are provided below as
support for the adopting the acute-duration oral MRL for intermediate durations:

1. NTP. 1980b. Subchronic toxicity study: Naphthalene (C52904), Fischer 344 rats. Research
Triangle Park, NC: U.S. Department of Health and Human Services, National Toxicology
Program.

Naphthalene (>99% pure) in corn oil was administered by gavage to groups of 10 male and 10 female
Fischer 344 rats at dose levels of 0, 25, 50, 100, 200, or 400 mg/kg/day, 5 days/week for 13 weeks (NTP
1980b). Endpoints included weekly measurement of food consumption and body weight, twice daily
observation for clinical signs of toxicity, measurement of hematological parameters for blood collected at
termination (hemoglobin, hematocrit, total and differential white blood cell count, red blood cell count,
mean cell volume, mean cell hemoglobin concentration), necropsy of all rats in the study, and complete
histopathological examination of 27 organs and tissues (including the eyes, lungs, stomach, liver,
reproductive organs, thymus, and kidneys) from all control and 400 mg/kg/day rats. Male kidneys and
female thymuses from the 200 mg/kg/day group were also examined histopathologically (according to the
histopathology tables; however, the report text states that the 100 mg/kg group was examined). Organ
weight data were not reported.

At the highest dose level, two male rats died during the last week of treatment, and rats of both sexes
displayed diarrhea, lethargy, hunched posture, and rough coats at intermittent intervals throughout the
study. Food consumption was not affected by exposure. Mean terminal body weights were decreased by
more than 10% relative to the controls in several groups (28 and 12% decrease in the 400- and
200-mg/kg/day males, respectively and 23% decrease in 400-mg/kg females). The terminal body weights
at 13 weeks of exposure were 250.6, 306.7, 333.4, 351.2, 353.4, and 348.9 g for males and 156.7, 190.5,
197.2,203.5, 197.8, and 203.4 g for females for the 400, 200, 100, 50, 25, and 0 mg/kg/day dose groups,
respectively. Differences between mean values of hematological parameters in exposed groups and those
in control groups were <10% of control values, except for a 94% increase in numbers of mature
neutrophils and a 25.1% decrease in numbers of lymphocytes in male 400 mg/kg rats and a 37.2%
increase in mature neutrophils in 400 mg/kg females. Due to a lack of a consistent pattern of change in
the hematologic parameters, the observed changes are not considered adverse. Histological examinations
revealed low incidences of lesions in exposed male kidneys and exposed female thymuses; no lesions
were observed in respective control kidneys or thymuses. Focal cortical lymphocytic infiltration or focal
tubular regeneration were observed in kidneys in 2/10 male rats exposed to 200 mg/kg/day naphthalene,
and diffuse renal tubular degeneration occurred in 1/10 male rats exposed to 400 mg/kg/day. Lymphoid
depletion of the thymus occurred in 2/10 females exposed to 400 mg/kg/day, but not in any other females
or in males. No other tissue lesions were detected. In this study, 100 mg/kg/day was a NOAEL,

200 mg/kg/day was a LOAEL, and 400 mg/kg/day was a serious LOAEL for decreased body weight in
rats orally exposed to naphthalene for 13 weeks.
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2. NTP. 1980a. Subchronic toxicity study: Naphthalene (C52904), B6C3F1 mice. Research
Triangle Park, NC: U.S. Department of Health and Human Services, National Toxicology
Program.

Ten male and 10 female B6C3F1 mice were administered gavage doses of naphthalene in corn oil at
levels of 0, 12.5, 25, 50, 100, or 200 mg/kg/day, 5 days/week for 13 weeks (NTP 1980a). Seven mice
(three males and two females of the 200 mg/kg/day group, one female of the 25 mg/kg/day group, and
one control male) died during the second, third, and fourth weeks from gavage trauma or accident.
Transient signs of toxicity (lethargy, rough hair coats, and decreased food consumption) occurred
between weeks 3 and 5 in the 200 mg/kg/day groups. Due to their transient nature, these effects are not
considered to be adverse. All exposed male mice gained more weight during the study than did control
males (weight gains expressed as a percentage of control weight gain were 154.3, 116.0, 125.9, 122.2, and
107.4% for the 12.5-200 mg/kg/day groups, respectively). Exposed female mice displayed decreased
weight gain compared with controls (weight gains expressed as a percentage of control weight gain were
97.5, 81.5, 81.5, 77.8, and 76.5% for the 12.5-200 mg/kg/day groups, respectively). The average change
in body weight between day 0 and the 13 week was 6.2 g/mouse for the 200 mg/kg/day female mice
compared with 8.1 g/mouse for the control females. The study authors believed that a difference in
weight gain of 1.9 g over a 13-week period “was not large enough to conclusively indicate a toxic effect.”
Respective mean terminal body weights for control through the 200 mg/kg/day group were: 33.2, 37.7,
34.7,34.7,36.0, and 34.7 g for males, and 26.7, 26.8, 25.4, 26.0, 26.1, and 25.6 g for females. Mean
terminal body weight values in exposed females were >95% of control values.

All mice were necropsied, and 27 organs (including the eyes, thymus, reproductive organs, and lungs)
from the mice in the control and high-dose groups were examined histologically. No exposure-related
lesions were observed in any organs. The highest incidence of lesions observed was for minimal to mild,
focal or multifocal, subacute pneumonia in both controls (4/10 males and 2/10 females) and high-dose
mice (4/10 males and 5/10 females). Organ weight data were not reported. Hematological analyses were
performed on all groups. Exposed groups displayed mean values that were within 10% of the control
means for the following parameters: hemoglobin, hematocrit, total white blood cells, and total red blood
cells. An increase in lymphocytes (18% increase) and a decrease in segmented neutrophils (38.8%
decrease) in high-dose males were not considered biologically significant by the study authors. The
highest dose in this study, 200 mg/kg/day, is judged to be a NOAEL for nonneoplastic lesions,
hematologic changes, and adverse neurologic symptoms.

3. Shopp GM, White KL JR, Holsapple MP, et al. 1984. Naphthalene toxicity in CD-1 mice:
General toxicology and immunotoxicology. Fundam Appl Toxicol 4:406-419.

Groups of male and female albino CD-1 mice (approximately 6 weeks old at the start) were administered
gavage doses of 0, 5.3, 53, or 133 mg/kg naphthalene (99.3% pure) in corn oil for 90 consecutive days
(Shopp et al. 1984). A naive control group and the 5.3 and 53 mg/kg/day dose groups each contained

76 male mice and 40 female mice. The vehicle control group contained 112 male mice and 76 female
mice. The high-dose group contained 96 male mice and 60 female mice. Statistical analysis consisted of
a one-way analysis of variance of means and Dunnett’s t-test to compare control and treatment means
using a significance level of p<0.05. Statistically significant chemical-related decreases in terminal body
weights or survival were not observed in either sex. Respective mean terminal body weight values were
(naive, vehicle, 5.3, 53, and 133 mg/kg/day groups): 39.3, 37.3, 37.2, 36.2, and 36.8 g for male mice and
29.2,29.0,27.9, 27.0, and 27.1 g for female mice. No significant alterations in absolute or relative organ
weights occurred in exposed male mice. Significant decreases in absolute weights of brain (9%), liver
(18%), and spleen (28%) and relative weight of spleen (24%) occurred in high-dose females compared
with controls. Histopathological examination of organs was not conducted, but the study authors noted
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that cataracts were not formed in exposed mice (methods used to assess the presence of cataracts were not
specified).

Examination of hematological parameters (including numbers of leucocytes, erythrocytes, and platelets
and determination of hematocrit and hemoglobin) at termination revealed only slight, but statistically
significant, increases in hemoglobin in high-dose females only; however, the hematological data were not
shown in the available report. Chemical analysis of serum showed statistically significant decreased
BUN in all exposed female groups. Compared with vehicle controls, the percent decreases in BUN were
16, 20, and 34% for the 5.3, 53, and 133 mg/kg/day groups, respectively. Increased serum globulin
(about 55%) and protein (about 40%) occurred in the two highest female dose groups compared with
vehicle control values. Hepatic microsomal activities of aniline hydroxylase and aminopyrine
N-demethylases were not statistically significantly changed in exposed versus control mice, but
benzo[a]pyrene hydroxylase activities were statistically significantly decreased in exposed groups
compared with control values (0.8, 0.62*, 0.55* and 0.41* nmol/minute/mg protein for males in the
control through high-dose group, and 1.40, 1.24, 1.13*, and 0.89* nmol/minute/mg protein for females;
statistically significant differences from control noted with *). The toxicological significance of the
statistically significant changes in hematological parameters, hepatic enzyme activities, and serum
chemical parameters is not clear, and these changes are not considered to be adverse.

No exposure-related responses were found in a battery of immunological assays (humoral immune
response, lymphocyte responsiveness, delayed-type hypersensitivity response, popliteal lymph node
response, and bone marrow function); immunotoxic responses were observed in positive controls given
i.p. injections of 50 mg/kg cyclophosphamide on days 87, 88, 89, and 90. The study identified a LOAEL
of 133 mg/kg/day and a NOAEL of 53 mg/kg/day for statistically significant decreases in absolute weight
of brain, liver, and spleen and relative weight of spleen in female mice, but not male mice. The effects
were only observed in female mice, and histological changes in these organs were not observed in Fischer
344 rats (NTP 1980b) or B6C3F1 mice (NTP 1980a) exposed to naphthalene for 13 weeks.

Agency Contacts (Chemical Managers): Gaston Casillas, Ph.D.
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MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical Name: Naphthalene
CAS Numbers: 91-20-3
Date: March 2025
Profile Status: Final
Route: Oral
Duration: Chronic

MRL Summary: Chronic-duration toxicity studies of oral exposure to naphthalene were not located,
precluding derivation of a chronic-duration oral MRL.

Rationale for Not Deriving an MRL: Chronic-duration toxicity studies of oral exposure to naphthalene
were not located.

Agency Contacts (Chemical Managers): Gaston Casillas, Ph.D.
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MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical Name: 1-Methylnaphthalene
CAS Numbers: 90-12-0

Date: March 2025

Profile Status: Final

Route: Inhalation

Duration: Acute

MRL Summary: The available data are not sufficient for derivation of an acute-duration inhalation MRL
for 1-methylnaphthalene.

Rationale for Not Deriving an MRL: The database of acute-duration inhalation toxicity studies of
1-methylnaphthalene is limited, consisting of only two animal studies (Korsak et al. 1998; Swiercz and
Stepnik 2020). Korsak et al. (1998) evaluated neurological endpoints of pain sensitivity (hotplate) and
rotarod performance in rats following a single 4-hour exposure to 0, 26, 44, or 70 ppm. No other
endpoints were assessed. The other study (Swiercz and Stepnik 2020) was focused on assessment of
serum corticosterone levels. Rats were exposed to concentrations of 0, 9.54, and 38.15 ppm
I-methylnaphthalene on 6 hours/day for 5 days and endpoints were limited to body weights, food and
water consumption, and serum corticosterone levels. The limited endpoints evaluated in these studies do
not provide enough information on the toxicity of 1-methylnaphthalene after acute-duration inhalation
exposure. Thus, an acute-duration inhalation MRL was not derived.

Agency Contacts (Chemical Managers): Gaston Casillas, Ph.D.
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Chemical Name:
CAS Numbers:
Date:

Profile Status:
Route:
Duration:

MRL:

Critical Effect:
Reference:

Point of Departure:

Uncertainty Factor:

LSE Graph Key:
Species:

APPENDIX A

MINIMAL RISK LEVEL (MRL) WORKSHEET

1-Methylnaphthalene
90-12-0

March 2025

Final

Inhalation

Intermediate

9x107 ppm (5x10™ mg/m?)
Nasal mucous cell hyperplasia
Kim et al. 2020

BMCL of 0.06 ppm
(BMCLugc 0of 0.0027 ppm)
30

4

Rat

MRL Summary: An intermediate-duration inhalation MRL of 9x107 ppm was derived for
1-methylnaphthalene based on mucous cell hyperplasia in male F344 rats following exposure for

6 hours/day, 5 days/week for 13 weeks (Kim et al. 2020). The MRL is based on a BMCLo of 0.06 ppm,
which was adjusted for continuous duration exposure and converted to a BMCLugc of 0.0027 ppm. The
BMCLugc was divided by a total uncertainty factor of 30 (10 for human variability and 3 for animal to
human extrapolation after applying dosimetric adjustment).

Selection of the Critical Effect: The database of intermediate-duration inhalation toxicity studies for
1-methylnaphthalene is limited to a single 13-week study in male and female F344 rats (Kim et al. 2020).
The effects observed at the lowest exposure concentrations in male (0.5 ppm) and female (4 ppm) rats
include effects on the respiratory tract (nasal lesions).

Selection of the Principal Study:. Only one intermediate-duration inhalation study of
I-methylnaphthalene was located (Kim et al. 2020). In this study, male and female F344 rats were
exposed by inhalation for 13 weeks and comprehensive toxicological endpoints were evaluated. This
study was selected as the primary study for derivation of an intermediate-duration inhalation MRL.

Summary of the Principal Study:

Kim YS, Lee MJ, Seo DS, et al. 2020. Thirteen-week inhalation toxicity study of 1-methylnaphthalene
in F344 rats. Toxicol Res 36:13-20.

Kim et al. (2020) evaluated intermediate-duration toxicity of inhaled 1-methylnaphthalene. Groups of
F344 rats (10/sex/group) were exposed, whole body, to 1-methylnaphthalene (purity 97.3%) vapor at
concentrations of 0, 0.52, 4.08, or 30.83 ppm (analytical) for 6 hours/day, 5 days/week, for 13 weeks.
Mortality and clinical signs were recorded daily during the exposure period and body weights were
measured twice a week for 4 weeks and weekly thereafter. Food consumption was measured with
unknown frequency. After the exposure period, rats were sacrificed, and blood was collected for analysis
of hematological parameters (including differential white blood counts and clotting parameters) and
serum chemistry. Bronchoalveolar lavage (BAL) fluid was collected from 5/sex/group and examined for
differential cell counts and LDH. Rats then underwent necropsy followed by excision of organs for organ
weights (adrenal glands, brain, heart, kidneys, liver, spleen, testes, thymus, epididymides, lungs, ovaries,
and uterus) and comprehensive histopathology including gonads, lungs, and nasopharyngeal tissue.
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Histological analysis was performed on fixed tissues from the control and high-exposure animals only,
except for nasopharyngeal tissue, which was examined from animals from all exposure groups.

No mortality occurred, and no clinical signs of toxicity were observed. Body weights were comparable to
controls throughout the study. No statistically significant changes were found in differential cell counts
or LDH in BAL. At 30.83 ppm, activated partial thromboplastin time (APTT) and prothrombin time (PT)
were significantly increased in males by 8 and 10%, respectively, and PT was significantly increased in
females by 8%. Serum chemistry changes included significantly increased albumin (4%) and sodium
(1%) in males at 30 ppm. No significant changes in organ weights were observed. Histopathological
changes in nasopharyngeal tissue of both sexes included mucous cell hyperplasia; males also exhibited
transitional epithelial cell hyperplasia. Table A-6 shows the incidences and severities of these changes.
No other treatment-related histopathology changes were noted.

Table A-6. Incidence of Nasal Lesions in Rats Exposed to 1-Methylnaphthalene
via Inhalation for 13 Weeks

Exposure concentration (ppm)

Nasal lesion 0 0.52 4.08 30.83

Males
Mucous cell hyperplasia, minimal 0/10 4/10 4/10 0/10
Mucous cell hyperplasia, mild 0/10 0/10 6/10 0/10
Mucous cell hyperplasia, moderate 0/10 0/10 0/10 10/10
Mucous cell hyperplasia (total) 0/10 4/10 10/10 10/10
Transitional epithelial cell 0/10 0/10 5/10 5/10
hyperplasia, mild

Females
Mucous cell hyperplasia, minimal 0/10 0/10 3/10 2/10
Mucous cell hyperplasia, mild 0/10 0/10 0/10 6/10
Mucous cell hyperplasia, moderate 0/10 0/10 0/10 2/10
Mucous cell hyperplasia (total) 0/10 0/10 3/10 10/10

Bold indicates dataset selected for benchmark dose modeling.

Source: Kim et al. 2020

Selection of the Point of Departure for the MRL: BMD modeling was conducted to identify a POD
using the data for mucous cell hyperplasia (all severity levels) in male rats administered
I-methylnaphthalene via inhalation for 6 hours/day, 5 days/week for 13 weeks. The data modeled are
shown in bold in Table A-6. Male rat incidence data were selected because the males exhibited effects
at the lowest concentration, while females did not. The data were fit to all available dichotomous
models in EPA’s BMDS (version 3.2) using a BMR of 10% extra risk. Adequate model fit was judged by
four criteria: goodness-of-fit statistics (p-value >0.1), visual inspection of the dose-response curve, a 95%
confidence limit on the BMC (BMCL) that is not 10 times lower than the lowest non-zero dose, and
scaled residual within £2 units at the data point (except the control) closest to the predefined

BMR. Among all of the models providing adequate fit to the data, the lowest BMCL was selected as the
POD when the difference between the BMCLs estimated from these models was >3-fold; otherwise, the
BMCL from the model with the lowest AIC was chosen. BMDS recommended the frequentist
dichotomous Hill model for mucous cell hyperplasia, and after verifying the model fit by the four criteria
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listed above, this model was selected as the basis for estimating this MRL. The model predictions are
presented in Table A-7 and the fit of the selected model is presented in Figure A-2.

Table A-7. Model Predictions for Increased Incidence of Nasal Mucous Cell
Hyperplasia in Male Rats Exposed to 1-Methylnaphthalene via Inhalation

(Kim et al. 2020)

Scaled residuals®

BMC1® BMCL1? Dose below Dose above

Model (ppm) (ppm) p-Value® AIC BMC BMC
Dichotomous Hill¢ 0.35 0.06 0.9993 17.46 -0.0004 -0.0005
Gamma® 1.0000 17.46  -0.0007 -0.0007
Log-Logistic 0.35 0.06 0.9993 17.46  -0.0004 -0.0004
Multistage Degree 39 0.9969 19.46 -0.0004 -0.0004
Multistage Degree 29 1.0000 17.46  -0.0004 -0.0004
Multistage Degree 19 0.9825 15.74 -0.0004 -0.0004
Weibull® 0.9967 17.47  -0.0004 -0.0004
Logistic 0.27 0.15 0.7612 17.41 -0.9332 0.5430
Log-Probit 1.0000 17.46  -0.0004 -4.5x10-10
Probit 0.46 0.30 0.2916 21.68 -1.5295 0.83

aBMC and BMCLs values for models that do not provide adequate fit or yield BMCLs more than 10-fold lower than

the lowest nonzero exposure concentration are not included in this table.

bValues <0.1 fail to meet conventional x? goodness-of-fit criteria.

¢Scaled residuals at doses immediately below and above the BMC.
dAll models provided an adequate fit to the data. BMCLs were not sufficiently close (differed by >3-fold). Therefore,
the model with the lowest BMCL was selected (Dichotomous Hill).

ePower restricted to 1.
fSlope restricted to 21.
9Betas restricted to 0.

