
ORIGINAL RESEARCH

Sex Differences in Pulmonary Responses to Ozone in Mice
Role of the Microbiome
Youngji Cho1, Galeb Abu-Ali2, Hiroki Tashiro1, Traci A. Brown1, Ross S. Osgood1, David I. Kasahara1,
Curtis Huttenhower2, and Stephanie A. Shore1

1Department of Environmental Health and 2Department of Biostatistics, Harvard T. H. Chan School of Public Health, Boston,
Massachusetts

Abstract

We have previously reported that the mouse gut microbiome
contributes to pulmonary responses to ozone, a common asthma
trigger, and that short-chain fatty acids, end products of bacterial
fermentation, likely contribute to this role of the microbiome. A
growing body of evidence indicates that there are sex-related
differences in gut microbiota and these differences can have
important functional consequences. The purpose of this study was to
determine whether there are sex-related differences in the impact
of the gut microbiota on pulmonary responses to ozone. After
acute exposure to ozone, male mice developed greater airway
hyperresponsiveness than femalemice. This difference was abolished
after antibiotic ablation of the gut microbiome. Moreover, weanling
female pups housed in cages conditioned by adult male mice
developed greater ozone-induced airway hyperresponsiveness than
weanling female pups raised in cages conditioned by adult females.
Finally, ad libitum oral administration via drinking water of the
short-chain fatty acid propionate resulted in augmented ozone-
induced airway hyperresponsiveness in male, but not female, mice.

Overall, these data are consistent with the hypothesis that the
microbiome contributes to sex differences in ozone-induced airway
hyperresponsiveness, likely as a result of sex differences in the
response to short-chain fatty acids.

Keywords: airway responsiveness; antibiotics; neutrophil;
16S rRNA gene sequencing; short-chain fatty acids

Clinical Relevance

The data presented in this work are consistent with the
hypothesis that the microbiome contributes to sex differences in
ozone-induced airway hyperresponsiveness, likely as a result of
sex differences in the response to short-chain fatty acids. A better
understanding of the relationship between male and female
microbiota and sex hormones could lead to more precise
biomarkers or sex-specific therapeutics to address asthma in male
and female patients, especially asthma triggered by air pollution.

Ozone (O3), a common air pollutant, is a
trigger for asthma. Exposure to O3 causes
asthma symptoms such as cough, wheeze,
shortness of breath, and chest tightness, as
well as decreases in lung function (1, 2). O3

also induces airway hyperresponsiveness
(AHR) (3, 4), a canonical feature of asthma.

Furthermore, hospital admissions for
asthma increase on days after high ambient
O3 concentrations (5).

Sex differences in responses of human
subjects to O3 have been reported (4, 6–8),
though the direction of the difference
appears to depend on the age of the

subjects. For example, O3-induced
decrements in forced expiratory volume
in 1 second (FEV1) tend to be greater in
female young adults than in male young
adults, whereas in older adults, males tend
to have greater decrements than females
(8). Sex differences in pulmonary responses
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to O3 are also observed in mice. After
acute O3 exposure, female mice have
more BAL neutrophils and acute-phase
cytokines/chemokines than males (9, 10),
although the effect depends on the mouse
strain used (11). Females exposed to O3 also
have greater infection-induced mortality
than males (12). In contrast, there are no
data on sex differences in O3-induced AHR,
although innate airway responsiveness is
greater in males than in females (13). To
determine whether there are also sex
differences in O3-induced AHR, we
exposed male and female C57BL/6 mice to
room air or to O3 (2 ppm for 3 h). Our data
indicate that male mice have substantially
greater O3-induced AHR than females.

