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Abstract

Ozone causes airway hyperresponsiveness, a defining feature of asthma.
We have reported that the gut microbiome contributes to sex
differences in ozone-induced airway hyperresponsiveness. Altering
dietaryfiber affects the gutmicrobiome.Thepurpose of this studywas to
determine the effects of dietary fiber on pulmonary responses to ozone
and whether these effects differ by sex. We fed male and female mice
fiber-free diets or diets enriched in one of two types of dietary fiber,
cellulose and pectin, for 3 days before ozone exposure. Compared
with control diets or pectin-enriched diets, cellulose-enriched diets
attenuated ozone-induced airway hyperresponsiveness in male but
not female mice. In contrast, fiber-free diets augmented responses to
ozone in female but not male mice. Analysis of 16S rRNA sequencing
of fecal DNA also indicated sex differences in the impact of dietary
fiber on the gut microbiome and identified bacterial taxa that were
associated with ozone-induced airway hyperresponsiveness. Our data

suggest that microbiome-based therapies such as prebiotics may
provide an alternative therapeutic strategy for air pollution–triggered
asthma,but they indicate that such therapeuticsmayneed tobe tailored
differently for males and females.
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Clinical Relevance

Our data confirm that the gut microbiome impacts pulmonary
responses to the air pollutant ozone. The data also suggest that
microbiome-based therapies such as prebiotics may provide a
therapeutic strategy for air pollution–triggered asthma, but
they indicate that such therapeutics may need to be tailored
differently for males and females.

Exposure to ozone (O3), a common air
pollutant, is associated with respiratory
problems, including asthma (1). O3 causes
asthma symptoms, reduction in lung
function, and airway hyperresponsiveness
(AHR), a defining feature of asthma (2, 3).
Hospitalizations and emergency room visits
related to asthma are also increased after
days of high ambient O3 concentrations (4).
Greater understanding of the mechanistic
basis for air pollution–triggered asthma is
important for the development of effective
treatments (1, 5).

There is increasing evidence for a role of
the gut microbiome in human disease,
including asthma (6). For example, in children,
the relative abundance of several bacterial taxa
in the gut is associated with development of
asthma-related symptoms and risk of asthma
(7, 8). Studies using antibiotics to deplete the
microbiome and studies using germ-free mice
also indicate a role for the microbiome in
mouse models of allergic asthma (9–11). We
have reported that the gut microbiome also
contributes to pulmonary responses to O3,
including O3-induced AHR (12–14).

Sex differences in the community
structure of the gut microbiome exist,
and they have important functional
consequences (12, 15, 16). For example, in a
mouse model of type 1 diabetes, the
incidence of diabetic symptoms is much
greater in female than in male mice (15).
This sex difference is abolished under
germ-free conditions. Moreover, transfer of
male fecal material into female mice
protects the females from development of
diabetic symptoms. We also observed sex
differences in the role of the microbiome in
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O3-induced AHR (12). The magnitude of
O3-induced AHR is greater in male than in
female mice (12, 17, 18). Treatment with a
cocktail of antibiotics attenuates O3-
induced AHR in male mice but augments
O3-induced AHR in female mice, ablating
the usual sex difference (12). These data
suggest that the gut microbiome could be a
therapeutic target for regulating O3-
induced pulmonary responses, but they also
suggest that the outcome of such
therapeutic strategies may depend on sex.

Altering dietary fiber is a well-
established means of manipulating the gut
microbiome (19–23). Importantly, others
have reported that manipulating dietary
fiber may have beneficial effects for asthma.
In mouse models of allergic airway disease,
fiber-enriched diets attenuate, whereas
fiber-reduced diets worsen, allergic airway
responses in females (19, 22). Similarly, a
single soluble fiber meal attenuates sputum
markers of inflammation and improves
lung function in patients with asthma (24).
Sex differences were not explored in any of
these studies, nor was the response to
nonatopic asthma triggers evaluated.

