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ABSTRACT
Exercise reduces the risk of inflammatory disease by modulating a variety of tissue and cell types,
including those within the gastrointestinal tract. Recent data indicates that exercise can also alter
the gut microbiota, but little is known as to whether these changes affect host function. Here, we
use a germ-free (GF) animal model to test whether exercise-induced modifications in the gut
microbiota can directly affect host responses to microbiota colonization and chemically-induced
colitis. Donor mice (n D 19) received access to a running wheel (n D 10) or remained without access
(n D 9) for a period of six weeks. After euthanasia, cecal contents were pooled by activity treatment
and transplanted into two separate cohorts of GF mice. Two experiments were then conducted.
First, mice were euthanized five weeks after the microbiota transplant and tissues were collected for
analysis. A second cohort of GF mice were colonized by donor microbiotas for four weeks before
dextran-sodium-sulfate was administered to induce acute colitis, after which mice were euthanized
for tissue analysis. We observed that microbial transplants from donor (exercised or control) mice
led to differences in microbiota b-diversity, metabolite profiles, colon inflammation, and body mass
in recipient mice five weeks after colonization. We also demonstrate that colonization of mice with
a gut microbiota from exercise-trained mice led to an attenuated response to chemical colitis,
evidenced by reduced colon shortening, attenuated mucus depletion and augmented expression of
cytokines involved in tissue regeneration. Exercise-induced modifications in the gut microbiota can
mediate host-microbial interactions with potentially beneficial outcomes for the host.

KEYWORDS
exercise; microbiome; gut;
microbiota; colitis; germ-free;
transplant; colonization
inflammation; voluntary
wheel running

Introduction

Participation in regular, moderate exercise is beneficial
for numerous tissues including muscle, adipose and
brain, and can reduce the incidence of metabolic and
inflammatory disease in humans and in animal mod-
els.1,2 Recent studies have also revealed that exercise
training can influence the gut and its associated gut
microbiome in rodents.3-6 Importantly, changes in the
gut microbiome induced by exercise training have
been associated with parallel changes in host physiol-
ogy, including alterations in metabolism, immunity,
and behavior.7,8 Other studies have indicated that
exercise-induced changes in the gut microbiome may

also be involved in the modulation of disease states.
For instance, exercise can affect the gut microbiome of
mice during exposure to a high fat-diet,8,9 experimen-
tal diabetes,10 and toxin-induced dysbiosis.5 However,
these findings are correlational and fail to address the
direct role of the gut microbiota in mediating host
physiology. Therefore, a more definitive approach is
warranted to determine whether exercise-induced
changes in the gut microbiota can impart meaningful
changes in host physiology.

Experiments using germ-free (GF) mice colonized
with known bacterial communities (i.e. gnotobiotic
mice) provide an opportunity to study environmental
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regulation of host-gut microbiota interactions. Indeed,
a growing number of studies have indicated direct
relationships between the gut microbiota (e.g. through
diet and antibiotic use) and host function.11,12 Such
studies have revealed that environmentally-induced
changes in gut microbiota and gut microbiota-derived
metabolites (e.g. short chain fatty acids) can directly
and robustly influence the structure of the mucus layer
and the development of the immune system after gut
microbiota colonization in GF animals.13,14 Exercise
training can also modify levels of gut microbiota-
derived short chain fatty acids within the intestines of
conventionally-raised animals.6 Short-chain fatty acids
(SCFAs) are derived through gut microbial fermenta-
tion of complex polysaccharides or endogenous
mucins and have numerous downstream effects on
the host.15 SCFAs have been shown to contribute to
increased energy harvest,16 enhance the production of
satiety peptides,17 and reduce inflammation18 within
the gut. Despite this, little is known as to whether
exercise training-induced increases in SCFAs may
modulate host processes.

The influence of the gut microbiota on host func-
tion is also critically important to study in the context
of inflammatory bowel diseases, such as ulcerative
colitis (UC).19 UC is an inflammatory condition in
which open lesions and ulcers develop throughout the
epithelial and mucosal layers of the colon.20 The etiol-
ogy of UC is not completely understood, but it appears
to arise from an aberrant immune response to the gut
microbiota as a result of a disrupted mucus and epi-
thelial barrier,21-23 Though current treatments, such as
anti-inflammatory aminosalicylates, corticosteroids,
and targeted monoclonal antibiotic therapy (e.g. anti-
TNF), are sometimes successful in preventing
symptomology, their use is often associated with drug
resistance, inconsistent long-term efficacy, and unde-
sirable side-effects.24,25 Therefore, it is vital to investi-
gate adjunctive therapeutic approaches for preventing
and attenuating UC. Epidemiological studies in
humans have shown that exercise training may reduce
the symptoms of disease and improve the quality of
life for patients with UC.26,27 There is also a strong
body of epidemiological evidence indicating that exer-
cise also minimizes the risk for developing colorectal
cancer,28 a disease that can originate from chronic
UC. Research from our laboratory and others have
shown that voluntary exercise training can attenuate
the inflammatory insult and disease symptomology in

mouse models of colitis,29,30 further providing evi-
dence that moderate exercise can beneficially affect
the gastrointestinal tract and disease outcomes. Unfor-
tunately, a mechanistic understanding as to how exer-
cise may modulate intestinal diseases and syndromes
is not well established.