In male mice, the microbiome
contributes to O3-induced AHR (14), and
both antibiotics and germ-free (GF)
conditions reduce O3-induced AHR. The
role of the microbiome in pulmonary
responses to O3 in female mice has not
been examined, but it could differ from that
in males, as several groups have reported
sex differences in the composition of the
gut microbiome (15–18). Moreover, these
sex differences can have important
functional consequences. In nonobese
diabetic (NOD) mice, which spontaneously
develop type 1 diabetes (T1D), the
incidence of T1D is almost doubled in
females compared with males (19). In
contrast, sex differences in the incidence of
T1D are not observed in GF NOD mice.
Furthermore, weanling females given male
microbiota by gavage displayed elevated
testosterone levels and a lower incidence of
T1D (19). Microbiota also contribute to
lupus, a sex-specific disease that affects
more women than men (20).

The purpose of this study was to
examine the hypothesis that the gut
microbiome contributes to sex differences in
pulmonary responses to O3. Therefore, we
perturbed the gut microbiomes of male and
female mice using antibiotics administered
via the drinking water. The mice were
subsequently exposed to air or O3.
Antibiotic treatment abolished sex
differences in O3-induced AHR. We also
perturbed the microbiome by placing
female mouse pups at weaning into cages
that had previously been occupied by either
adult males or females and still contained
their bedding and fecal matter. Once the
mice reached adulthood, females that had
been in cages conditioned by adult males
developed greater O3-induced AHR than

females in cages conditioned by adult
females. Thus, exposing female mice to a
male microbiome reproduced the male
pattern of O3-induced AHR. Together,
our data indicate that the microbiome
contributes to sex differences in the
magnitude of O3-induced AHR.

The short-chain fatty acids (SCFAs)
acetate, propionate, and butyrate are end
products of bacterial fermentation of dietary
fiber. SCFAs likely play a role in the effects
of the microbiome on pulmonary responses
to O3 in male mice (14). Serum propionate
is reduced by antibiotics that also reduce
O3-induced AHR (14). In addition, diets that
increase serum SCFAs and propionate
supplementation of drinking water both
augment O3-induced AHR (14). To
determine whether there were sex differences
in the synthesis or response to SCFAs, we
measured serum SCFAs and examined the
impact of ad libitum oral administration via
drinking water of the SCFA propionate in
male and female mice. Our data indicate that
there are no sex differences in circulating
SCFAs, but males are more sensitive to the
effects of propionate on O3-induced AHR
than females.

Methods

Animals
All protocols were approved by the Harvard
Medical Area Standing Committee on
Animals. Experiments were performed in
male and female C57BL/6 mice that were
purchased from The Jackson Laboratory or
bred in the Harvard T. H. Chan School of
Public Health specific-pathogen-free animal
facility. See the data supplement for details.

Protocol
Four cohorts of mice were examined. In the
first cohort, to determine whether there
were sex differences in O3-induced AHR,
male and female mice from the same litters
were exposed to room air or to O3 (2 ppm
for 3 h). Twenty-four hours later, the mice
were anesthetized for measurement of
airway responsiveness to aerosolized
methacholine and then killed. Blood was
collected for the preparation of serum and
BAL was performed.

In the second cohort, to examine the
impact of antibiotic treatment on sex
differences in O3-induced AHR, a cocktail
of antibiotics (ampicillin, metronidazole,
neomycin, and vancomycin) was added to

the drinking water of male and female mice
as previously described (14). Sucralose was
added for taste. Control mice were given
regular drinking water with sucralose. After
2 weeks of treatment, the mice were
exposed to room air or to O3 and evaluated
as described above. Fecal samples were
collected from each mouse 1 day before
exposure.

In the third cohort, we examined the
impact of male microbiota on female
recipients by adapting a cage-conditioning
protocol described in several cohousing
studies (21–23). Eight-week-old male and
female mice (donors) were housed
individually in cages for 3 days (Figure E1
in the data supplement). After 3 days, the
donors were moved to new cages. Three
weanling female pups (receivers) were
placed into these male- or female-
conditioned cages. This process was
repeated every 3 days for 4 weeks. The
receiver mice were always placed into cages
conditioned by the same male or female
donor. At 7 weeks of age, the receivers were
exposed to room air or to O3 and evaluated
as described above. Microbial transfer by
cohousing or by placing donor feces in
receiver cages has been previously described
(24, 25) and likely occurs because of
coprophagic behavior and grooming.