To determine the impact of dietary
fiber on pulmonary responses to O3, we fed
mice either fiber-free diets or diets enriched
in one of two types of dietary fiber: cellulose
and pectin. To determine whether there
were sex differences in the response to fiber,
we examined both male and female mice.
Our results indicate sex differences in the
impact of dietary fiber on pulmonary
responses to O3.

Methods

Animals
All protocols were approved by the Harvard
Medical Area Standing Committee on
Animals. To examine sex differences in the
impact of dietary fiber on pulmonary
responses to O3, 8-week-old female and male
C57BL/6 mice were purchased from Taconic
Biosciences and housed under specific-
pathogen–free conditions with a 12-h/12-h
light/dark cycle in the Harvard T.H. Chan
School of Public Health vivarium.

Protocol
Three experimental protocols were
performed. In each, C57BL/6 male and
female mice were fed a control diet from
Research Diets, Inc. (Table E1 in the data
supplement) for 7 days after arriving from

Taconic Biosciences. In the first protocol,
mice either remained on the control diet or
were switched to a cellulose- or a pectin-
enriched diet for 3 days. On the fourth day,
fecal pellets were harvested for 16S rRNA
sequencing, and the mice were then exposed
to room air or to O3 (2 ppm for 3 h).
Twenty-four hours after cessation of O3,
mice were anesthetized for the
measurement of airway responsiveness to
inhaled aerosolized methacholine, after
which the mice were killed with an
overdose of sodium pentobarbital. Blood
was harvested by cardiac puncture, and
BAL was performed. Effects of pectin
versus cellulose on O3-induced AHR and
neutrophil recruitment in the male mice
were previously reported (13) but are
included here for comparison with the
female mice that were studied within the
same time frame. In the second protocol,
C57BL/6 male and female mice either
remained on the control diet or were fed a
fiber-free diet for 3 days. On the fourth day,
mice were exposed to room air or to O3 and
evaluated as described above. In the case of
mice fed special diets, the experimental
food was continued in the period between
cessation of exposure and subsequent
evaluation of the mice. In the third
protocol, female mice were fed a fiber-free
diet for 3 days as described above. In half of
the mice, sodium propionate (200 mM) was
added to the drinking water during the
fiber-free diet feeding period (12, 13). In the
other half, the mice received regular
drinking water. Additional methodologic
details are provided in the data supplement.

Statistical Analysis
Except for microbial community analysis
(see data supplement), the significance of
differences between groups was assessed
using ANOVA or factorial analysis of
variance combined with Fisher’s least
significant difference post hoc analysis
(Statistica Software) using sex, exposure,
and diet as main effects. A P value less than
0.05 (two tailed) was considered significant.
All values are expressed as mean6 SEM.

Results

Sex Differences in the Effect of
Dietary Fiber on Pulmonary
Responses to O3

To evaluate the role of increasing dietary
fiber on pulmonary responses to O3, we fed

male and female mice control diets,
cellulose-enriched diets, or pectin-enriched
diets for 3 days before exposure. These diets
were continued in the 24-hour period after
exposure but before evaluation. Body
weight measured just before exposure was
not different among the three dietary
groups in either males or females
(Figure 1A), perhaps because of the short
(3-d) period of feeding. In air-exposed
mice, airway responsiveness was not
different across diet groups in either males
or females (Figures 1B and 1C). Compared
with air, acute O3 exposure increased
airway responsiveness in both male and
female mice that were fed control diets
(Figures 1B and 1C), though the magnitude
of the increase was greater in the males, as
we and others have reported (12, 17, 18). In
male mice, O3-induced AHR was not
different between mice fed control or
pectin-enriched diets, except at the highest
dose of methacholine, the response to
which was significantly greater in the
pectin-fed mice than in the control mice
(Figure 1B). In contrast, O3-induced AHR
was significantly lower in male mice fed
cellulose-enriched diets than in those fed
control diets or pectin-enriched diets
(Figure 1B). In female mice, airway
responsiveness was not different in O3-
exposed mice fed pectin- versus cellulose-
enriched diets, but in both groups, airway
responsiveness was greater than in mice fed
control diets (Figure 1C). The net effect of
these changes was such that in mice fed
cellulose-enriched diets, there was no
longer any sex difference in the magnitude
of O3-induced AHR. Thus, increasing
dietary fiber affects O3-induced AHR in
male and female mice, with the outcome
depending on the nature of the fiber.