In this report, we investigated whether exercise-
induced changes in the gut microbiota of convention-
ally-raised donor mice could modulate colon physiol-
ogy of recipient, sterilely-raised gnotobiotic mice after
five weeks of a gut microbiota colonization. In a sec-
ond experiment, we explored whether a transplanted
gut microbiota from donor-exercised or donor-con-
trol mice could attenuate the clinical symptomology
and inflammatory insult of dextran-sodium sulfate
(DSS)-induced colitis in recipient mice, which we and
others have previously shown possible in convention-
ally raised animals.29,30 We hypothesized that exer-
cise-induced modifications in the gut microbiota of
donor mice would lead to reduced colon inflammation
in recipient mice after five weeks of colonization.
Additionally, we hypothesized that a microbiota trans-
plant from donor exercise-trained mice to recipient,
gnotobiotic mice would attenuate the clinical sympto-
mology and the inflammatory response to DSS-
induced colitis when compared to mice that received a
microbiota from control animals.

Results

Figure 1 depicts the research design of two indepen-
dent experiments.

Experiment 1: Host response to colonization

Exercise training-induced modifications of the gut
microbiota in conventionally-raised donor mice persist
in recipient, gnotobiotic mice after five weeks of a gut
microbiota colonization
We first confirmed that exercise could significantly
modify the gut microbiota, as previously reported by
our laboratory and others.3-5 Principle coordinates
analysis (PCoA) revealed that exercise training (i.e. vol-
untary wheel running) for 6 weeks led to differences in
the gut microbiota community structure in donor mice
as determined by Unweighted Unifrac (Fig. 2A) and
Weighted Unifrac (Fig. S1A). These exercise-induced
differences were also evident at the genus level of taxo-
nomic analysis (Table S1). Notably, the gut microbiota
of D-EX mice contained higher relative abundances of

2 J. M. ALLEN ET AL.

D
ow

nl
oa

de
d 

by
 [

N
at

io
nw

id
e 

C
hi

ld
re

ns
 H

os
pi

ta
l]

, [
V

an
es

sa
 H

al
e]

 a
t 1

0:
17

 2
2 

Se
pt

em
be

r 
20

17
 



genera: Anaerostipes spp, Akkermansia spp, Family
Lachnospiraceae Genus unclassified, Ruminococcus spp,
and Parabacteroides spp, and a lower abundance of
Prevotella spp. compared to the D-CON mice (FDR
p < 0.05).

We then tested if the gut microbiota changes
induced by exercise training could persist in recipient

gnotobiotic mice after five weeks of gut microbial col-
onization. In accordance with our hypothesis, PCoA
of both the unweighted (Fig. 2B) and weighted Unifrac
(Fig. S1B) distance metrics revealed that gut micro-
biota communities clustered by exercise-transfer sta-
tus in the recipient mice 35 days after colonization.
The clustering by exercise status was even more

Figure 1. Experimental Design. Graphical representation of the designs of Experiment 1 (colonization experiment) and Experiment 2
(acute colitis experiment). CMT D cecal microbial transplant, DSS D dextran sodium sulfate.

Figure 2. Comparisons of gut microbiome b-diversity in donor and recipient mice. (Experiment 1). (A) Exercise training leads to differen-
ces in b-diversity of the fecal microbiome (Unweighted UniFrac) of donor mice after 6 weeks of exercise training; red circles D Donor-
Control (D-CON), green circles D Donor-Exercise (D-EX); PERMANOVA p<0.05. (B) Community structure of the fecal microbiome
(Unweighted UniFrac) of recipient, gnotobiotic mice 5 weeks after colonization by donor cecal microbiota; orange circles D Recipient-
Control (R-CON), teal circles D Recipient-Exercise (R-EX); PERMANOVA p<0.01. (C) Abundance (% of total bacteria) of bacterial genera
that were differentially represented by exercise group in donor mice and that remained differentially abundant (�) in recipient mice after
transplant. �FDR p < 0.05.
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evident in recipient than in donor mice, highlighting
an overall effect of colonization on the gut microbiota
communities despite relatively high transfer efficiency
(as measured by presence of taxa) from donor to
recipient mice at the genus and OTU level of analysis
(Table S2). Despite this colonization effect, many of
the genera differences observed between activity
groups in the donor mice were maintained in the
recipient mice (Fig. 2C). For instance, Akkermansia
spp., Lachnospiraceae unclassified, and Ruminococcus
spp. remained significantly more abundant while Pre-
votella spp. remained significantly less represented in
recipient-exercise (R-EX) versus recipient-control
(R-CON) mice. Some of the exercise-induced genera
differences apparent in donor mice did not persist in
recipient mice (i.e. Anaerostipes spp. and Parabacter-
oides spp, Table S1), while numerous other treatment
genera differences (not evident in donor mice) mani-
fested in recipient mice (see Table S1).

Gut microbiota transfer from exercise-trained mice
leads to attenuated inflammation and modified
histological features in colons of recipient mice
To further probe the host response to colonization, we
analyzed the expression of inflammatory and anti-
inflammatory/regenerative cytokines in the distal
colon of recipient mice. We show that colonization
with an ‘exercised gut microbiota’ led to significantly
lower colonic gene expression of innate inflammatory
mediators, interleukin-1b (IL-1b), indoleamine 2,3
dioxygenase (IDO1), and interleukin-23 (IL-23) in
R-EX versus R-CON mice (Fig. 3A; p < 0.05). No sta-
tistically significant differences in expression of IL-6,
tumor necrosis factor (TNF)-a, or IL-17a were
observed (Fig. 3A; p > 0.05). R-EX also exhibited sig-
nificantly lower transforming growth factor (TGF)-b
gene expression (Fig. 3B; p < 0.05). No statistically
significant differences in IL-10, FoxP3 and IL-22 gene
expression were observed (Fig. 3B; p > 0.05).