In the fourth cohort, we examined sex-
related differences in the impact of SCFAs
on O3-induced AHR. Male and female
9-week-old C57BL/6J mice were given
sodium propionate (200 mM) in the
drinking water for 3 days as described
previously (26). Control mice were given
saline (50 mM) in the drinking water (26).
After 3 days, the mice were exposed to
room air or to O3 and evaluated as
described above. In addition, lungs, livers,
and colons were collected and frozen in
liquid nitrogen for subsequent preparation
of RNA to evaluate expression Ffar2 and
Ffar3, the receptors for SCFAs.

The methodologic procedures used
for O3 exposure, measurement of airway
responsiveness, BAL, 16S rRNA gene
sequencing and analysis, measurement of
SCFAs, and statistical analysis are described
in the data supplement.

Results

Sex Differences in O3-induced AHR
In air-exposed mice, airway responsiveness
was greater in male mice than in female
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mice, consistent with previous reports (13).
Acute exposure to O3 increased airway
responsiveness in both male and female
mice (Figure 1A). However, the magnitude
of this increase in responsiveness was
significantly greater in male mice than in
female mice. In contrast, although exposure
to O3 increased BAL neutrophils in both
males and females, there was no sex
difference in this response (Figure 1B).
Similarly, BAL macrophages and BAL
protein increased with O3 exposure, but
there were no sex differences in these
responses (Figure E2).

Sex Differences in O3-induced AHR
Are Abolished with Antibiotic
Treatment
To determine whether the microbiome
contributed to the observed sex differences
in O3-induced AHR (Figure 1A), a separate
cohort of males and females was
administered antibiotics via the drinking
water, or given control drinking water, for
2 weeks. At the time of exposure, male mice
weighed more than females, but antibiotic
treatment did not affect body mass in either
males or females (Figure E3A). In air-
exposed mice treated with control water,
airway responsiveness was greater in males
than in females (Figure 2A), as described
above (Figure 1A). However, in air-exposed
mice treated with antibiotics, this sex
difference in airway responsiveness was
no longer observed (Figure 2B). The
magnitude of O3-induced AHR was greater
in males treated with control water than
in females treated with control water
(Figure 2A), as described above (Figure 1A).
Interestingly, antibiotic treatment reduced

O3-induced AHR at the lower doses of
methacholine in male mice, whereas in
female mice the magnitude of O3-induced
AHR was increased after antibiotic
treatment (Figure 2B). The net effect of
these sex differences in the impact of
antibiotics was such that sex differences
in O3-induced AHR observed in control
mice (Figure 2A) were abolished in
antibiotic-treated mice (Figure 2B).
Together, these findings implicate
the microbiota in sex differences in
O3-induced AHR.

In control mice, there were no sex-
related differences in O3-induced neutrophil
recruitment (Figure 2C), consistent with
data described above (Figure 1B). Treatment
with antibiotics reduced BAL neutrophils
in male mice, consistent with our previous
observations (14), but had no effect in
females (Figure 2C). BAL macrophages and
BAL protein also increased with O3

exposure (Figures E2B and E2C). There
were no significant sex differences in these
outcomes in water-treated mice, but both
BAL macrophages and BAL protein were
greater in male than female mice treated
with antibiotics.

The observed effects of oral antibiotics
(Figure 2) likely reflect changes in the gut
rather than the lung microbiome: when
male mice were treated with vancomycin
alone, the gut microbiome was significantly
affected, as assessed by 16S rRNA
sequencing (14). In contrast, orally
administered vancomycin does not reach
the systemic circulation (27) and does not
alter lung microbial community structure
(28). Nevertheless, vancomycin does cause
a significant reduction in O3-induced AHR

similar to that observed with a full cocktail
of antibiotics (14). Consequently, fecal
samples from male and female littermates
treated with antibiotics or control drinking
water were collected before O3 or air
exposure, and 16S rRNA sequencing was
performed.

