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Abstract

Asthma is a common chronic respiratory disease exacerbated by multiple environmental factors. Acute ozone exposure has
previously been implicated in airway inflammation, airway hyperreactivity, and other characteristics of asthma, which may be
attributable to altered sphingolipid metabolism. This study tested the hypothesis that acute ozone exposure alters sphingolipid
metabolism within the lung, which contributes to exacerbations in characteristics of asthma in allergen-sensitized mice. Adult male
and female BALB/c mice were sensitized intranasally to house dust mite (HDM) allergen on days 1, 3, and 5 and challenged on days
12–14. Mice were exposed to ozone following each HDM challenge for 6 h/day. Bronchoalveolar lavage, lung lobes, and
microdissected lung airways were collected for metabolomics analysis (N¼ 8/sex/group). Another subset of mice underwent
methacholine challenge using a forced oscillation technique to measure airway resistance (N¼ 6/sex/group). Combined HDM and
ozone exposure in male mice synergistically increased airway hyperreactivity that was not observed in females and was
accompanied by increased airway inflammation and eosinophilia relative to control mice. Importantly, glycosphingolipids were
significantly increased following combined HDM and ozone exposure relative to controls in both male and female airways, which
was also associated with both airway resistance and eosinophilia. However, 15 glycosphingolipid species were increased in females
compared with only 6 in males, which was concomitant with significant associations between glycosphingolipids and airway
resistance that ranged from R2 ¼ 0.33–0.51 for females and R2 ¼ 0.20–0.34 in male mice. These observed sex differences demonstrate
that glycosphingolipids potentially serve to mitigate exacerbations in characteristics of allergic asthma.
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Asthma is a common chronic respiratory disease characterized

by reversible airway obstruction, which is initiated by airway

hyperresponsiveness (AHR), airway inflammation, and excessive

mucous production. Ozone is a well-known risk factor for exacer-

bations in existing cases of asthma, which poses a significant

public health concern to more than 123 million people in the

United States that live in areas with unhealthy levels of ozone as

of 2021 (American Lung Association, 2021; Guarnieri and Balmes,

2014; Tetreault et al., 2016). Ozone is a potent oxidant produced

by degradation of nitrogen dioxide and volatile organic com-

pounds emitted from fossil fuel combustion by sunlight and is

the primary component of photochemical smog (Mustafa, 1990).

Importantly, ozone exposure elicits concentration- and time-

dependent adverse effects in vivo, which primarily affect the

major conducting airways (Bao et al., 2018; Hu et al., 1994;

Rosenquist et al., 2020). Acute ozone exposure induces AHR, air-

way inflammation, cell apoptosis, and damages lung surfactant,

whereas chronic, episodic exposure can also alter lung develop-

ment and cause remodeling of the airways (Bao et al., 2017;

Herring et al., 2015; Murphy et al., 2014; Williams et al., 2008).

Although some studies have implicated signaling mediators such

as p38 MAPK and interleukin-17 in modulation of AHR and air-

way inflammation, the molecular mechanisms underlying these

effects are not as well understood (Bao et al., 2017; Zhang et al.,

2019a).
Sphingolipids are emerging as integral modulators of many

hallmarks of asthma, including airway inflammation, immune

cell infiltration, and AHR (Ammit et al., 2001; Gendron et al., 2017;

Park and Im, 2019; Patil et al., 2019). Previous studies of individual

sphingolipids including sphingosine 1-phosphate and expression

of genes including orosomucoid-like 3 (ORMDL3) have established

the role of sphingolipids in regulating processes such as mast cell

degranulation, airway smooth muscle function, and ceramide

synthesis that promote characteristics of asthma (Oyeniran et al.,

2015; Patil et al., 2019; Price et al., 2013). Sphingolipids are synthe-

sized from breakdown of sphingomyelin in the outer leaflet of

the cell membrane as well as through de novo synthesis by serine

palmitoyltransferase (Zhang et al., 2019b). Importantly, the break-

down of membrane-bound sphingomyelin is catalyzed by acid

sphingomyelinase, which is activated by cellular injury and
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results in the formation of ceramide (Böll et al., 2020; Sopel et al.,
2019; Zeidan et al., 2008). Consequently, oxidative stress and air-
way epithelial cell death caused by ozone exposure suggests that
ozone-induced asthma exacerbations may be influenced by
increased breakdown of sphingomyelin and downstream sphin-
golipid signaling (Mustafa, 1990). Nontargeted metabolomics
assays sampling plasma and bronchoalveolar lavage fluid (BALF)
from mice and humans have demonstrated perturbations in
sphingolipid metabolism following ozone exposure. These find-
ings are consistent with studies detailing the effects of ozone on
surfactant and membrane lipids (Cheng et al., 2018; Kim et al.,
2010; Miller et al., 2016; Uhlson et al., 2002). Despite these results,
the effects of ozone exposure on sphingolipids that may contrib-
ute to asthma exacerbation have not been identified.