In agreement with the reduction in inflammatory
transcripts, there was an attenuated inflammatory cell
infiltration in R-EX mice compared to R-CON mice
as indicated by histology (Fig. 4Ai-ii and 4Bi). In addi-
tion, we observed reduced goblet cell mucus depletion
in the colons of R-EX versus R-CON (Fig. 4Ai-ii and
4Bii) and an attenuated overall histology score
(Fig. 4Ai-ii and 4Biii). No statistically significant dif-
ferences were observed between groups for destruction
of architecture or crypt abscesses (data not shown).

No differences were observed in colon length, an indi-
cator of inflammation, between recipient groups (R-
CON 74 § 1.4 mm vs. R-EX 73.9 § 0.8 mm, respec-
tively; p D 0.91).

Gut microbiota transfer from exercise-trained mice
leads to higher body mass in recipient mice and is
related to gut SCFA profiles
We observed that recipient mice colonized with the
‘exercised gut microbiota’ were heavier after 5 weeks
of colonization than mice colonized with ‘control gut-
microbiota’ (R-EX: 24.1 § 0.63 g vs. R-CON: 22.2 §
0.36 g, p < 0.05. Fig. 5A.). Of note, absolute body
weight differences among recipient mice as result of
the ‘exercised gut microbiota colonization’ were
observed primarily in male, but not female, mice
before and after the DSS treatment (Sex x Exercise-
transfer interaction p D 0.10; Table S3). To follow up
on possible mechanisms underlying this exercise
effect, we determined whether microbial-derived
SCFAs, which have been shown to be increased by
exercise in conventionally-raised mice and are known
contributors to host energy harvest,31 differed in

Figure 3. Distal colon cytokine gene expression in recipient mice
after colonization (Experiment 1). (A) Pro-inflammatory and, (B)
Anti-inflammatory cytokines after 5 weeks of colonization (n D
15-16/group). �denotes significant difference, ns D not signifi-
cantly different at p < 0.05.
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concentration between recipient groups. While there
were no statistical differences in concentration of the
three most abundant SCFAs, acetate (C2), propionate
(C3) and butyrate (C4) (Fig. 5B & C, propionate not
shown), the ratio of [C4] to [C2] was significantly

elevated in R-EX mice compared to R-CON mice
(p < 0.01; Fig. 5D). This ratio is important at it has
been previously shown to be elevated in low-dose,
antibiotic fed mice that also displayed increased
energy harvest and altered body composition profiles

Figure 4. Distal colon histology of recipient mice after colonization (Experiment 1). (A) Representative hemotoxylin and eosin (H&E)
stains (20x) of distal colons from i) R-CON and ii) R-EX after 5 weeks of colonization. Open arrows indicate areas of goblet cell (GC) deple-
tion in R-CON vs R-EX mice. Closed arrows indicate areas of inflammatory cell infiltrate. (B) Histological scoring of distal colons from
recipient mice after 5 weeks of colonization: i) inflammatory cell infiltration (range 0–4), ii) GC mucus depletion (range 0–4) and, iii)
overall histology score (range 0–16); includes aggregate scores of inflammatory cell infiltration, GC mucus depletion, destruction of
architecture and crypt abscesses (ranges 0–4; not significant, data not shown). �denotes significant difference at p < 0.05.

Figure 5. Body weight and cecal SCFA profiles of recipient mice after colonization (Experiment 1). (A) Body weight after 5 weeks of colo-
nization in recipient mice.(B-D) Short chain fatty acid concentrations (mmole/gram) of cecal content dry matter. (E) Relative gene abun-
dance (per 16S rRNA) of the butyrate producing enzyme butyryl CoA: acetate CoA transferase (BCoAT) in the feces of recipient mice.(F)
Ratio of [Butyrate]: [Acetate] strongly correlates to body weight. (G) Pathway schematic of acetate to butyrate conversion through
BCoAT. �p < 0.05
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compared to their control counterparts.12 In this
study, the [C4]:[C2] of recipient mice was strongly
associated to host body weight both across and within
groups (Pearson r D 0.74; p < 0.001; Fig. 5E). Next,
we quantified the genetic potential of the gut micro-
biota to produce C4 from C2, by measuring the rela-
tive abundance of the butyryl coa: acetate CoA
transferase (BCoAT) gene; a gene specific to butyrate
producers within the gut microbiota and integral in
the conversion of acetate to butyrate.32 Interestingly,
and in accordance with higher [C4]: [C2] in the cecal
contents, the BCoAT gene trended higher in the feces
of R-EX compared to the R-CON mice (Fig. 5F,
p D 0.09). BCoAT gene abundance was also correlated
to cecal content [C4]: [C2] (r D 0.49, p < 0.05; data
not shown). Figure 5G is a schematic representing the
conversion of acetate and butyryl-CoA to butyrate
and acetyl-CoA through the enzyme butyryl:CoA ace-
tate CoA transferase.

