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Abstract

There is emerging evidence of a gut microbiome–skeletal muscle axis. The purpose of this study 

was to determine if an intact gut microbiome was necessary for skeletal muscle adaptation to 

exercise. Forty-two 4-month-old female C57BL/6J mice were randomly assigned to untreated (U) 

or antibiotic-treated (T) non-running controls (CU or CT, respectively) or progressive weighted 

wheel running (PoWeR, P) untreated (PU) or antibiotic-treated (PT) groups. Antibiotic treatment 

resulted in disruption of the gut microbiome as indicated by a significant depletion of gut 

microbiome bacterial species in both CT and PT groups. The training stimulus was the same 

between PU and PT groups as assessed by weekly (12.35 ± 2.06 vs. 11.09 ± 1.76 km/week, 

respectively) and total (778.9 ± 130.5 vs. 703.8 ± 112.9 km, respectively) running activity. In 

response to PoWeR, PT showed less hypertrophy of soleus type 1 and 2a fibres and plantaris type 

2b/x fibres compared to PU. The higher satellite cell and myonuclei abundance of PU plantaris 

muscle after PoWeR was not observed in PT. The fibre-type shift of PU plantaris muscle to a more 

oxidative type 2a fibre composition following PoWeR was blunted in PT. There was no difference 

in serum cytokine levels among all groups suggesting disruption of the gut microbiome did not 
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induce systemic inflammation. The results of this study provide the first evidence that an intact gut 

microbiome is necessary for skeletal muscle adaptation to exercise.

Graphical Abstract

Adult female mice were continuously treated with antibiotics to induce dysbiosis of the gut 

microbiome and then underwent progressive weighted wheel running (PoWeR) for 8 weeks. In 

control, untreated mice, PoWeR induced hypertrophy and a fiber-type shift in both the soleus and 

plantaris muscles that was significantly diminished in mice with dysbiosis. These findings suggest 

a healthy gut microbiome is required for skeletal muscle to fully adapt to exercise.
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Introduction

Skeletal muscle is one of the largest organs of the body, representing close to 50% of total 

body mass. Skeletal muscle functions as a biological motor that allows for the production 

of work, heat generation, regulation of blood glucose and acts as a reservoir of amino acids 

(DeFronzo, 1988; Gibala, 2001; Lecker et al. 2006; Rowland et al. 2015; Lieber et al. 2017). 

A remarkable quality of skeletal muscle is the ability to alter its physical characteristics 

in a specific manner in response to regular bouts of exercise. The cellular and molecular 

mechanisms that underlie this adaptive ability are an area of intense research given the 

importance of skeletal muscle to overall health.

There is exciting evidence to suggest the gut microbiome may play a role in regulating 

skeletal muscle mass and function. In a pioneering study, Bäckhed and co-workers reported 

skeletal muscle of germ free (GF) mice (completely devoid of any commensal bacteria) had 

significantly higher levels of phosphorylated AMPactivated protein kinase and acetyl-CoA 

carboxylase compared to specific pathogen free (SPF) mice, indicating GF mice rely more 

heavily on fatty acid oxidation as an energy source and possibly explaining why GF mice are 

more resistant to obesity (Backhed et al. 2007). Additionally, skeletal muscle of GF mice is 

atrophic compared to SPF mice and inoculating GF mice with microbiota was able to restore 
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muscle mass (Lahiri et al. 2019). Exercise has been shown to modulate the composition of 

the microbiome with specific microbes associated with enhanced exercise capacity (Clarke 

et al. 2014; Allen et al. 2015; Grosicki et al. 2019; Scheiman et al. 2019). Exercise-induced 

changes in the gut microbiome were reported to have systemic benefits, indicating the 

microbiome of an exercise trained host is protective against a range of different pathologies 

(Bleau et al. 2015; Campbell et al. 2016; Allen et al. 2018; Codella et al. 2018). These 

findings have generated great excitement in the exercise physiology field as well as other 

fields of research see king to utilize the microbiome to treat diseases such as cancer, 

depression, obesity, Parkinson’s and autism (Backhed et al. 2007; Sampson et al. 2016; 

Routy et al. 2018; Sharon et al. 2019; Bastiaanssen et al. 2020). A better understanding of 

the role of the gut microbiome in skeletal muscle plasticity could ultimately provide new 

interventions to treat conditions such as cachexia and sarcopenia, the age-related loss in 

skeletal muscle mass and function.

Although there is emerging evidence to the concept of a gut microbiome–skeletal muscle 

axis (Grosicki et al. 2018; Ni Lochlainn et al. 2018; Lustgarten, 2019; Ticinesi et al. 
2019a,b), there remains a scarcity of studies investigating the potential role of the gut 

microbiome in skeletal muscle adaptation to exercis purpose of this study was to test 

the hypothesis that the gut microbiome is required for skeletal muscle adaptations to 

exercise. To test this hypothesis, mice were treated with or without antibiotics throughout 

a 9-week progressive weighted wheel running (PoWeR) protocol which has been shown 

to induce hypertrophy and a fibre-type shift to a more oxidative phenotype (Dungan 

et al. 2019). Despite the same exercise stimulus, antibiotic-treated mice had a blunted 

hypertrophic response and fibre-type shift compared to the untreated mice. These findings 

provide the first evidence showing that disruption of the gut microbiome impairs skeletal 

muscle adaptation to exercise and suggest the exciting possibility that microbially derived 

metabolites have an important role in skeletal muscle plasticity.

Methods

Ethical approval

All experiments involving C57BL/6J mice were approved by the University of Kentucky 

Institutional Animal Care and Use Committee (2018–3005) and all steps to minimize pain 

and suffering were taken throughout the study.

