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ABSTRACT

Naphthalene is a ubiquitous environmental contaminant produced by combustion of fossil fuels and is a primary
constituent of both mainstream and side stream tobacco smoke. Naphthalene elicits region-specific toxicity in airway club
cells through cytochrome P450 (P450)-mediated bioactivation, resulting in depletion of glutathione and subsequent
cytotoxicity. Although effects of naphthalene in mice have been extensively studied, few experiments have characterized
global metabolomic changes in the lung. In individual lung regions, we found metabolomic changes in microdissected
mouse lung conducting airways and parenchyma obtained from animals sacrificed at 3 timepoints following naphthalene
treatment. Data on 577 unique identified metabolites were acquired by accurate mass spectrometry-based assays focusing
on lipidomics and nontargeted metabolomics of hydrophilic compounds. Statistical analyses revealed distinct metabolite
profiles between the 2 lung regions. Additionally, the number and magnitude of statistically significant exposure-induced
changes in metabolite abundance were different between airways and parenchyma for unsaturated
lysophosphatidylcholines, dipeptides, purines, pyrimidines, and amino acids. Importantly, temporal changes were found to
be highly distinct for male and female mice with males exhibiting predominant treatment-specific changes only at 2
h postexposure. In females, metabolomic changes persisted until 6 h postnaphthalene treatment, which may explain the
previously characterized higher susceptibility of female mice to naphthalene toxicity. In both males and females,
treatment-specific changes corresponding to lung remodeling, oxidative stress response, and DNA damage were observed.
Overall, this study provides insights into potential mechanisms contributing to naphthalene toxicity and presents a novel
approach for lung metabolomic analysis that distinguishes responses of major lung regions.

Key words: metabolomics; lung; microdissection; polycyclic aromatic hydrocarbons.

Naphthalene is a ubiquitous polycyclic aromatic hydrocarbon
emitted into the atmosphere by combustion of fossil fuels, ciga-
rette smoke, biomass burning, and several other sources (Jia
and Batterman, 2010). Humans are exposed to naphthalene pri-
marily through inhalation but can also ingest naphthalene
through diet (Li et al., 2010). Widespread human exposure to

naphthalene is of concern due to findings from animal studies
that demonstrate acute toxicity as well as formation of neo-
plasms in rodents, prompting the classification of naphthalene
as a potential human carcinogen (NTP, 2000). The proposed
mechanism of naphthalene toxicity is through cytochrome P450
(P450) monooxygenase-mediated bioactivation. CYP2F2, the
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predominant isoform responsible for metabolizing naphthalene
in the mouse lung, rapidly metabolizes naphthalene into a reac-
tive epoxide (Li et al., 2011). This epoxide is detoxified via conju-
gation with glutathione, but can form DNA and protein adducts
upon glutathione depletion, which is accompanied by cytotoxic-
ity in the airway epithelium (Carratt et al., 2019a; Plopper, 2001).
The physiological effects of naphthalene exposure include api-
cal membrane blebbing and oxidative stress followed by
changes in energy supply and ultimately loss of cells in the air-
way epithelium (Ling et al., 2014). The human ortholog, CYP2F1,
has much lower activity toward naphthalene relative to
CYP2F2, which may suggest that humans are at a lower risk for
naphthalene-induced tumor formation (Lanza et al., 1999;
Shultz et al., 1999). However, transgenic expression of CYP2F1
and CYP2A13, another P450 isoform expressed in human lungs,
was sufficient to bioactivate inhaled naphthalene in vivo and
mediate naphthalene’s respiratory toxicity in humanized mice
(Li et al., 2017).