Experiment 2. Effect of transplant on DSS-induced
colitis

Gut microbiota transfer from exercise-trained mice
leads to altered gut microbiota composition in
recipient mice after colonization and a DSS-colitis
insult
In a second experimental cohort of GF mice, we tested
whether an ‘exercised-gut microbiota’ colonization

prior to treatment with DSS could reduce the clinical
symptomology and the inflammatory response to the
colitis insult (Recipient-Control-DSS [R-CON-DSS],
n D 16 versus Recipient-Exercise-DSS [R-EX-DSS],
n D 16). We first confirmed that differences in the
community structure (b-diversity) of the gut micro-
biome observed in the donor mice persisted in the
recipient mice after a 28 d colonization period fol-
lowed by a colitis insult which consisted of five days of
DSS (2%) followed by a three-day H2O treatment.
Similar to what was observed in Experiment 1, there
was a clear disparity between treatments in recipient
mice after colonization and DSS treatment (Fig. 6
Unweighted Unifrac and Fig. S1C Weighted UniFrac).
Expectedly, the gut microbiota communities after col-
onization plus DSS treatment were much different
than that observed in Experiment 1 with colonization
alone, likely due to the large and well-documented
effect of DSS treatment on the gut microbiome.33,34

Genus level differences in the gut microbiota of recipi-
ent-DSS mouse groups are reported in Table S4.

Gut microbiota transfer from exercise-trained mice
leads to attenuated clinical responses to acute DSS-
Colitis in recipient mice
Body weights (BW) and clinical symptomology,
including diarrhea/rectal bleeding were observed
throughout DSS-colitis, and colon length was

Figure 6. Gut microbiome b-diversity in recipient mice after colonization and an acute, DSS-colitis insult (Experiment 2). Transfer of
cecal contents from EX or CON donor groups led to differences in community structure of the fecal microbiota (Unweighted UniFrac) in
recipient, gnotobiotic mice after acute DSS colitis insult; dark blue circles D Recipient-Exercise-DSS, pink circles D Recipient-Control-
DSS. PERMANOVA, p < 0.01.

6 J. M. ALLEN ET AL.

D
ow

nl
oa

de
d 

by
 [

N
at

io
nw

id
e 

C
hi

ld
re

ns
 H

os
pi

ta
l]

, [
V

an
es

sa
 H

al
e]

 a
t 1

0:
17

 2
2 

Se
pt

em
be

r 
20

17
 



measured after the acute colitis insult. In response to
DSS, both groups (R-CON-DSS vs. R-EX-DSS) lost
significant body weight as measured by percent
change (% D) versus baseline (time main effect,
p < 0.001), verifying that the DSS was effective in
inducing colitis symptomology (Fig. 7A). Interest-
ingly, R-EX-DSS mice displayed a trend for attenu-
ated BW loss (% D) as compared to R-CON-DSS
mice (time x activity p D 0.09, Fig. 7A), indicating
some level of protection from the colitis insult
irrespective of observed differences in BW. Also, sim-
ilar to what was observed in Experiment 1, absolute
BWs were significantly higher in R-EX-DSS group
after four weeks of colonization and throughout the
eight days of colitis insult (Fig. S2A & Table S5).
Importantly, such differences were not likely a result
of altered DSS or caloric intake, as both groups con-
sumed similar amounts of fluid and food throughout
the treatment periods (Fig. S2B & C).

Despite numerical differences, neither the incidence
of diarrhea nor the incidence of rectal bleeding was
significantly different between physical activity groups
throughout the colitis insult (Fig. 7B & C). However,
R-EX-DSS mice exhibited longer colons compared to
the R-CON-DSS mice at sacrifice on Day 8 (Fig. 7D;
p < 0.05), indicating a reduced inflammatory burden
in response to colitis as a result of the ‘exercised-gut
microbiota’ transplant.

Gut microbiota transfer from exercise-trained mice
leads to augmented anti-inflammatory gene
expression and attenuated histological parameters
in colons of recipient mice after DSS-colitis
To further assess the response to DSS in recipient
mice, we analyzed the expression of genes involved in
the inflammatory and anti-inflammatory/regenerative
response to colitis. Contrary to our hypothesis and the
observed attenuation of colon shortening, recipient-
DSS groups exhibited similar expression of the pro-
inflammatory cytokines IL-1b, IL-6, and TNF-a in the
distal colon after the colitis insult on day 8 (Fig. 8A).
However, R-EX-DSS mice exhibited augmented
colonic expression of cytokines and transcription fac-
tors known to be involved in tissue regenerative
responses to colitis, including TGFb, FoxP3, and IL-
22, compared to R-CON-DSS mice (Fig. 8B, p< 0.05).

To examine morphological changes in the gut after
DSS-colitis, distal colon histology was quantified by a
trained, blinded investigator based on four criteria, as
described above. In the colons of R-EX-DSS mice we
observed a trend for a reduction in inflammatory cell
infiltration (p D 0.11; Fig. 9Ai-ii and 9Bi) along with a
significant attenuation of goblet cell mucus depletion
versus colons from R-CON-DSS (p < 0.05; Fig. 9Ai-ii
and 9Bii), ultimately contributing to an lower overall
histological rating compared to colons of R-CON-DSS
mice (p < 0.05; Fig. 9Ai-ii and 9Biii).