The objective of this study was to investigate the effects of
acute ozone exposure on sphingolipid metabolism using a mouse
model of allergic asthma. Male and female BALB/c mice were
sensitized to house dust mite (HDM) allergen and subsequently
challenged with HDM, which was followed by acute, whole-body
ozone exposure. We characterized global metabolite profiles in
microdissected lung airway tissue using liquid chromatography-
high-resolution mass spectrometry (LC-MS/MS)-based metabolo-
mics assays, which enabled us to connect changes in sphingoli-
pids to perturbations in other functionally important metabolite
classes. We have previously highlighted the importance of dis-
cerning site-specific metabolomic changes using microdissected
lung extracts following target-specific toxicant exposure (Stevens
et al., 2021). Furthermore, we conducted pulmonary function test-
ing, histological analysis, and cell differential counts in BALF to
relate perturbations in sphingolipid metabolism to morphological
and physiological changes following exposure. We hypothesized
that sphingomyelins, ceramides, and other sphingolipid sub-
classes are significantly altered in response to ozone exposure,
which contributes to increased airway hyperreactivity, airway
inflammation, and immune cell influx in HDM-sensitized mice.

Materials and methods
Animal protocol

Adult male and female BALB/c mice (Envigo, Inc.) 8–10 weeks of
age were acclimatized for 1 week in rooms kept on a 12/12 light/
dark cycle and fed Purina 5001 lab diet. Mice were sensitized to
crushed whole bodies of Dermatophagoides farinae (Stallergenes
Greer, Inc.) dissolved in phosphate-buffered saline (PBS), chal-
lenged with HDM, and acutely exposed to ozone (Figure 1). The

sensitization phase consisted of 3 intranasal instillations of 10 lg

HDM in 25 ll PBS or vehicle on days 1, 3, and 5 followed by 3 con-

secutive challenges with HDM (10 lg in 25 ll PBS) on days 12–14

(Castaneda and Pinkerton, 2016). Following each HDM challenge,

mice were exposed to either filtered air (FA) or ozone (0.5 ppm,

6 h/day). Exposure chambers were individually monitored every

hour by a Teledyne Model 400E ozone analyzer to ensure stability

of ozone concentrations for the entire duration of exposure.

Separate subsets of mice were used for pulmonary function test-

ing (N¼ 6 males and 6 females/group; total N¼ 48) and for sam-

ple collection (N¼ 8 males and 8 females/group; total N¼ 64),

both of which were completed 24 h after the final ozone expo-

sure. One subset of mice was euthanized with a lethal injection

of pentobarbital and necropsied to collect left lung lobes for his-

tological staining, BALF, and right lung lobes for metabolomics

analysis. Animal exposures and experiments were conducted fol-

lowing 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.

Lipidomics and polar metabolite analysis

Right lung lobes were microdissected following a previous proto-

col, and isolated lung airways were analyzed by our previous LC-

MS/MS method, which characterized metabolomic responses to

target-specific toxicants in major lung regions (Plopper et al.,

1991; Stevens et al., 2021). These findings were further supported

by our pilot data using principal components analysis (PCA) to

distinguish metabolomic differences between microdissected

lung regions and whole lung homogenates (Supplementary

Figure 1). Briefly, gross dissected lung airways were lyophilized,

and lipids and polar metabolites were extracted using a mixture

of 225 ll methanol and 750 ll methyl tert-butyl ether with inter-

nal standards used in lipidomics analysis, listed in

Supplementary Table 1 (Cajka and Fiehn, 2016). The resulting top

and bottom fractions were evaporated to dryness, and internal

standards used in polar metabolite analysis were added upon

resuspension of the dried bottom sample fraction

(Supplementary Table 1). All samples were analyzed by a Thermo

Fisher Scientific Vanquish UHPLC þ liquid chromatography sys-

tem coupled to a Q-Exactive HF orbital ion trap mass spectrome-

ter. Iterative exclusion lists were generated from repeated

acquisition of pooled experimental samples to increase MS/MS

coverage of low abundance metabolites within each sample

Figure 1. Experimental design including the protocol used for allergic sensitization and ozone exposure. One subset of mice underwent pulmonary
function testing and methacholine challenge, and gross dissected airways (AW), BALF, and left lung lobes were collected from another subset of mice
for downstream metabolomics, cell count, and histological analysis.
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(Koelmel et al., 2017). LC and MS/MS parameters were used as
given in Stevens et al. (2021).

BALF cell counts

BALF was collected by tying off the left lobe and flushing the right
lobes with 0.5 ml PBS (3�, 1.5 ml total collection volume).
Samples were centrifuged and the pellet was resuspended in
0.5 ml PBS and mixed with 10 ll of Trypan Blue to perform total
cell counts using a hemacytometer. The remaining resuspension
volume was centrifuged using cytospin funnels onto glass slides
and stained with hematoxylin and eosin (H&E). The number of
macrophages, lymphocytes, neutrophils, and eosinophils was
determined by calculating the proportion of each cell type per
500 cells and individual counts based on the total number of cells
in each sample.