Animals

Adult (4 months of age), female C57BL/6J mice were purchased from The Jackson 

Laboratory (Bar Harbor, ME, USA). Upon arrival, mice were housed four to five per cage 

and acclimated for 1 month to allow for the gut microbiome to become stabilized to the new 

housing facility (Montonye et al. 2018). Mice were then randomly assigned to one of four 

groups (n = 10–11/group): (1) non-running control untreated (CU), (2) PoWeR untreated 

(PU), (3) non-running control treated with antibiotics (CT), and (4) PoWeR treated with 

antibiotics (PT). All non-running control mice were housed individually in a running wheel 

cage as for the PoWeR mice, except the running wheel remained locked for the duration 

of the study. One mouse in the CT group died unexpectedly 3 days before completion of 
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the study, and thus the CT group had n = 9. Animals were kept on a 10:14 light cycle 

with irradiated chow (Teklad 2918 protein rodent diet; Envigo, Indianapolis, IN) and water 

ad libitum. Fresh, autoclaved water with or with antibiotics was provided each week. Food 

and water consumption were measured weekly. Cage and bedding were changed each week 

with dirty bedding from the previous week pooled for each group and then added to clean 

bedding in a ratio of 2/3 clean bedding and 1/3 dirty bedding in an effort to reduce microbial 

drift during the course of the study (Ericsson et al. 2018).

Antibiotic treatment

Upon completion of the acclimation period, mice were randomly assigned to a group (CU, 

CT, PU or PT), then placed singly into a running wheel cage with antibiotic treatment 

initiated for CT and PT groups. Antibiotic treatment was started 1 week prior to PoWeR 

training, designated week 0, to allow for depletion of the microbiome prior to exercise 

(Nay et al. 2019). Antibiotics were continuously administered via the drinking water and 

prepared fresh twice per week. Each time new antibiotics were administered, drinking 

volume was collected resulting in fluid consumption measurements taken twice per week. 

In the untreated groups, mice received the same autoclaved water, which was changed at 

the same time as for the antibiotic-treated groups. The antibiotic cocktail was modified 

from Suarez-Zamorano et al. (2015) and Koh et al. (2018) and consisted of 100 μg/ml each 

of metronidazole (Sigma-Aldrich, St. Louis, MO, USA), neomycin (J&K Scientific, San 

Jose, CA, USA), and ampicillin (Sigma-Aldrich, St. Louis, MO, USA) and 50 μg/ml each 

of vancomycin (Sigma-Aldrich, St. Louis, MO, USA) and streptomycin (Thermo Fisher 

Scientific, Waltham, MA, USA). This antibiotic cocktail was chosen because it was shown 

to not cause weight loss and lethargy (Koh et al. 2018).

Progressive weighted wheel running

Mice underwent 8 weeks of the PoWeR protocol as previously described by our group; 

PoWeR training was shown to induce hypertrophy and a fibre-type shift in muscles of the 

lower hind limbs (Dungan et al. 2019). Mice were singly housed in running wheel cages 

with free access to the running wheel. Individual running data (km/day) and total running 

volume (km) was recorded ClockLab software (Actimetrics, Wilmette, IL, USA). During 

the first week of training, mice ran with an unloaded wheel to allow for acclimation to the 

running wheel. After the acclimation period (week 1), weight was loaded onto the wheel for 

a training intensity that consisted of 2 g during week 2, 3 g during week 3, 4 g during week 

4, 5 g during week 5 and 6 and 6 g during weeks 7–9. The weight consisted of 1 g magnets 

(product no. B661, K&J Magnetics, Pipersville, PA, USA), which were attached on one side 

of the running wheel.

Immunohistochemistry

Immunohistochemistry (IHC) analysis was performed as previously described by us (Fry 

et al. 2017; Dungan et al. 2019) on the soleus and plantaris muscles to determine skeletal 

muscle fibre cross-sectional area (CSA), fibre-type composition and myonuclei abundance. 

Excised soleus and plantaris muscles were immediately weighed, with one limb snap-frozen 

in O.C.T. compound using liquid nitrogen-cooled isopentane and muscles from the other 

limb snap-frozen in liquid nitrogen and then stored in −80°C for biochemical and molecular 
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analyses. Muscle samples were mounted and cut into 7 μm sections. Muscle sections were 

air-dried overnight at room temperature. After drying, the sections were incubated in a 

cocktail of iso-type specific anti-mouse primary antibodies against myosin heavy chain 

(MyHC) 1, MyHC 2a (Developmental Studies Hybridoma Bank, Iowa City, IA, USA) in 

addition to an antibody against dystrophin (cat. no. ab15277, Abcam, Cambridge, MA, 

USA). Type 2b and type 2x were not stained and counted based on the lack of staining. 

For muscle fibre-type composition, we combined type 2b and type 2x fibres based on 

their similar phenotype (Murach et al. 2020b). Primary antibodies were diluted 1:100 

in phosphate-buffered saline (PBS) with slides incubated for 2 h at room temperature, 

then washed three times in PBS and incubated for 90 min at room temperature with the 

appropriate secondary antibodies at a dilution of 1:250. During the final 10 min of the 

secondary incubation, 4',6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA, 

USA, 1:10,000) was added to counterstain nuclei. Sections were then washed three times in 

PBS and mounted using PBS–glycerol solution at a 1:1 ratio. IHC for Pax7+ was performed 

according to the protocol established by our laboratory (McCarthy et al. 2011; Fry et al. 
2017).