Figure 7. DSS-induced clinical symptoms in recipient mice (Experiment 2). (A) Percent (%) body weight change, (B) percent (%) diarrhea
incidence, and (C) percent (%) rectal bleeding incidence of recipient mice during eight days of acute colitis insult. (D) Colon lengths of
recipient mice after sacrifice on Day 8 of colitis insult. �denotes significant difference at p < 0.05.
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Discussion

In this study, we show that exercise training-induced
changes in the gut microbiota of donor mice can per-
sist and cause biologically relevant perturbations in
recipient, gnotobiotic mice after a gut microbiota
transplant and colonization. This is evidenced by
distinct inflammatory responses to microbial coloni-
zation, altered luminal concentrations of microbial-
derived metabolites, and attenuated responses to an
acute colitis insult in recipient mice that received a gut
microbiota transplant from donor mice that were
exercise trained versus those mice that remained with-
out access to a running wheel.

Gut microbiota composition profiles in recipient
mice were highly dependent on the physical activity
status of their respective donor origins. We speculate
that such disparity may be shaped by a physiologically
relevant consortium of bacteria that were observed to
be sensitive to exercise training. Of these exercise-
altered taxa, Akkermansia spp. is a mucus colonizing
bacteria shown to reduce colonic inflammation and
protect against diet-induced metabolic syndrome.35 In

addition, the Lachnospiraceae family contains bacte-
rial species with well-documented butyrate producing
capabilities.36 Lastly, species from Ruminococcus spp.
appear to be involved in early life growth, as cultured
strains were able to rescue a blunted growth pheno-
type in GF mice.37

The mucosal tissue of the gut responds to a micro-
biota colonization with a complex array of pro- and
anti-inflammatory processes.38 Here, we observed
R-EX mice to have attenuated colonic expression of
IL-1b and IL-23, two cytokines involved in the innate
immune response to commensal and pathogenic bac-
teria within the gut.14,39 IL-1b, in particular, is
expressed in a multitude of innate immune cells and
its release is sensitive to cell surface binding of bacte-
rial associated components, including lipopolysaccha-
ride (LPS) of gram-negative bacteria, to host toll-like
receptors (TLRs).40 R-EX mice also exhibited lower
colonic expression of IDO1; a highly conserved
enzyme that mediates the conversion of amino acid
tryptophan towards the bioactive metabolite kynure-
nine.41 Importantly, IDO1 expression is highly regu-
lated by IL-1b, reflects mucosal inflammation, and is
responsive to commensal load on the gut epithelial
layer.42,43 In the current study, we postulate that the
reduced expression of these pro-inflammatory factors
alongside the attenuation of immune cell infiltration
observed through histology, indicate a potential reduc-
tion in overall bacterial adherence to the mucus/epi-
thelial layer within the gut of R-EX mice.

SCFAs have been shown to be upregulated by exer-
cise training in the murine gut6 and contribute to
numerous metabolic and inflammatory processes
within the host, including energy harvest and reduced
gut inflammation.16,44 Here, we show that R-EX mice
that displayed higher body weights after the coloniza-
tion period also displayed a significantly higher ratio
of butyrate [C4] to acetate [C2] compared to R-CON
mice. Intriguingly, this ratio was strongly correlated to
body weight across and within both recipient groups,
providing evidence that [C4]:[C2] may be an impor-
tant indicator of metabolic potential of the gut
microbiota.

Probing further, we found that the abundance of
butyryl CoA: Acetate CoA transferase (BCoAT), a
prevalent and obligatory feature of a large portion of
butyrate-producing bacteria and a gene necessary for
the conversion of C2 to C4, trended higher in R-EX
mice. These data are similar to previous data from

Figure 8. Distal colon gene expression in DSS-treated recipient
mice (Experiment 2). Colonic gene expression of (A) pro-inflam-
matory and (B) anti-inflammatory cytokines in recipient mice that
received 5 days of DSS (2%) followed by 3 days of H2O after a
4 week colonization period. �denotes significant difference at
p < 0.05.
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Cho et al. (2012), who observed higher cecal [C4]:[C2]
and BCoAT levels in mice that received low-dose
antibiotics, which was reported in accordance with
differences in body composition between control and
antibiotic-exposed animals.12

These data support the hypothesis that augmented
capacity of the gut microbiota to produce SCFA may
contribute to enhanced energy harvest within a physi-
cally active host. Such an adaptation, we propose, may
be evolutionarily advantageous during periods of high
energy expenditure and caloric deficit, such as during
foraging periods of rodents. Future studies will be
needed to investigate the mechanisms behind such
phenomena.

In a second cohort of colonized mice, we demon-
strated that exercise-induced gut microbiota changes
modulated the host response during and after an
acute, dextran-sodium-sulfate (DSS)-induced colitis
insult. Most notably, R-EX-DSS mice exhibited aug-
mented colonic expression of anti-inflammatory cyto-
kines and transcription factors involved in the
regenerative response to acute DSS-colitis. TGF-b, in
particular, is required for protection against the two
models of T-cell mediated colitis,45,46 and directly
mediates differentiation and responsiveness of subsets
of suppressive myeloid and lymphoid cells.47 Of these
cell types regulated by TGF-b, regulatory T-cells
constitutively express the anti-inflammatory cytokine