Assessment of pulmonary function

Mice were deeply anesthetized with an intraperitoneal injection
of a 0.01-ml/g solution containing 5 mg/ml telazol and 0.07 mg/
ml dexdormitor 24 h after the final ozone exposure. Each mouse
was connected to a mechanical ventilator (flexiVent FX2, Scireq)
by inserting a cannula into the trachea. Additionally, mice
received an intramuscular injection of 1 mg succinylcholine prior
to initiating forced oscillations. Mice were challenged with
increasing doses of methacholine (0.25, 0.5, 1, 2, 4, and 8 mg/ml),
and the ventilation frequency and tidal volume for each mouse
were set at 150 breaths/min and 10 ml/kg, respectively. A forced
oscillation maneuver performed at the ventilation rate of each
animal enabled measurements of whole respiratory system
resistance, elastance, and compliance. Additional forced oscilla-
tion perturbations above and below the ventilation frequency
measured respiratory impedance, which was used to quantify
airway resistance using a constant-phase model. If the procedure
lasted longer than 20 min, mice were injected with half of the
original dose of anesthesia to prevent premature recovery. Mice
were continuously monitored and were euthanized with a lethal
injection of pentobarbital following methacholine challenge.

Lung histology

Left lung lobes were fixed with 1% paraformaldehyde in PBS for
24 h and promptly transferred to 70% ethanol. The storage time
in ethanol ranged from 6 to 8 weeks prior to embedding in paraf-
fin. Paraffin sections 5 lm thick were deparaffinized, stained with
H&E or alcian blue/Periodic acid-Schiff (AB/PAS) stain, and subse-
quently imaged using an Olympus BH-2 microscope with a 10�
objective. Representative images were selected to assess inflam-
mation, thickening, and narrowing of proximal airways within
each treatment group (N¼ 3 males and 3 females/group; total
N¼ 24).

Data processing and statistical analysis

Metabolomics data processing was completed using MS-DIAL
v.4.70 (Tsugawa et al., 2015). Compound identification was based
on accurate mass, retention time, and MS/MS matches to spectra
in MassBank of North America (https://massbank.us, last
accessed November 08, 2022), NIST 20, and in silico libraries
(Bonini et al., 2020). Samples were normalized to the total ion
chromatogram of all annotated metabolites and log transformed.
Statistical analysis was completed in R v.4.1.1, and 1-way ANOVA
with Tukey’s HSD post hoc analysis was performed to determine
statistical significance unless otherwise noted. PCA, an unsuper-
vised multivariate data reduction technique, was used to distin-
guish global changes in metabolite profiles within each sample.

Chemical similarity enrichment analysis (ChemRICH) subse-

quently determined statistically significant differences in struc-

turally related metabolites (Barupal and Fiehn, 2017).

Results
Metabolomics annotations and technical variance
Lipidomics and polar metabolite analysis yielded 820 unique

metabolites across both positive and negative ionization modes,

including 73 sphingolipids and precursors involved in sphingoli-

pid synthesis (Supplementary Tables 2 and 3). Unknown metabo-

lites were excluded from statistical analysis, and the full

metabolite list with annotation criteria and normalized peak

heights is provided in Supplementary File 1. Neutral and polar

lipids such as triacylglycerides, phosphatidylcholines (PC), and

phosphatidylethanolamines (PE) constituted about half of the

total number of lipids identified. Additionally, 31 sphingomyelins,

19 ceramides, and 12 hexosylceramides as well as 12 oxidized

species derived from each of these subclasses were annotated.

Technical variance was also assessed prior to statistical analysis

for all analytical platforms. The median values for relative stand-

ard deviation among identified metabolites in pooled experimen-

tal samples were 6% and 26.1% for lipidomics and polar

metabolite analysis, respectively.

Combined HDM and ozone exposure significantly alters
airway sphingolipids compared with controls
We first characterized the effects of ozone exposure on global

metabolite profiles within the airways to distinguish overall

changes between exposure and sex. Prior to analysis, we strati-

fied males and females into separate groups considering previous

studies reporting sex differences in response to ozone exposure

(Cho et al., 2019; Yaeger et al., 2021). Additionally, we assessed the

median relative standard deviation in metabolite abundance

within the saline and FA controls of both sexes to rule out the

potential influence of cycle stage in affecting variance among

females (Supplementary File 1). We observed minor differences

between median RSD values in the control groups, which were

29.9% in males and 27.5% in females. To determine differences

between exposure in male mice, PCA revealed distinct clustering

between HDM-sensitized mice exposed to ozone (HDMþO3) and

males sensitized to HDM without ozone challenge (HDM), where

32.9% of the overall variance explained by the first principal com-

ponent was sufficient to discriminate each of these groups

(Supplementary Figure 2). Interestingly, PCA did not result in

clustering between the HDM and the HDM þ O3 groups in

females, with 35.6% of the overall variance explained by the first

principal component leading to marginal separation between

each group. Likewise, the results of 1-way ANOVA comparing

changes in individual metabolite abundance for all groups rela-

tive to control male and female mice supported the results of

PCA. A greater number of metabolites were significantly altered

in males than females for all treatment groups except mice

exposed to ozone alone (Supplementary File 1 and Table 4).