AIC = Akaike Information Criterion; BMC = benchmark concentration (maximum likelihood estimate of the
concentration associated with the selected benchmark response); BMCL10 = 95% lower confidence limit on the BMC
(subscripts denote benchmark response: i.e., 10 = dose associated with 10% extra risk)
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Figure A-2. Fit of the Dichotomous Hill Model to Data for 1-Methylnaphthalene,
Mucous Cell Hyperplasia in Male Rats (Kim et al. 2020)

Frequentist Dichotomous Hill Model with BMR of 10%
Extra Risk for the BMD and 0.95 Lower Confidence Limit
for the BMDL
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Calculations

Adjustment for Intermittent Exposure: The animals in the study by Kim et al. (2020) were exposed
6 hours/day, 5 days/week. Therefore, the BMCL of 0.06 ppm was adjusted for intermittent exposure as
follows:

6 hours 5days 6 hours 5days
¥ =0.06 ppm X 4
24 hours 7 days

BMCLyp; = BMCL x = 0.011 ppm

24 hours 7 days

Human Equivalent Concentration: The critical effects of 1-methylnaphthalene were nasal lesions,
therefore, the BMCL 9apy was converted to a HEC by multiplying the BMCL,, by the rat-specific regional
gas dose ratio that corresponds with the extrathoracic region (RGDRer). This RGDREr is calculated using
the following equation as defined by EPA (1994):

RGDR... = VEa . VEn _ 025 138 _ ¢
ET ™ sa, = sap 15 200 '

where:
Vg, = ventilation rate for male F344 rats = 0.254 L/minute (EPA 2012)

SA, = surface area of the extrathoracic region in rats = 15 cm? (EPA 1994)
Vg, = ventilation rate for humans = 13.8 L/minute (EPA 1994)

SA;,, = surface area of the extrathoracic region in humans = 200 cm? (EPA 1994)

Applying this equation results in an RGDR of 0.25 for extrathoracic effects in rats, and the HEC is
calculated as:

BMCLIOHEC - BMCLIOAD] X RGDR :0.011 ppm X 0.25 == 0.0027ppm
Uncertainty Factor: The BMCLygc of 0.0027 ppm is divided by a total UF of 30:

e 10 for human variability
e 3 for animal to human extrapolation after dosimetric adjustment

MRL = BMCLygc + UFs
MRL = 0.0027 ppm =+ (3x10) = 0.00009 ppm (9x107 ppm)
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Other Additional Studies or Pertinent Information that Lend Support to this MRL: Significantly
increased incidences of pulmonary alveolar proteinosis were observed in mice exposed chronically by
dietary administration (Murata et al. 1993). In addition, the association between 1-methylnaphthalene
exposure and respiratory effects is supported by findings of pulmonary alveolar proteinosis in mice
exposed to the structurally related compound 2-methylnaphthalene in the diet (Murata et al. 1997) and in
mice exposed by dermal application to a mixture of methylnaphthalenes (Emi and Konishi 1985; Murata
et al. 1992).

The odor threshold for 1-methylnaphthalene in air is 0.12 mg/m?® or 0.02 ppm (see Section 4.2).

Agency Contacts (Chemical Managers): Gaston Casillas, Ph.D.
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MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical Name: 1-Methylnaphthalene
CAS Numbers: 90-12-0

Date: March 2025

Profile Status: Final

Route: Inhalation

Duration: Chronic

MRL Summary: Chronic-duration toxicity studies of inhaled 1-methylnaphthalene were not located,
precluding derivation of a chronic-duration inhalation MRL.

Rationale for Not Deriving an MRL: Chronic-duration toxicity studies of inhaled 1-methylnaphthalene
were not located.

Agency Contacts (Chemical Managers): Gaston Casillas, Ph.D.
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MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical Name: 1-Methylnaphthalene
CAS Numbers: 90-12-0

Date: March 2025

Profile Status: Final

Route: Oral

Duration: Acute

MRL Summary: Acute-duration oral toxicity studies of 1-methylnaphthalene were not located,
precluding derivation of an acute-duration oral MRL.

Rationale for Not Deriving an MRL: Acute-duration toxicity studies of orally-administered
I-methylnaphthalene were not located.

Agency Contacts (Chemical Managers): Gaston Casillas, Ph.D.

A-29
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MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical Name: 1-Methylnaphthalene
CAS Numbers: 90-12-0

Date: March 2025

Profile Status: Final

Route: Oral

Duration: Intermediate

MRL 0.6 mg/kg/day
Critical Effect: Increased liver weight
Reference: NITE 2009

Point of Departure:  BMDL,sp of 64 mg/kg/day
Uncertainty Factor: 100

LSE Graph Key: 1

Species: Rat

MRL Summary: An intermediate-duration oral MRL of 0.6 mg/kg/day was derived for
1-methylnaphthalene based on a BMDLsp of 64 mg/kg/day for increased relative liver weights in male
Sprague-Dawley rats (NITE 2009). An uncertainty factor of 100 (10 for human variability and 10 for
extrapolation from animals to humans) was applied to the BMDLsp.

Selection of the Critical Effect: There is one study that evaluated intermediate-duration oral exposure to
1-methylnaphthalene (NITE 2009). NITE (2009) was a combined repeat-dose and reproductive/
developmental screening study in rats that followed OECD 422 guidelines. Treatment-related effects
observed in the study consisted of increased absolute and relative liver weights and increased relative
kidney weights in males, and increased relative liver weights in females, all occurring at the highest dose
(250 mg/kg/day). Liver effects were selected as the critical effect because liver weights were affected in
both sexes, both absolute and relative liver weights were affected in males, and the magnitude of liver
weight change was larger than the magnitude of kidney weight change.

Selection of the Principal Study: NITE 2009 is the only available intermediate-duration oral exposure
study. This study evaluated a comprehensive set of endpoints and identified both NOAEL and LOAEL
values, so it was selected as the principal study.

Summary of the Principal Study:

NITE. 2009. 1-Methylnaphthalene summary: [Combined repeat dose and reproductive/developmental
toxicity screening test of 1-methylnaphthalene by oral administration in rats]. Japanese National Institute
of Technology and Evaluation.

https://www.nite.go.jp/chem/jcheck/tempfile list.action?tpk=23402&ppk=7239&kinou=100&type=ja.
(Japanese)

In a combined repeated dose reproduction/developmental toxicity screening study, groups of Sprague-
Dawley rats (12/sex/group) were housed as breeding pairs and administered 1-methylnaphthalene via
gavage in olive oil at doses of 0, 10, 50, 250 mg/kg/day for approximately 42 days. Animals were
administered the test substance starting during premating (14 days), throughout mating, and gestation
until lactation day (LD) 4 in females and from premating through sacrifice (42 days) in males. A group of
five per sex in the control and high dose groups were included in a 14-day untreated recovery period. An
additional satellite group of five unmated females were treated with the control and high dose groups.
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During treatment, rats were observed for mortality and clinical signs of toxicity twice daily.
Neurobehavioral observations were evaluated weekly including open field test (rises, clonic and tonic
involuntary movements, pace, mobility, wakefulness, behavior, defecations, and urinations) and FOB
tests were performed on 5/sex/group during the last week of treatment. Body weights and food
consumption were evaluated throughout the study (unknown intervals). At sacrifice, endpoints evaluated
included hematology, clinical chemistry (including globulin differentiation), urinalysis (control and high
dose only), gross necropsy, organ weights, and histopathology. Reproductive (fertility index, estrous
length, days to copulation, conception rate, numbers pregnant, corpora lutea, implantation index, gestation
period, pre- and post-implantation loss, delivery and birth indices, and nursing status) and developmental
endpoints (pup survival rate at birth, sex ratio, pup body weight, and number of live/dead pups on
postnatal days [PNDs] 0 and 4, and examination of pups at sacrifice on PND 4 for external abnormalities)
were evaluated.

No treatment-related adverse effects were observed on mortality, clinical signs of toxicity, body weights,
food consumption, hematology, urinalysis, reproduction, or development. There were no significant
differences between treated and control groups in the behavioral observations in the open field or FOB.
Organ weight changes were observed at the highest dose, as shown in Table A-8. Males in the

250 mg/kg/day group had increases in absolute and relative liver weights and relative kidney weights at
the end of exposure. Females of the 250 mg/kg/day group had increased relative liver weights, but no
change in absolute liver weights. Histopathology evaluations did not show any treatment-related changes.

Table A-8. Significant Organ Weight Changes in Rats Exposed to
1-Methylnaphthalene via Gavage for 42 Days

Dose (mg/kg/day)

Nasal lesion 0 10 50 250
Males
Relative liver weight (g%) 2.628+0.233 2.678+0.223 2.685+0.17 (+2%) 3.309+0.416
(+2%) (+26%)>?
Absolute liver weight (g) 12.94+1.905 12.895+1.604 13.043+1.272 15.159+1.934
(-0%) (+1%) (+17%)?
Relative kidney weight (g%) 0.593+0.057 0.626+0.053 0.62+0.053 (+5%) 0.683+0.06
(+6%) (+15%)?
Mated females
Relative liver weight (g%) 3.193%0.227 3.148+0.275 3.188+0.169 3.521+0.373
(-1%) (-0%) (+10%)>?
Unmated females
Relative liver weight (g%) 2.368+0.138 Not tested Not tested 2.6631£0.106
(+12%)2

aSignificantly different from control at p<0.05 by Student’s t-test or Dunnett’s test performed by the study authors.
Bold indicates datasets selected for benchmark dose modeling.

Source: NITE 2009

Selection of the Point of Departure for the MRL: BMD modeling was conducted to identify a POD
using the data for relative liver weight in male and female rats given 1-methylnaphthalene by gavage in a

repeated dose toxicity and reproduction/developmental study. BMD modeling of continuous data
(relative liver weight) was conducted with the EPA’s BMDS (version 3.2.0.1). For these data, the
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Exponential, Hill, Linear, Polynomial, and Power continuous models available within the software were
fit employing a BMR of 1 SD. An adequate fit was judged based on the ¥2 goodness-of-fit p-value
(p>0.1), magnitude of the scaled residuals in the vicinity of the BMR, and visual inspection of the model
fit. In addition to these three criteria for judging adequacy of model fit, a determination was made as to
whether the variance across dose groups was constant. If a constant variance model was deemed
appropriate based on the statistical test provided in BMDS (i.e., Test 2; p-value >0.1), the final BMD
results were estimated from a constant variance model. If the test for homogeneity of variance was
rejected (p-value <0.1), the model was run again while modeling the variance as a power function of the
mean to account for this nonconstant variance. If this nonconstant variance model did not adequately fit
the data (i.e., Test 3; p-value <0.1), the data set was considered unsuitable for BMD modeling. Among
all models providing adequate fit, the lowest BMDL was selected if the BMDLs estimated from different
models varied >3-fold; otherwise, the BMDL from the model with the lowest AIC was selected.

For both the male and female rat relative liver weight data, the constant variance model did not provide an
adequate fit to the data (Test 2; p-value < 0.1); however, the nonconstant variance model did provide an
adequate fit. With the nonconstant variance model applied, all models except for the Exponential 5 and
Hill models provided adequate fit to the means for both datasets. For both datasets, the BMDLs were
sufficiently close (<3-fold); therefore, the model with the lowest AIC was selected: this was the
Polynomial 3-degree model for both datasets. Predicted BMD;sp and BMDLsp values for male rat
relative liver weight data were 166 and 64 mg/kg/day, respectively. Predicted BMD,sp and BMDLsp
values for female rat relative liver weight data were 212 and 109 mg/kg/day, respectively. The
BMD/BMDL values considered for MRL derivation are presented in Tables A-9 and A-10 (males and
females, respectively) and the fits of the selected models are presented in Figures A-3 and A-4 (males and
females, respectively). The BMDLsp of 64 mg/kg/day from modeling of the male rat data was lower
than the BMDL,sp for females and was selected as the POD for MRL derivation.

Table A-9. Results from Benchmark Dose (BMD) Analysis (Nonconstant
Variance) of Increased Relative Liver Weight in Male Rats Following
Oral Exposure to 1-Methylnaphthalene (NITE 2009)

Scaled residuals®

BMD+sp? BMDLsp? Dose below Dose above

Model (mg/kg/day) (mg/kg/day) p-Value® AIC BMD BMD

Exponential (model 2)¢ 80.41 56.62 0.35 3.69 -0.8605 0.2692
Exponential (model 3)¢ 188.61 65.54 0.62 3.85 0.2628 -0.0030
Exponential (model 4)¢ 75.67 75.31 0.29 4.05 -0.9530 0.3611
Exponential (model 5)¢ NA 585 0.2542 -0.0012
Hilld NA 5.85  0.2520 -0.0013
Polynomial (3-degree)®¢ 165.80 63.73 0.89 185 0.1818 -0.0194
Polynomial (2-degree)? 137.23 62.66 0.84 1.94  0.0009 0.0012

Powerd 178.39 63.63 0.62 3.85 0.2494 -0.0036
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Table A-9. Results from Benchmark Dose (BMD) Analysis (Nonconstant
Variance) of Increased Relative Liver Weight in Male Rats Following
Oral Exposure to 1-Methylnaphthalene (NITE 2009)

Scaled residuals®

BMD1sp? BMDL1sp? Dose below Dose above
Model (mg/kg/day) (mg/kg/day) p-Value® AIC BMD BMD
Linear 75.67 51.57 0.29 4.05 -0.9530 0.3615

aBMD and BMDL values for models that do not provide adequate fit or yield BMDLs more than 10-fold lower than the
lowest nonzero dose are not included in this table.

bValues <0.1 fail to meet conventional x? goodness-of-fit criteria.

¢Scaled residuals at doses immediately below and above the BMD.

dRestricted model.

*Recommended model (lowest AIC). The constant variance model did not provide an adequate fit to the data

(Test 2; p-value < 0.1); however, the nonconstant variance model did provide an adequate fit. With the nonconstant
variance model applied, all models except for the Exponential 5 and Hill models, provided adequate fit to the means.
Of these models, the BMDLs were sufficiently close (<3-fold); therefore, the model with the lowest AIC was selected
(Polynomial 3-degree model).

AIC = Akaike Information Criterion; BMD = maximum likelihood estimate of the exposure dose associated with the

selected benchmark response; BMDL = 95% lower confidence limit on the BMD (subscripts denote benchmark
response: i.e., 1sp = exposure dose associated with a change of 1 standard deviation from the control)

Figure A-3. Fit of the 3-Degree Polynomial Model (Nonconstant Variance) to Data
for 1-Methylnaphthalene, Relative Liver Weight in Male Rats (NITE 2009)

Freguentist Polynomial Degree 3 Model with BMR of 1 Std. Dev. for the BMD and 0.95
Lower Confidence Limit for the BMDL
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Table A-10. Results from Benchmark Dose (BMD) Analysis (Nonconstant
Variance) of Increased Relative Liver Weight in Female Rats Following
Oral Exposure to 1-Methylnaphthalene (NITE 2009)

Scaled residuals®

BMD+sp? BMDL1sp? Dose below Dose above
Model (mg/kg/day) (mg/kg/day) p-Value® AIC BMD BMD
Exponential (model 2)¢ 152.66 124.78 0.45 9.18 -0.51 0.16
Exponential (model 3)¢ 235.64 109.65 0.68 9.74 0.14 -2.6x10%
Exponential (model 4)¢ 150.40 92.52 0.19 11.28 -0.54 0.19
Exponential (model 5)¢ NA 11.74 0.14 0.0008
Hilld NA 11.74 0.14 -0.001
Polynomial (3-degree)®¢ 212.35 108.64 0.98 5.78 0.11 -0.001
Polynomial (2-degree)? 194.57 105.04 0.84 7.93 0.00 0.007
Powerd 245.04 107.35 0.68 9.74 0.14 -0.002
Linear 150.34 92.29 0.43 9.27 -0.54 0.18

aBMD and BMDL values for models that do not provide adequate fit or yield BMDLs more than 10-fold lower than the
lowest nonzero dose are not included in this table.

bValues <0.1 fail to meet conventional x? goodness-of-fit criteria.

¢Scaled residuals at doses immediately below and above the BMD.

dRestricted model.

®Recommended model (lowest AIC). The constant variance model did not provide an adequate fit to the data (Test
2; p-value < 0.1); however, the nonconstant variance model did provide an adequate fit. With the nonconstant
variance model applied, all models except for the Exponential 5 and Hill models, provided adequate fit to the means.
Of these models, the BMDLs were sufficiently close (<3-fold); therefore, the model with the lowest AIC was selected
(Polynomial 3-degree model).

AIC = Akaike Information Criterion; BMD = maximum likelihood estimate of the exposure dose associated with the
selected benchmark response; BMDL = 95% lower confidence limit on the BMD (subscripts denote benchmark
response: i.e., 1 = exposure dose associated with a change of 1 standard deviation from the control)

Figure A-4. Fit of the 3-Degree Polynomial Model (Nonconstant Variance) to Data
for 1-Methylnaphthalene, Relative Liver Weight in Female Rats (NITE 2009)

Frequentist Polynomial Degree 3 Model with BMR of 1 Std. Dev. for the BMD and 0.95
Lower Confidence Limit for the BMDL

2.5
e Fstimated Probability

Response at BMD

Response

Data
1.5
BMD

1 BMDL

0.5

Dose



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE A-35

APPENDIX A

Calculations
Adjustment for Intermittent Exposure: Not applicable.

Uncertainty Factor: The BMDLsp of 64 mg/kg/day was divided by a composite UF of 100:
e 10 for human variability
e 10 for animal to human extrapolation

This results in the following MRL:

MRL—BMDL— o4 0.6 mg/kg/d
=—F ~100~" mg/kg/day

Other Additional Studies or Pertinent Information that Lend Support to this MRL: No liver effects
were reported in the chronic-duration dietary study of 1-methylnaphthalene (Murata et al. 1993), but the
estimated doses were lower, and there is uncertainty in the dose estimates for Murata et al. (1993) due to
potential for volatilization of the test material from the diet. The association between 1-methyl-
naphthalene exposure and adverse liver effects is supported by observations of liver changes (increased
liver weights and serum enzyme levels, and/or histopathology changes) in animals exposed to the
structurally related compounds, 2-methylnaphthalene (Swiercz et al. 2011) and naphthalene (Chen et al.
2012; Katsnelson et al. 2014; Zhang et al. 2016).

Agency Contacts (Chemical Managers): Gaston Casillas, Ph.D.
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MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical Name: 1-Methylnaphthalene
CAS Numbers: 90-12-0

Date: March 2025

Profile Status: Final

Route: Oral

Duration: Chronic

MRL: 0.07 mg/kg/day
Critical Effect: Increased pulmonary alveolar proteinosis
Reference: Murata et al. 1993
Point of Departure: LOAEL of 71.6
Uncertainty Factor: 1,000

LSE Graph Key: 2

Species: Mice

MRL Summary: A chronic-duration oral MRL of 0.07 mg/kg/day was derived for 1-methylnaphthalene
based on a LOAEL of 71.6 mg/kg/day for increased incidences of pulmonary alveolar proteinosis in male
and female mice administered 1-methylnaphthalene in the diet for 81 weeks (Murata et al. 1993). The
LOAEL was divided by a total uncertainty factor of 1,000 (10 for use of a LOAEL, 10 for extrapolation
from animals to humans, and 10 for human variability).

Selection of the Critical Effect: There is one chronic-duration study that evaluated the effects of
I-methylnaphthalene (Murata et al. 1993). The only noncancer effect observed was pulmonary alveolar
proteinosis at both doses and in both sexes.

Selection of the Principal Study: The only study of chronic-duration oral exposure to
I-methylnaphthalene was the 81-week dietary study by Murata et al. (1993). This study evaluated a
comprehensive list of endpoints and was selected as the principal study.

Summary of the Principal Study:

Murata Y, Denda A, Maruyama H, et al. 1993. Chronic toxicity and carcinogenicity studies of 1-methyl-
naphthalene in B6C3F1 mice. Fundam Appl Toxicol 21:44-51.

Groups of B6C3F1 mice (50/sex/group) were fed a diet of 0, 0.075, or 0.15% 1-methylnaphthalene
(>97% purity) for 81 weeks. Doses consumed were estimated to be 0, 71.6, and 140.2 mg/kg/day in
males and 0, 75.1 and 143.7 mg/kg/day in females. Mortality and clinical observations were performed
daily. Body weights were measured weekly for 16 weeks and biweekly, thereafter. Food consumption
was monitored at unknown intervals. After the treatment period, animals were sacrificed, and blood was
collected for hematology and serum chemistry. Animals underwent gross necropsy and selected organs
were weighed (brain, salivary glands, heart, thymus, lungs, liver, pancreas, spleen, kidneys, and testes)
and evaluated histologically (brain, salivary glands, heart, thymus, lungs, liver, pancreas, spleen, kidneys,
testes, adrenals, trachea, stomach, small intestine, large intestine, seminal vesicles, ovaries, uterus, vagina,
mammary glands, skeletal muscle, eyes, Harderian glands, spinal cord, bone (sternal, rib, vertebral), skin,
and gross lesions).