Compared with air, exposure to O3

increased BAL neutrophils (Figure 1D),
macrophages (Figure 1E), and BAL protein
(Figure 1F), a marker of O3-induced lung
epithelial injury (25). In males but not
females, BAL neutrophils were greater in
mice fed the pectin diet than in either
control diet– or cellulose diet–fed mice
(Figure 1D). Dietary fiber did not affect
BAL macrophages in either male or female
mice (Figures 1D and 1E), though within
certain diet groups, there were differences
in both BAL neutrophils and macrophages
between the males and the females. In both
males and females, BAL protein was
significantly higher in mice fed the pectin-
enriched diet than in those fed the control
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diet. BAL protein was also higher in male
but not female mice fed cellulose-enriched
versus control diets (Figure 1F). Thus,
effects of dietary fiber on O3-induced AHR
and injury were dissociated: After O3

exposure, cellulose-fed male mice had
greater BAL protein than control animals
despite lower AHR, and cellulose diet–fed
female mice had greater AHR than control
animals despite no change in BAL protein.
The data suggest that fiber-related changes
in O3-induced lung injury are unlikely to
account for fiber-related differences in O3-
induced AHR.

We considered the possibility that
changes in sex hormones might account for
the impact of fiber-enriched diets on
pulmonary responses to O3. Others have
reported that fiber-enriched diets alter the
gut microbiome (22, 23), and the gut
microbiome has the capacity to alter sex
hormones (15, 26–28). Importantly, both

male and female sex hormones also impact
responses to O3 (29, 30). Furthermore,
pulmonary sensory afferents are stimulated
by O3 and relay to the hypothalamus,
resulting in reduction in anterior pituitary
release of luteinizing hormone (LH), which
leads to reduction in sex steroids (31). We
observed both O3- and fiber-related
changes in male and female sex hormones
(Figure E1). However, these changes do not
appear to account for effects of dietary fiber
on responses to O3. For example, there
were reductions in serum testosterone in
O3- versus air-exposed male mice (Figure
E1). However, serum testosterone was
significantly lower in pectin diet–fed than
in either control diet– or cellulose diet–fed
mice exposed to O3 (Figure E1). Because
androgens augment rather than attenuate
responses to O3, the data do not support
the hypothesis that fiber-related changes
in testosterone (Figure E1) account for