Nonciliated lung airway epithelial cells, commonly referred
to as club cells, highly express CYP2F2 and are the primary tar-
get of naphthalene induced injury in mice (Buckpitt et al., 2002;
Phimister et al., 2004; Plopper et al., 1992) regardless of route of
exposure. Club cells are most abundant in the distal airways of
mice and in the respiratory bronchioles of nonhuman primates
and humans (Buckpitt et al., 2002). Airway club cell expression
of CYP2F2 in mice is related to site-specific toxicity following
naphthalene exposure. Additionally, female mice tend to be
more susceptible to the toxic effects of naphthalene, highlight-
ing the importance of both target region- and sex-specific
effects of exposure (Carratt et al., 2019b; Van Winkle et al., 2002).
Most metabolomics studies use whole organs. However, in the
case of naphthalene, the cellular targets of toxicity are club cells
which have a restricted distribution in the lung and are con-
fined to the conducting airways. Nonetheless, lung regions that
are not targeted for toxicity, and that contain distinct cell types
such as the alveolar cell types found in lung parenchyma, may
contribute to the initial response. These studies are needed to
better understand the mechanisms of naphthalene toxicity that
could lead to adverse outcomes in the lung in both target and
nontarget regions for acute cytotoxicity.

Metabolomics enables global characterization of metabolites
produced by an organism and metabolic changes associated with
toxicant exposure or environmental interactions (Bundy et al.,
2009; Lankadurai et al., 2013). Previous studies have implemented
nontargeted metabolomics analyses to characterize changes in
metabolism in response to naphthalene, demonstrating signifi-
cant alterations with respect to treatment (Lee et al., 2018; Lin
et al., 2015). However, these analyses have been limited to the
sampling of homogenized whole lung lobes, precluding the ability
to distinguish metabolic responses between different lung regions.
Identifying these region-specific responses is especially important
for toxicants that target-specific cell types with heterogenous dis-
tribution throughout the lung (Buckpitt et al., 2013). One potential
technique to isolate lung regions is gross lung microdissection,
which has previously been established as an approach to distin-
guish differences in response to naphthalene exposure between
lung airways and the surrounding parenchyma (Buckpitt et al.,
1995; Plopper et al., 1991).

Our objective was to characterize responses to naphthalene
in microdissected lung tissue from male and female mice using
nontargeted metabolomics. We treated male and female C57BL/
6 mice with a single intraperitoneal injection of naphthalene
and sampled gross microdissected airways and parenchyma at
2, 6, and 24 h postinjection. This exposure paradigm has

previously demonstrated club cell toxicity similar to acute inha-
lation of naphthalene in mice (Buckpitt et al., 1995; Kovalchuk
et al., 2017; Plopper et al., 1992; Van Winkle et al., 2002). Liquid
chromatography—accurate mass tandem mass spectrometry
(LC-MS/MS) assays for both lipids and hydrophilic metabolites
were implemented to maximize coverage of annotations for
both types of tissues. A series of multivariate and univariate
statistical analyses were performed to identify metabolite
changes among various groups. We hypothesized that metabo-
lite profiles would differ both between tissue types and between
treatments. Based on previous studies, we also anticipated fe-
male metabolite profiles to be perturbed more than males in re-
sponse to treatment.

MATERIALS AND METHODS

Animal protocol. Adult male and female C57BL/6 mice (Envigo,
Inc.) aged 8–10 weeks were housed on a 12/12 light/dark cycle
and fed a diet consisting of Purina 5001 lab diet. Each animal re-
ceived an i.p. injection of either corn oil, which was used as a vehi-
cle control, or naphthalene dissolved in corn oil (200 mg/kg); all
mice were treated at the same time of day, in the morning. Mice
were euthanized at 2, 6, or 24 h postinjection with a lethal injection
of pentobarbital and necropsied immediately following euthanasia
(N¼ 6 per treatment and timepoint for both sexes; N¼ 72 total, 36
male and 36 female). Lungs from each mouse were cannulated, re-
moved en bloc, and inflated using a heated solution of 1% agarose
(w/v) in 0.01M phosphate-buffered saline. The left lobe of each
mouse was microdissected following a previous protocol (Plopper
et al., 1991) (Supplementary Figure 1). The resulting airways and pa-
renchyma were immediately stored at�80�C until analysis. All ani-
mal experiments were conducted under approved protocols
reviewed by the UC Davis Institutional Animal Care and Use
Committee in accordance with guidelines for animal research
established by the National Institutes of Health.

