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Abstract

Purpose: Endurance exercise alters the gut microbiome independently of diet. The extent to
which gut microbes are responsible for physiologic adaptations to exercise training is unknown.
The purpose of these experiments was to determine the role of gut microbes in performance and
muscle adaptation to six weeks of voluntary wheel running (VWR) in mice.

Methods: We depleted microbes with broad-spectrum antibiotic treatment (ABX) and used
germ-free (GF) mice to determine effects on adaptations to VWR. Male and female C57BI/6 mice
(n=56) were assigned to daily VWR or sedentary conditions. After the intervention, treadmill
endurance and glucose tolerance were assessed, and gastrocnemius and soleus tissues were
harvested and analyzed for citrate synthase (CS) enzyme activity and expression of exercise
training-sensitive genes.

Results: ABX treatment and GF status resulted in VWR volumes ~22% and 26% lower

than controls, respectively. Analysis of variance revealed that while VWR increased treadmill
endurance, ABX had no effect. GF status significantly reduced treadmill performance in trained
GF mice post-training. VWR increased gastrocnemius CS enzyme activity in all groups, and ABX
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and GF status did not reduce the VWR effect. VWR also increased muscle expression of PGCla,
but this was not affected by ABX treatment.

Conclusions: ABX treatment and GF status reduced VWR behavior but did not affect VWR-
induced adaptations in endurance capacity, CS activity, or expression of muscle metabolic genes.
However, GF status reduced endurance capacity. These data indicated that reducing microbes in
adulthood does not inhibit endurance-training adaptations in C57BI/6 mice, but that GF mice
possess a reduced responsiveness to endurance exercise training, perhaps due to a developmental
defect associated with lack of microbes from birth.
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INTRODUCTION

Made up of a diverse consortium of microorganisms, the gut microbiota continually
modulates numerous immune, metabolic, and nervous system functions of its mammalian
host. Accordingly, disturbances to the gut microbiota (i.e. dysbiosis) have been associated
with a wide variety of chronic health conditions (1-7). These findings highlight a critical
need to expand our understanding of the gut microbiota and to identify interventions that
may influence these microbes to improve human health.

Recent data have indicated the existence of a ‘gut-muscle axis’ whereby products of gut
microbes affect muscle structure and function and, vice-versa, products of exercising muscle
affect gut microbe physiology (8-15). Fecal microbial transplant from ‘high functioning’
older adults into germ-free (GF) mice increased grip strength in comparison to those
receiving transplants from ‘low functioning’ individuals (8). Other studies have found
exercise performance benefits utilizing various probiotic microbe strains (9-12). Scheiman
et al. discovered that a strain of Veillonella atypica, which functions via lactate catabolism,
increased around competition time in the feces of marathoners, and whose colonization

into mice was capable of increasing treadmill running performance (12). Also supporting

a ‘gut-muscle axis’, Lahiri et al. demonstrated that muscles from GF mice were atrophic,
with impaired expression of genes associated with hypertrophy, mitochondrial function,

and neuromuscular junctions, and that transplantation of an intact microbiota was able to
mitigate many of these deficits (13). Moreover, various antibiotic treatment regimens have
been shown to reduce muscle mass, endurance running performance, and ex vivo contractile
capacity while increasing atrogene expression (14, 15). Taken together, current literature
supports the notion that gut microbial products significantly impact muscular physiology
and performance outcomes.

Participation in regular, moderate endurance exercise increases lean mass, reduces body
fat, improves glucose uptake, and reduces the incidence of metabolic, inflammatory, and
intestinal diseases by altering the biochemistry of a wide range of tissues including muscle,
adipose, liver, brain, and gut (16-18). Human and animal studies from our laboratory
indicate that endurance exercise alters the gut microbiome and increases the capacity of gut
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microbes to produce short chain fatty acids (SCFA) such as acetate, propionate, and butyrate
(19-21). SCFA are largely microbially-derived and exhibit numerous beneficial effects on
metabolism (including as a source of energy), inflammation, and gut health, and while they
have been shown to improve endurance performance, whether or not they contribute to
exercise adaptation is unknown (12,22).