There were no treatment-related mortalities. No effects were observed on clinical signs, body weights,
body weight gain, or food consumption. Increased monocytes were noted in treated groups of both sexes;
no other treatment-related changes in hematology were observed. No treatment-related changes were
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noted in serum chemistry or organ weights. Increased incidences of lung lesions characterized as
pulmonary alveolar proteinosis were observed at both doses and in both sexes. This lesion was
characterized by an accumulation of phospholipids in the alveolar lumens that appeared grossly as white
protuberant nodules approximately 1-5 mm in diameter. The incidences of pulmonary alveolar
proteinosis in controls, low-dose, and high-dose groups were 4/49, 23/50, and 19/50 in males and 5/50,
23/50, and 17/49 in females, respectively (see Table A-11). In addition to the nonneoplastic lesions,
increased incidences of lung tumors were observed in males (but not females) at both doses. No other
treatment-related increased incidences of tumors were observed.

Table A-11. Incidences? of Pulmonary Alveolar Proteinosis in Mice Exposed to
1-Methylnaphthalene in the Diet for 81 Weeks

Dose in mg/kg/day

0 71.6 140.2
Males 4/49 (8.2%) 23/50 (46%) 19/50 (38%)
Females 5/50 (10%) 23/50 (46%) 17/39 (34.7%)

aNumber affected/number examined (percent).

Source: Murata et al. 1993

Selection of the Point of Departure for the MRL: The lowest exposure level (71.6 mg/kg/day) was a
LOAEL for increased incidence of pulmonary alveolar proteinosis in male and female mice. The
incidences of this lesion in male and female mice (see Table A-11) were subjected to BMD modeling to
determine a POD for the chronic-duration oral MRL. The data were fit to all available dichotomous
models in EPA’s BMDS (version 3.2.0.1) using BMRs of 10% and 5% extra risk. Adequate model fit
was judged by four criteria: goodness-of-fit statistics (p-value >0.1), visual inspection of the dose-
response curve, a 95% confidence limit on the BMD (BMDL) that is not 10 times lower than the lowest
non-zero dose, and scaled residual within £2 units at the data point (except the control) closest to the
predefined BMR. None of the models provided adequate fit for either the male or female data.
Therefore, the LOAEL of 71.6 mg/kg/day was selected as the POD for the derivation of the chronic-
duration oral MRL.

Calculations: Not applicable
Uncertainty Factor: The LOAEL of 71.6 mg/kg/day was divided by a total uncertainty factor of 1,000:
e 10 for use of a LOAEL

e 10 for extrapolation from animals to humans
e 10 for human variability

This results in the following MRL:

LOAEL 716

MRL = —pF 1,000

00729 /4

Other Additional Studies or Pertinent Information that Lend Support to this MRL: Increased
incidences of pulmonary alveolar proteinosis have also been reported in B6C3F1 mice exposed to the
related compound 2-methylnaphthalene in the diet for 81 weeks (Murata et al. 1997), and in mice
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dermally exposed to a mixture of 1- and 2-methylnaphthalene for 30-61 weeks (Emi and Konishi 1985;
Murata et al. 1992).

Agency Contacts (Chemical Managers): Gaston Casillas, Ph.D.
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MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical Name: 2-Methylnaphthalene
CAS Numbers: 91-57-6

Date: March 2025

Profile Status: Final

Route: Inhalation

Duration: Acute

MRL Summary: Data are insufficient for derivation of an acute-duration inhalation MRL for
2-methylnaphthalene.

Rationale for Not Deriving an MRL: The only study that evaluated acute-duration toxicity for
2-methylnaphthalene was Korsak et al. (1998). In this study, male mice and rats were exposed to
2-methylnaphthalene for 4 hours for evaluation of neurological endpoints (pain sensitivity using hot plate
test and rotarod performance). The limited endpoints evaluated in this study do not provide enough
information on the toxicity of 2-methylnaphthalene after acute-duration inhalation exposure. Thus, an
acute-duration inhalation MRL was not derived.

Agency Contacts (Chemical Managers): Gaston Casillas, Ph.D.
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MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical Name: 2-Methylnaphthalene

CAS Numbers: 91-57-6

Date: March 2025

Profile Status: Final

Route: Inhalation

Duration: Intermediate

MRL: 3x10* ppm (0.002 mg/m?)
Critical Effect: Bronchial goblet cell metaplasia
Reference: Swiercz et al. (2011)

Point of Departure: LOAELHgc of 0.081 ppm
Uncertainty Factor: 300

LSE Graph Key: 5

Species: Rat

MRL Summary: An intermediate-duration inhalation MRL of 3x10* ppm was derived for
2-methylnaphthalene based on the LOAEL#gc of 0.081 ppm for increased incidences of respiratory
bronchial goblet cell metaplasia in male and female rats exposed to 2-methylnaphthalene 6 hours/day,
5 days/week, for 4 weeks (Swiercz et al. 2011). The LOAELuzc of 0.081 ppm was divided by a total
uncertainty factor of 300 (10 for use of a LOAEL, 3 for extrapolation from animals to humans after
dosimetric adjustment, and 10 for human variability).

Selection of the Critical Effect: There was only one intermediate-duration inhalation study of
2-methylnaphthalene (Swiercz et al. 2011) but this study evaluated a comprehensive list of endpoints.
Groups of Wistar rats were exposed to 2-methylnaphthalene for 6 hours/day, 5 days/week, for 4 weeks.
The most sensitive effect was metaplasia of goblet cells in the primary and lobar bronchi. A LOAEL of
0.34 ppm was identified at the lowest exposure level and no NOAEL was identified.

Selection of the Principal Study: One study was available for intermediate-duration inhalation exposure
to 2-methylnaphthalene (Swiercz et al. 2011). This study evaluated a comprehensive list of endpoints and
identified a LOAEL for respiratory effects (no NOAEL was identified). Therefore, Swiercz et al. (2011)
was selected as the study for derivation of the intermediate-duration inhalation MRL.

Summary of the Principal Study:

Swiercz R, Wasowicz W, Stetkiewicz J, et al. 2011. 4-Week inhalation toxicity of 2-methylnaphthalene
in experimental animals. Int J Occup Med and Environ Health 24(4):399-408.

Groups of Wistar rats (5/sex/group) were exposed whole body in dynamic chambers to
2-methylnaphthalene (97% purity) vapor at measured concentrations of 0, 2.0, 11.0, or 51.0 mg/m?
(corresponding 0, 0.34, 1.89, and 8.77 ppm) for 6 hours/day, 5 days/week for 4 weeks. Body weights and
food consumption were measured weekly. Blood was collected for hematology (including clotting
parameters) and clinical chemistry after the end of exposure. Animals were sacrificed and selected organs
(lungs with larynx and trachea, liver, kidneys, heart, spleen, adrenals, testes, and ovaries) were collected,
weighed, and prepared for histology.

Body weights and food consumption were comparable to controls in all exposure groups. Hematology
findings in male rats suggested a trend toward increased reticulocyte counts, but no group was
significantly different from the control. Female rats had significantly increased reticulocyte counts at
1.89 and 8.77 ppm. There were no other treatment-related effects on hematology in exposed males or
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females. In male rats, serum ALP was increased in a concentration-related manner in all exposure groups
and serum GGT was increased at 8.77 ppm. In male rats, serum levels of albumin were decreased at

1.89 and 8.77 ppm. In female rats, serum levels of urea were increased at 8.77 ppm. Absolute and
relative liver weights were reduced in male rats at all exposure concentrations. In female rats, reduced
liver weights were observed at 8.77 ppm. In female rats, heart weights were reduced in a concentration-
related manner and kidney weights were decreased at 1.89 and 8.77 ppm.

Histopathology changes related to treatment were observed in the respiratory tract and liver. Incidences
of the effects are shown in Table A-12. Respiratory tract lesions included goblet cell metaplasia,
hyperplasia of the peribronchial lymphatic tissue, and proteinosis with mononuclear cell infiltration.
Increased incidences of goblet cells in the bronchi were observed in both sexes at all exposure levels. The
study authors implied that all animals had goblet cells in the bronchi at 8.77 ppm but did not report actual
incidences. Hyperplasia of the peribronchial lymphatic tissue was noted at all exposure levels in males
and at >1.89 ppm in females. Mononuclear cell infiltration and proteinosis were reported in both sexes at
>1.89 ppm. In the liver, bile duct hyperplasia was observed >1.89 ppm in both males and females (see
Table A-12).

Table A-12. Incidence of Histopathology Changes in Rats Exposed to
2-Methylnaphthalene via Inhalation for 4 Weeks

Exposure concentration (ppm)

Target tissue and lesion 0 0.34 1.89 8.77
Males
Bronchi-goblet cell metaplasia 0/5 2/5 4/5 Not reported
Bronchi-hyperplasia 0/5 1/5 1/5 2/5
of peribronchial lymphatic tissue
Bronchi-proteinosis 0/5 0/5 3/5 3/5
Liver-bile duct hyperplasia 0/5 0/5 2/5 5/5
Females
Bronchi-goblet cell metaplasia 0/5 3/5 3/5 Not reported
Bronchi-hyperplasia 0/5 0/5 4/5 3/5
of peribronchial lymphatic tissue
Bronchi-proteinosis 0/5 0/5 4/5 3/5
Liver-bile duct hyperplasia 0/5 0/5 3/5 5/5

Source: Swiercz et al. 2011

Selection of the Point of Departure for the MRL: As shown in Table A-12, the lowest exposure level
(0.34 ppm) was a LOAEL for increased incidences of goblet cell metaplasia in the primary and lobar
bronchi in male and female rats. Because the publication did not report the incidences of this effect at the
highest exposure level, BMD modeling was not possible for these data. Therefore, the LOAEL was
selected as the POD for derivation of the intermediate-duration inhalation MRL.

Adjustment for Intermittent Exposure: The animals in the study by Swiercz et al. (2011) were exposed
at a frequency of 6 hours/day, 5 days/week. Therefore, the LOAEL of 0.34 ppm was adjusted for
intermittent exposure as follows:

6 hours 5days

LOAEL,p; = LOAEL X = 0.061 ppm

24 hours 7 days
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Human Equivalent Concentration: The critical effect at the LOAEL (bronchus goblet cell metaplasia)
was in the tracheobronchial portion of the respiratory tract. Therefore, the LOAELApy was converted to a
LOAELugc using guidance from EPA (1994) on dosimetric adjustments for tracheobronchial effects. The
LOAELApy was converted to a LOAELnec using the RGDR for tracheobronchial effects (EPA 1994)
calculated as follows:

VE _SAet
(DOSETB)a _ (SAtb )a (e VE )a

(Doserg)n (SZED (e _Sl‘/Aet)h
t E

RGDRTB =

where:

[Vg]4= minute volume for rats = 0.141 L/min

SArg o= TB surface area for rats = 22.5 cm?

¢ SAUVe) = Fraction of chemical concentration penetrating the ET region and available for uptake
in the TB region in rats = 0.899

[Vg]p= minute volume for humans = 13.8 L/min

SA7g = TB surface area for humans = 3200 cm?

¢ SAUVe) = Fraction of chemical concentration penetrating the ET region and available for uptake
in the TB region in humans = 0.986

Applying this equation results in an RGDR of 1.33 for tracheobronchial effects in rats, and the HEC is
calculated as:

LOAELygc = LOAELyp; X RGDR =0.061 ppm X 1.33 = 0.081 ppm
Uncertainty Factor: The LOAELugc is divided by a total uncertainty factor of 300:

e 10 for human variability
e 10 for use of a LOAEL
e 3 for animal to human extrapolation after dosimetric adjustment

MRL = LOAELggc + uncertainty factors
=0.081 ppm + (3x10x10) = 0.0003 ppm (3x10** ppm)

Other Additional Studies or Pertinent Information that Lend Support to this MRL: The respiratory
tract is a clear target for 2-methylnaphthalene and the related compound, 1-methylnaphthalene, after oral
exposure. Chronic-duration studies of these compounds in mice exposed via the diet have resulted in
increased incidences of pulmonary alveolar proteinosis (Murata et al. 1993, 1997). Exposure to the
related compound, naphthalene, via inhalation is also associated with effects on the respiratory tract in
both mice and rats (Abdo et al. 2001; Carratt et al. 2016, 2019a; Cichocki et al. 2014; Dodd et al. 2010,
2012; NTP 1992a, 2000).

The odor threshold for 2-methylnaphthalene in air is in the range of 0.0581-0.2905 mg/m?® or 0.0099—
0.04939 ppm (see Section 4.2).

Agency Contacts (Chemical Managers): Gaston Casillas, Ph.D.
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MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical Name: 2-Methylnaphthalene
CAS Numbers: 91-57-6

Date: March 2025

Profile Status: Final

Route: Inhalation

Duration: Chronic

MRL Summary: Chronic-duration toxicity studies of inhaled 2-methylnaphthalene were not located,
precluding derivation of a chronic-duration inhalation MRL.

Rationale for Not Deriving an MRL: Chronic-duration toxicity studies of inhaled 2-methylnaphthalene
were not located.

Agency Contacts (Chemical Managers): Gaston Casillas, Ph.D.
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MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical Name: 2-Methylnaphthalene
CAS Numbers: 91-57-6

Date: March 2025

Profile Status: Final

Route: Oral

Duration: Acute

MRL Summary: Acute-duration oral toxicity studies of 2-methylnaphthalene were not located,
precluding derivation of an acute-duration oral MRL.

Rationale for Not Deriving an MRL: Acute-duration oral toxicity studies of 2-methylnaphthalene were
not located.

Agency Contacts (Chemical Managers): Gaston Casillas, Ph.D.



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE A-45

APPENDIX A

MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical Name: 2-Methylnaphthalene
CAS Numbers: 91-57-6

Date: March 2025

Profile Status: Final

Route: Oral

Duration: Intermediate

MRL Summary: Intermediate-duration oral toxicity studies of 2-methylnaphthalene were not adequate
for derivation of an intermediate-duration oral MRL.

Rationale for Not Deriving an MRL: In a range-finding study, groups of B6C3F1 mice (10/sex/group)
were fed diets containing 2-methylnaphthalene for 13 weeks delivering approximate average daily doses
of 0,31, 92, 276, 827, or 2,500 mg/kg/day (Murata et al. 1997). No histopathologic lesions were found in
tissues and organs of male or female mice exposed to 827 or 2,500 mg/kg/day; tissues from mice in lower
dose groups were not examined histologically. Decreased body weights, compared with control values,
were seen at the three highest dose levels in both males and females, and were attributed to food refusal
(Murata et al. 1997). The limited reporting of experimental details and results from this intermediate-
duration study precludes its use as the basis of an intermediate-duration oral MRL for
2-methylnaphthalene.

Agency Contacts (Chemical Managers): Gaston Casillas, Ph.D.
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MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical Name: 2-Methylnaphthalene
CAS Numbers: 91-57-6

Date: March 2025

Profile Status: Final

Route: Oral

Duration: Chronic

MRL: 0.06 mg/kg/day

Critical Effect: Pulmonary alveolar proteinosis
Reference: Murata et al. 1997

Point of Departure: BMDLys of 6.4 mg/kg/day
Uncertainty Factor: 100

LSE Graph Key: 3

Species: Mouse

MRL Summary: A chronic-duration oral MRL of 0.06 mg/kg/day was derived for 2-methylnaphthalene
based on increased incidences of pulmonary alveolar proteinosis in male mice fed 2-methylnaphthalene
via diet (Murata et al. 1997). BMD modeling of the incidences yielded a BMDLgs of 6.4 mg/kg/day;
application of an uncertainty factor of 100 (10 for human variability and 10 for interspecies extrapolation)
resulted in the MRL of 0.06 mg/kg/day.

Selection of the Critical Effect: Only one study evaluated the effects of chronic-duration oral exposure
to 2-methylnaphthalene. Murata et al. (1997) evaluated a comprehensive list of toxicological endpoints in
mice following dietary administration of 2-methylnaphthalene for 81 weeks. The only noncancer effect
identified was an increased incidence of pulmonary alveolar proteinosis in both male and female mice.
Thus, pulmonary alveolar proteinosis was selected as the critical effect.

Selection of the Principal Study: Murata et al. (1997) conducted the only chronic-duration oral study of
2-methylnaphthalene. This study evaluated comprehensive toxicological endpoints and was selected as
the principal study.

Summary of the Principal Study:

Murata Y, Denda A, Maruyama H, et al. 1997. Chronic toxicity and carcinogenicity studies of 2-methyl-
naphthalene in B6C3F1 mice. Fundam Appl Toxicol 36(1):90-93.

Groups of B6C3F1 mice (50/sex/group) were fed a diet of 0, 0.075, or 0.15% 2-methylnaphthalene (97%
purity) for 81 weeks. Doses consumed were estimated by the study authors to be 0, 54.3, and

113.8 mg/kg/day in males and 0, 50.3 and 107.6 mg/kg/day in females. Observations for mortality and
clinical signs were performed daily. Body weights were measured weekly for 16 weeks and biweekly
thereafter. Food consumption was monitored at regular intervals. After the treatment period, animals
were sacrificed, and blood was collected for hematology and serum chemistry. Animals underwent gross
necropsy and selected organs were weighed (brain, salivary glands, heart, thymus, lungs, liver, pancreas,
spleen, kidneys, and testes) and evaluated for histopathology (brain, salivary glands, heart, thymus, lungs,
liver, pancreas, spleen, kidneys, testes, adrenals, trachea, stomach, small intestine, large intestine, seminal
vesicles, ovaries, uterus, vagina, mammary glands, skeletal muscle, eyes, Harderian glands, spinal cord,
bone, skin, and gross lesions).

There were no treatment-related mortalities. No effects were observed on clinical signs, body weights,
body weight gain, or food consumption. Increased monocytes were noted in treated groups of both sexes.
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No other treatment-related changes in hematology, and no effects on serum chemistry or organ weights
were observed. Histopathology changes were seen only in the lungs of treated mice and were identified
as pulmonary alveolar proteinosis, characterized by an accumulation of phospholipids in the alveolar
lumens. The incidences of pulmonary alveolar proteinosis in controls, low-dose, and high-dose groups
were 4/49, 21/49, and 23/49 in males and 5/50, 27/49, and 22/48 in females, respectively.

The study authors noted the rarity of pulmonary alveolar proteinosis among historical controls (not found
in >5,000 controls) and considered the high incidence found in control animals to be related to potential
inhalation of volatilized methylnaphthalene from the diet through improper ventilation in the exposure
room.

Selection of the Point of Departure for the MRL: Pulmonary alveolar proteinosis was observed in both
sexes at both doses. The incidences of this lesion are summarized in Table A-13.

Table A-13. Incidences? of Pulmonary Alveolar Proteinosis in B6C3F1 Mice
Exposed to 2-Methylnaphthalene in the Diet for 81 Weeks

Dose (mg/kg/day)

0 54.3 (males); 50.3 (females) 113.8 (males); 107.6 (females)
Males 4/49 21/49° 23/49°
Females 5/50 27/49b 22/48Pp

3ncidence reported as number affected/number examined.
bStatistically significantly different from control at p<0.05 as reported by study authors.

Source: Murata et al. 1997

BMD modeling was conducted to identify a POD using pulmonary alveolar proteinosis incidence data
from male and female mice in the study by Murata et al. (1997). The data were fit to all available
dichotomous models in EPA’s BMDS (version 3.2.0.1) using a BMR of 5% extra risk. A BMR of 5%
extra risk was selected over the default value of 10% extra risk due to the potentially severe complications
that may result in humans with pulmonary alveolar proteinosis. These complications include
opportunistic pulmonary infections including tuberculosis as well as death from respiratory failure (Bush
and Pabary 2020). The use of a BMR of 5% is also supported by reports that children with pulmonary
alveolar proteinosis (albeit of unknown etiology) experience more severe symptoms of respiratory
dysfunction than adults (EPA 2003; Mazzone et al. 2001). For example, in newborns with congenital
pulmonary alveolar proteinosis, respiratory distress requiring intubation and mechanical ventilation
develops rapidly (Bush and Pabary 2020).

Adequate model fit was judged by four criteria: goodness-of-fit statistics (p-value >0.1), visual
inspection of the dose-response curve, a 95% confidence limit on the BMD (BMDL) that is not 10 times
lower than the lowest non-zero dose, and scaled residual within +2 units at the data point (except the
control) closest to the predefined BMR. Among the models providing adequate fit to the data, the lowest
BMDL was selected as the POD when the difference between the BMDLs estimated from these models
was >3-fold; otherwise, the BMDL from the model with the lowest AIC was chosen.