Preparation of samples and LC-MS/MS analysis. Frozen microdis-
sected tissues were lyophilized for approximately 24 h. Dried
samples were homogenized, and 1 mg of dried tissue was used for
analysis, roughly equivalent to 10 mg of fresh tissue. Tissue homo-
genates were extracted on ice in 2-ml centrifuge tubes by adding
225ll of methanol and an internal standard mixture included in
Supplementary Table 1 and 750ll of methyl tert-butyl ether con-
taining cholesterol ester (CE) 22:1 (Cajka and Fiehn, 2016). The top
and bottom fractions were evaporated to dryness, which contained
hydrophobic and hydrophilic metabolites, respectively. The dry
samples containing hydrophilic metabolites were resuspended in
110ll of 80% acetonitrile, 20% water, and an internal standard mix-
ture included in Supplementary Table 2. The dry samples contain-
ing hydrophobic metabolites were resuspended in 100ll of 90%
methanol, 10% toluene, and 50 ng/ml CUDA. Detailed methods for
extraction and resuspension can be found in the online data sup-
plement. All samples were analyzed by a ThermoFisher Scientific
Vanquish UHPLCþ liquid chromatography system coupled to a Q-
Exactive HF orbital ion trap mass spectrometer. Detailed analysis,
instrument, and chromatography parameters are included the on-
line Supplementary Data .

Data processing and statistics. Data processing was completed in
MS-DIAL v.4.18 (Tsugawa et al., 2015). Identification for all com-
pounds was based on mass spectra from in silico libraries,
MassBank of North America (https://massbank.us), and NIST20.
Experimental spectra from MassBank of North America are pub-
licly available and NIST20 spectra are commercially available
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for use. Matches were determined based on m/z, retention time,
and MS/MS fragmentation pattern (Bonini et al., 2020). The proc-
essed data were normalized using systematic error removal in
random forest (Fan et al., 2019), a machine-learning algorithm
that normalizes experimental samples based on systematic var-
iation in pooled QC samples. Statistical analysis was completed
in R v.3.6.1 on the log-transformed dataset. One-way ANOVA
was performed with Tukey’s HSD post hoc test to adjust for mul-
tiple comparisons. Multivariate statistical analysis was con-
ducted by principal components analysis (PCA), hierarchical
clustering analysis (HCA), and chemical similarity enrichment
analysis (ChemRICH) (Barupal and Fiehn, 2017). Volcano plots
and heatmaps were generated in R using the Bioconductor
packages EnhancedVolcano and ComplexHeatmap (Gu et al.,
2016).

RESULTS

Metabolomic and Lipidomics Compound Annotations
A total of 577 unique metabolites were annotated in the dataset
across both lipophilic and hydrophilic chromatographic plat-
forms and both electrospray modes (Koelmel et al., 2017).
Unknown chromatographic features within the dataset were
excluded from the final analysis. The annotations between lipi-
domics and HILIC analysis were broken down into major classes
and is shown in Figure 1. A full list of compounds and classes
for all platforms is included online in a Supplementary Data
sheet. Among the annotated metabolites analyzed in the study,
the values for median relative standard deviation of pooled ex-
perimental samples used as a measure of technical variance
were 8.3% and 15.5% for compounds identified by lipidomics
and HILIC, respectively. Most lipids identified in the dataset
were neutral lipids, with a slightly lower number of phospholi-
pids identified. Each major class of lipid was also categorized
based on the degree of unsaturation, which can be attributed
to biological function. The largest class of hydrophilic metabo-
lites was annotated as derivatives of amino acids included
dipeptides.

Metabolic Differences Between Mouse Airways and Parenchyma
Dominate Overall Variance
We first determined which experimental factors contributed
most to overall differences in the dataset, using PCA as an unbi-
ased multivariate dimension reduction technique (Figure 2).
Principal component 1 (PC1) accounted for almost 20% of
the overall data variance that was likely due to biological varia-
tion between sexes, treatments, and timepoints. Technical
errors did not contribute to PC1 variance as seen by the
close clustering of the quality control pool samples (Figure 2).