Taken together, these results suggested that combined HDM þ O3

exposure altered global metabolite profiles in males more than in

females relative to control mice. Therefore, we focused most our

subsequent analyses on comparing the combined HDM þ O3

exposure group versus the control mice to discern metabolite

classes and individual metabolites attributable to clustering in

our PCA.
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The results of the significance tests and corresponding fold-
changes for all metabolites were combined in ChemRICH soft-
ware to determine changes in overall metabolite classes. For both
male and female mice, ChemRICH analysis showed that numer-
ous lipid classes, dipeptides, and amino acids were significantly
altered following combined HDM þ O3 exposure relative to con-
trols (Table 1 and Supplementary Table 5 and Figure 3). However,
the composition of significantly altered metabolites within each
class varied widely between sexes (Supplementary Table 5). For
membrane lipids, specifically for unsaturated PC and unsatu-
rated PE, we found sexual dimorphism in response to HDM þ O3

exposure. Although for male mice, we found 29 upregulated and
26 downregulated PCs and PEs out of 143 identified lipid species,
this ratio was very different for female mice with 49 upregulated
and only 12 downregulated membrane lipid species
(Supplementary Table 5). For combined HDM þ O3 exposure ver-
sus controls, male mice showed 104 out of 130 triacylglycerides
to be significantly decreased (Supplementary Table 5), along with
significant decreases for 21 out of 31 sphingomyelins (Table 1).
Conversely, female mice showed only 43/130 triacylglycerides to
be decreased (Supplementary Table 5), and only 10/31 sphingo-
myelins were found decreased under combined HDM þ O3 expo-
sure versus controls (Table 1).

For oxidized and non-oxidized glycosylceramides (oxGlcCer
and GlcCer), we found 15/17 lipids to be increased in contents in
females, but only 6/17 glycosylceramides were found differently
regulated in males when comparing HDM þ O3 exposure versus
controls (Table 1). Of the 17 GlcCer species identified, 6 of these
were significantly increased in the males sensitized to HDM and
exposed to ozone relative to controls (Figure 2A and
Supplementary Table 6). Strikingly, 15/17 GlcCer species were sig-
nificantly increased following combined HDM sensitization and
ozone exposure in females, 8 of which were from 2- to 32-fold
higher in abundance relative to control-treated mice (Figure 2B
and Supplementary Table 6). Digalactosylceramide 34:1 and
dihexosylceramide 34:1 were the 2 GlcCer species with the great-
est relative increases in the combined exposure group, which was
also observed males. In addition, several GlcCer species contain-
ing very long-chain fatty acids (VLCFAs) were uniquely increased
in females but not in males marked by more than 2-fold higher
abundance in the combined exposure group relative to control-
treated mice (Figure 2). Similar to the results of ChemRICH analy-
sis, GlcCer species were also increased in HDM-sensitized males
and females that did not undergo ozone exposure
(Supplementary Figs. 4 and 6). However, HDM sensitization alone
did not result in extensive decreases in SMs and ceramides in
contrast to combined HDM sensitization and ozone exposure.
Notably, increases in GlcCer species were present in both males
and females in HDM-sensitized mice in the absence of ozone
exposure, but HDM sensitization alone did not elicit as many
decreases in other sphingolipid subclasses and membrane lipids
that were characteristic of the combined exposure groups
(Supplementary Figure 5). These results aligned with changes in
sphingolipid subclass ratios, which corresponded to overall
increases in unsaturated ceramides relative to unsaturated
sphingomyelins as well as unsaturated glycosylceramides rela-
tive to unsaturated ceramides in the combined exposure groups
relative to control mice (Supplementary Figure 7). Importantly,
these changes were present in both male and female mice, indi-
cating increased conversion of sphingomyelin to ceramide.
Overall, these results demonstrated a shift in composition of
sphingolipid abundance that favored a higher proportion of

glycosphingolipids in the combined exposure group relative to
control mice.