None of the models provided adequate fit to the data in female mice. For male mice, the BMD software
recommended the frequentist multi-stage degree 1 model for pulmonary alveolar proteinosis, and after
verifying the model fit by the four criteria listed above, this model was selected as the basis for estimating
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this MRL. The BMDO05/BMDLO5 values considered for MRL derivation are presented in Table A-14 and
the fit of the selected model is presented in Figure A-5.

Table A-14. Model Predictions for Increased Incidence of Pulmonary Alveolar
Proteinosis in Male Mice Exposed to 2-Methylnaphthalene in the Diet for
81 Weeks (Murata et al. 1997)

Scaled residuals®

Dose Dose
BMDgs? BMDLos? below above

Model (mg/kg/day) (mg/kg/day) p-Value® AIC BMD BMD
Dichotomous Hill NA 168.38 -5.9x10- 0.00
Gammad 8.76 6.40 0.11 168.93 -0.30 1.29
Log-Logistic® 0.23 167.81 -0.13 0.90
Multistage Degree 2 8.76 6.40 0.11 168.93 -0.30 1.29
Multistage Degree 179  8.76 6.40 0.11 168.93 -0.30 1.29
Weibulld 8.76 6.40 0.11 168.93 -0.30 1.29
Logistic 0.01 172.84 -1.33 1.98
Log-Probit NA 168.38 8.95x107 1.69x10°6
Probit 0.01 172.40 -1.20 1.95

aBMD and BMDLs values for models that do not provide adequate fit or yield BMDLs more than 10-fold lower than
the lowest nonzero dose are not included in this table.

bValues <0.1 fail to meet conventional x? goodness-of-fit criteria.

¢Scaled residuals at doses immediately below and above the BMC.

dPower restricted to 1.

eSlope restricted to 1.

Betas restricted to 20.

9The Gamma, Log-Logistic, Multistage 1- and 2-degree, and Weibull models provided adequate fit to the data.
BMDLs were sufficiently close (differed by <3-fold). The log-logistic model had the lowest AIC; however, at a BMR of
5%, the BMDL for this model was 10 times lower than the lowest non-zero dose. The Gamma, Weibull, and
Multistage 2- and 1-degree models converged on the same model; the 1-degree Multistage model was selected as
the most parsimonious choice.

AIC = Akaike Information Criterion; BMD = benchmark dose (maximum likelihood estimate of the concentration
associated with the selected benchmark response); BMDL10 = 95% lower confidence limit on the BMD (subscripts
denote benchmark response: i.e., 05 = dose associated with 5% extra risk); BMR = benchmark response
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Figure A-5. Fit of the Multistage Degree 1 Model to Data for Increased Incidence
of Pulmonary Alveolar Proteinosis in Male Mice Exposed to
2-Methylnaphthalene in the Diet for 81 Weeks
(Murata et al. 1997)

Frequentist Multistage Degree 1 Model with BMR of 5% Extra
Risk for the BMD and 0.95 Lower Confidence Limit for the BMDL
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Adjustment for Intermittent Exposure: Not applicable

Uncertainty Factor: The BMDL of 6.4 mg/kg/day was divided by an uncertainty factor of 100 (10 for
human variability, 10 for extrapolation from animals to humans), resulting in an MRL of 0.06 mg/kg/day.

e 10 for extrapolation from animals to humans
e 10 for human variability

MRL = BMDLgs + UF
= 6.4 mg/kg/day + (100) = 0.06 mg/kg/day

Other Additional Studies or Pertinent Information that Lend Support to this MRL: Increased
incidences of pulmonary alveolar proteinosis has also been reported in B6C3F1 mice exposed to
I-methylnaphthalene in the diet for 81 weeks (Murata et al. 1993), and in mice dermally exposed to
mixed methylnaphthalenes (a mixture of 1- and 2-methylnaphthalene) for 30-61 weeks (Emi and Konishi
1985; Murata et al. 1992). In a range-finding study, groups of B6C3F1 mice (10/sex/group) were fed
diets containing 2-methyl naphthalene for 13 weeks delivering approximate average daily doses of 0, 31,
92,276, 827, or 2,500 mg/kg/day (Murata et al. 1997). No histopathologic lesions were found in tissues
and organs of male or female mice exposed to 827 or 2,500 mg/kg/day; tissues from mice in lower dose
groups were not examined histologically (Murata et al. 1997). The absence of pulmonary alveolar
proteinosis in the subchronically exposed mice, which were exposed to much higher doses than those
experienced by mice with this lesion in the chronic-duration study, suggests that the development of
pulmonary alveolar proteinosis from oral exposure to 2-methyl naphthalene requires chronic-duration
exposure.

Agency Contacts (Chemical Managers): Gaston Casillas, Ph.D.
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APPENDIX B. LITERATURE SEARCH FRAMEWORK FOR NAPHTHALENE,
1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE

The objective of the toxicological profile is to evaluate the potential for human exposure and the potential
health hazards associated with inhalation, oral, or dermal/ocular exposure to naphthalene, 1-methyl-
naphthalene, and 2-methylnaphthalene.

B.1 LITERATURE SEARCH AND SCREEN

A literature search and screen were conducted to identify studies examining health effects, toxicokinetics,
mechanisms of action, susceptible populations, biomarkers, chemical interactions, physical and chemical
properties, production, use, environmental fate, environmental releases, and environmental and biological
monitoring data for naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene. ATSDR primarily
focused on peer-reviewed articles without language restrictions. Foreign language studies are reviewed
based on available English-language abstracts and/or tables (or summaries in regulatory assessments,
such as International Agency for Research on Cancer [[ARC] documents). If the study appears critical
for hazard identification or MRL derivation, translation into English is requested. Non-peer-reviewed
studies that were considered relevant to the assessment of the health effects of naphthalene,
I-methylnaphthalene, and 2-methylnaphthalene have undergone peer review by at least three ATSDR-
selected experts who have been screened for conflict of interest. The inclusion criteria used to identify
relevant studies examining the health effects of naphthalene, 1-methylnaphthalene, and 2-methyl-
naphthalene are presented in Table B-1.

Table B-1. Inclusion Criteria for the Literature Search and Screen?

Health Effects
Species
Human
Laboratory mammals
Route of exposure
Inhalation
Oral
Dermal (or ocular)
Parenteral (these studies will be considered supporting data)
Health outcome
Death
Systemic effects
Body weight effects
Respiratory effects
Cardiovascular effects
Gastrointestinal effects
Hematological effects
Musculoskeletal effects
Hepatic effects
Renal effects
Dermal effects
Ocular effects
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Table B-1. Inclusion Criteria for the Literature Search and Screen?

Endocrine effects
Immunological effects
Neurological effects
Reproductive effects
Developmental effects
Other noncancer effects
Cancer
Toxicokinetics
Absorption
Distribution
Metabolism
Excretion
PBPK models
Biomarkers
Biomarkers of exposure
Biomarkers of effect
Interactions with other chemicals
Potential for human exposure
Releases to the environment
Air
Water
Sail
Environmental fate
Transport and partitioning
Transformation and degradation
Environmental monitoring
Air
Water
Sediment and soil
Other media
Biomonitoring
General populations
Occupation populations

aPhysical-chemical properties are not generally obtained from literature searches, but rather from curated
governmental databases such as PubChem.
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B.1.1 Literature Search

The literature search was conducted to update the Toxicological Profile for Naphthalene, 1-
Methylnaphthalene, and 2-Methylnaphthalene released in 2005. All literature cited in the previous (2005)
toxicological profile were considered for inclusion in the updated profile. The initial literature search,
which was performed in April 2022, was restricted to studies added to databases since January 2003. An
updated literature search was performed after the Toxicological Profile for Naphthalene, 1-
Methylnaphthalene, and 2-Methylnaphthalene Draft for Public Comment was released in May 2024 to
identify any additional studies added to databases between January 2022 and June 2024.

The following main databases were searched in April 2022 and May 2024:

e PubMed
e National Technical Reports Library (NTRL)
e Scientific and Technical Information Network’s TOXCENTER

The search strategy used the chemical names, Chemical Abstracts Service (CAS) numbers,
synonyms, Medical Subject Headings (MeSH) headings, and keywords for naphthalene, 1-methyl-
naphthalene, and 2-methylnaphthalene. The query strings used for the literature search are presented
in Table B-2.

The search was augmented by searching the Toxic Substances Control Act Test Submissions (TSCATS),
NTP website, and National Institute of Health Research Portfolio Online Reporting Tools Expenditures
and Results (NIH RePORTER) databases using the queries presented in Table B-3. Additional databases
were searched in the creation of various tables and figures, such as the TRI Explorer, the Substance
Priority List (SPL) resource page, and other items as needed. Regulations applicable to naphthalene,
1-methylnaphthalene, and 2-methylnaphthalene were identified by searching international and U.S.
agency websites and documents.

Review articles were identified and used for the purpose of providing background information and
identifying additional references. ATSDR also identified reports from the grey literature, which included
unpublished research reports, technical reports from government agencies, conference proceedings and
abstracts, and theses and dissertations.

Table B-2. Database Query Strings

Database

search date Query string

PubMed

06/2024 (((91-20-3[rn] OR 90-12-0[rn] OR 91-57-6[rn] OR 1321-94-4[rn]) AND
(2022/04/01:3000[mhda] OR 2022:3000[dp])) OR ((("Albocarbon"[tw] OR "Camphor
tar"[tw] OR "Dezodorator"[tw] OR "Mighty 150"[tw] OR "Mighty RD1"[tw] OR "Moth
balls"[tw] OR "Moth flakes"[tw] OR "Mothballs"[tw] OR "Naphtalene"[tw] OR
"Naphtalinum"[tw] OR "Naphthalene"[tw] OR "Naphthalin"[tw] OR "Naphthaline"[tw] OR
"Naphthalinum"[tw] OR "Naphthene"[tw] OR "Napthalene"[tw] OR "Tar camphor"[tw] OR
"White tar"[tw] OR "1-METHYL-NAPHTHALENE"[tw] OR "1-Methylnaphtalene"[tw] OR "1-
Methylnaphthalene"[tw] OR "1-Methylnaphthalin"[tw] OR "alpha-Methylnaphthalene"[tw]
OR "Mechinafu H"[tw] OR "METHYL NAPHTHALENE"[tw] OR "Methylnaphthalene"[tw] OR
"Methylnaphthalene, 1-"[tw] OR "Methynaph H"[tw] OR "Naphthalene, 1-methyl-"[tw] OR
"Naphthalene, alpha-methyl-"[tw] OR "a-Methylnaphthalene"[tw] OR "2-
Methylnaphtalene"[tw] OR "2-Methylnaphthalene"[tw] OR "2-Methylnaphthalin"[tw] OR "2-
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Table B-2. Database Query Strings

Database

search date Query string

Methylnapthalene"[tw] OR "beta-Methylnaphthalene"[tw] OR "Methylnaphthalene, 2-"[tw]
OR "Naphthalene, 2-methyl-"[tw] OR "Naphthalene, beta-methyl-"[tw] OR "B-
Methylnaphthalene"[tw] OR "C1-Naphthalenes"[tw] OR "Dycar MN"[tw] OR "Methylated
naphthalenes"[tw] OR "Methylnaphtalene"[tw] OR "Methylnaphthalenes"[tw] OR
"Methylnaphthalin"[tw] OR "Methylnapthalene"[tw] OR "Monomethylnaphthalene"[tw] OR
"Naphthalene, methyl-"[tw] OR "PETROL CARBON HYDROXIDE"[tw] OR "Sure-Sol
187"[tw] OR "Tetrosin MNLF"[tw]) AND (2022/04/01:3000[mhda] OR 2022:3000[dp])) AND
(("Naphthalenes/toxicity"[mh] OR "Naphthalenes/adverse effects"[mh] OR
"Naphthalenes/poisoning"[mh] OR "Naphthalenes/pharmacokinetics"[mh] OR
("Naphthalenes"[mh] AND ("environmental exposure"[mh] OR "chemically induced"[sh]))
OR ("Naphthalenes"[mh] AND toxicokinetics[mh:noexp])) OR ("Naphthalenes"[mh] AND
(indexingmethod_automated OR indexingmethod_curated) AND ("RNA"[mh] OR
"DNA"[mh] OR "DNA Replication"[mh] OR "Salmonella typhimurium"[mh] OR
((antagonist*[tw] OR inhibitor*[tw]) AND ("humans"[mh] OR "animals"[mh])) OR "blood"[tw]
OR "serum"[tw] OR ("plasma"[tw] NOT spectromet*[tw]) OR pharmacokinetic*[tw] OR
toxicokinetic*[tw] OR "pbpk"[tw] OR "poisoned"[tw] OR "poisoning"[tw] OR "urine"[tw] OR
"urinary"[tw] OR "toxicity"[sh] OR "occupational diseases"[mh] OR "hazardous
substances"[mh] OR "epidemiology"[sh] OR "epidemiologic studies"[mh])) OR
("Naphthalenes/blood"[mh] OR "Naphthalenes/cerebrospinal fluid"[mh] OR
"Naphthalenes/urine"[mh]) OR ("Naphthalenes"[mh] AND ("endocrine system"[mh] OR
"hormones, hormone substitutes, and hormone antagonists"[mh] OR "endocrine
disruptors”[mh])) OR ("Naphthalenes"[mh] AND ("computational biology"[mh] OR "medical
informatics"[mh] OR genomics[mh] OR genome[mh] OR proteomics[mh] OR proteome[mh]
OR metabolomics[mh] OR metabolome[mh] OR genes[mh] OR "gene expression"[mh] OR
phenotype[mh] OR genetics[mh] OR genotype[mh] OR transcriptome[mh] OR ("systems
biology"[mh] AND ("environmental exposure"[mh] OR "epidemiological monitoring"[mh] OR
analysis[sh])) OR "transcription, genetic "[mh] OR "reverse transcription"[mh] OR
"transcriptional activation"[mh] OR "transcription factors"[mh] OR ("biosynthesis"[sh] AND
(RNA[mh] OR DNA[mh])) OR "RNA, messenger"[mh] OR "RNA, transfer"[mh] OR "peptide
biosynthesis"[mh] OR "protein biosynthesis"[mh] OR "reverse transcriptase polymerase
chain reaction"[mh] OR "base sequence"[mh] OR "trans-activators"[mh] OR "gene
expression profiling"[mh])) OR ("Naphthalenes/antagonists and inhibitors"[mh]) OR
("Naphthalenes/metabolism"[mh] AND ("humans"[mh] OR "animals"[mh])) OR
("Naphthalenes/pharmacology”[maijr]) OR ("Naphthalenes"[mh] AND (("Neoplasms"[mh]
OR "Carcinogens"[mh] OR "Lymphoproliferative disorders"[mh] OR "Myeloproliferative
disorders"[mh] OR "Toxicity Tests"[mh] OR ((cancer*[tiab] OR carcinogen*[tiab]) AND
(risk*[tiab] OR health[tiab]) AND assessment*[tiab]) OR "Mutagens"[mh] OR "Mutagenicity
Tests"[mh] OR "Chromosome Aberrations"[mh] OR "DNA Damage"[mh] OR "DNA
Repair"[mh] OR "DNA Replication/drug effects"[mh] OR "DNA/drug effects"[mh] OR
"DNA/metabolism"[mh] OR "Genomic Instability"[mh] OR "Salmonella typhimurium/drug
effects"[mh] OR "Salmonella typhimurium/genetics"[mh] OR "Sister Chromatid
Exchange"[mh] OR strand-break*[tiab]))) OR ("Polycyclic Aromatic
Hydrocarbons/toxicity"[mh] OR "Polycyclic Aromatic Hydrocarbons/adverse effects"[mh]
OR "Polycyclic Aromatic Hydrocarbons/poisoning”[mh] OR "Polycyclic Aromatic
Hydrocarbons/pharmacokinetics"[mh] OR ("Polycyclic Aromatic Hydrocarbons"[mh] AND
("environmental exposure"[mh] OR "chemically induced"[sh])) OR ("Polycyclic Aromatic
Hydrocarbons"[mh] AND toxicokinetics[mh:noexp])) OR ("Polycyclic Aromatic
Hydrocarbons"[mh] AND (indexingmethod_automated OR indexingmethod_curated) AND
("RNA"[mh] OR "DNA"[mh] OR "DNA Replication"[mh] OR "Salmonella typhimurium"[mh]
OR ((antagonist*[tw] OR inhibitor*[tw]) AND ("humans"[mh] OR "animals"[mh])) OR
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"blood"[tw] OR "serum"[tw] OR ("plasma"[tw] NOT spectromet*[tw]) OR
pharmacokinetic*[tw] OR toxicokinetic*[tw] OR "pbpk"[tw] OR "poisoned"[tw] OR
"poisoning"[tw] OR "urine"[tw] OR "urinary"[tw] OR "toxicity"[sh] OR "occupational
diseases"[mh] OR "hazardous substances"[mh] OR "epidemiology"[sh] OR "epidemiologic
studies"[mh])) OR ("Polycyclic Aromatic Hydrocarbons/blood"[mh] OR "Polycyclic Aromatic
Hydrocarbons/cerebrospinal fluid"[mh] OR "Polycyclic Aromatic Hydrocarbons/urine"[mh])
OR ("Polycyclic Aromatic Hydrocarbons"[mh] AND ("endocrine system"[mh] OR
"hormones, hormone substitutes, and hormone antagonists"[mh] OR "endocrine
disruptors”[mh])) OR ("Polycyclic Aromatic Hydrocarbons"[mh] AND ("computational
biology"[mh] OR "medical informatics"[mh] OR genomics[mh] OR genome[mh] OR
proteomics[mh] OR proteome[mh] OR metabolomics[mh] OR metabolome[mh] OR
genes[mh] OR "gene expression"[mh] OR phenotype[mh] OR geneticsmh] OR
genotype[mh] OR transcriptome[mh] OR ("systems biology"[mh] AND ("environmental
exposure”"[mh] OR "epidemiological monitoring"[mh] OR analysis[sh])) OR "transcription,
genetic "[mh] OR "reverse transcription"[mh] OR "transcriptional activation"[mh] OR
"transcription factors"[mh] OR ("biosynthesis"[sh] AND (RNA[mh] OR DNA[mh])) OR "RNA,
messenger'[mh] OR "RNA, transfer"[mh] OR "peptide biosynthesis"[mh] OR "protein
biosynthesis"[mh] OR "reverse transcriptase polymerase chain reaction"[mh] OR "base
sequence"[mh] OR "trans-activators"[mh] OR "gene expression profiling"[mh])) OR
("Polycyclic Aromatic Hydrocarbons/antagonists and inhibitors"[mh]) OR ("Polycyclic
Aromatic Hydrocarbons/metabolism"[mh] AND ("humans"[mh] OR "animals"[mh])) OR
("Polycyclic Aromatic Hydrocarbons/pharmacology”[maijr]) OR ("Polycyclic Aromatic
Hydrocarbons"[mh] AND (("Neoplasms"[mh] OR "Carcinogens"[mh] OR
"Lymphoproliferative disorders"[mh] OR "Myeloproliferative disorders"[mh] OR "Toxicity
Tests"[mh] OR ((cancer*[tiab] OR carcinogen*[tiab]) AND (risk*[tiab] OR health[tiab]) AND
assessment*[tiab]) OR "Mutagens"[mh] OR "Mutagenicity Tests"[mh] OR "Chromosome
Aberrations"[mh] OR "DNA Damage"[mh] OR "DNA Repair"[mh] OR "DNA
Replication/drug effects"[mh] OR "DNA/drug effects"[mh] OR "DNA/metabolism"[mh] OR
"Genomic Instability"[mh] OR "Salmonella typhimurium/drug effects"[mh] OR "Salmonella
typhimurium/genetics"[mh] OR "Sister Chromatid Exchange"[mh] OR strand-
break*[tiab]))))) OR (((("Albocarbon"[tw] OR "Camphor tar"[tw] OR "Dezodorator"[tw] OR
"Mighty 150"[tw] OR "Mighty RD1"[tw] OR "Moth balls"[tw] OR "Moth flakes"[tw] OR
"Mothballs"[tw] OR "Naphtalene"[tw] OR "Naphtalinum"[tw] OR "Naphthalene"[tw] OR
"Naphthalin"[tw] OR "Naphthaline"[tw] OR "Naphthalinum”[tw] OR "Naphthene"[tw] OR
"Napthalene"[tw] OR "Tar camphor"[tw] OR "White tar"[tw] OR "1-METHYL-
NAPHTHALENE"[tw] OR "1-Methylnaphtalene"[tw] OR "1-Methylnaphthalene"[tw] OR "1-
Methylnaphthalin"[tw] OR "alpha-Methylnaphthalene"[tw] OR "Mechinafu H"[tw] OR
"METHYL NAPHTHALENE"[tw] OR "Methylnaphthalene"[tw] OR "Methylnaphthalene, 1-
"[tw] OR "Methynaph H"[tw] OR "Naphthalene, 1-methyl-"[tw] OR "Naphthalene, alpha-
methyl-"[tw] OR "a-Methylnaphthalene"[tw] OR "2-Methylnaphtalene"[tw] OR "2-
Methylnaphthalene"[tw] OR "2-Methylnaphthalin"[tw] OR "2-Methylnapthalene"[tw] OR
"beta-Methylnaphthalene"[tw] OR "Methylnaphthalene, 2-"[tw] OR "Naphthalene, 2-methyl-
"[tw] OR "Naphthalene, beta-methyl-"[tw] OR "B-Methylnaphthalene"[tw] OR "C1-
Naphthalenes"[tw] OR "Dycar MN"[tw] OR "Methylated naphthalenes"[tw] OR
"Methylnaphtalene"[tw] OR "Methylnaphthalenes"[tw] OR "Methylnaphthalin"[tw] OR
"Methylnapthalene"[tw] OR "Monomethylnaphthalene"[tw] OR "Naphthalene, methyl-"[tw]
OR "PETROL CARBON HYDROXIDE"[tw] OR "Sure-Sol 187"[tw] OR "Tetrosin MNLF"[tw])
NOT medline[sb]) AND (2022/04/01:3000[edat] OR 2022/04/01:3000[crdt] OR
2022:3000[dp])) AND (toxicity[ti] OR death OR lethal OR fatal OR fatality OR necrosis OR
LC50* OR "LC 50" OR LD50* OR "LD 50" OR "body weight" OR "body mass index" OR
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"weight loss" OR "weight gain" OR weight-change* OR overweight OR obesity OR inhala*
OR "inhale" OR "inhaled" OR "inhalent" OR "inhales" OR "inhaling" OR respiratory OR
"pulmonary" OR airway OR trachea OR tracheobronchial OR lung OR lungs OR nose OR
nasal OR nasopharyngeal OR larynx OR laryngeal OR pharynx OR bronchial OR bronchi
OR bronchioles OR bronchitis OR hemothorax OR alveolar OR alveoli OR irritation OR
irritant OR sensitization OR sensitizer OR "asthma" OR cilia OR mucocilliary OR cardio
OR vascular OR cardiovascular OR "circulatory system" OR "circulatory function" OR
"circulatory effect" OR "circulatory effects" OR "circulatory toxicity" OR "cardiac" OR
"coronary" OR "heart rate" OR "heart failure" OR "heart attack"” OR "heart muscle" OR
"heartbeat" OR "myocardial-infarction" OR "chest pain" OR artery OR arteries OR veins
OR venules OR cardiotox* OR "gastro-intestinal" OR gastrointestinal OR "digestive
system" OR "digestive organs" OR "digestive function" OR "digestive effect" OR "digestive
effects” OR "intestinal" OR intestine* OR "gi tract" OR "gi disorder" OR abdominal OR
esophagus OR esophageal OR stomach OR pancreas OR pancreatic OR diarrhea OR
nausea OR vomit OR ulcer* OR constipation OR emesis OR "gut microbes" OR "gut flora"
OR "gut microflora" OR anorexia OR hematological OR hematology OR hemato OR
haemato OR blood OR anemia OR anaemia OR cyanosis OR "cyanotic" OR
erythrocytopenia OR leukopenia OR thrombocytopenia OR hemoglobin OR erythrocyte
OR hematocrit OR "bone marrow" OR reticulocyte OR methemoglobin OR red-blood-cell
OR musculoskeletal OR skeletal OR muscle OR muscular OR arthritis OR "altered bone"
OR "joint pain" OR "limb pain" OR hepatic OR "liver" OR hepatocytes OR gallbladder OR
cirrhosis OR jaundice OR "hepatocellular degeneration" OR "hepatocellular hypertrophy"
OR hepatomegaly OR hepatotox* OR renal OR "kidney" OR "kidneys" OR "urinary" OR
"bladder" OR "urine" OR "blood urea nitrogen" OR bun OR nephropath* OR nephrotox*
OR dermal OR "cutaneous application" OR "skin contact" OR "skin rash" OR "skin
irritation" OR "skin redness" OR "skin effect" OR "skin effects" OR "skin exposure" OR
"skin contact" OR acanthosis OR dermatitis OR psoriasis OR edema OR acne OR eczema
OR ocular OR "retinal" OR "eye function" OR "eye effects" OR "eye effect" OR "eye
irritation” OR "blurred vision" OR blindness OR myopia OR cataracts OR "auditory system"
OR "hearing loss" OR ototoxic* OR endocrine OR "hormone changes" OR "hormone
excess" OR "hormone deficiency" OR "hormone secretion” OR "hormone toxicity" OR
"hormone levels" OR "sella turcica" OR thyroid OR thyroxine OR adrenal OR pituitary OR
immunological OR immunologic OR immune OR immunotox* OR lymphoreticular OR
lymph-node OR spleen OR thymus OR macrophage OR leukocyte* OR lymphocyt* OR
white-blood-cell OR immunotox* OR neurological OR neurologic OR neurotoxic OR
neurotoxicity OR "neuropathy" OR neurodegenerat* OR "neurodevelopment" OR "nervous
system" OR "nerve" OR brain OR "cerebrovascular" OR neurotoxicant OR neurochemistry
OR neurophysiology OR neuropathology OR "motor activity" OR motor change* OR tremor
OR behavior-change* OR behavioral-change* OR sensory-change* OR cognitive OR
"cognition" OR vertigo OR drowsiness OR headache OR ataxia OR reproductive OR
"reproduction system" OR "reproduction function" OR "reproduction effect" OR
"reproduction toxicity" OR "infertility" OR "maternal toxicity" OR developmental OR "in
utero" OR placenta OR pregnan* OR terata® OR terato* OR embryo* OR fetus* OR foetus™
OR fetal* OR foetal* OR prenatal* OR "pre-natal" OR perinatal* OR "post-natal" OR
postnatal* OR neonat* OR newborn* OR zygote* OR child OR children OR infant* OR
offspring OR weanling* OR elderly OR oocyte OR ovary OR ovarian OR uterus OR uterine
OR testes OR testicular OR sperm OR estrogen* OR androgen* OR "human milk" OR
"breast milk" OR "altered food consumption” OR "altered water consumption” OR
"metabolic effect” OR "metabolic toxicity" OR fever OR cytotox* OR cancer OR cancerous
OR neoplas* OR tumor OR tumors OR tumour* OR malignan* OR carcinoma OR
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04/2022