IL-10, and are required for maintaining epithelial bar-
rier and regenerative response to colitis.48 IL-22,
meanwhile, is a cytokine released primarily from
innate lymphoid cells (ILCs) that has been shown to
mitigate colitis symptomology in mice and
humans.49,50 In a mouse model, IL-22 gene delivery
led to rapid amelioration of local intestinal inflamma-
tion,51 while IL-22 binding protein administration
(which blocks action of IL-22) led to suppressed goblet
cell restitution during the recovery phase in mice that
received DSS.52 Here, we demonstrate that alongside a
higher expression of IL-22, mice that received the
‘exercised-gut microbiota’ had higher abundance of
mucus-containing goblet cells at day 8 of the colitis
insult than mice that received the ‘control-gut micro-
biota’. This is important, as DSS-colitis is known to
cause mucus layer degradation and goblet cell deple-
tion, ultimately leading to exposure of the epithelial
layer to both commensal and pathogenic microbes.53

Therefore, enhanced goblet cell mucus repletion
observed in R-EX-DSS mice may be an important fea-
ture in maintaining a barrier between commensal
microbes and host gut epithelial cells, ultimately
limiting bacterial adherence and ameliorating the
inflammatory insult to DSS. Together, we surmise that
the differences in cytokine expression profiles and
measures of histology between treatment groups indi-
cate augmented anti-inflammatory and regenerative

Figure 9. Distal colon histology in DSS-treated recipient mice (Experiment 2). (A) Representative H&E stains of distal colons from i) R-
CON-DSS (20x) and ii) R-EX-DSS (20x) after 4 weeks of colonization followed by DSS colitis insult. Open arrows indicate areas of goblet
cell depletion. Closed arrows indicate areas of inflammatory cell infiltrate. (B) Histological scoring of distal colons: i) inflammatory cell
infiltration (range 0–4), ii) GC mucus depletion (range 0–4), and iii) overall histology score (range 0–16); includes aggregate scores of
inflammatory cell infiltration, GC mucus depletion, destruction of architecture and crypt abscesses (ranges 0–4; not significant, data not
shown). �denotes significant difference at p < 0.05.
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responses to DSS-colitis as a result of the ‘exercised-
gut microbiota’ colonization.

The exercise-induced changes in the microbiome
and host phenotype reported here coincide with
data reported in previous studies examining the
effects of exercise on the gut microbiome in con-
ventionally-raised mice. For instance, Matsumoto
et al. provided evidence that voluntary exercise
increased the level of cecal butyrate concentrations6

while Mika et al. showed that exercise training in
juvenile rats increased butyrate-producing bacterial
genera, which was associated with enhanced early
life lean mass gains.4 Moreover, others have
reported exercise-induced changes in the gut
microbiome were associated reduced inflammation
and altered responses to inflammatory stimuli,
including a high-fat diet.5,8,9 At the taxa level, com-
parison of our data to previous studies is difficult
as species and strain of animal, vendor origin, and
sequencing technologies differed widely between
experiments. Nevertheless, the observation in this
study that exercise alters gut microbiome commu-
nities, increases butyrate-producing capabilities,
and reduces host colon inflammation confirms
reports by others and should be investigated further
to understand the mechanisms behind such a
response.

There are some limitations to this study. For
instance, despite the fact that a large percentage of
taxa effectively transferred from donor to recipient
mice (Table S2), the compositional profile of the gut
microbiota (as measured by relative taxa abundance)
shifted as a result of the transfer and colonization.
This sensitivity of the gut microbiota to colonization
is also relevant when investigating host responses, as
the mucus layer and immune system are in constant
flux during early time periods of colonization.14 In
addition, we also observed significant effects of sex in
recipient mice of both experiments. Beyond the obvi-
ous differences in body weight, we observed that
recipient male mice were significantly more inflamed
than female mice in both experiments, as evidenced
by higher expression of inflammatory cytokines in the
distal colon. We are unsure of the mechanisms behind
these observations. Nevertheless, we observed no sta-
tistical sex x ‘exercise-transfer’ interactions amongst
major outcomes studied. Considering this, we deemed
it appropriate to collapse groups based on sex before
outcome analysis. Future studies should examine both

the effects of sex and the temporal dynamics of gut
microbiota colonization to confirm the results pre-
sented in this study.

Conclusions

Overall, this study provides seminal evidence that
exercise training can alter the gut microbiota in a fash-
ion that directly alters host response during states of
health and disease. Of primary significance, gut micro-
biota modifications induced by exercise appear be
important for inhibiting gut inflammation, altering
gut morphology and potentially increasing energy har-
vest within colonized, previously germ-free host. Since
host response to microbiota colonization in gnotobi-
otic mice is important for development for gut archi-
tecture and the immune system, we surmise that
exercise in conventionally-raised animals may be a
particularly strong modulator of gut microbiota-host
interactions during periods where these systems are
most malleable, including during states of disease. To
this end, we observed an enhanced regenerative
response to a colitis insult in recipient, gnotobiotic
mice that received a gut microbiota from exercised
donors. In conclusion, exercise-induced modifications
in the gut microbiota can directly modify host-micro-
bial interactions with potentially beneficial outcomes
for the host. Future studies aimed at understanding
the mechanisms responsible for these effects may
highlight potential targets to improve health.