In this study, we aimed to determine the contribution of host microbiota to endurance
exercise adaptations by comparing how young GF mice and mice treated with long-term
broad-spectrum antibiotics (ABX) responded to 6 weeks of voluntary wheel running
compared to control mice with an intact microbiota (CON). We hypothesized that GF

and antibiotic-treated mice would exhibit reduced wheel running behavior and adaptations
to wheel running compared to their conventionally raised counterparts with an intact gut
microbiota.

treatments

Adult six-week-old male (n = 20) and female (n = 20) specific pathogen free (SPF) C57BL/6
mice were purchased from the Jackson Laboratory (Bar Harbor, ME) and housed in an
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)-
accredited facility (23). C57BL/6 GF male (n = 10) and female (n = 10) mice were reared in
the Rodent Gnotobiotic Facility at the University of Illinois at Urbana-Champaign (UIUC)
and were received for study at 6 weeks of age. After a 2-wk acclimation period followed by
a baseline treadmill fatigue test, SPF and GF mice were randomized into either sedentary
(CON) or voluntary wheel running (VWR) groups with equal numbers of males and
females. All mice were housed individually and VWR mice had free access to telemetered
running wheels (Med Associates, Fairfax, VT) for 6 weeks. Running data is represented
through Day 31 (and not 42) because manipulations (i.e. IPGTT, treadmill testing) were
performed after this time that reduced running behavior. There was no treatment bias to

this effect. Before beginning the intervention, the SPF groups were further randomized into
control or broad-spectrum antibiotic treatment (ABX) three days before and throughout

the intervention. Broad-spectrum ABX treatment (vancomycin hydrochloride [4.5mg/kg/
day], kanamycin sulfate [40mg/kg/day], ampicillin [33mg/kg/day], and metronidazole
[21.5mg/kg/day] was delivered in the drinking water. Similar mixtures have been shown

to significantly deplete microbes, especially within the gut and not cause overt sickness,
weight loss, or systemic inflammation (24-26). Altogether, treatment groups consisted of
four groups of SPF mice (CON, VWR, ABX, VWR/ABX) and 2 groups of GF mice

(GF, GF/VWR). All mice were fed a commercial diet (Teklad 8640; Harlan Laboratories,
Indianapolis, IN) with food and water intake tracked via disappearance ~weekly throughout
the study. All mice were maintained on a 12:12 reverse (lights off at ~9am) light/dark cycle.
Body weight was measured periodically during the SPF experiment, but not in GF mice due
to risk for contamination. One week before post-testing, an intraperitoneal glucose tolerance
test (IPGTT) was conducted as described below. All experiments were approved by the
UIUC IACUC and adhered to American College of Sports Medicine animal care standards.
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Euthanasia and sample collection

To minimize the influence of possible acute exercise-induced changes in the gut microbiome
and muscle gene expression, SPF mice were euthanized ~48 hours after the post-intervention
treadmill test via rapid CO5 asphyxiation followed by cervical dislocation. Due to the

risk of microbial contamination because the treadmill could not be introduced into the
germ-free vivarium, GF mice were euthanized immediately (and not 48 h) after treadmill
performance testing and the acute effects of exercise (versus training effects) on gene
expression measures could not be separated making it hard to interpret the training effect.
Upon euthanasia, gastrocnemius and soleus muscle, perigonadal fat, heart, and spleens were
collected and/or weighed to gauge endurance training responses. Muscles were snap frozen
in liquid N5 and stored at —80°C.

Fecal DNA quantification and microbiome analysis

Fecal samples were collected from all mice at the end of the intervention period before

post testing, and DNA was isolated from 60 mg of sample using a DNeasy powersoil pro
kit (Qiagen, Germantown, Maryland), yielding 50 pl of DNA solution. Concentrations of
DNA using 1 ul of resulting solutions were then quantified using a Qubit fluorometer with
high sensitivity dsDNA reagents. The V4 region of the 16s rRNA gene was sequenced from
fecal DNA obtained before (pre) and after (post) experimental treatments on a Miseq Nano.
Using DADAZ2 for R, demultiplexed reads were truncated at 240 base pairs from each end
and filtered at minimum quality score of 20. ldentical sequences were then dereplicated,
sequences were merged, and chimeras were removed. Taxonomy was then assigned as
amplicon sequence variants (ASVs) using Silva 138.1 taxonomic database. Phyloseq \Version
1.37 for R was used in all downstream analyses, and the GGplot package was used to make
figures. In bacterial abundance measures, ASVs not present at least 3 times in 20% of the
samples were filtered out. Alpha diversity was calculated via the Shannon index.