carcinogen OR carcinogen* OR angiosarcoma OR blastoma OR fibrosarcoma OR glioma
OR leukemia OR leukaemia OR lymphoma OR melanoma OR meningioma OR
mesothelioma OR myeloma OR neuroblastoma OR osteosarcoma OR sarcoma OR
mutation OR mutations OR genotoxicity OR genotoxic OR "micronuclei" OR
"micronucleus" OR "chromosomal aberrations" OR "chromosome aberrations" OR
mutagenicity OR mutagenic OR "mechanism of action"[tiab:~0] OR "mode of
action"[tiab:~0] OR "mechanism of toxicity"[tiab:~0] OR "adverse effect" OR "adverse
effects” OR "health effects" OR noncancer OR poisoning OR morbidity OR inflammation
OR "inflammatory response” OR histopathology OR antagonist OR inhibitor OR
metabolism OR "environmental exposure" OR toxicokinetics OR pharmacokinetics OR
"pbpk" OR "gene expression" OR "adverse outcome pathway" OR metabolom* OR
proteom* OR genomic* OR transcriptom* OR epigenom* OR epigene* OR "transcription
factor" OR "transcriptional activation" OR epidemiology OR epidemiological OR case-
control* OR case-referent OR case-report OR case-series OR cohort* OR correlation-stud*
OR cross-sectional-stud* OR ecological-studies OR ecological-study OR follow-up-stud*
OR longitudinal-stud* OR metaanalyses OR metaanalysis OR meta-analysis OR
prospective-stud* OR record-link* OR retrospective-stud* OR seroepidemiologic-stud* OR
"population health" OR occupation* OR worker* OR workmen* OR workplace* OR
"volunteers" OR "human health" OR "dietary" OR "oral intake" OR "oral exposure" OR "oral
administration" OR ingest* OR gavage* OR "drinking-water" OR biomarker* OR
biomonitor* OR "biological monitoring" OR "environmental fate" OR NHANES OR
"Nutrition Examination Survey" OR (cvd NOT "chemical vapor deposition") OR (human
AND (risk OR toxic* OR safety)) OR "in vitro" OR "cell line" OR "cell lines" OR "cultured"
OR "3T3" OR "A549" OR "BEAS-2B" OR "CACO-2" OR "CHO cells" OR "HELA" OR
"HepG2" OR "HepaRG" OR "Jurkat" OR "MCF-7" OR mammal* OR ape OR apes OR
baboon* OR balb OR beagle* OR boar OR boars OR bonobo* OR bovine OR C57 OR
C57bl OR callithrix OR canine OR canis OR capra OR capuchin* OR cats OR cattle OR
cavia OR chicken OR chickens OR chimpanzee* OR chinchilla* OR cow OR cows OR
cricetinae OR dog OR dogs OR equus OR feline OR felis OR ferret OR ferrets OR flying-
fox OR fruit-bat OR gerbil* OR gibbon* OR goat OR goats OR guinea-pig* OR guppy OR
hamster OR hamsters OR horse OR horses OR jird OR jirds OR lagomorph* OR
leontopithecus OR longevans OR macaque* OR marmoset* OR medaka OR merione OR
meriones OR mice OR monkey OR monkeys OR mouse OR muridae OR murinae OR
murine OR mustela-putorius OR nomascus OR non-human-primate* OR orangutan* OR
pan-paniscus OR pan-troglodytes OR pig OR piglet* OR pigs OR polecat* OR
pongopygmaeus OR quail OR rabbit OR rabbits OR rat OR rats OR rhesus OR rodent OR
rodentia OR rodents OR saguinus OR sheep OR sheeps OR siamang* OR sow OR sows
OR Sprague-Dawley OR swine OR swines OR symphalangus OR tamarin* OR vervet* OR
wistar OR wood-mouse OR zebra-fish OR zebrafish)))

((((91-20-3[rn] OR 90-12-0[rn] OR 91-57-6[rn]) OR ("1-METHYL-NAPHTHALENE"[tw] OR
"1-Methylnaphtalene"[tw] OR "1-Methylnaphthalene"[tw] OR "1-Methylnaphthalin"[tw] OR
"alpha-Methylnaphthalene"[tw] OR "Mechinafu H"[tw] OR "METHYL NAPHTHALENE"[tw]
OR "Methylnaphthalene"[tw] OR "Methylnaphthalene, 1-"[tw] OR "Methynaph H"[tw] OR
"Naphthalene, 1-methyl-"[tw] OR "Naphthalene, alpha-methyl-"[tw] OR "a-
Methylnaphthalene"[tw] OR "2-Methylnaphtalene"[tw] OR "2-Methylnaphthalene"[tw] OR
"2-Methylnaphthalin"[tw] OR "2-Methylnapthalene"[tw] OR "beta-Methylnaphthalene"[tw]
OR "Methylnaphthalene, 2-"[tw] OR "Naphthalene, 2-methyl-"[tw] OR "Naphthalene, beta-
methyl-"[tw] OR "B-Methylnaphthalene"[tw])) OR ((("Albocarbon"[tiab] OR "Camphor
tar"[tiab] OR "Dezodorator"[tiab] OR "Mighty 150"[tiab] OR "Mighty RD1"[tiab] OR "Moth
balls"[tiab] OR "Moth flakes"[tiab] OR "Mothballs"[tiab] OR "Naphtalene"[tiab] OR
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"Naphtalinum"[tiab] OR "Naphthalene"[tiab] OR "Naphthalin"[tiab] OR "Naphthaline"[tiab]
OR "Naphthalinum"[tiab] OR "Naphthene"[tiab] OR "Napthalene"[tiab] OR "Tar
camphor"[tiab] OR "White tar"[tiab])) AND ((("Naphthalenes/toxicity"[mh] OR
"Naphthalenes/adverse effects"[mh] OR "Naphthalenes/poisoning"[mh] OR
"Naphthalenes/pharmacokinetics"[mh]) OR ("Naphthalenes"[mh] AND ("environmental
exposure"[mh] OR ci[sh])) OR ("Naphthalenes"[mh] AND toxicokinetics[mh:noexp]) OR
("Naphthalenes/blood"[mh] OR "Naphthalenes/cerebrospinal fluid"[mh] OR
"Naphthalenes/urine"[mh]) OR ("Naphthalenes"[mh] AND ("endocrine system"[mh] OR
"hormones, hormone substitutes, and hormone antagonists"[mh] OR "endocrine
disruptors”[mh])) OR ("Naphthalenes"[mh] AND ("computational biology"[mh] OR "medical
informatics"[mh] OR genomics[mh] OR genome[mh] OR proteomics[mh] OR proteome[mh]
OR metabolomics[mh] OR metabolome[mh] OR genes[mh] OR "gene expression"[mh] OR
phenotype[mh] OR genetics[mh] OR genotype[mh] OR transcriptome[mh] OR ("systems
biology"[mh] AND ("environmental exposure"[mh] OR "epidemiological monitoring"[mh] OR
analysis[sh])) OR "transcription, genetic "[mh] OR "reverse transcription"[mh] OR
"transcriptional activation"[mh] OR "transcription factors"[mh] OR ("biosynthesis"[sh] AND
(RNA[mh] OR DNA[mh])) OR "RNA, messenger"[mh] OR "RNA, transfer"[mh] OR "peptide
biosynthesis"[mh] OR "protein biosynthesis"[mh] OR "reverse transcriptase polymerase
chain reaction"[mh] OR "base sequence"[mh] OR "trans-activators"[mh] OR "gene
expression profiling"[mh])) OR ("Naphthalenes/antagonists and inhibitors"[mh]) OR
("Naphthalenes/metabolism"[mh] AND ("humans"[mh] OR "animals"[mh])) OR
("Naphthalenes/pharmacology”[maijr])) OR (("Polycyclic Aromatic
Hydrocarbons/toxicity"[mh] OR "Polycyclic Aromatic Hydrocarbons/adverse effects"[mh]
OR "Polycyclic Aromatic Hydrocarbons/poisoning”"[mh] OR "Polycyclic Aromatic
Hydrocarbons/pharmacokinetics"[mh]) OR ("Polycyclic Aromatic Hydrocarbons"[mh] AND
("environmental exposure"[mh] OR ci[sh])) OR ("Polycyclic Aromatic Hydrocarbons"[mh]
AND toxicokinetics[mh:noexp]) OR ("Polycyclic Aromatic Hydrocarbons/blood"[mh] OR
"Polycyclic Aromatic Hydrocarbons/cerebrospinal fluid"[mh] OR "Polycyclic Aromatic
Hydrocarbons/urine"[mh]) OR ("Polycyclic Aromatic Hydrocarbons"[mh] AND ("endocrine
system"[mh] OR "hormones, hormone substitutes, and hormone antagonists"[mh] OR
"endocrine disruptors"[mh])) OR ("Polycyclic Aromatic Hydrocarbons"[mh] AND
("computational biology"[mh] OR "medical informatics"[mh] OR genomics[mh] OR
genome[mh] OR proteomics[mh] OR proteome[mh] OR metabolomics[mh] OR
metabolome[mh] OR genes[mh] OR "gene expression"[mh] OR phenotype[mh] OR
geneticsmh] OR genotype[mh] OR transcriptome[mh] OR ("systems biology"[mh] AND
("environmental exposure"[mh] OR "epidemiological monitoring"[mh] OR analysis[sh])) OR
"transcription, genetic "[mh] OR "reverse transcription"[mh] OR "transcriptional
activation"[mh] OR "transcription factors"[mh] OR ("biosynthesis"[sh] AND (RNA[mh] OR
DNA[mh])) OR "RNA, messenger"[mh] OR "RNA, transfer"[mh] OR "peptide
biosynthesis"[mh] OR "protein biosynthesis"[mh] OR "reverse transcriptase polymerase
chain reaction"[mh] OR "base sequence"[mh] OR "trans-activators"[mh] OR "gene
expression profiling"[mh])) OR ("Polycyclic Aromatic Hydrocarbons/antagonists and
inhibitors"[mh]) OR ("Polycyclic Aromatic Hydrocarbons/metabolism"[mh] AND
("humans"[mh] OR "animals"[mh])) OR ("Polycyclic Aromatic
Hydrocarbons/pharmacology"[maijr]))))) AND 2003:3000[dp])