Sphingolipid correlation structure varies by sex
Because we had determined that sphingolipids showed interest-
ing sexual dimorphism in female and male mice, specifically in
relation to opposite trends in ratios between sphingolipid sub-
classes, we set out to determine the numerical associations
between individual sphingolipids across all treatments.
Metabolite: metabolite correlation analysis tests the dependence
between metabolite ratios that are altered in response to specific
treatments, which in turn can reflect differences in metabolic
flux along pathways and diverting enzymatic nodes. Results of
comprehensive correlation analysis for all metabolites involved
in sphingolipid synthesis further supported the differences
between males and females in sphingolipid metabolism
(Figure 3). In males, correlation coefficients were consistently
lower for all sphingolipid subclasses than in females. Although
ceramide levels were associated with glycosylceramides in both
male and female mice, we found a large increase of statistically
significant correlations in females compared with males.
Conversely, females exhibited significant associations between
nearly all GlcCer species and the corresponding GlcCer precur-
sors UDP-acetylgalactosamine, UDP-galactose, N-acetylneura-
minic acid, and N-glycolylneuraminic acid (Figure 3B). In
contrast, in males only half of the individual GlcCer species dis-
played positive correlations with GlcCer precursors (Figure 3A).
Interestingly, the nutrient choline was positively associated with
all sphingomyelins and most ceramides for females, whereas
males showed negative correlations with hexosylceramides or
lack of significance for most other sphingolipids.

Airway resistance is synergistically increased following
combined HDM and ozone in males but not in females
We conducted pulmonary function testing, cell differentials, and
histological analysis to determine how sex-dependent increases
in glycosphingolipids related to physiological and cellular out-
comes following combined HDM-sensitization and ozone expo-
sure. Increases in BALF neutrophils, eosinophils, and
lymphocytes were primarily driven by HDM sensitization rather
than ozone exposure in both males and females. This finding was
expected based on previous studies detailing extensive immune
cell influx in BALF following similar HDM-sensitization protocols
(Castaneda and Pinkerton, 2016; Mack et al., 2019) (Figs. 4A and
4B). However, we also observed a statistically significant increase
in the number of BALF eosinophils in the HDM þ O3 exposure
group relative to HDM sensitization alone, which was not
observed in female mice (Figure 4A). We did not observe any stat-
istically significant changes in the number of eosinophils or lym-
phocytes relative to control-treated mice in animals exposed to
ozone in the absence of HDM-sensitization. However, BALF neu-
trophils were increased in female mice exposed to ozone alone
and approached statistical significance (p¼ .06) (Figure 4B).

Methacholine challenges conducted within each treatment
group resulted in marked differences in airway resistance
between treatment and sex. HDM sensitization alone was suffi-
cient to increase the response to methacholine relative to
control-treated mice at comparable doses of methacholine as
expected (Figs. 4C and 4D). Interestingly, combined HDM þ O3

exposure exhibited a synergistic effect on airway resistance in
males, which was not present in females (Figs. 4C and 4D).
Airway resistance at a dose of 0.5 mg/ml methacholine was
approximately 4-fold greater in the combined exposure group
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compared with either HDM sensitization alone, ozone exposure
alone, or vehicle in males (Figure 4C). Higher levels of methacho-
line resulted in nearly complete occlusion of the airways in male
mice. In contrast, airway resistance in females between the com-
bined exposure group and HDM sensitization alone at 0.5 mg/ml
methacholine was not significantly different compared with the
measured resistance in vehicle-treated mice (Figure 4D).
Additionally, we did not observe any statistically significant
changes in airway resistance at baseline between either the com-
bined exposure group or HDM alone in both sexes.

Histological analysis of lung sections stained with H&E further
corroborated the differences in AHR observed from pulmonary
function testing. Male mice in the HDM þ O3 exposure group dis-
played extensive inflammation of proximal airways, thickening
of the airway epithelium, and airway narrowing compared with
either HDM sensitization or ozone exposure alone (Figure 5A).
Conversely, combined HDM þ O3 exposure demonstrated less
pronounced morphological changes in the proximal airways of
female mice (Figure 5B). However, the combined exposure did not

appear to exhibit sexual dimorphism in goblet cell hyperplasia,
which was evidenced by AB/PAS staining in males and in females
(Supplementary Figure 8). Overall, males that were sensitized to
HDM and exposed to ozone experienced increased eosinophilia,
greater airway obstruction, and more severe AHR than females
relative to control-treated mice.

Sex differences in glycosphingolipid abundance are
associated with eosinophilia and AHR
Lastly, we used linear regression to characterize associations
between glycosphingolipid abundance and airway resistance as
well as eosinophilia that would establish the importance of sex
differences in glycosphingolipids and their implications in phys-
iological differences within our study. Interestingly, glycosphin-
golipid abundance was positively associated with both BALF
eosinophils and airway resistance in males and females (Figure 6
and Supplementary Table 7). Male mice displayed statistically
significant associations between 6 individual glycosphingolipid
species and BALF eosinophils, whereas 11 glycosphingolipids

Table 1. Glycosphingolipids are substantially increased in sensitized females exposed to ozone

Male Female

Cluster name Class size q value Increased Decreased q value Increased Decreased

OxCer 4 1.1E�03 0 3 0.12 1 0
OxGlcCer 5 1 0 0 4.8E�05 4 0
OxSM 3 0.27 0 1 0.099 0 1
Saturated SM 6 2.8E�04 0 3 0.096 0 0
Unsaturated Cer 17 0.082 2 2 1.9E�03 1 3
Unsaturated GlcCer 12 1.5E�03 6 0 3.0E�14 11 0
Unsaturated SM 25 2.6E�11 0 18 1.6E�06 0 10