Methods

Experimental design

Figure 1 depicts the research design of two indepen-
dent experiments intended to: 1) determine the
effects of gut microbiota transplantation from exer-
cise-trained (EX) or untrained (CON) donor (D)
mice on the host response to colonization in recipi-
ent, previously GF mice (Experiment 1) and, 2)
determine the effects of gut microbiota transplanta-
tion from EX or CON donor mice on the response
to acute experimental colitis in previously GF recipi-
ent mice (Experiment 2). All experiments were com-
pleted in accordance with the guidelines of the
Institutional Animal Care and Use Committees of
the University of Illinois at Urbana-Champaign and
the Mayo Clinic (Rochester, MN).
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Donor mice, exercise protocols and tissue collection

Adult male, 6-week old, C57Bl/6N mice were pur-
chased from Taconic Farms (Germantown, NY) and
were singly housed in an AAALAC-accredited facility
at the University of Illinois at Urbana-Champaign
(UIUC). All mice were maintained on Lab Diet 5K67
and fed ad libitum (St. Louis, MO). The diet consisted
of 22.37 % protein, 15.6 % fat, 61.98 % carbohydrate
and 4.4 % of fiber (crude). After a one-week acclima-
tion, mice were randomly assigned to two activity
groups: exercise (Donor-Exercise, D-EX, n D 10), or
sedentary-control (Donor-Control, D-CON, n D 10).
The D-EX mice were housed in cages with free access
to telemetered running wheels (Respironics Bend,
OR) while D-CON remained without access to a wheel
for 42 days. D-EX ran 5.1 § 0.7 km.day¡1. One mouse
died unexpectedly in within the first week of begin-
ning the experiment leaving n D 9 within the D-CON
group. After 42 days, mice were euthanized via rapid
CO2 asphyxiation followed by cervical dislocation.
Ceca, colon contents and fecal samples were snap fro-
zen by liquid N2 and stored at ¡80�C.

Gut microbiota transplant and colonization

Cecal contents from donor mice were pooled together
by activity group (i.e. control or exercise). Contents
were diluted in pre-reduced phosphate buffered saline
(PBS) (1:2 volume [contents]/volume [PBS]) and
orally gavaged into two cohorts (Exp1 or Exp2) of
equally distributed GF male and female, 4–5 week old
C57Bl6/N mice (n D 15-16/activity group; n D 9
female/group and n D 6-7 males/group). All recipient
mice were maintained in gnotobiotic isolators at the
Mayo Clinic (Rochester, MN) prior to and after the
gut microbiota transplant. The germ-free status of all
mice prior to transplant was confirmed by aerobic and
anaerobic culture, gram stain and PCR using universal
16S rRNA gene primers. For Experiment 1 (coloniza-
tion effect alone), mice were sacrificed 35 days after
initial colonization (Recipient-Control [R-CON]
n D 15; n D 9 female, n D 6 male); Recipient-Exercise
[R-EX] n D 16; (n D 10 female, n D 6 male) (Fig. 1).
For Experiment 2, a second cohort of gnotobiotic
mice were colonized for 28 days and then subjected to
an acute five-day dextran-sodium sulfate colitis (DSS)
insult followed by three days of regular drinking water
(Recipient-Control-DSS [R-CON-DSS] n D 16; n D 8
male, n D 8 female and Recipient-Exercise-DSS

[R-EX-DSS]; n D 16; n D 8 male, n D 8 female)
(Fig. 1). All recipient mice were co-housed by sex (4-5
per cage), remained without access to a running wheel
during the colonization (Exp1 and Exp2) and DSS
treatment (Exp2). All recipient mice were maintained
on an autoclavable Lab Diet 5K67 standard chow
(same as donor mice) and fed ad libitum throughout
the experimental protocols.

Dextran sodium sulfate-induced colitis

Regular drinking water was replaced by 2% DSS (w/v,
MP Biomedical, 36,000-50,000 MW) and adminis-
tered for 5 days, followed by a return to regular drink-
ing water for 3 days before sacrifice. Daily
measurements of body weight and food and fluid
intake were made during and after DSS administra-
tion. In addition, mouse feces were evaluated for con-
sistency/diarrhea (e.g. formed pellet vs. semi-formed/
soft), and mice were observed daily for the presence of
rectal bleeding.

Tissue collection

All recipient mice were euthanized via rapid CO2

asphyxiation followed by cervical dislocation. The
colon was removed and colon length was assessed
using digital calipers to the nearest millimeter. Small
distal colon tissue sections (» 2 mm) were excised
and then placed in Carnoy’s fixative (60% ethanol,
20% chloroform and 10% acetic acid) for 4 hours and
then placed in 100% ethanol until tissue embedding.
The remaining colon tissue and feces were excised and
stored at ¡80�C for gene expression and sequencing
analysis, respectively. For SCFA analysis, whole ceca
were excised and aliquots of fresh of cecal contents
were weighed for dry matter (DM) or placed in acid
(see below for complete SCFA protocol).

Bacterial DNA isolation and 16S rRNA gene
sequencing

Fecal bacterial DNA was extracted from all donor
(n D 9-10/group) and a subset of recipient mice
(n D 11/group) by using the PowerLyzer PowerSoil
DNA Isolation Kit (MOBIO Laboratories, Inc.). After
extraction and DNA quality assurance through gel
electrophoresis, library construction was completed
using a Fluidigm Access Array system in the Func-
tional Genomics Unit of the Roy J. Carver
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Biotechnology Center at the University of Illinois at
Urbana. After library construction, 300 bp of the V4
region of the 16SrRNA gene were amplified according
to Caporaso et al.54 and sequenced at the WM Keck
Center for Biotechnology at the University of Illinois
using an Illumina MiSeq2000 with the use of V3
reagents (Illumina Inc.). High-quality (> 25) sequence
data (FASTQ) were analyzed with QIIME 1.8.0.54 For
quality control, sequences were depleted of barcodes
and primers, and short sequences (< 237 bp), sequen-
ces with ambiguous base calls, and sequences with
homopolymer runs exceeding 6 bp were removed.
After removal of singletons, OTUs were then classified
using closed reference picking with the Ribosomal
Database Project (RDP) at 97% similarity. Weighted
and unweighted UniFrac distances were computed at
an even sampling depth of 11,058 sequences per sam-
ple, a value chosen based off of alpha-diversity rarefac-
tion curves (data not shown).