Image capture and analysis

IHC sections were captured at ×20 magnification using an upright fluorescence microscope 

(AxioImager M1, Carl Zeiss Microscopy, Oberkochen, Germany). Quantification of skeletal 

muscle CSA, fibre type-specific CSA, fibre-type distribution and myonuclei abundance was 

quantified using MyoVision automated analysis software (Wen et al. 2018).

Faecal DNA extraction

Faecal samples were collected upon transferring co-housed mice to individual wheel cages, 

prior to antibiotic administration and 48 h prior to euthanasia at week 10. Faecal samples 

were collected by placing a single mouse in a clean, sterile plastic cage and allowing 

the mouse to defecate at will. Fresh faeces were placed in a sterile Eppendorf tube and 

immediately placed in dry ice. Samples were then stored at −80°C until further analysis. 

DNA was isolated using the PureLink™ Microbiome DNA Purification kit (cat. no. A29790, 

Thermo Fisher Scientific) according to the manufacturer’s instructions. Briefly, samples 

were weighed and then subjected to mechanical (bead beating), chemical and heat lysis, 

followed by washing and then final elution in 25 μl of DNase-free water.

Metagenomic sequencing

A subset of samples (n = 6 for CU, PU, CT and PT (pre) and n = 6 for CU, PT, n = 5 for 

PU and CT (post) were sent to CosmosID Inc. (Rockville, MD, USA) for metagenomics 

sequencing as previously described (Hourigan et al. 2018). Faecal DNA concentration was 

quantified via Qubit (Thermo Fisher Scientific) and DNA libraries were prepared using 

the IonXpress Plus Fragment Library Kit (Thermo Fisher Scientific) according to the 

manufacturer’s protocol. Library quantity was assessed with Qubit and sequenced on a 

Ion S5 XL sequencer (Thermo Fisher Scientific). Single read sequences, without adapters 

generated k-mers between 150 and 300 base pairs. The short sequence reads were first 

inputed into the reference genome curated by ComosID, which generated variable length 

k-mer fingerprints that were associated with distinct phylogeny of microbes. Next, the 
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short reads were aligned against a known set of variable length k-mers in order to yield 

a precise taxonomic classification and relative abundance estimates for microbial next 

generation sequencing datasets. False positives were excluded by using a filtering threshold 

that was determined by analysing large numbers of diverse metagenomes. Sequences were 

referenced with CosmosID’s GenBook® database and analysed using the CosmosID cloud 

app (CosmosID Metagenomics Cloud, app.cosmosid.com). The curated database allows for 

high resolution of millions of short reads corresponding to discrete microorganisms which 

are void of contamination from the host. The Genbook® contains over 150,000 bacteria, 

viruses, fungi and protist genomes, including both coding and non-coding sequences 

(Newman et al. 2021).

Cytokine assay

Serum cytokines (tumour necrosis factor α (TNF-α), interferon γ (INF-γ), interleukin 

(IL)-6, IL-10 and IL-17a) were measured using a U-PLEX customized multiplex 

immunoassay (Meso Scale Diagnostics, Rockville, MD, USA) according to the 

manufacturer’s directions. We have chosen to measure the serum concentration of the 

aforementioned cytokines because they are accepted markers of systemic inflam (Cani et 
al. 2007, 2008; Schirmer et al. 2016; Douzandeh-Mobarrez & Kariminik, 2019). Following 

collection, blood was centrifuged at 1500 g for 15 min with the resulting serum centrifuged 

at 3000 g for 15 min. The cleared serum was stored at -80°C until analysis. To measure 

serum cytokine levels, the stored serum was thawed in duplicate, 25 μl aliquots added 

per well to MSD plate coated with capture antibodies for TNF-α, INF-γ, IL-6, IL-10 and 

IL-17a.

Euthanasia

Twenty-four hours prior to euthanasia, all running wheels were locked for the PoWeR-

trained mice. In addition, mice were fasted for 5–6 h prior to euthanasia. Mice were 

anaesthetized by isoflurane (1–2%) inhalation, and once fully sedated, blood was collected 

followed by excision of the heart (to ensure death) and then skeletal muscles.

Statistical analysis

Data are presented as means ± standard deviation (SD) with significance set at P-value 

<0.050. A normality check was performed using a Shapiro–Wilk test. In the event the 

data were not normally distributed, we performed a log transformation and reassessed for 

normality in order to obtain a normal distribution. Weekly food and water consumption, 

body weight and running volume were compared using a repeated measures two-factor 

ANOVA (Group × Time). Skeletal muscle fibre CSA, fibre type-specific CSA, fibre-type 

distribution, myonuclei and Pax7+ abundance, end point body weight, caeca weight, number 

of reads and number of bacterial species were analysed by a two-factor ANOVA (Antibiotic 

treatment × PoWeR training). In the case of significance, post hoc analysis was performed 

using Tukey’s HSD test to correct for multiple comparisons. During the IHC analysis, one 

soleus in the CU group was damaged beyond repair and was not included in any of the 

soleus comparisons. Outliers were detected first by subtracting 1.5 × interquartile range 

(IQR) from the first quartile and adding 1.5 × IQR to the third quartile. We then cross 

checked using Grubb’s test (Prism, GraphPad Software Inc., La Jolla, CA, USA).
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Results

The study design is presented in Fig. 1. During the 4-week acclimation period there were 

no reported complications with the mice. Upon completion of the acclimation period, mice 

were randomly separated into singly housed running wheel cages with a pre-faecal (pre) 

sample immediately collected. Once pre samples were collected, mice in the antibiotic 

assigned groups began antibiotic treatment via drinking water for 1 week, during which time 

running wheels remained locked. After the first week of antibiotic treatment, running wheels 

were unlocked for those mice in the PoWeR groups. Upon completion of PoWeR training, 

faeces were collected 48 h prior to euthanasia from all mice to obtain a post-faecal (post) 

sample. No complications were reported at any time during the study including when the 

mice were singly housed in wheel running cages, faecal collections or during the training 

period. One mouse in the CT group died 3 days prior to the completion of the study with the 

cause of death unknown.