Lipids Hydrophilic Metabolites

103 (33.5%)
91 (29.6%)

44 (14.3%)29 (9.4%)

25 (8.1%)

9 (2.9%)

6 (1.9%)

102 (37.7%)
72 (26.7%)

7 (2.6%)
14 (5.2%)13 (4.8%)

12 (4.4%)

11 (4.1%)

10 (3.7%)
24 (8.9%)

5 (1.9%)

A B

Figure 1. Overview of annotations identified by lipidomics and HILIC analysis. A, Complex lipids were classified by ClassyFire software into 7 major lipid classes con-

sisting of 307 unique annotations. B, Hydrophilic compounds were classified into 10 major metabolite classes, comprising 270 unique annotations. ClassyFire catego-

ries with less than 5 compounds were summarized into “Other” class labels.

Figure 2. Principal components analysis (PCA) of metabolic variance in mouse

lungs. PC2 discriminates metabolic phenotypes of mouse airways and paren-

chyma. Pool samples were prepared by mixing fractions of each extracted pa-

renchyma and airways sample, which were used as a measure of technical

variance of the analytical method.
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No single sample needed to be removed due to potential
gross difference to all other samples. The next vector, PC2,
explained 14.3% of the total data variance, which was attributed
to differences in lung airways and parenchyma samples within
the dataset. However, differences attributed to sex, naphthalene
exposure, or temporal changes did not dominate metabolic
phenotypes to an extent that would lead to overt clustering
along axes of PCA plots, which typically capture large differen-
ces between groups of samples (Supplementary Figure 2)
(Ruiz-Perez et al., 2020; Worley and Powers, 2012). Instead, these
biological differences led to overall variance with slowly de-
creasing importance, leading to only 50% explained variance
combined by the top 5 principal components (Supplementary
Figure 3).

Statistical Analysis of Metabolite Profiles Between Tissues and
Naphthalene Treatment
Multivariate analysis identifying changes in metabolite classes
between treatments and between tissues was next used to de-
termine differences that contributed to the observed variation
by PCA. Chemical enrichment similarity analysis (ChemRICH)
enabled characterization of significantly altered metabolite
classes in response to naphthalene treatment for both lung air-
ways and parenchyma. ChemRICH is a multivariate statistical
approach used as an alternative to traditional pathway map-
ping that does not rely on database size and groups each metab-
olite based on its chemical structure, which often alludes to a
compound’s biological function (Barupal and Fiehn, 2017).
Initial ChemRICH analyses between naphthalene-treated and
control animals revealed distinct differences at each timepoint

and between sexes. In males, amino acids, purines, and several
other metabolite classes were altered in response to treatment
at 2 h postinjection (Supplementary Figure 4). However, no sig-
nificant changes in metabolite classes were identified by
ChemRICH at 6 or 24 h in males. In contrast, changes in metabo-
lite classes in females were present both at 2 h (Supplementary
Figure 5) and at 6 h, with the most extensive changes identified
at 6 h postinjection. Dipeptides and unsaturated LPCs were de-
creased in both airways and parenchyma following naphtha-
lene treatment at 6 h in females, whereas amino acid species
were both increased and decreased following treatment
(Figs. 3A and 3B). Additionally, multiple pyrimidine nucleosides
were decreased in parenchyma but not in airways of the
naphthalene-treated animals, highlighting the difference in re-
sponse between the 2 tissues (Figure 3B). For significantly al-
tered metabolite classes in both airways and parenchyma of
females, the average metabolite abundance of each class
yielded the greatest fold difference at 6 h comparing the 2 treat-
ment groups (Figs. 3C and 3D). Lastly, ChemRICH analysis com-
paring metabolite classes between tissues for each sex revealed
striking differences in the lipid profiles of airways and paren-
chyma samples, which were dominated by substantially higher
levels of triacylglycerides (TG) in airways than in parenchyma.
Importantly, these differences did not appear to be mediated by
treatment or sex, as TG abundance was inherently different at
each timepoint in the control-treated male and female mice
(Supplementary Figure 6).