Intraperitoneal Glucose Tolerance Test (IPGTT)

After a 12h fast, mice were weighed, and baseline blood glucose was measured with a
OneTouch Ultra Mini glucometer (Lifescan, Malvern, PA) using the tail-nick method to
obtain blood. After baseline measurements, mice were injected intraperitoneally with a 20%
glucose solution (2g of glucose/kg body mass) as follows: volume of glucose injection (ul) =
10 x body weight (g). Blood glucose was then measured 30, 60 and 90 min after injection.

Treadmill endurance performance test

A gold standard measure of endurance exercise adaptation is an improvement in endurance
performance. On testing days, mice were placed on the treadmill and put through a protocol
in which the speed started at 15m/min and increased 1m/min until 25m/min was reached
(10 min), then held at 25m/min for 20 min until minute 30. Thereafter, speed was increased
1m/min every 5 min until exhaustion was reached. Sponges were placed at the back of the
treadmill lane for tactile sensation and mice were occasionally prodded by researchers to
ensure continued running. Exhaustion was defined as the point at which a mouse refused to
run for 5 continuous seconds, or the point at which a mouse couldn’t keep pace with the
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treadmill speed for 5 continuous seconds, even when prodded. All tests were done during the
first 3 hours of the dark cycle.

Muscle Gene Expression

Total RNA was isolated from soleus (SPF only) and half of gastrocnemius muscle using
the TRIzol and chloroform method, then reverse transcribed to cDNA using the Applied
Biosystems High-Capacity Reverse Transcription Kit, according to the manufacturer’s
instructions. Primers were designed using ThermoFisher’s Oligoperfect primer design
program (Waltham, MA). Primers were validated using a 1:3 serial dilution made from
pooled cDNA (5 standards, 1 blank), then run in duplicate on QuantStudio 5. Primers with
an overall single peak in the melt curve and no primer dimers in the blank samples were
further analyzed. Resulting cycle threshold (Ct) values per primer were plotted against the
serial dilution to generate a standard curve, and primers that showed a linear trend line with
an R? value greater than 0.95 were considered validated. For quantitative PCR (qQPCR),
cDNA samples were run in duplicate on QuantStudio 5 using validated SYBR Green
primers, according to the manufacturer’s instructions. Resulting gPCR data was analyzed
using the AA Ct method, with the average of beta-actin and RPLPO (ribosomal protein, large,
P0) used as housekeeping genes.

Muscle Citrate Synthase (CS) Activity

Gastrocnemius muscles from all mice were cut in half, weighed and homogenized with a
mortar and pestle on ice in ice cold lysis buffer (250 mM sucrose, 10 mM Tris base, and

1 mM EGTA, pH 7.4). Homogenates were then incubated on a shaker at 4°C for 1 hr.
Protein quantification was performed using a Pierce BCA Protein Assay Kit according

to manufacturer instructions (Thermo Scientific, Waltham, MA). Two microliters of
homogenate were used to determine CS activity with an assay kit according to manufacturer
instructions (#701040, Cayman Chemical). Raw CS activity values were then relativized to
protein concentration in the homogenate.