fiber-related differences in O3-induced
AHR observed in male mice (Figure 1B).
We also considered the possibility that
changes in sex hormones might account for
the impact of fiber-enriched diets on
pulmonary responses to O3 in female mice.
O3-induced AHR and O3-induced
neutrophil release are greater when mice
are in the follicular phase of the estrous
cycle, when LH and estradiol are high, than
in the luteal phase of the estrous cycle,
when progesterone is high (30). As in the
male mice, there were both O3- and fiber-
related effects on serum LH and
progesterone (Figure E1). LH was greater in
pectin diet– than in cellulose diet–fed mice
exposed to O3 (Figure E1), but there was no
difference in airway responsiveness between
these two groups of mice (Figure 1C). Thus,
our data do not support the hypothesis that
changes in sex hormones account for the
effects of fiber-enriched diets. Note that we
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Figure 1. Effect of fiber-enriched diets on pulmonary responses to O3. Male and female mice were fed either control, cellulose-enriched, or pectin-
enriched diets for 3 days. Mice were then exposed to room air or to O3 (2 ppm for 3 h) and evaluated 24 hours later. Shown are (A) body weight measured
before exposure, (B) airway responsiveness of male mice exposed to air or O3, (C) airway responsiveness of female mice exposed to air or O3, (D) BAL
neutrophils, (E) BAL macrophages, and (F) BAL protein. Note that for airway responsiveness, the air-exposed cellulose–treated mice virtually overlap with
the air-exposed pectin–treated mice. Results for ozone-exposed mice are mean6SE of data from eight mice per group and were gathered over 7 and 4
experimental days, respectively, in male and female mice. On each day, control, pectin-fed, and cellulose-fed mice were studied. Results for air-exposed
mice are mean6SE of data from six mice per group and were gathered over 4 and 3 experimental days for male and female mice, respectively. *P,0.05
compared with air, †P,0.05 compared with control diet–fed mice, ‡P,0.05 compared with cellulose-enriched diet–fed mice, and xP,0.05 compared
with male mice. Evaluation of the effects of diet and ozone was done within each sex. Evaluation of sex differences was performed by combining data from
both sexes. Airway responsiveness and BAL neutrophil data for the male mice were previously reported (13) and are shown here for comparison with the
female mice, which were studied within the same time frame. RRS= respiratory system resistance.
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did not examine serum estradiol, because
we have previously reported that O3

exposure reduces estradiol to undetectable
concentrations (12).

Because there were marked sex
differences in the impact of increased
dietary fiber on pulmonary responses to O3

(Figures 1B and 1C), we also evaluated the
impact of fiber-free diets. Male and female
mice were fed control diets or fiber-free
diets for 3 days before exposure. Body
weight was not different in mice fed control
versus fiber-free diets, regardless of whether
the mice were male or female (Figure 2A).
Compared with the control diet, there was
no effect of the fiber-free diet on the
magnitude of O3-induced AHR in male
mice (Figure 2B). Therefore, air-exposed
mice were not evaluated. In female mice,
there was no effect of the fiber-free diet on
airway responsiveness in air-exposed mice,
but the fiber-free diet increased airway
responsiveness in O3-exposed mice
(Figure 2C).

In male mice, the fiber-free diet did not
affect BAL neutrophils, macrophages, or

protein (Figures 2D–2F). However, in
female mice, O3 caused greater increases in
BAL neutrophils (Figure 2D) and protein
(Figure 2F), but not in macrophages
(Figure 2E), in mice fed fiber-free versus
control diets. These data indicate that a lack
of dietary fiber augments O3-induced AHR,
neutrophilic airway inflammation, and
airway injury in female but not male mice.

A variety of cytokines and chemokines
are released in response to O3 and some,
including IL-6, CXCL1, CXCL2, and IL-1a,
have been reported to contribute to O3-
induced AHR (32–34). To determine
whether the effects of fiber-free diets on O3-
induced AHR observed in the female mice
were the result of effects on cytokine and
chemokine release, we performed ELISAs
and multiplex assays on BAL fluid from
mice fed pectin- or cellulose-enriched diets.
Of the various cytokines and chemokines
assessed, BAL concentrations of IL-5, IL-6,
CCL2, and CCL11 were each significantly
higher in female mice fed fiber-free versus
control diets (Table E2). In contrast, in
males, BAL concentrations of these

cytokines were not altered by fiber-free
diets, but BAL IL-17A was significantly
higher and BAL granulocyte colony-
stimulating factor was significantly lower in
male mice fed fiber-free versus control diets
(Table E2). We also observed no change in
BAL cytokines in male mice fed cellulose-
enriched versus pectin-enriched diets,
except for a decrease in BAL IL-1a in the
pectin diet– versus cellulose diet–fed mice
(Table E3).