Dysbiosis of the gut microbiome by antibiotic treatment

As shown in Fig. 2A, there was no difference in the number of bacterial species detected 

in the gut microbiome across all groups prior to antibiotic treatment. Antibiotic treatment 

significantly (main effect of antibiotic treatment, P < 0.0001) reduced the number of 

bacterial species detected within the gut microbiome (Fig. 2B); furthermore, PoWeR training 

did not change the number of detected bacterial species compared to their respective 

non-running control counterparts (Fig. 2B). Importantly, the loss of bacterial species with 

antibiotic trea was not caused by a change in the depth of reads as there was no difference 

in the number of reads pre- and post-treatment between all groups (Fig. 2C and D). For the 

reads at the post time point, one mouse in the CU group was determined to be an outlier 

(Fig. 2D). This mouse also had the highest number of species at the post time point (Fig. 

2B), which could be contributing to the higher number of reads. Antibiotic treatment caused 

a significantly higher caecum weight (main effect of PoWeR training, P = 0.0087; main 

effect of antibiotic treatment, P < 0.0001; interaction, P = 0.0352) (Fig. 2E and F). An 

overview of the microbiome at the genus taxonomic level revealed the antibiotic treatment 

was effective in reducing the composition of the microbiota (Fig. 3). Two of the five CT 

samples had undetectable levels of bacteria and could not be included in the post lanes of 

the heat map (Fig. 3). Together, these findings illustrate that antibiotic treatment effectively 

induced dysbiosis of the gut microbiome which was not affected by PoWeR training.

PoWeR increased food and water consumption

Time course analysis revealed higher food consumption, starting at weeks 1 and 2, and water 

consumption, starting at weeks 3 and 5, and remained significantly higher in the PoWeR 

groups compared to their respective non-running control counterparts for the duration of the 

study (Fig. 4A and B).

Body weight

There was a significant main effect of time (P < 0.0001) and group (P = 0.0004) with a 

significant interaction (P < 0.0001) for body weight throughout the study. The body weight 

of the PT group was significantly higher than those of the PU and CU groups from weeks 
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3 through 10. In addition, the body weight of the CT group was significantly higher than 

that of the PU group for weeks 9 and 10 (Fig. 4C). The higher final body weight of 

the antibiotic-treated groups was caused by enlargement of the caecum. When the caecum 

weight was subtracted from the final body weight, there was no difference in body weight 

between any groups (Fig. 4D).

Running volume

As shown in Fig. 5A and B, there was no difference in the weekly or total running volume 

between the PoWeR groups despite a progressive increase in the amount of weight (2 to 6 g) 

added to the running wheel over the course of the 8-week PoWeR training period.

Soleus

Muscle wet weight—In response to PoWeR training, there was a significant main effect 

of PoWeR training (P = 0.0002) and interaction (P = 0.0005) with a trend (P = 0.0540) 

for a significant effect of antibiotic treatment for normalized (to body weight) soleus wet 

weight. Normalized soleus wet weight was significantly larger in the PU group compared 

to the CU (P < 0.0001), CT (P < 0.0008) and PT (P < 0.0007) groups. The PT showed 

no increase in normalized soleus wet weight. These results were not affected by caecum 

weight as normalizing soleus muscle wet weight to body weight without the caecum weight 

included still showed the normalized soleus wet weight was significantly higher in the PU 

group compared to the CU (P < 0.0001), CT (P = 0.0008) and PT (P = 0.0007) groups (Fig. 

6B).

Fibre cross-sectional area.—In agreement with normalized soleus muscle weight, there 

was a significant main effect of PoWeR training (P = 0.0001) on soleus mean fibre CSA 

(Fig. 6C). Post hoc analysis revealed the mean fibre CSA of the PU soleus was 29% larger 

than that of the CU group (P = 0.0012) and 31% larger compared to the CT group (P = 

0.0007) while there was no difference in mean fibre CSA between the CU, CT and PT 

groups. When comparing type 1 fibre CSA, there was a significant (P = 0.0302) main effect 

of PoWeR training on type 1 fibre CSA. Type 1 fibre CSA was trending towards significance 

(P = 0.0778) between the PU and CU groups and was significantly larger (P = 0.0464) 

between the PU and CT groups (Fig. 6D). Fibre type-specific CSA analysis showed the 

larger mean fibre CSA of the PU soleus was primarily a result of larger type 2a fibre CSA 

(main effect of antibiotic treatment, P = 0.0330; main effect of PoWeR training, P < 0.0001; 

interaction, P = 0.0779) (Fig. 6D). The PU group had significantly larger type 2a fibre CSA 

in comparison to the fibre CSA of the CU (P < 0.0001), CT (P < 0.0001) and PT (P = 

0.0238) groups. The PT group had significantly larger type 2a fibre CSA compared to the 

CT group (P = 0.0463).

Myonuclei abundance.—There was a significant (P = 0.0330) main effect of PoWeR 

training on myonuclei abundance in the soleus muscle; however, post hoc analysis revealed 

no significant difference between groups in response to PoWeR training.