Statistical Analyses

Separate analyses were done to compare the effects of antibiotic treatment (CON, VWR,
ABX, VWR/ABX) or germ-free status (CON, VWR, GF, GF VWR) on all dependent
variables. Primary outcomes for endurance adaptations included distance and time to fatigue
on the treadmill endurance test and gastrocnemius citrate synthase activity. Univariate
analysis of variance (ANOVA) with repeated measures was used to determine between and
within-group differences in serial measures of body weight, food and fluid disappearance,
running wheel distance, treadmill performance, blood glucose, and response to I.P. glucose
challenge. General Linear Model univariate ANOVA’s were performed on all other data.
Post hoc comparisons were performed with Bonferroni correction for multiple comparisons.
When the Shapiro-Wilk test revealed data did not meet the normality assumption, a
Wilcoxon rank sum test was used. If data were normally distributed but Bartlett’s test
revealed them to be heteroscedastic, they were compared with Welch’s T test. In instances
where significant effects of sex (main effect or interaction) were observed, data are
presented separately for males and females in Table 1 and supplemental figures 1 and 3

(see Supplemental Figure 1, Supplemental Digital Content, Food and water disappearance in
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SPF mice, and Supplemental Figure 3, Supplemental Digital Content, Body weight changes
over time for male and female SPF mice). Males and females are included together in all
other figures and tables. Alpha was set at p < 0.05. All analyses were done with SPSS v27
(SPSS, Chicago, IL) and Rstudio v2022.02.3. Data are presented as mean * SE.

Animal Health

Of the 60 mice that began the study, three mice died during experimentation (one GF
VWR mouse had dermatitis and was euthanized, one CON and one ABX mouse died of
unknown cause). Data from another mouse in the GF VWR group was excluded from the
analyses because an orthopedic problem prevented it from using the running wheel during
the intervention. Both VWR groups consumed more food over time than the CON group
(see Supplemental Figure 1a, Supplemental Digital Content, Food and water disappearance
in SPF mice). ABX treatment did not affect food intake in any group. While VWR and
ABX both increased water disappearance, there was no difference in water disappearance
between ABX and VWR/ABX indicating that these groups received a similar cumulative
dose of antibiotics (see Supplemental Figure 1b, Supplemental Digital Content, Food and
water disappearance in SPF mice).

Fecal DNA concentrations and microbiome

Fecal DNA concentration was measured as an indicator of the effectiveness of ABX
treatment and GF status. Collapsed across VWR groups, both ABX and GF mice exhibited
lower bacterial load as measured by fecal DNA concentrations when compared to CON
(p<0.05, Figure 1a). Of note, broad spectrum ABX mice still contained a significant
amount of fecal DNA, but previous studies have obtained similar results, and demonstrated
significantly attenuated microbial community structure and activity (24-26). VWR did not
significantly affect fecal DNA concentrations in SPF (p=0.22) or GF (p=0.23) mice. The
small amount of DNA detected in the GF group is attributable to host, and not bacterial
DNA, as all facility sterility of sentinel mice remained negative for microbes during this
study. ABX treatment resulted in a highly significant decrease in alpha diversity in the
Shannon Index (p<0.001, Figure 1b), but was not significantly affected by VWR (p~=0.5).
ABX treatment resulted in a significant depletion of the top 40 taxa in many samples (Figure
1c).

Treadmill endurance performance

Treadmill performance was tested before and after the experiment in SPF mice, but pre-
measures were not conducted in GF mice due to limitations of the germ-free environment
and the potential for contamination using the motorized treadmill (Figure 2). In all groups
of SPF mice, VWR increased time run, distance run, and maximal running speed (Fy 34 =
169; Fq 34 = 285; F1 34 = 180, all p < 0.001 for time run, distance run, and maximal running
speed, respectively), indicating that ABX did not hinder performance improvements induced
by endurance training (Figure 2a—c). While ABX-treated mice performed numerically lower
(~5-13% reduction dependent on measure) on the treadmill test post-training, this difference
was not statistically significant (time x ABX group: estimated p’s ~ 0.33 — 0.38) and was
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consistent with the lower volume of training done in the ABX group (Figure 5a). Thus, ABX
treated sedentary and endurance trained mice performed similarly to control mice before and
after training.

For the GF mice, there was a technical error with the calibration of the motorized treadmill
discovered after testing such that only 7 mice (4 GF, 3 GF/WVR) tested at the same speeds
as the SPF mice. The 12 other GF mice were tested with a higher intensity protocol,

where speed at every timepoint was doubled. While these mice did exhibit significant
performance improvements because of VWR in this faster test (not shown), the error made
direct comparisons between results from these mice and the SPF mice inappropriate. In the
7 mice tested at the same speed as SPF mice, GF VWR exhibited significant improvements
in time to fatigue and maximal running speed when compared to GF SED. There were
improvements in distance to fatigue, though not significant (p=0.06). When comparing
results to SPF mice, the magnitude of improvement was lower in GF mice when compared
to SPF mice (Figure 2a-b).