In both female and male water-treated
mice, fecal microbial communities were
dominated by members of the Bacteroidetes
and Firmicutes phyla (Figure 3A), consistent
with other reports (23, 29). Females
harbored significantly fewer Tenericutes
and more Proteobacteria (Deltaproteobacteria
class) than males (Figures 3B and 3C).
Further examination of microbial
communities indicated additional sex
differences: four taxonomic clades were
significantly differentially abundant.
Compared with females, males carried less
Turicibacter (Figure 3D) and Desulfovibrio
(Figure 3E) genera, and were enriched
for RF_39 (Figure 3F) order and
Candidatus Arthromitus (Figure 3G)
genus (morphologically characterized as
segmented filamentous bacteria). Antibiotic
treatment had a profound effect on the fecal
microbiome. Consistent with other reports
(30) and our previous data (14), in both
males and females many members of the
Firmicutes, Bacteroidetes, Actinobacteria,
Deferribacteres, and Tenericutes phyla were
depleted by the antibiotic treatments, with
concurrent enrichment for the Proteobacteria
phylum (specifically the Gammaproteobacteria
class) (Figure 3H).

Cage Conditioning Transfers Male-like
O3-induced AHR to Female Mice
To further evaluate the hypothesis that the
microbiome contributes to sex differences in
O3-induced AHR, we placed weanling
female mice in cages conditioned by (and
containing feces of) adult males or females
(see Figure E1). Cage conditioning did not
affect body mass (17.86 0.5 g vs. 17.76
0.5 g in mice living in cages conditioned by
females vs. males). O3-induced AHR was
greater in mice living in cages conditioned
by males versus females (Figure 4A). In
contrast, cage conditioning did not impact
airway responsiveness in mice exposed to
room air (Figure 4A). BAL neutrophils
were also greater in O3-exposed mice living
in cages conditioned by males versus
females (Figure 4B), but there was no effect
of cage conditioning on BAL macrophages
or BAL protein (Figures E4A and E4B).
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Figure 1. Sex differences in ozone-induced airway hyperresponsiveness (AHR). Male and female
mice were exposed to room air or to ozone (2 ppm) for 3 hours and studied 24 hours after exposure.
(A) Airway responsiveness to inhaled aerosolized methacholine. (B) BAL neutrophils. Results are
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Placement of weanling femalemice into
cages occupied by males accelerates sexual
maturation in the females (31–34). We
considered the possibility that placement of
females into male-conditioned cages may
have had similar effects and that these
effects may have been responsible for the
observed changes in the response to O3

(Figure 4). For example, earlier sexual
maturation may have impacted lung
growth in such a manner as to affect airway
responsiveness. However, measurement of
lung volumes from pressure-volume curves
indicated no effect of cage conditioning
(Figure E4C). We also measured serum
estradiol in these mice. In air-exposed
mice, there was no difference in serum
estradiol in the females living in female-
conditioned versus male-conditioned cages
(5.46 0.5 vs. 5.36 0.6 pg/ml, respectively).
Remarkably, in ozone-exposed mice, serum
estradiol levels were below the limit of
detection (,3 pg/ml) in all but one mouse
in each group.

To evaluate the impact of cage
conditioning on the recipients’ fecal
microbiota, we performed 16S rRNA gene
sequencing on fecal samples of female
weanlings that were housed in cages
conditioned by male and female donors. At
the phylum level, microbial community
taxonomic composition was similar
between the two groups of mice (Figures 5A
and 5B). However, using the Multivariate
Association with Linear Models (MaAsLin)
per-feature multivariable association
analysis pipeline (35), we identified several
taxa that differed in the mice living in
male- versus female-conditioned cages.
There was a greater abundance of the
Christensenellaceae family but a smaller
abundance of the Streptococcaceae family
and Bacteroides acidifaciens species
(Figures 5C–5E) in mice living in cages
conditioned by males than females. When
we examined these taxa in males and
females from the same colony that
conditioned the cages (Figure 3), no

significant sex differences in
Christensenellaceae, Streptococcaceae, or
Bacteroides acidifaciens were observed.