Fibre-type composition.—One mouse in the CT group was classified as an outlier 

(see Methods) for fibre-type distribution and subsequently removed from all fibre-type 
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distribution analyses. In response to PoWeR training there was a main effect (P < 0.0001) for 

type 1 fibre abundance. PU had 17% more type 1 fibres compared to CU (P = 0.0058) and 

20% more compared to CT (P = 0.0026) while PT had 21% more type 1 fibres compared 

to CU (P = 0.0008) and 23% more compared to CT (P = 0.0004) (Fig. 7B). Comparing 

the abundance of type 2a fibres, there was a significant main effect of PoWeR training (P 
< 0.0001). PU had 20% fewer type 2a fibres compared to CU (P = 0.0220) and 15% fewer 

compared to CT (P = 0.0116). PT had 25% fewer type 2a fibres compared to CU (P = 

0.0074) and 26% fewer compared to CT (P = 0.0039) (Fig. 7B). In addition, there was a 

significant (P < 0.0001) main effect of PoWeR training on type 2b/x fibre abundance. PU 

had 88% fewer type 2b+x fibres compared to CU (P = 0.0003) and 87% fewer compared 

to CT (P = 0.0009). PT had 55% fewer type 2b+x fibres than CU (P = 0.0312) and a 

trend towards lower type 2b/x fibre abundance compared to CT (P = 0.0613). There was no 

difference in the abundance of fibres that co-expressed myosin heavy chain isoforms type 

1+2a (Fig. 7B).

Plantaris

Muscle wet weight.—Analysis of normalized (to body weight) plantaris muscle wet 

weight with the caecum included showed a significant (P = 0.0001) main effect of antibiotic 

treatment. Post hoc analysis revealed that the PU group was significantly heavier compare 

the CT (P = 0.0108) and PT (P = 0.0014) groups. Additionally, the CU group was 

significantly (P = 0.0467) heavier compared to the PT group. In contrast to the soleus 

muscle, these differences did not persist when plantaris muscle wet weight was normalized 

to weight excluding the caecum (Fig. 8A and B).

Fibre cross-sectional area.—In response to PoWeR training, there was a significant (P 
= 0.0012) main effect of training on mean fibre CSA (Fig. 8C). PU mean fibre CSA was 

23% larger compared to CT (P = 0.0109). There was a trend for significantly larger mean 

fibre CSA between PU and CU (P = 0.0767) and between PT and CT groups (P = 0.0831) 

(Fig. 8C). In regards to fibre type-specific CSA, there was a significant (P < 0.0001) main 

effect of PoWeR training on type 2a fibre CSA. PU had 42% and 47% larger type 2a fibre 

CSA compared to CU(P < 0.0001) and CT (P < 0.0001), respectively (Fig. 8D). PT had 

27% and 31% larger type 2a fibre CSA compared to CU (P = 0.0137) and CT (P = 0.0064), 

respectively (Fig. 8D). There was a significant main effect of PoWeR training (P = 0.0011) 

and main effect of antibiotic treatment (P = 0.0282) for type 2b/x fibre CSA (Fig. 8D). Type 

2b/x fibres of PU were 24% larger compared to CU (P = 0.0257) and 37% larger compared 

to CT (P = 0.0013). Type 2b/x fibre CSA was not different when comparing PT to CU (P = 

0.8000) and CT (P = 0.1827) groups (Fig. 8D).

Myonuclei abundance.—There was a significant (P = 0.0120) main effect of PoWeR 

training for myonuclei abundance. Myonuclei abundance of PU was 65% higher compared 

to CU (P = 0.0136) and 51% compared to CT (P = 0.0494) (Fig. 8E). There was no 

difference in body myonuclei abundance when comparing PT and CT groups (P = 0.9443).

Satellite cell abundance.—Satellite cell abundance was determined using Pax7 

immunohistochemistry. There was a significant main effect of PoWeR training (P = 0.0467) 
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and interaction (P = 0.0401) for the abundance of Pax7+ nuclei/100 fibres. Post hoc analysis 

revealed the PU group had 50% more Pax7+ nuclei compared to the CU group (P = 0.0236). 

There was no difference (P = 0.2782) in satellite cell abundance between the CU and CT 

groups. Finally, there was no difference (P = 0.6546) when comparing the PU and PT groups 

in satellite cell abundance (Fig. 8G).

Fibre-type composition.—There was a significant (P < 0.0001) main effect of PoWeR 

training on the percentage of type 2a fibres (Fig. 9B). PU had 89% more type 2a fibres 

compared to CU (P < 0.0001), 94% more compared to CT (P < 0.0001) and 24% more 

compared to PT (P = 0.0467) (Fig. 9B). PT had 52% more type 2a fibre compared to 

CU (P = 0.0031) and 57% compared to CT (P = 0.0025) (Fig. 9B). We also observed a 

significant main effect of PoWeR training (P < 0.0001) and interaction (P = 0.0127) for type 

2b/x fibre abundance (Fig. 9C). PU had 66% fewer type 2b/x fibres compared to CU (P < 

0.0001), 60% fewer than CT (P < 0.0001) and 24% fewer than PT (P = 0.0186) (Fig. 9B). In 

addition, PT had 34% fewer type 2b/x fibres compared to CU (P = 0.0004) and 29% fewer 

compared to CT (P = 0.0040) (Fig. 9C). As shown in Fig. 9B, there was no difference in the 

abundance of type 1 and hybrid fibres that co-expressed myosin heavy chain isoforms (type 

2a+type2b/x) across all groups.

Serum cytokine levels.—IL-6 concentrations of one mouse from the PU group were 

found to be an outlier. Additionally, IL-17a from another mouse in the PU group was also 

determined to be an outlier. We moved these values from the specific cytokine analysis. 