List of sphingolipid classes comparing the abundance in airways from sensitized, ozone-exposed males and females relative to control mice using chemical
similarity enrichment analysis (ChemRICH). The number of individual metabolites contained within a group is indicated by class size. Sphingolipids that are
increased or decreased between groups correspond to individual species with a fold-increase or decrease greater than 2. q values for each cluster were calculated
using a Kolmogorov-Smirnov test followed by Benjamini-Hochberg adjustment for false-discovery rate (FDR), and q<0.05 was used as the threshold for statistical
significance. The full list of metabolite classes analyzed by ChemRICH included in Supplementary Table 5.

Figure 2. The number and magnitude of glycosphingolipids increased in sensitized and exposed females is greater than in males. A and B, Volcano
plots displaying significantly altered metabolites in sensitized males and females exposed to ozone relative to vehicle control, respectively. A fold
change cutoff of 2 or greater is defined as a high-effect size, and p< .05 is used as a cutoff for statistical significance. p values were calculated by 1-way
ANOVA with Tukey’s post hoc analysis.
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Figure 4. Ozone exposure synergistically increases AHR in HDM-sensitized male mice. Total BALF cells, leukocyte numbers, and methacholine dose-
response curves from males (A and C) and females (B and D), where Rn is the Newtonian resistance calculated based on a constant phase model
expressed in units of cmH2O*min/ml. *p< .05 relative to control and †p< .05 relative to HDM þ filtered air-treated mice. p values were calculated by
1-way ANOVA with Tukey’s post hoc analysis.

Figure 3. Correlations between glycosphingolipids and other sphingolipid species are stronger in females than in males. A and B, Correlation matrices
indicating Pearson correlation coefficients between individual sphingolipids in sensitized males and females exposed to ozone relative to vehicle
control, respectively. Correlations that are not statistically significant (p> .05) are left blank in each matrix. Locations containing subclasses of
sphingolipids are indicated by labels across the rows and columns of (A), the order of which is unchanged in (B).
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Figure 5. Ozone enhances airway inflammation in HDM-sensitized male mice. Representative images of H&E slides detailing morphology of proximal
airways in (A) male and (B) female mice within each treatment group. N¼ 3/group, 10�magnification, bar¼1 mm.

Figure 6. Eosinophilia and airway resistance are positively associated with glycosphingolipid abundance. Regression analysis between individual
glycosphingolipid species and either BALF eosinophil counts, or Rn values obtained from pulmonary function testing. Solid lines and dotted lines
correspond to the regression lines for resistance values (triangles) and eosinophil counts (circles), respectively. The coefficient of determination (R2) is
included for both male and female mice, and statistically significant relationships are included in Supplementary Table 7. Values were based on results
of a simple linear regression model, and significant associations were based on p< .05.
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were significantly associated with BALF eosinophils in female
mice. In general, R2 values were comparable between significant
associations in males and females, which ranged from 0.33 to
0.52 for males and 0.19 to 0.44 for females (Figure 6 and
Supplementary Table 7). In contrast, glycosphingolipid abun-
dance was a poorer predictor of airway resistance in males than
in females. Only 3 individual glycosphingolipids were associated
with airway resistance in males compared with 10 in females.
Furthermore, the proportion of variance explained by these sig-
nificant associations was greater in females where R2 values
ranged from 0.33–0.51 compared with 0.20–0.34 in male mice
(Figure 6 and Supplementary Table 7). These results demon-
strated that glycosphingolipid abundance was associated with
characteristics of asthma in both male and female mice, but the
abundance of glycosphingolipids was a better indicator of AHR in
females compared with males.

Discussion
Our study implicates glycosphingolipids in mitigating ozone-
induced exacerbations in allergic asthma characteristics. The
results of our study expand upon previous findings that have
detailed the role of sphingolipids in modulating characteristics of
allergic asthma by utilizing a well-established mouse model that
incorporates a physiologically relevant route of allergic sensitiza-
tion (James et al., 2021; Oyeniran et al., 2015; Park and Im, 2019).
However, this is the first study, to our knowledge, that has exam-
ined the effects of ozone in terms of precipitating changes in
sphingolipid metabolism in tandem with classical characteristics
associated with exacerbation in allergic asthma. Furthermore,
the potential involvement of glycosphingolipids in allergic
asthma remains largely understudied. Our findings link ozone
exposure to a likely induction of acid sphingomyelinase-
mediated breakdown of sphingomyelin and to the upregulation
of glycosphingolipids, which is supported by the increased con-
version of sphingomyelins to ceramides and ceramides to glyco-
sylceramides observed in our study. Through sampling of
microdissected tissue, we isolated changes in glycosphingolipids
to the proximal airways, which is the primary lung region
affected by ozone exposure and that is predominantly involved in
asthma pathology. Importantly, we observed that AHR, airway
obstruction, and immune cell influx were most prominent in
male mice, analogous to previous reports indicating distinctive
responses to ozone based on sex (Birukova et al., 2019; Cho et al.,
2019).