Following the analysis of metabolite class changes, we
next wanted to evaluate alterations within each significantly al-
tered class to identify underlying changes in subclasses of

A C
Naphthalene/

Control Airways

Naphthalene/
Control Parenchyma

D

B

****

*

*

*

E

F G H

Figure 3. Metabolite profiles of lung airways and parenchyma are altered in response to naphthalene-treatment in females 6 h postinjection. A and B, ChemRICH plots

comparing naphthalene-treated airways and parenchyma in female mice 6 h postinjection, respectively. The size of each circle represents the relative number of

metabolites contained within each cluster. Red circles indicate all metabolites increase within a cluster, whereas blue circles indicate all metabolites decrease within a

cluster. Pink and purple circles represent a mix consisting of mostly increased and decreased metabolite abundances, respectively. Axes correspond to the �log p value

of a metabolite class plotted against index values assigned to each metabolite in the online datasheet included as supplemental material. p values used for the input of

each ChemRICH were calculated by 1-way ANOVA with Tukey’s post hoc analysis. p values for each ChemRICH cluster were calculated using the Kolmogorov-Smirnov

test. C–H, Boxplots displaying the average intensities for the largest clusters of metabolite classes altered in female airways and parenchyma for all timepoints, respec-

tively. Axes represent the log10 peak height of each sample for each timepoint, and samples with values greater than 1.5 times the interquartile range are indicated by

dots on each plot. *p< .05, ***p< .001.
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metabolites related to a specific biological function. Due to the
absence of significant differences in metabolite classes in male
mice after 2 h, we focused our subsequent analyses on female
mice tissues sampled 6 h postinjection. HCA comparing be-
tween both tissues and treatments demonstrated several signif-
icantly altered metabolites of the same subclass. Once again,
unsaturated TGs were more abundant in airways than in paren-
chyma in the control mice, which were all clustered following
HCA. Two clusters, one consisting of unsaturated CE and an-
other consisting of unsaturated phosphatidylcholines (PC) and
LPCs were all lower in abundance in airways than in paren-
chyma in control-treated mice. Interestingly, the fold change in
LPCs and PCs decreased in response to naphthalene treatment,
whereas the fold change in TGs between both tissues was
greatly increased following treatment (Figure 4A).

HCA was also performed for clustering of significant changes
comparing the effects of naphthalene treatment on female air-
ways and parenchyma sampled 6 h postinjection (Figure 4B).
Purine and pyrimidine derivatives were clustered together and
increased in both tissue types following naphthalene treatment,
with airways experiencing greater relative increases in several
species than parenchyma. Lysine-containing dipeptides and
LPCs were also clustered together, which were ubiquitously de-
creased in response to naphthalene treatment (Figure 4B). The
full lists of significantly altered metabolites are included in
Supplementary Tables 3 and 4.

Univariate Analysis of Individual Metabolites Significantly Affected
by Naphthalene Treatment
Lastly, we analyzed changes in individual metabolite abundance
within each tissue type following naphthalene treatment to fur-
ther distinguish the response of airways compared with

parenchyma. For individual metabolite analysis, we also fo-
cused on female tissues sampled 6 h postinjection as this time-
point included the greatest number of significantly altered
metabolites between sexes and each timepoint. In both airways
and parenchyma, adenosine 50-diphosphoribose (ADP ribose),
riboflavin, cytidine 50-diphosphate ethanolamine, and uridine
diphosphate galactose were all altered following naphthalene
treatment, passing a threshold log2 fold change of 5 (Figs. 5A
and 5B). However, the fold change of cytidine 50-diphosphate
ethanolamine, ADP ribose, and uridine diphosphate galactose
were all relatively greater in airways than in parenchyma,
further indicating a tissue-specific response to treatment.
Moreover, dipeptides containing lysine residues displayed
greater relative fold changes in airways relative to changes in
parenchyma. The magnitude of these changes coupled with
their biological function may potentially contribute to some of
the region-specific effects of naphthalene in mice.