There was no change in the serum concentration of IL-10, IFN-γ, TNF-α or IL-17a in 

response to antibiotic treatment and/or PoWeR training (Fig. 10). When looking at IL-6, 

there was a significant (P = 0.0236) main effect of PoWeR training. Post hoc analysis 

revealed a trend for IL-6 levels to be elevated when comparing PU to CU (P = 0.0590).

Discussion

The major finding of the study is that antibiotic-induced dysbiosis of the gut microbiome 

impaired the ability of skeletal muscle to adapt to exercise training. Despite a similar 

training stimulus between untreated and antibiotic-treated groups, dysbiosis resulted in 

blunted hypertrophy in both the soleus and plantaris muscles following PoWeR training. In 

the soleus muscle of mice with a disrupted gut microbiome, skeletal muscle hypertrophy of 

type 1 fibres was blunted and the trend for larger type 2a fibres observed in untreated mice 

did not occur. Similarly, in the plantaris muscle, dysbiosis of the microbiome prevented 

the greater type 2b/x fibre CSA following PoWeR training observed in mice with an 

intact gut microbiome. In untreated mice, the greater abundance of both satellite cells and 

myonuclei in the plantaris muscle in response to PoWeR training was absent in dysbiotic 

mice, which likely contributed to their blunted hypertrophic response. We did not find an 

increase in myonuclei accretion in the soleus muscle and therefore decided to not quantify 

satellite cell abundance in the soleus muscle. Lastly, the major fibre-type shifts induced by 

PoWeR training was unaffected by antibiotic-induced dysbiosis of the gut microbiome in 

the soleus muscle. However, type 2a fibre abundance nearly doubled in the plantaris muscle, 

which was significantly less in mice with a suppressed microbiome. These findings agree 

with previous studies showing the gut microbiome influences skeletal muscle mass and 
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fibre-type composition and provide the first detailed evidence that an intact gut microbiome 

is necessary for skeletal muscle to fully adapt to exercise training (Yan et al. 2016; Lahiri et 
al. 2019).

An important finding from our study was that antibiotic-induced dysbiosis of the 

microbiome did not affect running activity which was critical to ensure a similar training 

stimulus between the two PoWeR groups. In fact, it might be argued that the training 

stimulus was greater in the antibiotic-treated mice given their heavier body weight caused 

by an enlarged caecum. In contrast, previous studies found that both antibiotic-treated mice 

and GF mice have reduced exercise performance, suggesting a role for the gut microbiome 

in exercise activity (Hsu et al. 2015; Nay et al. 2019; Okamoto et al. 2019). The discrepancy 

in exercise activity between these studies and our own could be explained by the lower dose 

of antibiotics used in the current study or that the mice in this study were given free access 

to a running wheel while the other studies used time to exhaustion with untrained mice. The 

antibiotic treatment itself may have negatively impacted exercise time to exhaustion as has 

been reported in athletes (Fayock et al. 2014). Alternatively, it could be plausible that an 

intact gut microbiome is needed for maximal exercise capacity as compared to sub-maximal 

wheel running exercise activity.

The use of antibiotics in lieu of GF mice is a common method to assess the role of the gut 

microbi health and disease (Ericsson & Franklin, 2015). GF mice are costly, labour intensive 

and, as shown previously, display muscle atrophy associated with higher expression of 

atrogenes (Lahiri et al. 2019), which creates an issue when trying to investigate the role of 

the gut microbiome in skeletal muscle adaptation to exercise. We decided to use antibiotics 

to suppress the microbiome in order to allow us to use mice in which skeletal muscles, as 

well as other systems like the immune system, had under-gone normal development and 

maturation with an intact gut microbiome (Kennedy et al. 2018; Bayer et al. 2019). The lack 

of an established antibiotic dosing regimen that effectively depletes the gut microbiome with 

minimal side effects, however, leaves open the possibility that the antibiotics themselves 

may be directly interfering with cellular and/or molecular mechanisms involved in skeletal 

muscle adaptation to exercise.

Dysbiosis of the gut microbiome by antibiotics is known to alter immune cell activation, 

which causes a thinning of the mucosal layer with a concomitant increase in intestinal 

epithelial cell permeability (Willing et al. 2011; Tulstrup et al. 2015; Song et al. 2020). 

The increase in intestinal permeability with dysbiosis is known to induce low-level systemic 

inflammation, which might induce a state of anabolic resistance leading to the impaired 

hypertrophic growth observed in antibiotic-treated PoWeR-trained mice. While this possible 

scenario awaits further investigation, we found no difference in the serum levels of 

inflammatory cytokines across all groups indicating the absence of low-level systemic 

inflammation induced by antibiotic treatment. However, these measurements were taken 

upon completion of PoWeR training allowing for the possibility that systemic inflammation 

was different at some earlier time point of the study. This concern is offset by the finding 

that non-running control muscle weights and running activity were not different between 

antibiotic-treated mice and mice with an intact gut microbiome, thus indicating antibiotic 

treatment had minimal effect on skeletal muscle maintenance and function.
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What evidence is there to suggest antibiotics might interfere with skeletal muscle adaptation 

to exercise? A study reported high doses of the antibiotic metronidazole can cause skeletal 

muscle atrophy; however, this study used a dose 10-fold greater than the dose administered 

in the current study (Manickam et al. 2018). Other studies have shown that high doses 

of aminoglycosides such as gentamycin, neomycin and streptomycin, can affect calcium 

signalling, but these studies used a dose 100-fold greater than the dose used in the current 

study. Hayo and colleagues utilized eccentric exercise to induce muscle damage in rats that 

were administered streptomycin, which can reduce intracellular calcium concentration by 

blocking stretch-activated channels. Although these authors found that streptomycin reduced 

muscle membrane permeability, it did not affect the amount of myofibre swelling using a 

dose 80-fold greater than that used in the current study (Hayao et al. 2018). Most recently, 