As in the mice on fiber-enriched diets,
we also considered the possibility that
changes in sex hormones might account for
the observed impact of fiber-free diets on
pulmonary responses to O3 in female mice.
However, neither serum LH nor serum
progesterone was affected by fiber-free diet
feeding in O3-exposed female mice (Figure
E2). Similarly, we observed no difference in
serum LH or serum testosterone in male
mice fed control versus fiber-free diets
(Figure E2).

Similarly to the increased response to
O3 reported here in female mice fed fiber-
free diets (Figure 2), others have reported

0
FemaleMale

10

20

30

§ §

B
od

y 
w

ei
gh

t (
g)

Control Fiberfree

A

R
R

S
 (

cm
 H

2O
/m

l/s
)

0
0 1 3 10

Methacholine (mg/ml)
30 100

2

4

6

8

10 Ozone Control
Ozone Fiber-free

MaleB

R
R

S
 (

cm
 H

2O
/m

l/s
)

0
0 1 3 10

Methacholine (mg/ml)
30 100

1

2

3

4

5
Ozone Control

Female

Air Control
Air Fiber-free

Ozone Fiber-free

*

*†

*†*†§

*
§

*
*
§

*

§

*

C

0
OzoneAir

2

N.D.N.D.

4

8

B
A

L 
N

eu
tr

op
hi

ls
 (

x1
04 )

6

Male-Control

Male-Fiber-free

Female-Control

Female-Fiber-free
*
§

*†

D

0
OzoneAir

4

N.D.N.D.

8

12

B
A

L 
M

ac
ro

ph
ag

es
 (

x1
04 )

Male-Control

Male-Fiber-free

Female-Control

Female-Fiber-free *
*§
§

E

0
OzoneAir

500

N.D.N.D.

1,000

2,000

B
A

L 
pr

ot
ei

n 
(μ

g/
m

l)

1,500

Male-Control

Male-Fiber-free

Female-Control

Female-Fiber-free

*
§ *†§

F

Figure 2. Effect of fiber-free diets on pulmonary responses to O3. Male and female mice were fed either a control diet or a fiber-free diet for 3 days. Shown
are (A) body weight, (B) airway responsiveness of male mice exposed to O3 (air-exposed male mice were not examined), (C) airway responsiveness of
female mice exposed to room air or O3, (D) BAL neutrophils, (E) BAL macrophages, and (F) BAL protein. Results are mean6SE of data from 4 (air) or 8–10
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mice. Evaluation of statistical significance was performed separately for male and female mice. N.D. = not done.
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increases in allergic airway disease in
female mice fed fiber-free diets (19, 22). In
these allergic models, loss of the beneficial
effects of short-chain fatty acids (SCFAs),
products of bacterial metabolism of dietary
fiber (23), appear to account for the
deleterious effects of the fiber-free diet
because these deleterious effects can be
corrected by adding propionate to the
drinking water (22). To determine whether
loss of bacterial production of SCFAs might
also account for the augmented responses
to O3 observed in fiber-free diet–fed female
mice (Figure 2), we added the SCFA
propionate to the drinking water of female
mice fed fiber-free diets. Propionate was
administered in concentrations that are
effective in allergic airway disease models
(22) and in male chow-fed mice exposed to
O3 (12). Compared with control drinking
water, addition of propionate to the
drinking did not alter O3-induced AHR,
nor did it affect O3-induced recruitment of
neutrophils and macrophages to the lungs
in female mice fed fiber-free diets (Figure
E3). The data suggest that loss of SCFAs
does not account for the augmented
response to O3 observed in these fiber-
deficient mice. Instead, SCFA-independent
effects of dietary fibers likely account for
these observations (23).