((("Albocarbon"[tw] OR "Camphor tar"[tw] OR "Dezodorator"[tw] OR "Mighty 150"[tw] OR
"Mighty RD1"[tw] OR "Moth balls"[tw] OR "Moth flakes"[tw] OR "Mothballs"[tw] OR
"Naphtalene"[tw] OR "Naphtalinum"[tw] OR "Naphthalene"[tw] OR "Naphthalin"[tw] OR
"Naphthaline"[tw] OR "Naphthalinum”[tw] OR "Naphthene"[tw] OR "Napthalene"[tw] OR
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"Tar camphor"[tw] OR "White tar"[tw] OR "1-METHYL-NAPHTHALENE"[tw] OR "1-
Methylnaphtalene"[tw] OR "1-Methylnaphthalene"[tw] OR "1-Methylnaphthalin"[tw] OR
"alpha-Methylnaphthalene"[tw] OR "Mechinafu H"[tw] OR "METHYL NAPHTHALENE"[tw]
OR "Methylnaphthalene"[tw] OR "Methylnaphthalene, 1-"[tw] OR "Methynaph H"[tw] OR
"Naphthalene, 1-methyl-"[tw] OR "Naphthalene, alpha-methyl-"[tw] OR "a-
Methylnaphthalene"[tw] OR "2-Methylnaphtalene"[tw] OR "2-Methylnaphthalene"[tw] OR
"2-Methylnaphthalin"[tw] OR "2-Methylnapthalene"[tw] OR "beta-Methylnaphthalene"[tw]
OR "Methylnaphthalene, 2-"[tw] OR "Naphthalene, 2-methyl-"[tw] OR "Naphthalene, beta-
methyl-"[tw] OR "B-Methylnaphthalene"[tw]) NOT medline[sb]) AND 2003:3000[dp]) NOT
((((91-20-3[rn] OR 90-12-0[rn] OR 91-57-6[rn]) OR ("1-METHYL-NAPHTHALENE"[tw] OR
"1-Methylnaphtalene"[tw] OR "1-Methylnaphthalene"[tw] OR "1-Methylnaphthalin"[tw] OR
"alpha-Methylnaphthalene"[tw] OR "Mechinafu H"[tw] OR "METHYL NAPHTHALENE"[tw]
OR "Methylnaphthalene"[tw] OR "Methylnaphthalene, 1-"[tw] OR "Methynaph H"[tw] OR
"Naphthalene, 1-methyl-"[tw] OR "Naphthalene, alpha-methyl-"[tw] OR "a-
Methylnaphthalene"[tw] OR "2-Methylnaphtalene"[tw] OR "2-Methylnaphthalene"[tw] OR
"2-Methylnaphthalin"[tw] OR "2-Methylnapthalene"[tw] OR "beta-Methylnaphthalene"[tw]
OR "Methylnaphthalene, 2-"[tw] OR "Naphthalene, 2-methyl-"[tw] OR "Naphthalene, beta-
methyl-"[tw] OR "B-Methylnaphthalene"[tw])) OR ((("Albocarbon"[tiab] OR "Camphor
tar"[tiab] OR "Dezodorator"[tiab] OR "Mighty 150"[tiab] OR "Mighty RD1"[tiab] OR "Moth
balls"[tiab] OR "Moth flakes"[tiab] OR "Mothballs"[tiab] OR "Naphtalene"[tiab] OR
"Naphtalinum"[tiab] OR "Naphthalene"[tiab] OR "Naphthalin"[tiab] OR "Naphthaline"[tiab]
OR "Naphthalinum"[tiab] OR "Naphthene"[tiab] OR "Napthalene"[tiab] OR "Tar
camphor"[tiab] OR "White tar"[tiab])) AND ((("Naphthalenes/toxicity"[mh] OR
"Naphthalenes/adverse effects"[mh] OR "Naphthalenes/poisoning"[mh] OR
"Naphthalenes/pharmacokinetics"[mh]) OR ("Naphthalenes"[mh] AND ("environmental
exposure"[mh] OR ci[sh])) OR ("Naphthalenes"[mh] AND toxicokinetics[mh:noexp]) OR
("Naphthalenes/blood"[mh] OR "Naphthalenes/cerebrospinal fluid"[mh] OR
"Naphthalenes/urine"[mh]) OR ("Naphthalenes"[mh] AND ("endocrine system"[mh] OR
"hormones, hormone substitutes, and hormone antagonists"[mh] OR "endocrine
disruptors”"[mh])) OR ("Naphthalenes"[mh] AND ("computational biology"[mh] OR "medical
informatics"[mh] OR genomics[mh] OR genome[mh] OR proteomics[mh] OR proteome[mh]
OR metabolomics[mh] OR metabolome[mh] OR genes[mh] OR "gene expression"[mh] OR
phenotype[mh] OR genetics[mh] OR genotype[mh] OR transcriptome[mh] OR ("systems
biology"[mh] AND ("environmental exposure"[mh] OR "epidemiological monitoring"[mh] OR
analysis[sh])) OR "transcription, genetic "[mh] OR "reverse transcription"[mh] OR
"transcriptional activation"[mh] OR "transcription factors"[mh] OR ("biosynthesis"[sh] AND
(RNA[mh] OR DNA[mh])) OR "RNA, messenger"[mh] OR "RNA, transfer"'[mh] OR "peptide
biosynthesis"[mh] OR "protein biosynthesis"[mh] OR "reverse transcriptase polymerase
chain reaction"[mh] OR "base sequence"[mh] OR "trans-activators"[mh] OR "gene
expression profiling"[mh])) OR ("Naphthalenes/antagonists and inhibitors"[mh]) OR
("Naphthalenes/metabolism"[mh] AND ("humans"[mh] OR "animals"[mh])) OR
("Naphthalenes/pharmacology”[maijr])) OR (("Polycyclic Aromatic
Hydrocarbons/toxicity"[mh] OR "Polycyclic Aromatic Hydrocarbons/adverse effects"[mh]
OR "Polycyclic Aromatic Hydrocarbons/poisoning”"[mh] OR "Polycyclic Aromatic
Hydrocarbons/pharmacokinetics"[mh]) OR ("Polycyclic Aromatic Hydrocarbons"[mh] AND
("environmental exposure"[mh] OR ci[sh])) OR ("Polycyclic Aromatic Hydrocarbons"[mh]
AND toxicokinetics[mh:noexp]) OR ("Polycyclic Aromatic Hydrocarbons/blood"[mh] OR
"Polycyclic Aromatic Hydrocarbons/cerebrospinal fluid"[mh] OR "Polycyclic Aromatic
Hydrocarbons/urine"[mh]) OR ("Polycyclic Aromatic Hydrocarbons"[mh] AND ("endocrine
system"[mh] OR "hormones, hormone substitutes, and hormone antagonists"[mh] OR
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"endocrine disruptors"[mh])) OR ("Polycyclic Aromatic Hydrocarbons"[mh] AND
("computational biology"[mh] OR "medical informatics"[mh] OR genomics[mh] OR
genome[mh] OR proteomics[mh] OR proteome[mh] OR metabolomics[mh] OR
metabolome[mh] OR genes[mh] OR "gene expression"[mh] OR phenotype[mh] OR
genetics[mh] OR genotype[mh] OR transcriptome[mh] OR ("systems biology"[mh] AND
("environmental exposure"[mh] OR "epidemiological monitoring"[mh] OR analysis[sh])) OR
"transcription, genetic "[mh] OR "reverse transcription"[mh] OR "transcriptional
activation"[mh] OR "transcription factors"[mh] OR ("biosynthesis"[sh] AND (RNA[mh] OR
DNA[mh])) OR "RNA, messenger"[mh] OR "RNA, transfer"[mh] OR "peptide
biosynthesis"[mh] OR "protein biosynthesis"[mh] OR "reverse transcriptase polymerase
chain reaction"[mh] OR "base sequence"[mh] OR "trans-activators"[mh] OR "gene
expression profiling"[mh])) OR ("Polycyclic Aromatic Hydrocarbons/antagonists and
inhibitors"[mh]) OR ("Polycyclic Aromatic Hydrocarbons/metabolism"[mh] AND
("humans"[mh] OR "animals"[mh])) OR ("Polycyclic Aromatic
Hydrocarbons/pharmacology”[majr]))))) AND 2003:3000[dp])

((((1321-94-4[rn] OR "C1-Naphthalenes"[tiab] OR "Dycar MN"[tiab] OR "Methylated
naphthalenes"[tiab] OR "Methylnaphtalene"[tiab] OR "Methylnaphthalenes"[tiab] OR
"Methylnaphthalin"[tiab] OR "Methylnapthalene"[tiab] OR "Monomethylnaphthalene"[tiab]
OR "Naphthalene, methyl-"[tiab] OR "PETROL CARBON HYDROXIDE"[tiab] OR "Sure-Sol
187"[tiab] OR "Tetrosin MNLF"[tiab]) AND ((("Naphthalenes/toxicity"[mh] OR
"Naphthalenes/adverse effects"[mh] OR "Naphthalenes/poisoning"[mh] OR
"Naphthalenes/pharmacokinetics"[mh]) OR ("Naphthalenes"[mh] AND ("environmental
exposure"[mh] OR ci[sh])) OR ("Naphthalenes"[mh] AND toxicokinetics[mh:noexp]) OR
("Naphthalenes/blood"[mh] OR "Naphthalenes/cerebrospinal fluid"[mh] OR
"Naphthalenes/urine"[mh]) OR ("Naphthalenes"[mh] AND ("endocrine system"[mh] OR
"hormones, hormone substitutes, and hormone antagonists"[mh] OR "endocrine
disruptors”[mh])) OR ("Naphthalenes"[mh] AND ("computational biology"[mh] OR "medical
informatics"[mh] OR genomics[mh] OR genome[mh] OR proteomics[mh] OR proteome[mh]
OR metabolomics[mh] OR metabolome[mh] OR genes[mh] OR "gene expression"[mh] OR
phenotype[mh] OR genetics[mh] OR genotype[mh] OR transcriptome[mh] OR ("systems
biology"[mh] AND ("environmental exposure"[mh] OR "epidemiological monitoring"[mh] OR
analysis[sh])) OR "transcription, genetic "[mh] OR "reverse transcription"[mh] OR
"transcriptional activation"[mh] OR "transcription factors"[mh] OR ("biosynthesis"[sh] AND
(RNA[mh] OR DNA[mh])) OR "RNA, messenger"[mh] OR "RNA, transfer"'[mh] OR "peptide
biosynthesis"[mh] OR "protein biosynthesis"[mh] OR "reverse transcriptase polymerase
chain reaction"[mh] OR "base sequence"[mh] OR "trans-activators"[mh] OR "gene
expression profiling"[mh])) OR ("Naphthalenes/antagonists and inhibitors"[mh]) OR
("Naphthalenes/metabolism"[mh] AND ("humans"[mh] OR "animals"[mh])) OR
("Naphthalenes/pharmacology"[maijr])) OR (("Polycyclic Aromatic
Hydrocarbons/toxicity"[mh] OR "Polycyclic Aromatic Hydrocarbons/adverse effects"[mh]
OR "Polycyclic Aromatic Hydrocarbons/poisoning”[mh] OR "Polycyclic Aromatic
Hydrocarbons/pharmacokinetics"[mh]) OR ("Polycyclic Aromatic Hydrocarbons"[mh] AND
("environmental exposure"[mh] OR ci[sh])) OR ("Polycyclic Aromatic Hydrocarbons"[mh]
AND toxicokinetics[mh:noexp]) OR ("Polycyclic Aromatic Hydrocarbons/blood"[mh] OR
"Polycyclic Aromatic Hydrocarbons/cerebrospinal fluid"[mh] OR "Polycyclic Aromatic
Hydrocarbons/urine"[mh]) OR ("Polycyclic Aromatic Hydrocarbons"[mh] AND ("endocrine
system"[mh] OR "hormones, hormone substitutes, and hormone antagonists"[mh] OR
"endocrine disruptors"[mh])) OR ("Polycyclic Aromatic Hydrocarbons"[mh] AND
("computational biology"[mh] OR "medical informatics"[mh] OR genomics[mh] OR
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search date Query string

genome[mh] OR proteomics[mh] OR proteome[mh] OR metabolomics|mh] OR
metabolome[mh] OR genes[mh] OR "gene expression"[mh] OR phenotype[mh] OR
genetics[mh] OR genotype[mh] OR transcriptome[mh] OR ("systems biology"[mh] AND
("environmental exposure"[mh] OR "epidemiological monitoring"[mh] OR analysis[sh])) OR
"transcription, genetic "[mh] OR "reverse transcription"[mh] OR "transcriptional
activation"[mh] OR "transcription factors"[mh] OR ("biosynthesis"[sh] AND (RNA[mh] OR
DNA[mh])) OR "RNA, messenger"[mh] OR "RNA, transfer"[mh] OR "peptide
biosynthesis"[mh] OR "protein biosynthesis"[mh] OR "reverse transcriptase polymerase
chain reaction"[mh] OR "base sequence"[mh] OR "trans-activators"[mh] OR "gene
expression profiling"[mh])) OR ("Polycyclic Aromatic Hydrocarbons/antagonists and
inhibitors"[mh]) OR ("Polycyclic Aromatic Hydrocarbons/metabolism"[mh] AND
("humans"[mh] OR "animals"[mh])) OR ("Polycyclic Aromatic
Hydrocarbons/pharmacology"[maijr])))) OR (("C1-Naphthalenes"[tw] OR "Dycar MN"[tw]
OR "Methylated naphthalenes"[tw] OR "Methylnaphtalene"[tw] OR
"Methylnaphthalenes"[tw] OR "Methylnaphthalin"[tw] OR "Methylnapthalene"[tw] OR
"Monomethylnaphthalene"[tw] OR "Naphthalene, methyl-"[tw] OR "PETROL CARBON
HYDROXIDE"[tw] OR "Sure-Sol 187"[tw] OR "Tetrosin MNLF"[tw]) NOT medline[sb])) AND
(2003:3000[dp]))

NTRL
06/2024

04/2022

Limited to 2021 to present

"Albocarbon" OR "Camphor tar" OR "Dezodorator" OR "Mighty 150" OR "Mighty RD1" OR
"Moth balls" OR "Moth flakes" OR "Mothballs" OR "Naphtalene" OR "Naphtalinum" OR
"Naphthalene" OR "Naphthalin" OR "Naphthaline" OR "Naphthalinum" OR "Naphthene"
OR "Napthalene" OR "Tar camphor" OR "White tar" OR "1-METHYL-NAPHTHALENE" OR
"1-Methylnaphtalene" OR "1-Methylnaphthalene" OR "1-Methylnaphthalin" OR "alpha-
Methylnaphthalene" OR "Mechinafu H" OR "METHYL NAPHTHALENE" OR
"Methylnaphthalene" OR "Methylnaphthalene, 1-" OR "Methynaph H" OR "Naphthalene, 1-
methyl-" OR "Naphthalene, alpha-methyl-" OR "a-Methylnaphthalene" OR "2-
Methylnaphtalene" OR "2-Methylnaphthalene" OR "2-Methylnaphthalin” OR "2-
Methylnapthalene" OR "beta-Methylnaphthalene" OR "Methylnaphthalene, 2-" OR
"Naphthalene, 2-methyl-" OR "Naphthalene, beta-methyl-" OR "B-Methylnaphthalene" OR
"C1-Naphthalenes" OR "Dycar MN" OR "Methylated naphthalenes" OR
"Methylnaphtalene" OR "Methylnaphthalenes" OR "Methylnaphthalin” OR
"Methylnapthalene" OR "Monomethylnaphthalene" OR "Naphthalene, methyl-" OR
"PETROL CARBON HYDROXIDE" OR "Sure-Sol 187" OR "Tetrosin MNLF"

"Albocarbon" OR "Camphor tar" OR "Dezodorator" OR "Mighty 150" OR "Mighty RD1" OR
"Moth balls" OR "Moth flakes" OR "Mothballs" OR "Naphtalene" OR "Naphtalinum" OR
"Naphthalene" OR "Naphthalin" OR "Naphthaline" OR "Naphthalinum" OR "Naphthene"
OR "Napthalene" OR "Tar camphor" OR "White tar" OR "1-METHYL-NAPHTHALENE" OR
"1-Methylnaphtalene" OR "1-Methylnaphthalene™ OR "1-Methylnaphthalin” OR "alpha-
Methylnaphthalene" OR "Mechinafu H" OR "METHYL NAPHTHALENE" OR
"Methylnaphthalene" OR "Methylnaphthalene, 1-" OR "Methynaph H" OR "Naphthalene, 1-
methyl-" OR "Naphthalene, alpha-methyl-" OR "a-Methylnaphthalene" OR "2-
Methylnaphtalene" OR "2-Methylnaphthalene" OR "2-Methylnaphthalin" OR "2-
Methylnapthalene" OR "beta-Methylnaphthalene" OR "Methylnaphthalene, 2-" OR
"Naphthalene, 2-methyl-" OR "Naphthalene, beta-methyl-" OR "B-Methylnaphthalene"

"C1-Naphthalenes" OR "Dycar MN" OR "Methylated naphthalenes" OR
"Methylnaphtalene” OR "Methylnaphthalenes" OR "Methylnaphthalin” OR
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"Methylnapthalene” OR "Monomethylnaphthalene" OR "Naphthalene, methyl-" OR
"PETROL CARBON HYDROXIDE" OR "Sure-Sol 187" OR "Tetrosin MNLF"

"Albocarbon" OR "Camphor tar" OR "Dezodorator" OR "Mighty 150" OR "Mighty RD1" OR
"Moth balls" OR "Moth flakes" OR "Mothballs" OR "Naphtalene" OR "Naphtalinum" OR
"Naphthalene" OR "Naphthalin" OR "Naphthaline" OR "Naphthalinum" OR "Naphthene"
OR "Napthalene" OR "Tar camphor" OR "White tar" OR "1-METHYL-NAPHTHALENE" OR
"1-Methylnaphtalene" OR "1-Methylnaphthalene" OR "1-Methylnaphthalin" OR "alpha-
Methylnaphthalene" OR "Mechinafu H" OR "METHYL NAPHTHALENE" OR
"Methylnaphthalene" OR "Methylnaphthalene, 1-" OR "Methynaph H" OR "Naphthalene, 1-
methyl-" OR "Naphthalene, alpha-methyl-" OR "a-Methylnaphthalene" OR "2-
Methylnaphtalene" OR "2-Methylnaphthalene" OR "2-Methylnaphthalin™ OR "2-
Methylnapthalene" OR "beta-Methylnaphthalene" OR "Methylnaphthalene, 2-" OR
"Naphthalene, 2-methyl-" OR "Naphthalene, beta-methyl-" OR "B-Methylnaphthalene" OR
"C1-Naphthalenes" OR "Dycar MN" OR "Methylated naphthalenes" OR
"Methylnaphtalene™ OR "Methylnaphthalenes" OR "Methylnaphthalin” OR
"Methylnapthalene" OR "Monomethylnaphthalene" OR "Naphthalene, methyl-" OR
"PETROL CARBON HYDROXIDE" OR "Sure-Sol 187" OR "Tetrosin MNLF"

Toxcenter
06/2024

FILE 'TOXCENTER' ENTERED AT 15:18:23 ON 28 JUN 2024
L43 36475 SEA FILE=TOXCENTER 91-20-3 OR 90-12-0 OR 91-57-6 OR 1321-94-4
L47 33840 SEA FILE=TOXCENTER L43 NOT PATENT/DT
L48 2802 SEA FILE=TOXCENTER L47 AND ED>=20220401
ACT TOXQUERY/Q
L49  QUE (CHRONIC OR IMMUNOTOX? OR NEUROTOX? OR TOXICOKIN? OR
BIOMARKER? OR NEUROLOG?)
L50  QUE (PHARMACOKIN? OR SUBCHRONIC OR PBPK OR
EPIDEMIOLOGY/ST,CT,IT)
L51 QUE (ACUTE OR SUBACUTE OR LD50# OR LD(W)50 OR LC50# OR
LC(W)50)
L52  QUE (TOXICITY OR ADVERSE OR POISONING)/ST,CT,IT
L53  QUE (INHAL? OR PULMON? OR NASAL? OR LUNG? OR RESPIR?)
L54  QUE ((OCCUPATION? OR WORKPLACE? OR WORKER?) AND EXPOS?)
L55  QUE (ORAL OR ORALLY OR INGEST? OR GAVAGE? OR DIET OR DIETS OR
DIETARY OR DRINKING(W)WATER?)
L56  QUE (MAXIMUM AND CONCENTRATION? AND (ALLOWABLE OR
PERMISSIBLE))
L57  QUE (ABORT? OR ABNORMALIT? OR EMBRYO? OR CLEFT? OR FETUS?)
L58  QUE (FOETUS? OR FETAL? OR FOETAL? OR FERTIL? OR MALFORM? OR
OVUM?)
L59  QUE (OVA OR OVARY OR PLACENTA? OR PREGNAN? OR PRENATAL?)
L60  QUE (PERINATAL? OR POSTNATAL? OR REPRODUC? OR STERIL? OR
TERATOGEN?)
L61 QUE (SPERM OR SPERMAC? OR SPERMAG? OR SPERMATI? OR
SPERMAS? OR
SPERMATOB? OR SPERMATOC? OR SPERMATOG?)
L62  QUE (SPERMATOI? OR SPERMATOL? OR SPERMATOR? OR SPERMATOX?
OR
SPERMATOZ? OR SPERMATU? OR SPERMI? OR SPERMO?)
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04/2022

L63  QUE (NEONAT? OR NEWBORN? OR DEVELOPMENT OR
DEVELOPMENTAL?)

L64  QUE (ENDOCRIN? AND DISRUPT?)

L65  QUE (ZYGOTE? OR CHILD OR CHILDREN OR ADOLESCEN? OR INFANT?)
L66  QUE (WEAN? OR OFFSPRING OR AGE(W)FACTOR?)

L67  QUE (DERMAL? OR DERMIS OR SKIN OR EPIDERM? OR CUTANEOUS?)
L68  QUE (CARCINOG? OR COCARCINOG? OR CANCER? OR PRECANCER? OR

NEOPLAS?)
L69 QUE (TUMOR? OR TUMOUR? OR ONCOGEN? OR LYMPHOMA? OR
CARCINOM?)