Qiu and colleagues reported antibiotic-induced dysbiosis caused muscle atrophy which was 

shown to be mediated by a suppression of bile acid signalling to fibroblast growth factor 

15; however, as with the aforementioned studies, these authors used antibiotic doses 100 

time greater than those used in the current study (Qiu et al. 2021). Finally, intraperitoneal 

injection of the antibiotic imipenem for five consecutive days did not affect muscle specific 

force (Owen et al. 2019). Collectively, these studies demonstrate that antibiotic doses 10–

100 times greater than the dose we used can negatively affect muscle size but not muscle 

function. Given that we observed no difference in muscle phenotype (weight, fibre size 

and composition) between non-running control groups as well as wheel running activity, 

we think the relatively low dose of antibiotics administered was able to effectively induce 

dysbiosis while minimizing any side effects that might have interfered with skeletal muscle 

adaptation to exercise.

The blunted hypertrophic growth response observed in both slow- and fast-twitch myofibres 

could be due to a common gut-derived microbial metabolite(s) which is necessary for 

maximal muscle growth. In support of such a mechanism, Chen and colleagues discovered 

that Bacteroides thetaiotaomicron (B. theta C34) bacteria produce L-phenylalanine, an 

agonist of G-coupled protein receptor 56, which was previously shown to be sufficient 

for skeletal muscle hypertrophic growth as well as being required for mechanical overload-

induced hypertrophy (White et al. 2014; Chen et al. 2019). Similarly, in a series of studies 

led by Sato and Sasaki, activation of the G-coupled protein bile acid receptor TRG5 was 

shown to promote skeletal muscle hyper and improve glucose metabolism (Thomas et 
al. 2009; Sasaki et al. 2018). In particular, these authors reported administration of the 

gut microbially derived bile acid metabolite taurolithocholic acid induced expression of 

pro-hypertrophy genes, Nr4a1 and Pgc-1α4, in transgenic mice that overexpressed TGR5 

(Sasaki et al. 2018). Future studies will need to mechanistically determine if gut microbially 

derived metabolites play a role in skeletal muscle adaptation to exercise.

Antibiotic dysbiosis of the gut microbiome did not impair the exercise-induced fibre-type 

shifts in the soleus muscle but did in the plantaris muscle. In the soleus, the loss of type 2a 

fibres was similar bet PoWeR-trained groups whereas in the plantaris, the higher abundance 

of type 2a fibres was significantly less in mice with a suppressed microbiome. This finding 

suggests there is some microbially derived factor(s) that may be necessary to promote 

the transition to a more oxidative phenotype. In support of this idea, Yan and colleagues 

demonstrated that the microbiome from two different types of pigs (the obese Rongchang 
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and the lean Yorkshire) could give rise to their distinct muscle fibre-type composition when 

transferred to GF mice (Yan et al. 2016). Based on succinate dehydrogenase staining and 

gene expression, GF mice were found to have a loss of oxidative capacity across different 

hind limb muscles that was partially restored following microbial transfer (Lahiri et al. 
2019). Collectively, these findings along with the results from the current study support 

the idea that the gut microbiome facilitate the transition to a more oxidative phenotype in 

skeletal muscle.

Satellite cell and myonuclei abundance of the plantaris muscle were higher in response 

to PoWeR training in mice with an intact gut microbiome. The effect of dysbiosis on 

satellite cells was more ambiguous because some mice in both groups, sedentary and 

runners, showed higher abundance of satellite cells while other mice appeared to be 

unaffected by dysbiosis. This variability led to there being no difference in satellite cell 

abundance between the two PoWeR-trained groups. This variable response to dysbiosis 

may reflect the inherent molecular heterogeneity of satellite cells as revealed by single-cell 

RNA-sequencing to changes in microbially derived metabolites, though confirmation of 

such a mechanism awaits further study (Cho & Doles, 2017).

The current study has some important limitations that need to be acknowledged. For this 

initial study, we chose to use C57BL/6J female mice because they are known to be better 

runners than their male counterparts (Murach et al. 2020a) and we were concerned the 

disruption of the gut microbiome might negatively impact exercise activity as previously 

reported (Hsu et al. 2015; Nay et al. and 2019). Since the running activity was the same 

between the antibiotic-treated and untreated groups, thus having an equivalent training 

stimulus, we were able to draw stronger conclusions about the influence of the gut 

microbiome on skeletal muscle adaptation to exercise. Given the reported sex differences 

in host-gut–microbiome interactions, it will be important for a future study to determine 

if dysbiosis in males also blunts muscle adaptation to exercise training as observed in 

females (Rizzetto et al. 2018; Razavi et al. 2019). Beyond wheel running activity, we 

did not perform any muscle function analyses to determine if the observed phenotypic 

differences between the PoWeR-trained groups was associated with any change in functional 

characteristics of the muscle. Thus, future work will need to determine if the changes in 

fibre size and composition induced by dysbiosis have an impact on maximum and specific 

force and fatigability of the muscle. Finally, there is a wide variety of rodent diets used 

in pre-clinical research which have been reported to significantly alter the composition of 

the gut microbiome and the production of short-chained fatty acids (Tuck et al. 2020). 

Importantly, all mice in the current study consumed exactly the same high protein diet for 

the duration of the study to ensure adequate protein intake to support skeletal muscle growth 

in response to PoWeR training.