Sex Differences in the Effect of
Dietary Fiber on the Gut Microbiome
Others have reported effects of dietary fiber on
the gut microbiome (23), and we have
reported sex differences in the microbiome
(12). To determine whether there were sex
differences in the impact of dietary fiber on
the gut microbiome that might account for
observed sex differences in the impact of
dietary fiber on O3-induced AHR (Figures 1
and 2), we performed 16S rRNA sequencing
of fecal DNA. Fecal pellets were harvested
before air or O3 exposure. Principal
coordinate analysis (PCoA) of 16S rRNA
sequencing data indicated differences in the
community structure of the gut microbiome
between cellulose-fed and pectin-fed male
mice (Figure 3A). Diversity and richness were
also significantly lower in pectin-fed than in
cellulose-fed male mice (Figures 3B and 3C).
Compared with males, differences in the
community structure of the gut microbiome
between cellulose-fed and pectin-fed mice
were less pronounced in females (Figure 3A),
and in females there was no significant
difference in diversity or richness in cellulose-
versus pectin-fed mice (Figures 3B and 3C).

Examination of both phylum-level taxa
(Figure 3D) and the 15 most abundant
lower-order taxa (Figure 3E) indicated
differences in gut microbiomes of cellulose-
versus pectin-fed mice, regardless of
whether the mice were male or female. For
example, compared with cellulose-fed mice,
there was a decrease in the relative
abundance of Firmicutes and an increase in
Proteobacteria and Verrucomicrobia in
pectin-fed mice, regardless of whether the
mice were male or female, though the
magnitude of the change was greater in the
males (Figure 3D). Similarly, the abundance
of Proteus and Lactobacillus was increased
and the abundance of Parabacteroides,
Clostridiales, and Lachnospiraceae was
decreased in pectin- versus cellulose-fed
mice, but the magnitude of the diet-related
changes was greater in the male than in the
female mice (Figure 3E).

There were also sex differences in the
impact of the fiber-free diet on the gut
microbiome. In male mice, PCoA indicated
little effect of the fiber-free diet on the
community structure of the gut microbiome
(Figure 4A), though both diversity and
richness of the gut microbiome were lower
in the fiber-free mice than in the control
mice (Figures 4B and 4C). In contrast, in
female mice, PCoA indicated a substantial
effect of the fiber-free diet on the
community structure of the gut
microbiome (Figure 4A).

Examination of both phylum-level taxa
(Figure 4D) and the 15 most abundant
genus-level taxa (Figure 4E) indicated sex
differences in gut microbiomes of male and
female mice fed control diets, consistent
with previous reports (12, 15, 16).
Compared with the control diet, the fiber-
free diet had a more profound effect on the
gut microbiome of the female than on that
of the male mice (Figures 4D and 4E). For
example, the relative abundance of
Bacteroidetes was decreased and the
abundance of Lactobacillus and
Parabacteroides was increased in fiber-free
versus control diet–fed mice, regardless of
whether the mice were male or female, but
the magnitude of the changes was greater in
the female mice (Figures 4D and 4E).

The data above indicated that the
impact of fiber-enriched diets on the gut
microbiome was greater in males than in
females, whereas the effect of fiber-free diets
on the gut microbiome was greater in
females than in males. Our data indicated
similar sex differences in the impact of

dietary fiber manipulation on O3-induced
AHR: a larger effect of pectin-enriched
versus cellulose-enriched diets in males
than in females, but a larger effect of fiber-
free diets in females than in males (Figures
1 and 2). Because we have previously
reported sex differences in the role of the
microbiome in O3-induced AHR (12), we
sought to identify bacterial taxa that
associated with O3-induced AHR. To do so,
we performed statistical analysis using
Multivariate Association with Linear
Models (MaAsLin) (35). In male mice and
also in female mice, we combined the 16S
rRNA from the mice fed the cellulose-
versus pectin-enriched diets (Figure 3) and
the mice fed the control versus fiber-free
diets (Figure 4). In male mice, MaAsLin
identified 81 genus-level taxa that were
significantly different among those four
groups of mice. From among these 81 taxa,
we identified taxa for which the effect of the
fiber-altered diet on taxon abundance
paralleled the effect of the fiber-altered diet
on O3-induced AHR (i.e., significantly
different in pectin- vs. cellulose-fed mice
[Figure 1B] but not different in control vs.
fiber-free diet–fed mice [Figure 2B]).
MaAsLin indicated 21 genus-level taxa that
fulfilled these criteria (Table E4). In female
mice, MaAsLin identified 56 genus-level
taxa that were significantly different among
the four groups of mice. From among these
56 taxa, we identified taxa for which the
effect of the fiber-altered diet paralleled the
effect of the fiber-altered diet on O3-
induced AHR (i.e., not different in pectin-
vs. cellulose-fed mice [Figure 1C] but
different in control vs. fiber-free diet–fed
mice [Figure 2C]). MaAsLin indicated 14
genus-level taxa that fulfilled these criteria
(Table E5). Only four taxa were on both
the male and female lists of taxa:
Enterococcaceae, Lactobacillus, Blautia, and
Streptococcaceae (Figure 5). Each of these
taxa was significantly increased in pectin-
versus cellulose-fed male but not female
mice, increased in fiber-free versus control
diet–fed female but not male mice, and thus
associated with O3-induced AHR.