DISCUSSION

Our study demonstrates the importance of region-specific
metabolomic analysis of the lung. Previous metabolomics
studies of the lung have analyzed homogenized whole lung tis-
sue to characterize the effects of naphthalene in mice (Hong
et al., 2014; Lee et al., 2018; Lin et al., 2015; Yao et al., 2016).
However, the results of our study demonstrated significant dif-
ferences when comparing individual regions of microdissected
lung tissue from male and female mice that received i.p. injec-
tions of naphthalene. PCA displayed clear separation of lung
airways and parenchyma regardless of sex, treatment, or time
(Figure 2A). Significant variation was present within each tissue,
which was most likely attributable to significant differences in

Control

Naphthalene

Airways

Parenchyma

Log2 Fold
Change

Naphthalene/Control Female

Airways/Parenchyma Female

A

B

Log2 Fold
Change

TG LPC, PC CE

DipeptidesPurines and Pyrimidines LPC

Figure 4. Naphthalene treatment greatly alters the profiles of individual metabolite subclasses in female airways and parenchyma at 6 h. A, Heatmap comparing me-

tabolite abundance of airways relative to parenchyma for each treatment at 6 h. B, Heatmap comparing metabolite abundance of naphthalene-treated tissues relative

to control-treated tissues at 6 h for each tissue type. For both heatmaps, Euclidean clustering was used for HCA. Fold changes are expressed as the log2 fold change of

each metabolite to indicate direction. Only metabolites that were statistically significant in at least one comparison were included in each figure. Labels of the most

prevalent metabolite classes within each cluster are included below the body of the heatmap. p values were calculated by 1-way ANOVA and Tukey’s post hoc analysis.

Lists of metabolites present in each heatmap are included in Tables 3 and 4.
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metabolite classes between treatments and timepoints sampled
within the study.

ChemRICH analysis and HCA identified metabolite classes and
subclass abundances that were unique based on tissue (Figs. 3 and
4). Unsaturated TGs, PCs, and CEs were the predominant metabolite
classes that varied in abundance between lung airways and paren-
chyma, with the relative abundance of unsaturated TGs being
much greater in airways compared with PCs and CEs that were less
abundant in airways. The relative abundance of these classes fol-
lowing naphthalene treatment shifted significantly, as unsaturated
TGs greatly increased in abundance and differences between PCs
and CEs became less marked in females at 6 h (Figure 4A). These
changes may reflect remodeling of the epithelial cell membrane
and lipolysis following cytotoxicity and damage to the epithelium
resulting from naphthalene treatment (Lass et al., 2011; Plopper,
2001). Furthermore, intake and export of TGs is dependent upon ac-
tivity of apolipoprotein E (Apo-E) and apolipoprotein A-I (Apo-AI),
respectively. Both proteins are expressed in the lung and serve im-
portant roles in maintaining normal lipid metabolism (Yao et al.,
2016). Alterations in either Apo-E or Apo-AI are associated with sev-
eral lung diseases and contribute to increased lung inflammation,
oxidative stress, and collagen deposition (Jie Yan et al., 2006; Kim
et al., 2010; Rice et al., 2015). Although these studies have not exam-
ined the effect of naphthalene treatment on Apo-E and Apo-AI ex-
pression, selective TG accumulation in the airways of naphthalene-
treated mice may suggest dysregulation of one of these proteins.

Metabolite classes and subclasses were also significantly al-
tered when comparing the effects of naphthalene treatment in
females at 6 h postinjection. LPCs and dipeptides were the predom-
inant classes affected by treatment, with dipeptides containing ly-
sine residues constituting several significant differences reported
in dipeptide abundance (Figure 4B). LPCs are bioactive lipids
formed from phospholipase A2, which can modulate inflammatory
responses and are implicated in lung disease (Wang and
Tontonoz, 2019; Yoder et al., 2014). LPCs can undergo conversion
to PCs through lysophosphatidylcholine acyltransferase (LPCAT)