The overall sex differences in global metabolite profiles fol-
lowing ozone exposure were reflected by unsupervised multivari-
ate analysis. Clear separation using PCA was achieved between
HDM-sensitized male mice acutely exposed to ozone and either
animals who only received HDM or did not undergo HDM sensiti-
zation (Supplementary Figure 2A). Conversely, no separation was
observed between either of the HDM-sensitized groups in females
and groups that did not receive HDM. This finding was indicative
of the lack of drastic changes in females with respect to abun-
dance of metabolite classes between treatment groups
(Supplementary Figure 2B). Over half of all identified lipids were
comprised of TGs, PCs, and PEs which therefore likely dominated
clustering differences observed in PCA and the majority of signifi-
cantly altered metabolites based on univariate analysis
(Supplementary Tables 2 and 5).

ChemRICH analysis supported the results of multivariate sta-
tistics. ChemRICH set enrichments identified significant changes
in membrane and storage lipids following combined HDM

sensitization and ozone exposure relative to control mice, which
also exhibited clear sex differences for specific lipid classes
(Supplementary Table 5). Interestingly, only unsaturated PC- and
PE-membrane lipids showed large differential regulation after
HDM þ O3 exposure, but not saturated membrane lipids. This
effect was also stronger in females than in males. Unsaturated
membrane lipids strongly contribute to elasticity and fluidity of
membrane, hence assisting the overall lung compliance.
Therefore, the higher degree of unsaturated PCs and PEs in
female than in male mice may further contribute to the greater
resistance against HDM þ O3 stress in females. This effect may
also imply increased repair of the airway epithelium following
ozone exposure in females compared with males (Wright et al.,
2000; Zehethofer et al., 2015). For male mice, trends in decreasing
PC- and PE-lipid abundance in the combined HDM and ozone
group may reflect increases in apoptosis of airway epithelial cells
as well as oxidation of lipids in lung surfactant (Murphy et al.,
2014; Uhlson et al., 2002).

We found large changes in sphingolipid abundance in
response to HDM þ O3 treatment. For males, 21/31 identified SMs
were decreased and 6/17 glycosphingolipids were found
increased (Table 1). This response contrasted the observed
changes in females where 10/31 SMs were decreased, but 15/17
glycosphingolipids were increased, concomitant with a decrease
in ceramide abundance. Decreases in SM abundance coupled
with increases in glycosphingolipids may elude to increased for-
mation of sphingolipids from recycling and salvage of SM within
the cell membrane (Smith and Schuchman, 2008). Importantly,
these changes in abundance were likely independent of de novo
sphingolipid synthesis, which is supported by the lack of changes
in serine and palmitic acid represented in our metabolomics
analysis as well as changes in ratios between sphingolipid sub-
classes (Zhang et al., 2019b) (Supplementary Figure 7). Following
cleavage of SM from the cell membrane, ceramide species are
formed and either directly participate in cell signaling during
apoptosis, undergo modification into glucosyl- and galactosylcer-
amides, or undergo breakdown into sphingosine 1-phosphate
(Gault et al., 2010; James et al., 2021). Unfortunately, we were
unable to detect sphingosine 1-phosphate in this study to evalu-
ate the contributions of this metabolite, which is an inherent lim-
itation of using untargeted assays to detect metabolites with low
abundance such as sphingosine 1-phosphate. Nonetheless, the
observed increases in glycosphingolipids in both males and
females as well as the increased ratio of glycosylceramides to
ceramide may correspond to increased activity of UDP-galactose
and UDP-glucose ceramide transferases, which would allude to
increased GlcCer-mediated signaling compared with ceramide-
mediated signaling events (Ishibashi et al., 2013; Sprong et al.,
1998) (Supplementary Figure 7). Additionally, the results of our
correlation analysis indicate that females may exhibit tighter
control over the flux between ceramides and glycosphingolipids
than males, which is depicted by stronger overall associations
between these sphingolipid subclasses in females than in males
(Figure 3).