Distal colon gene expression

Quantitative real-time PCR was used to assess differ-
ences in gene expression in colon tissues of recipient
mice (n D 15/16 per group). RNA from »20–30 mg
of homogenized colon tissue was extracted using a
modified RNeasy mini kit protocol (Qiagen) and
stored at ¡80�C. Complementary DNA was synthe-
sized by reverse transcription reaction using commer-
cial kits [Life Technologies Co. (Applied Biosystems)]
and random primers. The RNA sample concentrations
and purities were analyzed by a spectrophotometer.
Next, qRT-PCR was completed on with the 7900HT
Fast Real-Time PCR system (SDS Enterprise Database;
Life Technologies; Carlsbad, CA) with use of
Taqman� master mix (Applied Biosystems, Carlsbad,
CA). Target genes were expressed relative to Gapdh
(Mm99999915_g1) using the DD-Ct method as fold
change, with the R-CON or R-CON-DSS serving as
calibrator control for experiments 1 and 2, respec-
tively. All primers used for colon gene expression are
referenced in Table S6.

Distal colon histology

Carnoy’s fixed distal colon samples were paraffin
embedded, and 3-mm sections were stained with
hematoxylin and eosin (H&E). Histology was scored
by a trained, blinded observer on a modified version
of a published scoring55 system that considers four

criteria: inflammatory cell infiltration (0–4), goblet
cell mucus depletion (0–4); destruction of architecture
(0–4) and crypt abscesses (0–4). Overall histology
score was quantified using an aggregate of these
scores.

Short chain fatty acid analysis

SCFAs were analyzed as described previously by Pana-
sevich et al (2015).56 Briefly, cecal contents were
weighed and acidified in 6.25% meta-phosphoric acid
solution and stored at ¡20�C until analysis. Cecal
SCFA concentrations were determined by gas
chromatography by using a gas chromatograph (Hew-
lett-Packard 5890A Series II) and a glass column
(180 cm £ 4 mm i.d.), packed with 10% SP-1200/1%
H3PO4 on 80/100 C mesh Chromosorb WAW
(Supelco, Inc.). Nitrogen was the carrier gas with a
flow rate of 75 mL/min. Oven, detector, and injector
temperatures were 125�, 175�, and 180�C, respectively.
Acetic, n-butyric, and propionic acid solutions
(Sigma-Aldrich) were used as standards.

Butyryl CoA:Acetate CoA transferase (BcoAT) gene
quantification

Isolated bacterial DNA (as described above) was
assessed for the relative abundance of butyryl CoA:
acetate CoA transferase gene content by qPCR as
described by Louis and Flint (2007).32 Briefly, real-
time PCR experiments were performed with SYBR
Green Master Mix (Applied Biosystems) as a probe in
a total volume of 20ul. BCoAT gene quantification
was analyzed in parallel with the 16S rRNA (total bac-
teria). The amplification cycle used was 1 cycle of
95�C for 3 min; 40 cycles of 95�C, 53�C, and 72�C for
30 s each with data acquisition at 72�C. BCoAT and
Universal 16S rRNA primers are referenced in
Table S6.

Statistical analysis

Gut microbiome b-diversity was analyzed based on
unweighted UniFrac distance metrics generated
from QIIME, visualized using EMPeror and ana-
lyzed by permutation multivariate analysis of vari-
ance (PERMANOVA).31,45 Taxa level comparisons
between treatment groups were analyzed by inde-
pendent Student’s t-test (or non-parametric Mann-
Whitney U test) and corrected by false discovery
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rate (FDR). Comparisons of inflammatory gene
expression, SCFA concentrations and BCoAT gene
abundance between groups were analyzed by inde-
pendent Student’s t-tests. For Exp2, the effects of
DSS on body weight loss was analyzed by a 2-way
mixed model analysis of variance (ANOVA) with
time (8 days) and activity group (R-EX-DSS and
R-EX-DSS) as independent variables. Incidence
rates of diarrhea and rectal bleeding were analyzed
by Pearson Chi-Square on each day after the begin-
ning of DSS administration. Correlations between
bacterial taxa, SCFA concentrations and host phe-
notype measures were analyzed by either Pearson r
or Spearman rank correlations depending on nor-
mality. Only one sex x ‘exercise-transfer’ interac-
tion was observed for the major outcome variables
(i.e., body weight) in either experiment. Therefore,
analysis of major outcome variables in recipient
mice were collapsed by sex. The effects of sex on
outcome variables are reported for reference in
Tables S3 and S5, as well as Figure S3. Significance
was set a priori at p < 0.05. In cases of multiple
comparisons, FDR p < 0.05 was deemed
significant.

Ethics approval and consent to participate

All experiments were completed in accordance with
the guidelines of the Institutional Animal Care and
Use Committees of the University of Illinois and the
Mayo Clinic (Rochester, MN).

Availability of data and materials

The remaining datasets used and/or analyzed during
the current study are available from the corresponding
author on reasonable request.
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