Citrate Synthase Activity

Gastrocnemius CS enzyme activity (Figure 3) increased in both SPF and GF mice in
response to VWR (VWR main effect F1 o9 = 4.4, p = 0.04 and F1 3, = 7.6, p = 0.01, for ABX
and GF comparisons, respectively). There were no ABX, GF, or interaction effects noted
indicating that ABX or GF status did not affect the VWR-induced increase in CS activity.
There was, however, a tendency for GF mice to have lower gastrocnemius CS activity, driven
mainly by the sedentary GF group.

Body and organ weights

VWR reduced body weight gain in male SPF mice when compared to SPF control and
ABX groups, but this did not occur in VWR/ABX mice (see Supplemental Figure 2a,
Supplemental Digital Content, Effects of wheel running and broad-spectrum antibiotic
treatment on body weight over time in males and females). Both GF groups gained less
weight than all SPF groups and this was not affected by wheel running. In females (see
Supplemental Figure 2b, Supplemental Digital Content, Effects of wheel running and
broad-spectrum antibiotic treatment on body weight over time in males and females),

wheel running did not affect body weight change in either SPF or GF mice. Changes in
absolute body weight by sex over time in SPF mice can be found in Supplemental Figure 3
(Supplemental Digital Content). ABX treatment reduced perigonadal fat weight (ABX F1 39
=34.2; p = 0.000) and this effect was greater in males than females (ABX x sex F1 39 = 6.0;
p = 0.02). Perigonadal fat pads were smaller in females when compared to males across all
groups except for VWR/ABX (sex F1 30 = 16.1; p = 0.000, Table 1). SPF females had lower
heart weights than males (sex F1 3p = 14.8; p = 0.0001) and realized an (VWR x sex F1 39
=6.4; p = 0.02) increase in heart weight in response to VWR, while males did not (Table
1). ABX had no effect on heart weight. GF mice had lower absolute (GF F1 30 = 56.7; p =
0.000) and relative (GF F1 30 = 72.5; p < 0.000) heart weights when compared to SPF mice
with the exception of female GF. VWR increased (GF x VWR x Sex Fq 30 = 7.1; p = 0.01)
relative heart weight in GF males, whereas VWR increased it in SPF females.
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Muscle gene expression

Gene expression analysis in the gastrocnemius of SPF mice (Table 2a) revealed training-
induced increases in PGCIa, while expression of GLUT4 and MCT4 decreased. ABX
treatment had no effect on these changes. MCT1, LC3, SDH and PPARy mRNA was similar
between groups. In the soleus (Table 2b), citrate synthase and SDH were increased by VWR
and there was no effect of ABX on this increase. No treatment effects were seen in PGCla,
MCT1, GLUT4, PPARy, and FBXO32 mRNA expression. In GF mice, gene expression
data was confounded by the fact that muscle was taken immediately after a treadmill test

to exhaustion (due to potential microbial contamination of waiting 24-48h after the last
running session) and VWR training effects cannot be interpreted. We present the data (see
Supplemental Table 1, Supplemental Digital Content, Gene expression in gastroc muscles
of germ-free mice when compared to sedentary SPF control values), to demonstrate the GF
mice are capable of altered gene expression of key genes in response to acute exercise;
PGC1 a (~3-fold), PPARy (~50-60-fold), and LC3 (~1.5-fold) mRNA increased, while
MCT1and GLUT4 decreased.