Discussion

Our data indicated sex differences in the
impact of dietary fiber manipulation on
pulmonary responses to O3. Compared with
control diets, the pectin-enriched diet
increased O3-induced AHR in both males
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and females, but cellulose-enriched diets
reduced O3-induced AHR in males but
augmented O3-induced AHR in females
(Figures 1B and 1C). Indeed, the greater
magnitude of O3-induced AHR typically

observed in control diet–fed male versus
female mice was abolished in mice fed
cellulose-enriched diets (Figures 1B and
1C). Compared with control diets, fiber-free
diets augmented O3-induced AHR, and

they augmented O3-induced neutrophilic
inflammation and injury in females but not
in males. Sex differences in other
physiological responses to dietary fiber have
been reported. For example, in patients
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with hyperlipidemia, reductions in serum
low-density lipoprotein in patients fed diets
rich in soluble versus insoluble fiber are
greater in males than in females (36).
Similarly, increasing dietary fiber
consumption reduces colorectal adenoma
recurrence in men but not in women (37).
In contrast, in the European Youth Heart
Studies, dietary fiber intake was associated

with improvements in insulin resistance in
girls but not in boys (38).

We observed marked effects of dietary
fiber manipulation on the gut microbiome
(Figures 3 and 4), consistent with previous
reports (19–23). The fiber-induced changes
in the gut microbiome occurred rapidly,
within 3 days. Others have also noted rapid
changes in the gut microbiome with other

types of dietary intervention (39).
Importantly, there were also sex differences
in the impact of dietary fiber on the
microbiome (Figures 3 and 4): Differences
in the gut microbiomes of mice fed
cellulose- versus pectin-enriched diets were
greater in male than in female mice
(Figure 3), whereas differences in the gut
microbiomes of mice fed control versus
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fiber-free diets were greater in female than
in male mice (Figure 4). Sex differences in
the gut microbiomes of mice fed control
diets are well established (12, 15, 16).
However, to our knowledge, this is the first
report indicating sex differences in the
impact of fiber-induced changes on the gut
microbiome, though others have reported
sex differences in the impact of other
dietary factors on the gut microbiome (40).
Notably, sex differences in the impact of
dietary fiber on the gut microbiome
paralleled sex differences in the effects of
dietary fiber on pulmonary responses to O3,
and we identified several bacterial taxa that
associated with O3-induced AHR
(Figure 5). Among these taxa, Lactobacillus
was the most abundant. Probiotics
containing bacteria of the Lactobacillus

genus have been shown to attenuate
allergen-induced AHR (41–43), but in our
study, the abundance of Lactobacillus was
associated with dietary fiber conditions that
resulted in greater O3-induced AHR
(Figure 5). We have also observed an
association between greater Lactobacillus
and greater O3-induced AHR in male wild-
type and ST2-deficient mice (18). Studies
examining the effects of probiotics
containing Lactobacillus on O3-induced
AHR will be required to resolve differences
in the impact of Lactobacillus on O3- versus
allergen-induced AHR.