Mechanistic Basis for the Role of the
Microbiome in Sex Differences in
O3-induced AHR
To determine how gut microbiota
contribute to sex differences in O3-induced
AHR, we measured BAL concentrations of
cytokines and chemokines previously
implicated in responses to O3. For example,
IL-33 is released in the lung after O3

exposure and contributes to O3-induced
AHR (36, 37). Consequently, either sex
differences or microbiome-dependent
effects on the release of IL-33 might explain
the observed microbiome-dependent sex
differences in O3-induced AHR (Figures 2A
and 2B). IL-33 exerts its effects at least in
part through its ability to cause type 2
cytokine release from ILC2s (38) and
to evoke the release of IL-6 and KC
(CXCL1) (37). O3 did increase the BAL
concentrations of each of these cytokines
(Figures 6A–6D), but sex differences were
observed only for IL-6 and indicated
greater responses in the females, but not the
males, consistent with other reports (10).
BAL IL-33, IL-5, IL-6, and KC were not
affected by antibiotic treatment in either
sex, except for a significant increase in BAL
KC after antibiotics in female mice (Figures
6A–6D). IL-17A is also released in the lung
after O3 exposure (39) and can contribute
to O3-induced AHR (39, 40). BAL IL-17A
was greater in O3-exposed males versus
females that had been treated with water or
antibiotics (Figure 6E). However, there was
no effect of antibiotic treatment on BAL IL-
17A in either males or females, even though
antibiotics did abolish sex differences in the
magnitude of O3-induced AHR (Figures 2A
and 2B). These data suggest that neither
IL-17A nor IL-33 accounts for the
microbiome-dependent sex differences in
O3-induced AHR.

In male mice, SCFAs likely contribute
to microbiome-dependent effects on O3-
induced AHR (14): antibiotics that reduce
O3-induced AHR also reduce serum
SCFAs. Furthermore, both exogenous
administration of SCFAs via the drinking
water and diets that promote bacterial
production of SCFAs augment O3-induced
AHR (14). Consequently, we measured
serum SCFAs in male and female mice.
No sex differences in serum acetate,
propionate, or butyrate were observed
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(Figure E5), nor were there differences in
serum SCFAs in female mice housed in
cages conditioned by male versus female
mice (Figure E6).

To determine whether instead of sex
differences in SCFA production there might
be sex differences in the response to SCFA,
we administered propionate to male and
female mice for 3 days (via their drinking
water) before O3 exposure. Propionate
treatment did not affect body weight in
either sex (Figure E7). In control mice, O3-
induced AHR was greater in male than in
female mice (compare Figures 7A and 7B),
as described above (Figures 1A and 2A).
Propionate had no effect on airway
responsiveness in males or females exposed
to air (Figures 7A and 7B). However, in

male mice exposed to O3, propionate
increased airway responsiveness
(Figure 7B), as previously described (14).
In contrast, propionate had no effect on
airway responsiveness in female mice
exposed to O3 (Figure 7A), indicating that
there are indeed sex-related differences in
the response to ingested exogenous SCFAs,
at least as regards SCFA effects on O3-
induced AHR. Propionate did not affect
O3-induced neutrophil recruitment in
either sex (Figure 7C).

Propionate administered via the
gastrointestinal tract is largely cleared by
enterocytes and hepatocytes before reaching
the systemic circulation (41). These data
suggest that observed sex differences in
the response to propionate added to the

drinking water (Figures 7A and 7B) may be
mediated via effects on enterocytes or
hepatocytes, perhaps via effects on
enterocyte-derived hormone production
or hepatocyte-mediated changes in sex
hormone metabolism. The role of SCFAs
in mediating other physiological or
pathophysiological effects is attributed
in part to their ability to bind to G
protein–coupled receptors, including
FFAR2 and FFAR3 (mouse homologs of
human GPR43 and GPR41) (42). To
determine whether there were differences in
the intestinal or hepatic expression of these
SCFA receptors that might explain the
observed sex differences in the response to
propionate, we measured Ffar2 and Ffar3
mRNA abundance in colons (Figures 7D
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and 7E) and livers (Figures E8C and E8D)
of males and females exposed to air or O3.
In the colon, there were no sex differences
in Ffar2 or Ffar3 expression in air-exposed
mice. Ffar2 and Ffar3 mRNA abundances
were both reduced in male mice after O3