Intraperitoneal Glucose Tolerance Test and Fasting Glucose

ABX treated mice had lower (~20%) fasting blood glucose (F1 34 = 9.8; p = 0.004) than
non-ABX groups (Figure 4a). Blood glucose increased at the 30 and 60-minute time points
in response to the I.P. challenge in SPF mice and VWR nor ABX treatment affected this
response. Additionally, ABX had no effect on glucose clearance when calculated as AUC
(subtracting pre) (see Supplemental Figure 4, Supplemental Digital Content, Total AUC
for 30, 60, and 90 minute timepoints during intraperitoneal glucose tolerance test). In GF
mice (Figure 5b and Supplemental Figure 4, Supplemental Digital Content), VWR had no
effect on either fasting glucose or glucose tolerance. However, GF mice had lower glucose
tolerance to the I.P. challenge (main effect: Fq 33 = 10.7; p = 0.003. Time: F3 99 = 7.7; p <
0.001) when compared to SPF mice. These measures were unaffected by sex.

Voluntary wheel running volume and circadian running

Analysis of running wheel distance (Km/day) indicated that, while treatment group alone did
not affect running distance (F1 24 = 2.56, p = 0.10), daily running distance increased over
time (F30,720 = 14.5; p < 0.001) and this effect differed based on treatment group (interaction
F30720 = 1.65; p = 0.002; Figure 5). Throughout the intervention, VWR mice ran more than
VWR/ABX and GF VWR mice. There were no differences in running behavior between the
latter two groups. Cumulative running distance across the training was ~78% and ~74% that
of VWR (for VWR/ABX and GF VWR mice, respectively). As there have been reports of
circadian rhythm disruption in ABX-treated (27) and GF (28) mice, we analyzed circadian
running patterns expressed as percent running in the light (see Supplemental Figure 5,
Supplemental Digital Content, Effects of ABX or germ-free status on diurnal wheel running
behavior). We observed altered diurnal running patterns in GF mice exhibited by increased
time spent running during the light cycle on 6 out of the first 17 days of running, but

none thereafter (see Supplemental Figure 5, Supplemental Digital Content). Diurnal running
decreased over time in all groups.
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DISCUSSION

Emerging “‘gut-muscle axis’ literature implicates ingestion of antibiotics and germ-free
status as mediators of skeletal muscle physiology (13,15). The goal of this study was to
determine the role of the gut microbiota in mediating endurance exercise performance and
skeletal muscle adaptations to exercise training in mice. Contrary to our hypothesis, chronic
treatment with broad-spectrum antibiotics during a six-week endurance exercise intervention
did not significantly attenuate performance or skeletal muscle adaptations to endurance
exercise. Further, sedentary GF mice performed similarly to untrained control mice, but

did not perform as well as SPF mice after training. These results indicate that, while lack

of microbes may affect development of optimal muscular adaptive capacity from birth,

their reduction or absence in adult mice during a training period, did not reduce it enough
for there to be comprehensively significant reductions in adaptation to exercise training.
However, the significant reduction in time to fatigue observed in wheel-trained GF mice in
comparison to SPF controls indicates that the developmental deficits induced by the absence
of microbes from birth inhibit endurance training-induced performance adaptations.

Results from previous studies that have investigated the role of gut microbiota in
modifying exercise performance may be conflicting due to heterogeneous performance
testing protocols. While Lahiri et al saw significant reductions in grip strength, a treadmill
test to exhaustion at 15m/min did not reveal any significant differences between untrained
SPF, GF, or conventionalized (GF transplanted with microbes) animals (13). In contrast,
Huang et al (29) and Nay et al (15) found significant reductions in comparatively shorter
duration, higher intensity exercise performance tests in GF mice on a forced swim test,
and antibiotic-treated mice on a treadmill test, respectively. The “fast twitch’ nature of
these higher intensity protocols relative to our treadmill performance test may indicate
greater dependence on utilization of muscular glycogen stores, as they become the body’s
primary fuel source during high intensity exercise (30). Also, of note, a study by Okamoto
et al found that antibiotics were able to significantly reduce treadmill performance on a
low intensity test of much greater duration than all aforementioned studies (31). However,
this test was conducted after a 6 h fast, which likely reduced available energy stores and
resulted in all mice reaching exhaustion in similar time periods to our study while running at
considerably lower speeds.