Differences in glycosphingolipid signaling may explain the dis-
crepancies in AHR, airway obstruction, and immune cell influx
between males and females. Following combined HDM þ O3

exposure, males but not females displayed synergistically
increased AHR compared with either HDM sensitization or ozone
exposure alone (Figs. 4C and 4D). Combined exposure in males
but not in females also led to significantly increased BALF eosino-
phils relative to HDM sensitization alone (Figs. 4A and 4B). These
outcomes were consistent with the results of histological analysis
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that showed greater airway inflammation and thickening of the
airway epithelium in males compared with females (Figs. 5A and
5B). Importantly, glycosphingolipid abundance was positively
associated with airway resistance and BALF eosinophils in both
male and female mice (Figure 6 and Supplementary Table 7).
However, 10 individual glycosphingolipid species displayed a sig-
nificant association with airway resistance in female mice com-
pared with only 3 species in males, which was also marked by
stronger associations in females (R2 ¼ 0.33–0.51). Therefore, gly-
cosphingolipids significantly upregulated in airways of female
mice may serve to protect against severe AHR, airway inflamma-
tion, and increased eosinophil recruitment, which is less pro-
nounced in males. Intriguingly, glycosphingolipids act as ligands
that modulate natural killer T (NKT) cell activation, the effects of
which have been linked to regulation of airway inflammation
and AHR (Chen et al., 2021; Gorska, 2017; Pichavant et al., 2008).
Furthermore, administering the synthetic a-galactosylceramide
analog KRN7000 was previously reported to mitigate airway
inflammation in model of obese asthma in mice, which was most
efficacious in obese mice that also received allergen (Chen et al.,
2021). These findings suggest that NKT cell activity induced by
glycosphingolipids may be especially important in regulation of
severe asthma phenotypes, which is recapitulated by the com-
bined allergen and ozone exposure used in our study.

In addition to class abundance and associations between
physiological outcomes, the enrichment of glycosphingolipids
containing specific lengths of fatty acyl-chains alludes to differ-
ential patterns of NKT cell activity. Differential NKT cell activity
may contribute to the sex differences observed in our study.
Multiple glycosphingolipids containing VLCFAs (>22 carbon
atoms) were increased 2-fold or greater in females but not in
males under HDM þ O3 exposure (Figs. 2A and 2B and
Supplementary Table 5). Previous findings have demonstrated a
positive association between increasing acyl chain length and
GlcCer-induced NKT cell activity. These observations are based
on in vitro experiments utilizing cultured NKT cells that show the
greatest extent of activation upon administration of galactosyl-
ceramides containing VLCFAs, which is decreased with shorten-
ing acyl chain length (Kawano et al., 1997). Taken together, the
observed increases in glycosphingolipids with VLCFAs suggest
that NKT cell activation is greater in HDM-sensitized females
than in males upon ozone exposure, which may prevent severe
outcomes in females.

The effects of ozone exposure on exacerbating allergic asthma
are demonstrated by a variety of animal models and epidemio-
logic studies in humans. Airway inflammation and AHR in ani-
mal models as well as previous metabolomics analyses in
humans following ozone exposure indicate that ozone-induced
exacerbations in asthma may be mediated in part by perturba-
tions in sphingolipid metabolism and signaling (Bao et al., 2018;
Cheng et al., 2018; Miller et al., 2016; Williams et al., 2008).
However, no studies to date have evaluated the effects of ozone
exposure on altering sphingolipid metabolism in relation to exac-
erbation of allergic asthma. The objective of our study was to
examine ozone-induced changes in sphingolipid metabolism
using a mouse model of allergic asthma. Our model consisted of
intranasal instillation of HDM during both the sensitization and
challenge phase, with each challenge followed exposure to
0.5 ppm ozone for 6 h each day. This route of allergen administra-
tion as well as the concentration and duration of ozone exposure
we selected mimics the route of allergen sensitization in humans
and considers species differences in susceptibility to ozone. The
duration of ozone exposure used in our study also accounts for

diurnal variation in ozone concentrations. Therefore, the results
of this study may provide insights into mechanisms underlying
ozone-induced asthma exacerbations in humans.

Conclusions
We found an interesting association between glycosphingolipid
abundance and corresponding changes in AHR, airway inflam-
mation, and immune cell recruitment within the airways. This
finding warrants further investigation of glycosphingolipids
within the lung. Established mechanisms of sphingolipid signal-
ing in allergic asthma have primarily been based on the functions
of ceramides and sphingosine 1-phosphate in mediating immune
responses and AHR associated with asthma (James et al., 2021;
Oyeniran et al., 2015; Yang and Uhlig, 2011). However, our find-
ings that glycosphingolipid abundance is significantly altered by
combined allergen and ozone exposure which is significantly
associated with airway resistance and eosinophilia demonstrates
potential mechanisms underlying allergic asthma involving gly-
cosphingolipid signaling. In comparison to previous work, our
dissections allowed for greater spatial resolution of metabolomic
responses within the lung. Our approach analyzing microdis-
sected lung airways captures changes in sphingolipids within
both the primary target of ozone exposure and region implicated
in asthma. In contrast, previous measurements of sphingolipids
in mouse models of asthma have sampled BALF and homogen-
ized whole lung tissue (James et al., 2021), which limit the ability
to isolate changes in abundance to specific lung regions.

Overall, our analysis provides the basis for future experiments
determining the spatial changes in glycosphingolipid metabolism
that contribute to ozone-induced exacerbations in asthma. Our
work also identifies additional targets for development of thera-
peutics used to treat various subtypes of asthma.

Supplementary data
Supplementary data are available at Toxicological Sciences online.
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