exposure (Figures 7D and 7E). Ffar2 was
also reduced in female mice after O3

exposure, but the effect of O3 on Ffar2
mRNA abundance was significantly greater
in males than in females (Figure 7D). Ffar3
mRNA abundance was not changed in
female mice in response to O3. To our
knowledge, this is the first report of O3

exposure affecting the expression of any
gene in colonic tissue. In the liver, mRNA
abundances of Ffar2 and Ffar3 were not
significantly affected by either sex or by O3

exposure (Figures E8C and E8D), nor was
there any significant effect on the mRNA
expression of Ffar2 and Ffar3 in lung tissue
(Figures E8A and E8B), though there was a
trend toward greater Ffar3 expression in
lungs of male mice.

Mechanistic Basis for Sex Differences
in the Impact of Antibiotics on
O3-induced Neutrophil Recruitment
The neutrophil chemotactic factor LTB4
may account for reductions in O3-induced
neutrophil recruitment that occur in male
mice after antibiotic treatment or under GF
conditions, as BAL LTB4 is reduced in both
conditions (14). Because there were sex
differences in the impact of antibiotics on
O3-induced increases in BAL neutrophils,
we also measured BAL LTB4 in these mice

(Figure 6F). Compared with air, O3 caused
a significant increase in BAL LTB4, but
neither sex nor antibiotics had any significant
effect, nor was there any difference in BAL
LTB4 in mice conditioned in male versus
female cages (Figure E4D). As discussed
above, other cytokines and chemokines with
neutrophil chemotactic activity were released
in response to O3 (IL-17A, IL-6, and KC)
(Figures 6C–6E), but none were reduced after
antibiotic treatment. The data indicate that
other microbiome-dependent factors must
account for the antibiotic-induced reductions
in BAL neutrophils observed in male mice
(Figure 3C).

Discussion

We report that the magnitude of O3-
induced AHR was substantially greater
in male mice than in female mice.
Importantly, this sex difference was
abrogated with antibiotic treatment, and
the greater O3-induced AHR of male mice
could be transferred to female weanling
mice by placing them in cages conditioned
by adult males. Overall, these data are
consistent with the hypothesis that the
microbiome contributes to sex differences
in O3-induced AHR.

The magnitude of O3-induced AHR
was greater in male mice than in female
mice. This is the first report of such sex
differences in O3-induced AHR, although
the greater airway responsiveness observed
in male versus female air-exposed mice

(Figures 1 and 2) has been previously
reported (13). Several studies using human
subjects have reported sex differences in
the response to O3, but only one, by Que
and colleagues (4), examined airway
responsiveness as an outcome indicator. The
authors observed no difference in O3-induced
AHR between male and female subjects, but
only a minority of the subjects actually
exhibited AHR after O3 exposure. Given the
role of the microbiome in sex differences
reported here, the much greater intersubject
variability in gut microbial community
structure extant in humans versus inbred
mice may have obscured any sex differences.

Sex differences in the magnitude of O3-
induced AHR were abolished in antibiotic-
treated mice (Figure 2). Although it is
possible that this effect was due to an off-
target effect of the antibiotics rather than
depletion of gut microbes, we think this
explanation is unlikely. In male mice,
effects of antibiotics on responses to O3 are
mimicked by GF conditions, and in GF
mice, antibiotics have no impact on
responses to O3 (14). Thus, the data are
consistent with an important role for the
microbiome in mediating sex-related
differences in O3-induced AHR. The
observation that placing weanling female
mice in cages conditioned by male mice was
sufficient to impart male-like responses to O3

to the female mice also supports a role for the
microbiome in these events. Transfer of fecal
microbiota by cohousing or by placing donor
feces in receiver cages has been previously
described (24, 25) and occurs via coprophagic
and grooming behavior, allowing the
microbiota from fecal pellets in cage nesting
material to be transferred.