While Lahiri et al found significant reductions in markers of mitochondrial functional
capacity in germ free mice, these deficits did not translate to significant detriments in
treadmill performance or abnormalities in expression of genes associated with fatty acid
oxidation (13). Likewise, in our study, while tendencies for reduced treadmill endurance and
CS activity in untrained GF mice suggests reduced muscular oxidative capacity, our data
on CS activity and gene expression in VWR trained animals indicate they seem capable of
responding to endurance exercise by increasing muscle oxidative capacity. While glucose
metabolism was not directly measured in the present study, our data showing failure in

the later, higher intensity stages of the treadmill testing protocol, indicate that detriments
in endurance performance due to antibiotic-induced microbial depletion and/or germ free
status may only be pronounced when the required exercise workload is great enough such
that oxidative pathways of energy production cannot sufficiently compensate for impaired
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utilization of glucose and glycogen (13,15,32). This conclusion is further supported by

our findings that GF mice exhibit reduced capacity to take up and utilize glucose from
circulation in the IPGTT, and the work of Houghton et al (32), who found that microbially-
derived phenolic compounds were capable of potently inducing adaptations in muscular
glucose metabolism /n vitro.

While Lahiri et al found that low-dose penicillin treatment down-regulated electron transport
chain gene expression in SPF mice compared to controls, endurance performance was not
measured, nor was an effect at the protein level seen (13). In addition, our data on CS
activity suggests the effect may not result in a functional change. An important caveat

in comparing our study with studies like those of Manickam et al that show that muscle
expression of oxidative genes of SPF and GF mice are impacted by ABX, is that they used
doses roughly 10x those used in our study, which could confer differential effects on the
recipient (14). It may be that none of the mitochondrial biogenesis cascades such as PGCla
or NRF require metabolites from the gut microbiota to adequately respond to intramuscular
stimuli such as high concentrations of calcium, AMP/ATP, nitric oxide, or peroxide (33).

A recent study by Valentino et al. (26) demonstrated that antibiotic treatment prior to and
during a weighted wheel running intervention blunted hypertrophic responses, indicating a
potential role for gut microbes in muscle anabolic processes. An important caveat in this
study is that differences in the strength of the animals was not measured, thus conclusions
on adaptations in functional performance capacity cannot be made (26). Work of this nature
suggests the possibility that the contribution of gut microbial metabolites may also be of
greater influence in interventions targeting muscular atrophy and hypertrophy.

Our data does not eliminate the possibility that targeted manipulation of specific microbial
strains might potentially affect endurance exercise capacity or adaptation to exercise
interventions. Multiple preclinical studies have demonstrated the capacity of probiotic
administration to induce improvements in high intensity endurance performance, grip
strength, and body composition in the absence of an exercise intervention in SPF mice

(9, 10, 12). The major byproducts of successful probiotic strains have been lactate and
propionate, which, in addition to acetate and butyrate have been identified as viable fuel
sources for multiple tissues which may aid in endurance exercise performance or adaptation
(31, 34-39). Such findings demonstrate a potential role for gut microbes in supporting
optimal exercise performance and adaptation, and represent limitations in the current work.
Microbial metabolite production was not directly measured or investigated. Investigation of
gut microbial composition was limited by sample size, meaning adequate sensitivity was not
present to conduct adequate comparisons and/or correlations between the gut microbiome
and study outcomes.

The microbiota may also affect the central nervous system through the gut-brain axis,
including areas involved in voluntary exercise (40-42). Antibiotic treatment initiated amid a
VWR period has previously been shown to reduce wheel running in mice bred for their high
wheel running activity, but this effect was not replicated in a control group of conventional
mice (43). Another significant aspect and potential limitation of the present study is that,
using this volitional wheel-running model, we found that antibiotic treatment reduced
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cumulative wheel running behavior by 22% and that GF mice ran cumulatively 26% less
than SPF. However, both ABX-treated and GF mice ran over 10Km per day and these mice
still exhibited significant improvements in forced exercise performance and biochemical
changes in muscle. Taken together, these data support the notion that gut microbes may
influence motivation for voluntary exercise via an undefined gut-brain circuit, presenting
important targets for future studies.