L70 QUE (GENETOX? OR GENOTOX? OR MUTAGEN? OR GENETIC(W)TOXIC?)
L71 QUE (NEPHROTOX? OR HEPATOTOX?)
L72 QUE (ENDOCRIN? OR ESTROGEN? OR ANDROGEN? OR HORMON?)
L73 QUE (OCCUPATION? OR WORKER? OR WORKPLACE? OR EPIDEM?)
L74 QUE L49 OR L50 OR L51 OR L52 OR L53 OR L54 OR L55 OR L56 OR

L57 OR L58 OR L59 OR L60 OR L61 OR L62 OR L63 OR L64 OR L65

OR L66 OR L67 ORL68 ORL69 ORL70 ORL71 ORL720RL73
L75 QUE (RAT OR RATS OR MOUSE OR MICE OR GUINEA(W)PIG? OR
MURIDAE

OR DOG OR DOGS OR RABBIT? OR HAMSTER? OR PIG OR PIGS OR
SWINE

OR PORCINE OR MONKEY? OR MACAQUE?)
L76 QUE (MARMOSET? OR FERRET? OR GERBIL? OR RODENT? OR
LAGOMORPHA

OR BABOON? OR CANINE OR CAT OR CATS OR FELINE OR MURINE)
L77 QUE L74 OR L75 OR L76
L78 QUE (NONHUMAN MAMMALS)/ORGN
L79 QUE L77 OR L78
L80 QUE (HUMAN OR HUMANS OR HOMINIDAE OR MAMMALS OR MAMMAL?
OR

PRIMATES OR PRIMATE?)
L81 QUE L79 OR L80
L82 1477 SEA FILE=TOXCENTER L48 AND L81
L83 1470 SEA FILE=TOXCENTER L82 AND PY>2020
L84 51 SEA FILE=TOXCENTER L82 AND MEDLINE/FS
L85 1426 SEA FILE=TOXCENTER L82 NOT MEDLINE/FS
L86 1395 DUP REM L82 (82 DUPLICATES REMOVED)

D SCAN L86
L88 3163 SEA FILE=TOXCENTER L47 AND PY>2021
L89 1699 SEA FILE=TOXCENTER L88 AND L81
L90 261 SEA FILE=TOXCENTER L89 NOT L82
L91 257 DUP REM L90 (4 DUPLICATES REMOVED)
D SCAN L91

FILE 'TOXCENTER' ENTERED AT 16:10:03 ON 06 APR 2022
CHARGED TO COST=EH038.15.05.LB.04
L1 33022 SEA 91-20-3 OR 90-12-0 OR 91-57-6
L2 32785 SEA L1 NOT TSCATS/FS
L3 30517 SEA L2 NOT PATENT/DT
L4 20636 SEA L3 AND PY>=2002
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ACTIVATE TOXQUERY/Q
L5 QUE (CHRONIC OR IMMUNOTOX? OR NEUROTOX? OR TOXICOKIN? OR
BIOMARKER? OR NEUROLOG?)
L6 QUE (PHARMACOKIN? OR SUBCHRONIC OR PBPK OR
EPIDEMIOLOGY/ST,CT,
IT)
L7 QUE (ACUTE OR SUBACUTE OR LD50# OR LD(W)50 OR LC50# OR
LC(W)50)
L8 QUE (TOXICITY OR ADVERSE OR POISONING)/ST,CT,IT
L9 QUE (INHAL? OR PULMON? OR NASAL? OR LUNG? OR RESPIR?)
L10 QUE ((OCCUPATION? OR WORKPLACE? OR WORKER?) AND EXPOS?)
L11 QUE (ORAL OR ORALLY OR INGEST? OR GAVAGE? OR DIET OR DIETS
OR
DIETARY OR DRINKING(W)WATER?)
L12 QUE (MAXIMUM AND CONCENTRATION? AND (ALLOWABLE OR
PERMISSIBLE))
L13 QUE (ABORT? OR ABNORMALIT? OR EMBRYO? OR CLEFT? OR FETUS?)
L14 QUE (FOETUS? OR FETAL? OR FOETAL? OR FERTIL? OR MALFORM?
OR
OVUM?)
L15 QUE (OVA OR OVARY OR PLACENTA? OR PREGNAN? OR PRENATAL?)
L16 QUE (PERINATAL? OR POSTNATAL? OR REPRODUC? OR STERIL? OR
TERATOGEN?)
L17 QUE (SPERM OR SPERMAC? OR SPERMAG? OR SPERMATI? OR
SPERMAS? OR
SPERMATOB? OR SPERMATOC? OR SPERMATOG?)
L18 QUE (SPERMATOI? OR SPERMATOL? OR SPERMATOR? OR
SPERMATOX? OR
SPERMATOZ? OR SPERMATU? OR SPERMI? OR SPERMO?)
L19 QUE (NEONAT? OR NEWBORN? OR DEVELOPMENT OR
DEVELOPMENTAL?)
L20 QUE (ENDOCRIN? AND DISRUPT?)
L21 QUE (ZYGOTE? OR CHILD OR CHILDREN OR ADOLESCEN? OR
INFANT?)
L22 QUE (WEAN? OR OFFSPRING OR AGE(W)FACTOR?)
L23 QUE (DERMAL? OR DERMIS OR SKIN OR EPIDERM? OR CUTANEOUS?)
L24 QUE (CARCINOG? OR COCARCINOG? OR CANCER? OR PRECANCER?
OR
NEOPLAS?)
L25 QUE (TUMOR? OR TUMOUR? OR ONCOGEN? OR LYMPHOMA? OR
CARCINOM?)
L26 QUE (GENETOX? OR GENOTOX? OR MUTAGEN? OR
GENETIC(W)TOXIC?)
L27 QUE (NEPHROTOX? OR HEPATOTOX?)
L28 QUE (ENDOCRIN? OR ESTROGEN? OR ANDROGEN? OR HORMON?)
L29 QUE (OCCUPATION? OR WORKER? OR WORKPLACE? OR EPIDEM?)
L30 QUE L5 OR L6 ORL7 ORL8 ORL9ORL10 ORL11 ORL12 ORL13 OR

L14 ORL150RL16 ORL17 ORL18 ORL19 OR L20 OR L21 OR L22 OR
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L23 ORL24 OR L25 OR L26 OR L27 OR L28 OR L29
L31 QUE (RAT OR RATS OR MOUSE OR MICE OR GUINEA(W)PIG? OR
MURIDAE

OR DOG OR DOGS OR RABBIT? OR HAMSTER? OR PIG OR PIGS OR
SWINE

OR PORCINE OR MONKEY? OR MACAQUE?)

L32 QUE (MARMOSET? OR FERRET? OR GERBIL? OR RODENT? OR
LAGOMORPHA
OR BABOON? OR CANINE OR CAT OR CATS OR FELINE OR MURINE)
L33 QUE L30 OR L31 OR L32
L34 QUE (NONHUMAN MAMMALS)/ORGN
L35 QUE L33 OR L34
L36 QUE (HUMAN OR HUMANS OR HOMINIDAE OR MAMMALS OR MAMMAL?
OR

PRIMATES OR PRIMATE?)
L37 QUE L35 OR L36
L38 9198 SEA L4 AND L37
L39 614 SEA L38 AND MEDLINE/FS
L40 8584 SEA L38 NOT MEDLINE/FS
L41 8313 DUP REM L39 L40 (885 DUPLICATES REMOVED)

FILE TOXCENTER' ENTERED AT 11:22:56 ON 04 MAY 2022
CHARGED TO COST=EH038.15.05.LB.04
L1 1062 SEA FILE=TOXCENTER 1321-94-4
L2 1044 SEA FILE=TOXCENTER L1 NOT TSCATS/FS
L3 894 SEA FILE=TOXCENTER L2 NOT PATENT/DT
L4 444 SEA FILE=TOXCENTER L3 AND PY>2002

ACTIVATE TOXQUERY/Q
L5 QUE (CHRONIC OR IMMUNOTOX? OR NEUROTOX? OR TOXICOKIN? OR
BIOMARKER? OR NEUROLOG?)
L6 QUE (PHARMACOKIN? OR SUBCHRONIC OR PBPK OR
EPIDEMIOLOGY/ST,CT,
IT)
L7 QUE (ACUTE OR SUBACUTE OR LD50# OR LD(W)50 OR LC50# OR
LC(W)50)
L8 QUE (TOXICITY OR ADVERSE OR POISONING)/ST,CT,IT
L9 QUE (INHAL? OR PULMON? OR NASAL? OR LUNG? OR RESPIR?)
L10 QUE ((OCCUPATION? OR WORKPLACE? OR WORKER?) AND EXPOS?)
L11 QUE (ORAL OR ORALLY OR INGEST? OR GAVAGE? OR DIET OR DIETS
OR
DIETARY OR DRINKING(W)WATER?)
L12 QUE (MAXIMUM AND CONCENTRATION? AND (ALLOWABLE OR
PERMISSIBLE))
L13 QUE (ABORT? OR ABNORMALIT? OR EMBRYO? OR CLEFT? OR FETUS?)
L14 QUE (FOETUS? OR FETAL? OR FOETAL? OR FERTIL? OR MALFORM?
OR

OVUM?)
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L15 QUE (OVA OR OVARY OR PLACENTA? OR PREGNAN? OR PRENATAL?)
L16 QUE (PERINATAL? OR POSTNATAL? OR REPRODUC? OR STERIL? OR
TERATOGEN?)
L17 QUE (SPERM OR SPERMAC? OR SPERMAG? OR SPERMATI? OR
SPERMAS? OR
SPERMATOB? OR SPERMATOC? OR SPERMATOG?)
L18 QUE (SPERMATOI? OR SPERMATOL? OR SPERMATOR? OR
SPERMATOX? OR
SPERMATOZ? OR SPERMATU? OR SPERMI? OR SPERMO?)
L19 QUE (NEONAT? OR NEWBORN? OR DEVELOPMENT OR
DEVELOPMENTAL?)
L20 QUE (ENDOCRIN? AND DISRUPT?)
L21 QUE (ZYGOTE? OR CHILD OR CHILDREN OR ADOLESCEN? OR
INFANT?)
L22 QUE (WEAN? OR OFFSPRING OR AGE(W)FACTOR?)
L23 QUE (DERMAL? OR DERMIS OR SKIN OR EPIDERM? OR CUTANEOUS?)
L24 QUE (CARCINOG? OR COCARCINOG? OR CANCER? OR PRECANCER?
OR
NEOPLAS?)
L25 QUE (TUMOR? OR TUMOUR? OR ONCOGEN? OR LYMPHOMA? OR
CARCINOM?)
L26 QUE (GENETOX? OR GENOTOX? OR MUTAGEN? OR
GENETIC(W)TOXIC?)
L27 QUE (NEPHROTOX? OR HEPATOTOX?)
L28 QUE (ENDOCRIN? OR ESTROGEN? OR ANDROGEN? OR HORMON?)
L29 QUE (OCCUPATION? OR WORKER? OR WORKPLACE? OR EPIDEM?)
L30 QUE L5 OR L6 OR L7 OR L8 ORL9 OR L10 ORL11 OR L12 OR L13 OR

L14 ORL150RL16 ORL17 ORL18 ORL19 ORL20 OR L21 OR L22 OR
L23 OR L24 OR L25 OR L26 OR L27 OR L28 OR L29

L31 QUE (RAT OR RATS OR MOUSE OR MICE OR GUINEA(W)PIG? OR
MURIDAE

OR DOG OR DOGS OR RABBIT? OR HAMSTER? OR PIG OR PIGS OR
SWINE

OR PORCINE OR MONKEY? OR MACAQUE?)
L32 QUE (MARMOSET? OR FERRET? OR GERBIL? OR RODENT? OR
LAGOMORPHA

OR BABOON? OR CANINE OR CAT OR CATS OR FELINE OR MURINE)
L33 QUE L30 OR L31 OR L32
L34 QUE (NONHUMAN MAMMALS)/ORGN
L35 QUE L33 OR L34
L36 QUE (HUMAN OR HUMANS OR HOMINIDAE OR MAMMALS OR MAMMAL?
OR

PRIMATES OR PRIMATE?)
L37 QUE L35 OR L36

L38 158 SEA FILE=TOXCENTER L4 AND L37
L39 0 SEA FILE=TOXCENTER L38 AND MEDLINE/FS
L40 154 DUP REM L38 (4 DUPLICATES REMOVED)
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Source Query and number screened when available
TSCATS via
ChemView
06/2024; 04/2022 Compounds searched: 91-20-3; 90-12-0; 91-57-6; 1321-94-4
NPIRS
06/2024 Compounds searched: 91-20-3; 90-12-0; 91-57-6; 1321-94-4
04/2022 Compounds searched: 91-20-3; 90-12-0; 91-57-6
NTP
06/2024 Limited 2020 to present or not dated
91-20-3
90-12-0
91-57-6
1321-94-4
"Naphthalene" "Methylnaphthalene"
04/2022 Limited: 2000- present

91-20-3

90-12-0

91-57-6

1321-94-4

"Naphthalene" "Methylnaphthalene"

Regulations.gov
06/2024

04/2022

Notices limited to posted date 2022 to present
Naphthalene

“Methyl naphthalene”

91-20-3

91-57-6

Methylnaphthalene

90-12-0

1321-94-4

Limited: posted 2003-present; dockets or EPA notices
91-20-3

90-12-0

91-57-6

1321-94-4

Naphthalene

Methylnaphthalene

"Methyl naphthalene"

NIH RePORTER
09/2024

Search Criteria: Fiscal Year: Active Projects Text Search: "Albocarbon" OR "Camphor
tar" OR "Dezodorator" OR "Mighty 150" OR "Mighty RD1" OR "Moth balls" OR "Moth
flakes" OR "Mothballs" OR "Naphtalene" OR "Naphtalinum" OR "Naphthalene" OR

"Naphthalin" OR "Naphthaline" OR "Naphthalinum" OR "Naphthene" OR

"Napthalene" OR "Tar camphor" OR "White tar" OR "1-METHYL-NAPHTHALENE"

OR "1-Methylnaphtalene" OR "1-Methylnaphthalene" OR "1-Methylnaphthalin" OR

"alpha-Methylnaphthalene" OR "Mechinafu H" OR "METHYL NAPHTHALENE" OR

"Methylnaphthalene™ OR "Methylnaphthalene, 1-" OR "Methynaph H" OR
"Naphthalene, 1-methyl-" OR "Naphthalene, alpha-methyl-" OR "a-
Methylnaphthalene" OR "2-Methylnaphtalene" OR "2-Methylnaphthalene" OR "2-
Methylnaphthalin" OR "2-Methylnapthalene" OR "beta-Methylnaphthalene" OR
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01/2023

"Methylnaphthalene, 2-" OR "Naphthalene, 2-methyl-" OR "Naphthalene, beta-methyl-
" OR "B-Methylnaphthalene" OR "C1-Naphthalenes" OR "Dycar MN" OR "Methylated
naphthalenes" OR "Methylnaphtalene" OR "Methylnaphthalenes" OR
"Methylnaphthalin” OR "Methylnapthalene" OR "Monomethylnaphthalene" OR
"Naphthalene, methyl-" OR "PETROL CARBON HYDROXIDE" OR "Sure-Sol 187"
OR "Tetrosin MNLF" (advanced) Limit to: Project Title, Project Terms, Project
Abstracts

Search Criteria-- Fiscal Year: Active Projects, Text Search: "Albocarbon" OR
"Camphor tar" OR "Dezodorator" OR "Mighty 150" OR "Mighty RD1" OR "Moth balls"
OR "Moth flakes" OR "Mothballs" OR "Naphtalene" OR "Naphtalinum" OR
"Naphthalene" OR "Naphthalin" OR "Naphthaline" OR "Naphthalinum" OR
"Naphthene" OR "Napthalene" OR "Tar camphor" OR "White tar" OR "1-METHYL-
NAPHTHALENE" OR "1-Methylnaphtalene" OR "1-Methylnaphthalene" OR "1-
Methylnaphthalin" OR "alpha-Methylnaphthalene" OR "Mechinafu H" OR "METHYL
NAPHTHALENE" OR "Methylnaphthalene" OR "Methylnaphthalene, 1-" OR
"Methynaph H" OR "Naphthalene, 1-methyl-" OR "Naphthalene, alpha-methyl-" OR
"a-Methylnaphthalene" OR "2-Methylnaphtalene" OR "2-Methylnaphthalene" OR "2-
Methylnaphthalin” OR "2-Methylnapthalene" OR "beta-Methylnaphthalene" OR
"Methylnaphthalene, 2-" OR "Naphthalene, 2-methyl-" OR "Naphthalene, beta-methyl-
" OR "B-Methylnaphthalene" OR "C1-Naphthalenes" OR "Dycar MN" OR "Methylated
naphthalenes" OR "Methylnaphtalene" OR "Methylnaphthalenes" OR
"Methylnaphthalin" OR "Methylnapthalene" OR "Monomethylnaphthalene" OR
"Naphthalene, methyl-" OR "PETROL CARBON HYDROXIDE" OR "Sure-Sol 187"
OR "Tetrosin MNLF" (advanced), Limit to: Project Title, Project Terms, Project
Abstracts

Other

Includes additional reference identified throughout the assessment process, which
may include studies found by tree searching; recommended by intraagency,
interagency, peer, or public reviewers; or published more recently than the date of
literature search(es). Additional references include those for specific regulations or
guidelines and publications found by targeted searches for specific information (e.qg.,
searches for reviews of general [not chemical-specific] mechanisms of toxicity).

The 2022 pre-public comment search results were:
e Number of records identified from PubMed, NTRL, and TOXCENTER (after duplicate
removal): 14,258
e Number of records identified from other strategies: 210
e Total number of records to undergo literature screening: 14,468

The 2024 post-public comment search results were:
e Number of records identified from PubMed, NTRL, and TOXCENTER (after duplicate
removal): 2,022
e Number of records identified from other strategies: 29
e Total number of records to undergo literature screening: 2,051
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B.1.2 Literature Screening

A two-step process was used to screen the literature search to identify relevant studies on naphthalene, 1-
methylnaphthalene, and 2-methylnaphthalene during the pre- and post-public comment drafts:

e Title and abstract screen
e Full text screen

Pre-Public Comment Title and Abstract Screen. Within the reference library, titles and abstracts were
screened manually for relevance. Studies that were considered (see Table B-1 for inclusion criteria) were
moved to the second step of the literature screening process. Studies were excluded when the title and
abstract clearly indicated that the study was not relevant to the toxicological profile.

e Number of titles and abstracts screened: 14,468
e Number of studies considered relevant and moved to the next step: 720

Pre-Public Comment Full Text Screen. The second step in the literature screening process was a full
text review of individual studies considered relevant in the title and abstract screen step. Each study was
reviewed to determine whether it was relevant for inclusion in the toxicological profile.

e Number of studies undergoing full text review: 720
e Number of studies cited in the previous toxicological profile: 345

e Total number of studies cited in the profile: 566

A summary of the results of the pre-public literature search and screening is presented in Figure B-1.
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Figure B-1. April 2022 Pre-Public Comment Literature Search Results and Screen
for Naphthalene, 1 Methylnaphthalene, and 2-Methylnaphthalene*

Number of records identified via database searches
(see Table B-2)

PubMed NTRL Toxcenter
8,557 95 8,313

n=14,258 (after duplicates removed)

Records identified via other sources: 210
(see Table B-3)

"a‘ ' Number of records screened: 14,468 |

o = J

B o

29 =
"a;&’, ———————————————— > Excluded as not relevant: 13,748 |
=]

“F_;

I Number of studies screened: 720

I Previously cited in last profile: 345 %

Excluded for criteria: 499

Number of studies cited: 566 I

Toxicology studies: 364

R1F

Chemistry studies: 195 Regulatory studies: 19

*The chemistry studies category includes studies pertaining to the potential for human exposure (Table B-1). The
toxicology studies category includes human and animal studies of health effects as well as studies of toxicokinetics,

biomarkers, and interactions with other chemicals (Table B-1). The regulatory studies category includes those
studies cited in Chapter 7.

Post-Public Comment Title and Abstract Screen. Within the reference library, titles and abstracts were
screened manually for relevance. Studies that were considered relevant (see Table B-1 for inclusion
criteria) were moved to the second step of the literature screening process. Studies were excluded when
the title and abstract clearly indicated that the study was not relevant to the toxicological profile.

e Number of titles and abstracts screened: 2,051
e Number of studies considered relevant and moved to the next step: 167

Post-Public Comment Full Text Screen. The second step in the literature screening process was a full
text review of individual studies considered relevant in the title and abstract screen step. Each study was
reviewed to determine whether it was relevant for inclusion in the toxicological profile.
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Absorption—The process by which a substance crosses biological membranes and enters systemic
circulation. Absorption can also refer to the taking up of liquids by solids, or of gases by solids or liquids.