Exactly how fiber-related changes in
the gut microbiome lead to alterations in the
pulmonary response to O3 remains to be
established. Current concepts regarding the
role of the gut microbiome in other health

conditions posit that gut bacteria may
communicate with other organs by
stimulating intestinal afferents leading to
reflex responses or by altering hormone
release (44). For example, gut bacteria can
affect both male and female hormones (15,
26–28). Importantly, both male and female
sex steroids have been demonstrated to
alter the response to O3 (29, 30). However,
although there were differences in sex
hormones in mice fed fiber-enriched diets
(Figure E1), these changes could not
explain the impact of these diets on O3-
induced AHR, nor was there any impact of
fiber-free diets on female hormones (Figure
E2), even though these diets did alter
responses to O3 in females (Figure 2).

Gut bacteria also produce numerous
biochemicals that can cross the gut mucosa,
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enter the portal blood, circulate to distal
organs and tissues, and exert effects in those
locations (44). For example, gut bacteria
ferment dietary fiber, resulting in the
production of SCFAs (23), and low-fiber
diets reduce SCFAs (22, 45). We considered
the possibility that fiber-related changes in
SCFAs might account for the changes in
O3-induced AHR observed in fiber-altered
diets. However, our data do not support
this hypothesis. In male mice, pectin
feeding, which increases serum SCFAs (13),
resulted in greater O3-induced AHR than
cellulose feeding (Figure 1B), but fiber-free
diets, which reduce SCFAs (22, 45), had no
effect (Figure 2B). In female mice, fiber-free
diets augmented O3-induced AHR
(Figure 1C), but supplementation of these
fiber-free diet–fed mice with exogenous
propionate had no effect (Figure E3), nor
was there any difference in O3-induced
AHR in pectin- versus cellulose-fed female
mice (Figure 1). Instead, it is likely that
SCFA-independent effects of dietary fibers
account for these observations. For
example, dietary fiber impacts microbial
production of ferulic acid, which has both
antioxidant and antiinflammatory
properties (23) and could thus modify

responses to O3. Given the marked
differences in the composition of the gut
microbiome in mice on fiber-altered diets
(Figures 3–5), it is also possible that
changes in other microbially derived
metabolites might account for the impact of
dietary fiber on pulmonary responses to O3.
For example, exposure to O3 alters the
serum metabolome, and we have reported
marked differences in the impact of O3 on
the serum metabolome in control and
antibiotic-treated mice (46). O3-induced
changes in serum concentration of
polyamines, long-chain fatty acids, and bile
acids were each significantly different in
antibiotic-treated versus control mice (46).
Notably, each of these metabolites has the
capacity to alter airway responsiveness
and/or affect neutrophil recruitment.

One important limitation to this study
relates to the magnitude of the changes in
dietary fiber we employed. The fiber-
enriched diets we used contained 30% fiber
by weight. Even relatively fiber-rich human
diets do not contain this much fiber,
although the amount of fiber in diets
consumed by our ancestors, during the time
when symbiosis between us and our gut
microbiomes was being established, was

higher than what is consumed now (23).
Similarly, we used fiber-free rather than
fiber-reduced diets, even though most
human diets do not lack fiber altogether.
Our goal was to use these diets as proof of
concept that dietary fiber might be a
therapeutic target for manipulating
responses to O3. Follow-up studies will
require use of intermediary amounts of
fiber as well as different types of dietary
fiber.

In conclusion, our data indicate
substantial effects of manipulating dietary
fiber on pulmonary responses to O3.
Importantly, we also demonstrated marked
sex differences in the impact of dietary fiber
on responses to O3 and on the gut
microbiome. The data suggest that
therapeutic strategies which include
altering the gut microbiome by dietary fiber
manipulation will need to be tailored
differently for male and female subjects. n
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