or can be modified by another enzyme, autotaxin, to lysophospha-
tidic acid (LPA) (Law et al., 2019). Previous studies have established
a potential role of LPA in the development of pulmonary fibrosis
through pharmacologic inhibition of the LPA receptor 1, which re-
duced disease severity in a bleomycin mouse model of pulmonary
fibrosis (Ninou et al., 2018; Oikonomou et al., 2012). Significant
reductions in LPC following naphthalene treatment may result
from increased LPA production or could result from increased pro-
duction of PCs from LPCs through the Lands’ Cycle (Figure 6A)
(Wang and Tontonoz, 2019). Concurrent decreases in many gly-
cine, lysine, and proline-containing dipeptides may further support
lung remodeling in response to naphthalene treatment consider-
ing the role of lysine and proline as important constituents of the
extracellular matrix within the lung (Bradley et al., 1974).

Comparisons of individual metabolites were drawn to pro-
vide insights into metabolites with unique biological functions
in addition to metabolite class changes. Univariate analysis
displayed striking alterations in many amino acids and pyrimi-
dine derivatives in both female naphthalene-treated airways
and parenchyma at 6 h (Figs. 5A and 5B). Among the metabolites
most substantially altered were uridine diphosphate galactose,
cytidine 50-diphosphate ethanolamine, and ADP ribose.
Interestingly, the magnitude of fold changes for each of these
metabolites was much greater in airways relative to the fold
change between naphthalene and control-treated parenchyma.
Cytidine 50-diphosphate ethanolamine is an important precur-
sor used in the synthesis of phosphatidylethanolamines, which
are essential components of the cell membrane (Brunetti
et al., 1979). The significant increase of this compound in naph-
thalene-treated mice recapitulates the observed changes in
other metabolites following treatment, further implicating
remodeling of the cell membrane as an effect of treatment.

Changes in cell membrane characteristics and remodeling
may be exacerbated by the effects of significantly reduced ly-
sine and significantly increased ADP ribose also observed fol-
lowing treatment. Lysine has previously been reported to

A B
Naphthalene/Control ParenchymaNaphthalene/Control Airways

Figure 5. Individual metabolite changes in naphthalene-treated female mice differ in magnitude and between tissues. A and B, Volcano plot of �log10 p value versus

log2 fold change of metabolites in naphthalene-treated airways and parenchyma relative to control, respectively. p values were determined using 1-way ANOVA

with Tukey’s post hoc analysis. An arbitrary log2 fold change cut-off of 5 was used to indicate metabolites with especially large differences between treatment groups. A

p value threshold of <.05 was selected to indicate statistical significance. Metabolites that pass both thresholds are indicated in red, whereas metabolites not passing

either threshold are shaded in gray. Yellow and blue dots represent metabolites that only pass either the p value or fold change threshold, respectively.
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reduce the severity of lipopolysaccharide-induced acute lung in-
jury by reducing lipid peroxidation and proinflammatory
responses in mice (Zhang et al., 2019). Reduced abundance of ly-
sine resulting from naphthalene treatment may contribute to
increased oxidative stress and glutathione depletion observed
in previous studies (Phimister et al., 2004). In addition to gluta-
thione depletion, naphthalene metabolites can form DNA
adducts that lead to further cytotoxicity (Carratt et al., 2019a).
The substantially increased abundance of ADP ribose, which
is a subunit of poly(ADP-ribose) upon DNA damage by poly
adenosine diphosphate ribose polymerase (PARP), provides ad-
ditional evidence supporting these previous findings (Figure 6B)
(Altmeyer et al., 2009; Hou et al., 2019; Satoh and Lindahl, 1992).
Importantly, the magnitude of this increase was greatest
in the airways where ADP ribose abundance was barely detect-
able in vehicle-treated and several hundred-fold higher in
naphthalene-treated female mice at 6 h.