CONCLUSIONS

We hypothesized that antibiotic-treated and germ-free mice would display attenuated
adaptations to endurance exercise in comparison to controls. Our data leads us to disprove
our hypothesis, with the caveat that microbes may be important in exercise motivation

and in certain aspects of performance/adaptation dependent on the developmental state of
the organism. Practically speaking, if an athlete must go on antibiotics during a period
approaching a competition, our pre-clinical data suggest that it may not severely impede
exercise-induced adaptations or performance. With that said, the long duration of broad-
spectrum antibiotic treatment given to mice in this study does not mimic typical human
antibiotic treatment regimens which last only a week or two. Future studies investigating
shorter duration, more targeted antibiotic treatment in human athletes could provide more
practically relevant results. In addition, studies assessing adaptations in capacity for short
duration, high intensity exercise performance (weight training, sprint or HIIT), which would
rely on different patterns of muscle recruitment and energy production and be influenced by
other patterns of substrate partitioning, could help to inform a greater population of athletes.
Lastly, our data in GF mice indicate that exposure to microbes at critical times of muscular
development may be important in adaptations to exercise in adulthood.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effects of ABX treatment or germ-free status on fecal DNA concentrations and the
fecal microbiome.
a) ABX treatment (* = p <0.05) and GF (**** = p<0.0001) status both resulted in

significantly decreased fecal DNA concentrations. VWR did not significantly affect DNA
concentrations in SPF (p = 0.22) or GF (p = 0.23) mice. Data are mean + sem with n =

16, 18, and 19 for GF, ABX, and CON respectively. b) Fecal alpha diversity pre- and post-
intervention. ABX resulted in a significant decrease the Shannon index (p<0.001). Neither
index was significantly affected by VWR. N = 8-10/group. ***p<0.001. c) bacterial family
abundance heatmap indicates potent depletion of the top 40 families in both sedentary and
VWR mice.
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Figure 2. Effects of broad-spectrum antibiotic treatment and germ-free status on treadmill
endurance performance in mice.

Endurance exercise training led to significant (*) improvements in time to fatigue (2a) and
maximal running speed (1c) in both SPF and GF mice, and distance run (2b) in SPF mice.
There was no effect of broad-spectrum ABX treatment on any performance measure. After
VWR training, GF mice exhibited significantly reduced performance when compared to SPF
mice (#). *significant difference relative to pre or GF (in the case of GF VWR); #significant
difference between GF VWR and VWR. Data are mean + sem forn =9, 10, 9, 10, 4, and 3
for CON, VWR, ABX, VWR/ABX, GF, and GF VWR, respectively.
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Figure 3. Effects of ABX and germ-free status on gastrocnemius citrate synthase activity.
Endurance training led to significant (*) increases in CS activity in both SPF and GF mice.

However, there were no interaction effects indicating that SPF and GF mice improved
similarly in response to VWR. There was a tendency (p = 0.13) for CS activity to be lower
in GF mice, driven mainly by GF CON. Data are mean £ sem; n=38,7,9, 9, 10, and 9

for CON, ABX, VWR, VWR/ABX, GF CON, and GF VWR, respectively. *indicates VWR
groups different from respective controls.
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Figure 4. Antibiotic (a) and germ-free (b) effects on fasting glucose and glucose tolerance.
a) *There was a significant ABX-induced reduction in fasting glucose. #There was a

significant time main effect such that glucose values were higher at 30- and 90-minute
post-injection. However, ABX treatment did not affect the glucose response. b) *indicates a
significantly higher glucose values in the GF mice when compared to SPF controls (shown
/nFigure 4a). Data are mean £ sem; n =9, 10, 8, 10, 10, and 9 for CON, ABX, VWR,

VWR/ABX, GF, and GF VWR, respectively.
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Figure 5. Effects of ABX or germ-free status on daily wheel running behavior.
There were significant (p < 0.05) time and time x group effects, but no main effect of group.

arepresents a significant difference between VWR and VWR/ABX; Pa significant difference
between VWR and GF VWR, and €a significant difference between VWR and both groups
on a given day. Cumulatively, VWR/ABX and GF VWR ran ~78% and ~74% (respectively)
of the volume of VWR mice. It should be noted, however, that all groups ran > 10Km/day.
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