Microbial production of SCFAs likely
accounts for the ability of the microbiome to
promote O3-induced AHR in male mice
(14). However, we noted no difference in
serum SCFAs in males versus females, nor
was there any difference in serum SCFAs in
female mice placed in cages conditioned by
males versus females. Moreover, although
there were sex differences in the abundance
of certain bacterial taxa in the fecal material
of mice housed in cages conditioned by
male versus female mice (Figure 5), these
differences did not include taxa that are
prominent SFCA producers. Thus, sex
differences in the ability of the gut microbiota
to produce SCFAs do not appear to account
for sex differences in the response to O3.
Instead, sex differences in the response to
SCFAs appear to be sufficient to account
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for the role of the microbiome in the
observed sex differences in the response
to O3.

We do not know the precise actions or
cellular targets of propionate that resulted in
augmented responses to O3 in male mice
(Figure 7). Propionate administered via the
gastrointestinal tract is largely cleared
before it reaches the systemic circulation
(41), suggesting that propionate acts on gut
epithelial cells, on sensory afferents within
the intestines, or on hepatocytes. Although
we did observe sex differences in the colonic
expression of the SCFA receptor Ffar3 in
mice exposed to O3, the direction of the
effect (lower expression in the male mice) is

not consistent with the ability of propionate
to affect male but not female mice. Instead,
the observed sex differences in the response
to propionate may be mediated either
downstream of SCFA receptor activation or
by effects of SCFAs on histone deacetylases
(42) and histone crotonylation (43).

As described above, it is not necessary
to evoke sex differences in the gut microbial
community structure to explain the role
of the microbiome in the observed sex
differences in response to O3. Given the
sex difference in the response to SCFAs
(Figure 7), only the fact that microbiota
account for the majority of the production of
SCFAs (42) is necessary. However, our data

do confirm reports of others (15, 44)
indicating that the gut microbial community
structures of male and female mice are
different, even when the mice are littermates
and exposed to the same microbiota at birth.
For example, Org and colleagues (15) and
Liang and colleagues (44) reported a greater
abundance of Tenericutes in male versus
female mice, consistent with our data. Liang
and colleagues (44) observed a greater
prevalence of Proteobacteria in female
versus male mice, just as we did; however,
Org and colleagues (15) observed greater
numbers of Proteobacteria in males.

Our observations supporting a role
for the microbiome in sex differences in
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O3-induced AHR do not rule out the
possibility that sex hormones also play a role.
Indeed, sex hormones may account for
observed sex differences in the gut
microbiome, as these differences are abolished
by male castration (15, 45) and only develop
after puberty (19). Indeed, sex hormones are
known to affect microbiota (15, 19, 45), and
some bacteria have receptors for mammalian
sex hormones (46). Sex hormones also impact
the intestinal mucosa in a way that permits
greater survival of certain intestinal taxa over
others (47). However, other microbiome-
independent effects of sex hormones, for
example, on immune or inflammatory cells,
may also contribute to sex differences in the
response to O3. It is also interesting to note
that even after room-air exposure, males had
greater airway responsiveness than females,
consistent with other reports (13), whereas
this sex difference was no longer apparent in
antibiotic-treated mice. Thus, sex differences
in innate airway responsiveness are also
impacted by the gut microbiome. Sex
hormones, particularly testosterone,
contribute to sex differences in innate airway
responsiveness (13) and may also be driving
the microbiome-dependent sex differences in
O3-induced AHR observed here.