Significant metabolite changes within each tissue following
naphthalene treatment were almost exclusively confined to
earlier timepoints, with few significant differences remaining
between treatment groups 24 h postinjection. This observation
may allude to compensatory mechanisms present soon after
naphthalene treatment when cells undergo vacuolization and
become permeable, which contrasts with the 24-h timepoint
where club cells have exfoliated from the epithelial membrane
and many are no longer present (Van Winkle et al., 2002).
Strikingly, significant metabolic changes were not limited to the
airways of naphthalene-treated mice, with similar alterations
being present in both airways and parenchyma (Figure 3). Club
cells are the primary target for naphthalene toxicity in the mouse
lung due to relatively high expression of CYP450 isoforms cata-
lyzing the formation of reactive naphthalene metabolites
(Buckpitt et al., 2002). However, cell-to-cell communication is es-
sential for maintaining homeostasis in the lung in response to
injury and could potentially affect metabolic responses of other
cell types such as those found in the lung parenchyma (Gupta
et al., 2019).

When comparing metabolite changes between each sex,
male mice displayed significant alterations in multiple metabo-
lite classes at 2 h postinjection (Supplementary Figure 4). In
both males and females, the number of significantly altered

metabolites was much lower 24 h postinjection (data not
shown). However, sex-specific differences in metabolism were
most evident when comparing the effect of treatment in lung
airways and parenchyma across timepoints. Changes in pyrimi-
dine nucleotide sugars, LPCs, and dipeptides were limited to the
2 h postinjection in males, whereas these metabolites were sig-
nificantly altered at both 2 and 6 h in females (Supplementary
Figure 5 and Figure 3). Significant changes in metabolic profiles
of male and female mice were mostly returned to baseline at
24 h postinjection in both tissues when comparing treatments.
It is well-established that susceptibility to naphthalene toxicity
is greater in female mice than in male mice (Carratt et al., 2019b;
Van Winkle et al., 2002). These observations may be attributed
to the persistence of metabolic changes related to DNA damage,
oxidative stress, and lung remodeling in females but not in
males. Furthermore, metabolite changes in males may also in-
dicate protective mechanisms that mitigate naphthalene toxic-
ity compared with females, although this was not a primary
focus of our analysis.

The acute toxic effects of naphthalene exposure are well
characterized in mice. However, few studies have utilized
metabolomics to evaluate the contribution of global lung me-
tabolite changes underlying the mechanism of naphthalene
toxicity (Hong et al., 2014; Lee et al., 2018; Ling et al., 2014). Lung
metabolomics studies in mice routinely analyze homogenized
whole lung lobes, which prevents the characterization of
region-specific responses following exposure to toxicants that
target individual regions of the lung. The objective of our study
was to identify region-specific differences in metabolite profiles
from microdissected lung airways and parenchyma of naphtha-
lene-treated mice. The findings from this study identified inher-
ent differences between the metabolite profiles of lung airways
and parenchyma, which were further altered by naphthalene
treatment. We also found significant differences in multiple
metabolite classes related to oxidative stress, DNA damage, and
membrane remodeling in both airways and parenchyma treated
with naphthalene. Importantly, the responses between male
and female mice varied greatly with respect to the duration and
extent of significant changes in metabolite profiles, further vali-
dating the findings of previous studies. Future experiments are
needed to assess the impact of the pharmacokinetic differences
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Figure 6. Naphthalene alters metabolites related to lung remodeling, oxidative stress, and DNA damage. A, De novo synthesis of phosphatidylcholine (PC) via the

Kennedy pathway and subsequent breakdown into lysophosphatidylcholine by phospholipase A2 (PLA2). Lysophosphatidylcholine can either be metabolized by auto-

taxin into lysophosphatidic acid or converted back into PC through lysophosphatidylcholine acyltransferase (LPCAT). B, ADP-ribose is a subunit of poly (ADP-ribose),

which is formed by poly adenosine diphosphate ribose polymerase (PARP) in response to DNA strand breaks. Created with Biorender.com.
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between injected and inhaled naphthalene on the exposure-
induced metabolomic changes in different lung regions and to
examine the effects of chronic naphthalene exposure to deter-
mine whether the acute metabolite changes observed here will
persist and ultimately influence the development of lung dis-
eases (Kovalchuk et al., 2020). Nonetheless, the characterization
of differences in lung metabolite profiles between lung airways
and parenchyma in our study underscores the importance of
region-specific metabolomic analysis of lung responses to
target-specific toxicants.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.
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