Acute Exposure—Exposure to a chemical for a duration of <14 days, as specified in the Toxicological
Profiles.

Adsorption—The adhesion in an extremely thin layer of molecules (as of gases, solutes, or liquids) to the
surfaces of solid bodies or liquids with which they are in contact.

Adsorption Coefficient (Ko.)—The ratio of the amount of a chemical adsorbed per unit weight of
organic carbon in the soil or sediment to the concentration of the chemical in solution at equilibrium.

Adsorption Ratio (Kd)—The amount of a chemical adsorbed by sediment or soil (i.e., the solid phase)
divided by the amount of chemical in the solution phase, which is in equilibrium with the solid phase, at a
fixed solid/solution ratio. It is generally expressed in micrograms of chemical sorbed per gram of soil or
sediment.

Benchmark Dose (BMD) or Benchmark Concentration (BMC)—is the dose/concentration
corresponding to a specific response level estimate using a statistical dose-response model applied to
either experimental toxicology or epidemiology data. For example, a BMD,o would be the dose
corresponding to a 10% benchmark response (BMR). The BMD is determined by modeling the dose-
response curve in the region of the dose-response relationship where biologically observable data are
feasible. The BMDL or BMCL is the 95% lower confidence limit on the BMD or BMC.

Bioconcentration Factor (BCF)—The quotient of the concentration of a chemical in aquatic organisms
at a specific time or during a discrete time period of exposure divided by the concentration in the
surrounding water at the same time or during the same period.

Biomarkers—Indicators signaling events in biologic systems or samples, typically classified as markers
of exposure, effect, and susceptibility.

Cancer Effect Level (CEL)—The lowest dose of a chemical in a study, or group of studies, that
produces significant increases in the incidence of cancer (or malignant tumors) between the exposed
population and its appropriate control.

Carcinogen—A chemical capable of inducing cancer.

Case-Control Study—A type of epidemiological study that examines the relationship between a
particular outcome (disease or condition) and a variety of potential causative agents (such as toxic
chemicals). In a case-control study, a group of people with a specified and well-defined outcome is
identified and compared to a similar group of people without the outcome.

Case Report—A report that describes a single individual with a particular disease or exposure. These
reports may suggest some potential topics for scientific research, but are not actual research studies.

Case Series—Reports that describe the experience of a small number of individuals with the same
disease or exposure. These reports may suggest potential topics for scientific research, but are not actual
research studies.
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Ceiling Value—A concentration that must not be exceeded.
Chronic Exposure—Exposure to a chemical for >365 days, as specified in the Toxicological Profiles.

Clastogen—A substance that causes breaks in chromosomes resulting in addition, deletion, or
rearrangement of parts of the chromosome.

Cohort Study—A type of epidemiological study of a specific group or groups of people who have had a
common insult (e.g., exposure to an agent suspected of causing disease or a common disease) and are
followed forward from exposure to outcome, and who are disease-free at start of follow-up. Often, at
least one exposed group is compared to one unexposed group, while in other cohorts, exposure is a
continuous variable and analyses are directed towards analyzing an exposure-response coefficient.

Cross-sectional Study—A type of epidemiological study of a group or groups of people that examines
the relationship between exposure and outcome to a chemical or to chemicals at a specific point in time.

Data Needs—Substance-specific informational needs that, if met, would reduce the uncertainties of
human health risk assessment.

Developmental Toxicity—The occurrence of adverse effects on the developing organism that may result
from exposure to a chemical prior to conception (either parent), during prenatal development, or
postnatally to the time of sexual maturation. Adverse developmental effects may be detected at any point
in the life span of the organism.

Dose-Response Relationship—The quantitative relationship between the amount of exposure to a
toxicant and the incidence of the response or amount of the response.

Embryotoxicity and Fetotoxicity—Any toxic effect on the conceptus as a result of prenatal exposure to
a chemical; the distinguishing feature between the two terms is the stage of development during which the
effect occurs. Effects include malformations and variations, altered growth, and in utero death.

Epidemiology—The investigation of factors that determine the frequency and distribution of disease or
other health-related conditions within a defined human population during a specified period.

Excretion—The process by which metabolic waste products are removed from the body.

Genotoxicity—A specific adverse effect on the genome of living cells that, upon the duplication of
affected cells, can be expressed as a mutagenic, clastogenic, or carcinogenic event because of specific
alteration of the molecular structure of the genome.

Half-life—A measure of rate for the time required to eliminate one-half of a quantity of a chemical from
the body or environmental media.

Health Advisory—An estimate of acceptable drinking water levels for a chemical substance derived by
EPA and based on health effects information. A health advisory is not a legally enforceable federal
standard, but serves as technical guidance to assist federal, state, and local officials.

Immediately Dangerous to Life or Health (IDLH)—A condition that poses a threat of life or health, or
conditions that pose an immediate threat of severe exposure to contaminants that are likely to have
adverse cumulative or delayed effects on health.
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Immunotoxicity—Adverse effect on the functioning of the immune system that may result from
exposure to chemical substances.

Incidence—The ratio of new cases of individuals in a population who develop a specified condition to
the total number of individuals in that population who could have developed that condition in a specified
time period.

Intermediate Exposure—Exposure to a chemical for a duration of 15-364 days, as specified in the
Toxicological Profiles.

In Vitro—Isolated from the living organism and artificially maintained, as in a test tube.
In Vivo—Occurring within the living organism.

Lethal Concentrationgo) (LCLo)—The lowest concentration of a chemical in air that has been reported
to have caused death in humans or animals.

Lethal Concentrationsg (LCso)—A calculated concentration of a chemical in air to which exposure for
a specific length of time is expected to cause death in 50% of a defined experimental animal population.

Lethal Dosew.0) (LDL,)—The lowest dose of a chemical introduced by a route other than inhalation that
has been reported to have caused death in humans or animals.

Lethal Dosesoy (LDso)—The dose of a chemical that has been calculated to cause death in 50% of a
defined experimental animal population.

Lethal Timesoy (L Ts0)—A calculated period of time within which a specific concentration of a chemical
is expected to cause death in 50% of a defined experimental animal population.

Lowest-Observed-Adverse-Effect Level (LOAEL)—The lowest exposure level of chemical in a study,
or group of studies, that produces statistically or biologically significant increases in frequency or severity
of adverse effects between the exposed population and its appropriate control.

Lymphoreticular Effects—Represent morphological effects involving lymphatic tissues such as the
lymph nodes, spleen, and thymus.

Malformations—Permanent structural changes that may adversely affect survival, development, or
function.

Metabolism—Process in which chemical substances are biotransformed in the body that could result in
less toxic and/or readily excreted compounds or produce a biologically active intermediate.

Minimal LOAEL—Indicates a minimal adverse effect or a reduced capacity of an organ or system to
absorb additional toxic stress that does not necessarily lead to the inability of the organ or system to
function normally.

Minimal Risk Level (MRL)—An estimate of daily human exposure to a hazardous substance that is
likely to be without an appreciable risk of adverse noncancer health effects over a specified route and
duration of exposure.
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Modifying Factor (MF)—A value (greater than zero) that is applied to the derivation of a Minimal Risk
Level (MRL) to reflect additional concerns about the database that are not covered by the uncertainty
factors. The default value for a MF is 1.

Morbidity—The state of being diseased; the morbidity rate is the incidence or prevalence of a disease in
a specific population.

Mortality—Death; the mortality rate is a measure of the number of deaths in a population during a
specified interval of time.

Mutagen—A substance that causes mutations, which are changes in the DNA sequence of a cell’s DNA.
Mutations can lead to birth defects, miscarriages, or cancer.

Necropsy—The gross examination of the organs and tissues of a dead body to determine the cause of
death or pathological conditions.

Neurotoxicity—The occurrence of adverse effects on the nervous system following exposure to a
hazardous substance.

No-Observed-Adverse-Effect Level (NOAEL)—The dose of a chemical at which there were no
statistically or biologically significant increases in frequency or severity of adverse effects seen between
the exposed population and its appropriate control. Although effects may be produced at this dose, they
are not considered to be adverse.

Octanol-Water Partition Coefficient (K,w)—The equilibrium ratio of the concentrations of a chemical
in n-octanol and water, in dilute solution.

Odds Ratio (OR)—A means of measuring the association between an exposure (such as toxic substances
and a disease or condition) that represents the best estimate of relative risk (risk as a ratio of the incidence
among subjects exposed to a particular risk factor divided by the incidence among subjects who were not
exposed to the risk factor). An odds ratio that is greater than 1 is considered to indicate greater risk of
disease in the exposed group compared to the unexposed group.

Permissible Exposure Limit (PEL)—An Occupational Safety and Health Administration (OSHA)
regulatory limit on the amount or concentration of a substance not to be exceeded in workplace air
averaged over any 8-hour work shift of a 40-hour workweek.

Pesticide—General classification of chemicals specifically developed and produced for use in the control
of agricultural and public health pests (insects or other organisms harmful to cultivated plants or animals).

Pharmacokinetics—The dynamic behavior of a material in the body, used to predict the fate
(disposition) of an exogenous substance in an organism. Utilizing computational techniques, it provides
the means of studying the absorption, distribution, metabolism, and excretion of chemicals by the body.

Pharmacokinetic Model—A set of equations that can be used to describe the time course of a parent
chemical or metabolite in an animal system. There are two types of pharmacokinetic models: data-based
and physiologically-based. A data-based model divides the animal system into a series of compartments,
which, in general, do not represent real, identifiable anatomic regions of the body, whereas the
physiologically-based model compartments represent real anatomic regions of the body.
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Physiologically Based Pharmacodynamic (PBPD) Model—A type of physiologically based dose-
response model that quantitatively describes the relationship between target tissue dose and toxic
endpoints. These models advance the importance of physiologically based models in that they clearly
describe the biological effect (response) produced by the system following exposure to an exogenous
substance.

Physiologically Based Pharmacokinetic (PBPK) Model—A type of physiologically based dose-
response model that is comprised of a series of compartments representing organs or tissue groups with
realistic weights and blood flows. These models require a variety of physiological information, including
tissue volumes, blood flow rates to tissues, cardiac output, alveolar ventilation rates, and possibly
membrane permeabilities. The models also utilize biochemical information, such as blood:air partition
coefficients, and metabolic parameters. PBPK models are also called biologically based tissue dosimetry
models.

Prevalence—The number of cases of a disease or condition in a population at one point in time.

Prospective Study—A type of cohort study in which a group is followed over time and the pertinent
observations are made on events occurring after the start of the study.

Recommended Exposure Limit (REL)—A National Institute for Occupational Safety and Health
(NIOSH) exposure limit. The REL may be a time-weighted average (TWA) concentration for up to an
8 or 10-hour workday during a 40-hour workweek. The REL may also be a short-term exposure limit
(denoted ST), typically a 15-minute TWA exposure that should not be exceeded at any time during a
workday.

Reference Concentration (RfC)—An estimate (with uncertainty spanning perhaps an order of
magnitude) of a continuous inhalation exposure to the human population (including sensitive subgroups)
that is likely to be without an appreciable risk of deleterious noncancer health effects during a lifetime.
The inhalation RfC is expressed in units of mg/m? or ppm.

Reference Dose (RfD)—An estimate (with uncertainty spanning perhaps an order of magnitude) of the
daily oral exposure of the human population to a potential hazard that is likely to be without risk of
deleterious noncancer health effects during a lifetime. The oral RfD is expressed in units of mg/kg/day.

Reportable Quantity (RQ)—The quantity of a hazardous substance that is considered reportable under
the Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA). RQs are

(1) >1 pound or (2) for selected substances, an amount established by regulation either under CERCLA or
under Section 311 of the Clean Water Act. Quantities are measured over a 24-hour period.

Reproductive Toxicity—The occurrence of adverse effects on the reproductive system that may result
from exposure to a hazardous substance. The toxicity may be directed to the reproductive organs and/or
the related endocrine system. The manifestation of such toxicity may be noted as alterations in sexual
behavior, fertility, pregnancy outcomes, or modifications in other functions that are dependent on the
integrity of this system.

Retrospective Study—A type of cohort study based on a group of persons known to have been exposed
at some time in the past. Data are collected from routinely recorded events, up to the time the study is
undertaken. Retrospective studies are limited to causal factors that can be ascertained from existing
records and/or examining survivors of the cohort.
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Risk—The possibility or chance that some adverse effect will result from a given exposure to a hazardous
substance.

Risk Factor—An aspect of personal behavior or lifestyle, an environmental exposure, existing health
condition, or an inborn or inherited characteristic that is associated with an increased occurrence of
disease or other health-related event or condition.

Risk Ratio/Relative Risk—The ratio of the risk among persons with specific risk factors compared to the
risk among persons without risk factors. A risk ratio that is greater than 1 indicates greater risk of disease
in the exposed group compared to the unexposed group.

Serious LOAEL—A dose that evokes failure in a biological system and can lead to morbidity or
mortality.

Short-Term Exposure Limit (STEL)—A STEL is a 15-minute TWA exposure that should not be
exceeded at any time during a workday.

Standardized Mortality Ratio (SMR)—A ratio of the observed number of deaths and the expected
number of deaths in a specific standard population.

Target Organ Toxicity—This term covers a broad range of adverse effects on target organs or
physiological systems (e.g., renal, cardiovascular) extending from those arising through a single limited
exposure to those assumed over a lifetime of exposure to a chemical.

Teratogen—A chemical that causes structural defects that affect the development of an organism.

Threshold Limit Value (TLV)—An American Conference of Governmental Industrial Hygienists
(ACGIH) concentration of a substance to which it is believed that nearly all workers may be repeatedly
exposed, day after day, for a working lifetime without adverse effect. The TLV may be expressed as a
Time-Weighted Average (TLV-TWA), as a Short-Term Exposure Limit (TLV-STEL), or as a ceiling
limit (TLV-C).

Time-Weighted Average (TWA)—An average exposure within a given time period.

Toxicokinetic—The absorption, distribution, metabolism, and elimination of toxic compounds in the
living organism.

Toxics Release Inventory (TRI)—The TRI is an EPA program that tracks toxic chemical releases and
pollution prevention activities reported by industrial and federal facilities.

Uncertainty Factor (UF)—A factor used in operationally deriving the Minimal Risk Level (MRL),
Reference Dose (RfD), or Reference Concentration (RfC) from experimental data. UFs are intended to
account for (1) the variation in sensitivity among the members of the human population, (2) the
uncertainty in extrapolating animal data to the case of human, (3) the uncertainty in extrapolating from
data obtained in a study that is of less than lifetime exposure, and (4) the uncertainty in using lowest-
observed-adverse-effect level (LOAEL) data rather than no-observed-adverse-effect level (NOAEL) data.
A default for each individual UF is 10; if complete certainty in data exists, a value of 1 can be used;
however, a reduced UF of 3 may be used on a case-by-case basis (3 being the approximate logarithmic
average of 10 and 1).

Xenobiotic—Any substance that is foreign to the biological system.
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AAPCC American Association of Poison Control Centers
ACGIH American Conference of Governmental Industrial Hygienists
ACOEM American College of Occupational and Environmental Medicine
ACMT American College of Medical Toxicology

ADI acceptable daily intake

ADME absorption, distribution, metabolism, and excretion
AEGL Acute Exposure Guideline Level

AIC Akaike’s information criterion

ATHA American Industrial Hygiene Association

ALT alanine aminotransferase

AOEC Association of Occupational and Environmental Clinics
AP alkaline phosphatase

AST aspartate aminotransferase

atm atmosphere

ATSDR Agency for Toxic Substances and Disease Registry
AWQC Ambient Water Quality Criteria

BCF bioconcentration factor

BMD/C benchmark dose or benchmark concentration

BMDx dose that produces a X% change in response rate of an adverse effect
BMDLx 95% lower confidence limit on the BMDx

BMDS Benchmark Dose Software

BMR benchmark response

BUN blood urea nitrogen

C centigrade

CAA Clean Air Act

CAS Chemical Abstract Services

CDC Centers for Disease Control and Prevention

CEL cancer effect level

CERCLA Comprehensive Environmental Response, Compensation, and Liability Act
CFR Code of Federal Regulations

Ci curie

CI confidence interval

cm centimeter

CPSC Consumer Products Safety Commission

CWA Clean Water Act

DNA deoxyribonucleic acid

DOD Department of Defense

DOE Department of Energy

DWEL drinking water exposure level

EAFUS Everything Added to Food in the United States
ECG/EKG electrocardiogram

EEG electroencephalogram

EPA Environmental Protection Agency

ERPG emergency response planning guidelines

F Fahrenheit

F1 first-filial generation

FDA Food and Drug Administration

FIFRA Federal Insecticide, Fungicide, and Rodenticide Act

FR Federal Register
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LC
LCso
LCLO
LDso
LDLo
LDH
LH
LOAEL
LSE
LTso

m

mCi
MCL
MCLG
MF

mg

mL
mm
mmHg
mmol
MRL
MS
MSHA
Mt
NAAQS
NAS
NCEH
ND

ng
NHANES
NIEHS
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follicle stimulating hormone

gram

gas chromatography

gestational day

v-glutamyl transferase

generally recognized as safe

human equivalent concentration

human equivalent dose

Department of Health and Human Services
high-performance liquid chromatography
Hazardous Substances Data Bank
International Agency for Research on Cancer
immediately dangerous to life and health
Integrated Risk Information System
adsorption ratio

kilogram

kilokilogram; 1 kilokilogram is equivalent to 1,000 kilograms and 1 metric ton

organic carbon partition coefficient
octanol-water partition coefficient

liter

liquid chromatography

lethal concentration, 50% kill

lethal concentration, low

lethal dose, 50% kill

lethal dose, low

lactate dehydrogenase

luteinizing hormone
lowest-observed-adverse-effect level
Level of Significant Exposure

lethal time, 50% kill

meter

millicurie

maximum contaminant level

maximum contaminant level goal
modifying factor

milligram

milliliter

millimeter

millimeters of mercury

millimole

Minimal Risk Level

mass spectrometry

Mine Safety and Health Administration
metric ton

National Ambient Air Quality Standard
National Academy of Science

National Center for Environmental Health
not detected

nanogram

National Health and Nutrition Examination Survey
National Institute of Environmental Health Sciences

G-2
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NIOSH National Institute for Occupational Safety and Health
NLM National Library of Medicine
nm nanometer
nmol nanomole
NOAEL no-observed-adverse-effect level
NPL National Priorities List
NR not reported
NRC National Research Council
NS not specified
NTP National Toxicology Program
OR odds ratio
OSHA Occupational Safety and Health Administration
PAC Protective Action Criteria
PAH polycyclic aromatic hydrocarbon
PBPD physiologically based pharmacodynamic
PBPK physiologically based pharmacokinetic
PEHSU Pediatric Environmental Health Specialty Unit
PEL permissible exposure limit
PEL-C permissible exposure limit-ceiling value
pg picogram
PND postnatal day
POD point of departure
ppb parts per billion
ppbv parts per billion by volume
ppm parts per million
ppt parts per trillion
REL recommended exposure limit
REL-C recommended exposure level-ceiling value
RfC reference concentration
RfD reference dose
RNA ribonucleic acid
SARA Superfund Amendments and Reauthorization Act
SCE sister chromatid exchange
SD standard deviation
SE standard error
SGOT serum glutamic oxaloacetic transaminase (same as aspartate aminotransferase or AST)
SGPT serum glutamic pyruvic transaminase (same as alanine aminotransferase or ALT)
SIC standard industrial classification
SLOAEL serious lowest-observed-adverse-effect level
SMR standardized mortality ratio
sRBC sheep red blood cell
STEL short term exposure limit
TLV threshold limit value
TLV-C threshold limit value-ceiling value
TRI Toxics Release Inventory
TSCA Toxic Substances Control Act
TWA time-weighted average
UF uncertainty factor
U.S. United States
USDA United States Department of Agriculture

USGS United States Geological Survey
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U.S. Nuclear Regulatory Commission
volatile organic compound

white blood cell

World Health Organization

greater than

greater than or equal to
equal to

less than

less than or equal to
percent

alpha

beta

gamma

delta

micrometer
microgram

cancer slope factor
negative

positive

weakly positive result
weakly negative result
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