Although there were marked sex
differences in O3-induced AHR, no sex

differences in O3-induced neutrophil
recruitment were observed in the absence
of antibiotics. In contrast, Cabello and
colleagues reported greater neutrophilic
inflammation in female versus male mice
exposed to O3 (9). They used the same
O3-exposure regimen as we did and also
used C57BL/6J mice. The reason for
these disparate results likely lies in the
environmental conditions extant in the two
mouse facilities and the impact of those
conditions on the gut microbiomes of the
mice (48). Indeed, there was a reduction in
neutrophil recruitment after antibiotic
treatment in the male mice, consistent with
our previous observations (14), but not in
female mice. There was also an increase in
BAL neutrophils in O3-exposed female
mice that had been housed in cages
conditioned by males versus females. These
data indicate that the male microbiome
does affect O3-induced neutrophil influx.
However, whereas microbiota-dependent
changes in propionate likely account for sex
differences in O3-induced AHR, SCFAs
do not appear to account for the role of
the microbiome in neutrophil responses,
as propionate had no effect on BAL
neutrophils in either male or female mice.

The cage conditioning strategy we
employed resulted in the female receivers

ingesting the feces of male donors via
grooming or coprophagic behavior, and also
resulted in the female receivers developing
O3-induced AHR similar in magnitude to
that observed in the males (Figure 4). We do
not know whether reductions in O3-induced
AHR could also be achieved by rearing males
in cages conditioned by females. The cage
conditioning strategy also exposed the
receivers to urine and other secretions from
the donors. Even just the odor of male mice is
sufficient to accelerate sexual maturation in
young females (31–34). Thus, we cannot rule
out the possibility that this effect, rather than
changes in the microbiota, contributed to
the observed effects of cage conditioning
(Figure 4). We did not observe any differences
in serum estradiol in the male- versus female-
conditioned mice, but our measurements were
performed on serum harvested at the time
of exposure, well after the initial exposure of
the mice to the male cages. Earlier sexual
maturation could have altered O3-induced
AHR by inducing dysanaptic growth of lungs
versus airways, but such changes should have
also affected airway responsiveness in air-
exposed mice, which was not observed
(Figure 4A), nor was there any effect on
absolute lung volumes (Figure E4C).

One additional technical issue regarding
the cage conditioning experiments requires
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consideration. We were able to transfer the
augmented male O3-induced AHR response
to female receivers via cage conditioning,
and there were differences in gut microbiota
in the mice in cages conditioned by males
versus females. However, the bacterial taxa
that differed in the mice reared in male-
versus female-conditioned cages (Figure 5)
were not the same as those that differed in
males versus females (Figure 3). Many types
of bacteria can perform the same metabolic
functions, and it is possible that the
functional capabilities of the bacteria
affected by cage conditioning (Figure 5) are
more important in transfer of the male
phenotype than the specific bacteria affected.
That the cage conditioning protocol did not
reproduce the microbiomes of male and
female mice with great fidelity is not terribly
surprising. The heritability of microbiota
differs from microbe to microbe (49), and
microbiota with high heritability are unlikely

to be substantially influenced by external
factors such as cage conditioning. Thus, cage
conditioning should result in the transfer of
certain bacteria but not others, resulting in
a microbial community in the recipient
that is not identical to that in the donor or
to its original self, as was observed in this
work (Figures 3 and 5) and previous
studies (19, 50). Additionally, each donor-
conditioned cage was occupied by three
receivers whose feces could also be passed
from mouse to mouse. Furthermore, the
receivers in the cage conditioning
experiments were born and initially reared
at The Jackson Laboratory, whereas the
donors were born and reared in the
Harvard T. H. Chan School of Public
Health vivarium from a colony that had
been in this facility for several generations.
Indeed, even the female mice from both
groups had different gut microbial
community structures (compare the

female mice in Figure 3A with the female
mice in female-conditioned cages in
Figure 5A), consistent with other reports
of differences in the microbiomes of mice
with the same genetic background but
reared in different facilities (48).

In summary, our study indicates a role
for the microbiome in sex differences in O3-
induced AHR. A better understanding of
the relationship between male and female
microbiota and sex hormones could lead to
more precise biomarkers or sex-specific
therapeutics to address asthma in male and
female patients, especially asthma triggered
by air pollution. n
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