The findings of this study demonstrate that an intact gut microbiome is required for skeletal 

muscle to fully adapt to exercise training. Additionally, the findings from this study add to 

the growing body of evidence supporting a gut microbiome–skeletal muscle axis (Bindels 

et al. 2012; Fielding et al. 2019; Lahiri et al. 2019; Whon et al. 2021). Future studies will 

seek to identify the bacterial species and associated metabolites that play a critical role in 
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facilitating skeletal muscle hypertrophy and the fibre-type shift that occur in response to 

exercise with the expectation they will be unique for each of these processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points

• Dysbiosis of the gut microbiome caused by continuous antibiotic treatment 

did not affect running activity.

• Continuous treatment with antibiotics did not result in systemic inflammation 

as indicated by serum cytokine levels.

• Gut microbiome dysbiosis was associated with blunted fibre type-specific 

hypertrophy in the soleus and plantaris muscles in response to progressive 

weighted wheel running (PoWeR).

• Gut microbiome dysbiosis was associated with impaired PoWeR-induced 

fibre-type shift in the plantaris muscle.

• Gut microbiome dysbiosis was associated with a loss of PoWeR-induced 

myonuclei accretion in the plantaris muscle.
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Figure 1. Study design
Animals were co-housed in groups of four to five for 4 weeks in order to allow for 

acclimation to the animal facility at the University of Kentucky. Upon the completion of 

the acclimation period, mice were randomly split into four different groups and singly 

housed in running wheel cages. Immediately after randomization into study groups, the 

first faecal samples were collected (pre), prior to antibiotic administration. During the first 

week of being singly housed, all wheels were locked, and the antibiotic treatment began. 

One week after, the wheels were unlocked for those mice in the PoWeR groups, initiating 

the acclimation week. After the first week of acclimation with an unloaded wheel, 2 g 

was placed on one side of the running wheel to add resistance Each week thereafter, an 

additional 1 g was added to the wheel until the load reached a total of 6 g for the final 

3 weeks of training. A final faecal sample was collected roughly 48 h prior to euthanasia. 

After completion of 8 weeks of PoWeR training, mice were euthanized, and tissues were 

collected for analysis. Image created with BioRender.
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Figure 2. Gut microbial dysbiosis with antibiotics
Antibiotic induced dysbiosis of the gut microbiome. A and B, number of individual bacterial 

species before (pre) (A) and after (post) (B) antibiotic treatment and PoWeR training n = 

5–6 per group. C and D, number of reads during sequencing corresponding to the pre (C) 

and post (D) time points; n = 5–6 per group. E, representative image of a caecum harvested 

from an untreated and treated mouse. F, differences in caeca weight between the groups; n = 

9–11 per group. Bars are mean values; circles represent individual values. Errors bars show 

standard deviation. *P < 0.05.
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Figure 3. PoWeR- and antibiotic-induced changes to the microbiome composition
Heat map indicating the microbial composition at the genus levels between groups at the pre 

and post time points. n = 3–6 per group.
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Figure 4. PoWeR training, not dysbiosis of the gut microbiome, leads to increased food and water 
consumption but not body weight changes
Food consumption, water intake and body weight changes during PoWeR training. Weekly 

food consumption during training (A), weekly water intake during study (B), weekly body 

weight during study (C), and body weight at the point of sacrifice with the caecum removed 

(D). Bars are means and circles represent individual values. Points in A–C represent 

group averages for that week, errors bars show standard deviation. n = 9–11 per group. 

* Significantly different (P < 0.05) PT vs. CT and †significantly (P < 0.05) different PU vs. 

CU for food and water intake. *Significantly (P < 0.01) different PT vs. CU and PU and 

†significantly (P < 0.05) different CT vs. PU for body weights.
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Figure 5. Antibiotic induced dysbiosis of the gut microbiome does not impair exercise activity
Running volume during PoWeR training. A, weekly running volume (km/day) of the PoWeR 

untreated and treated groups. B, mean total distance run during PoWeR training between 

PoWeR untreated and treated groups. n = 11 per group. Bars represent means, circles 

represent individual mice, filled circles in A represent group averages for the corresponding 

week and error bars show standard deviation.
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Figure 6. Antibiotic-induced dysbiosis of the gut microbiome results in a blunted hypertrophic 
response in the soleus
Analysis of the soleus muscle after PoWeR training with or without dysbiosis. A, 

normalized soleus wet weight to body weight including the caecum. B, normalized soleus 

wet weight to body weight excluding the caecum. C, soleus mean cross-sectional area (7 μm 

sections). D, type 1 and type 2a skeletal muscle fibre cross-sectional area (7 μm sections). 

n = 8–11 per group. Bars represent means, circles represent individual mice and error bars 

show standard deviation. *P < 0.05.
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Figure 7. Antibiotic-induced dysbiosis of the gut microbiome does not impair skeletal muscle 
fibre-type shift in response to PoWeR training in the soleus
Analysis of the fibre-type distribution in the soleus muscle after PoWeR training. A, 

representative image of soleus cross section. B, fibre-type distribution for type 1, type 

2a, type 2b/x and co-expression (hybrid) skeletal muscle fibres. n = 7–11 per group. Bars 

represent means, circles represent individual mice and error bars show standard deviation. 

*P < 0.05.
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Figure 8. Antibiotic-induced dysbiosis of the gut microbiome results in blunted hypertrophy, 
myonuclei accretion and altered satellite cell abundance in the plantaris muscle
Analysis of the plantaris muscle after PoWeR training. A, normalized plantaris wet weight 

to body weight including the caecum. B, normalized plantaris wet weight to body weight 

excluding the caecum. C, plantaris mean fibre cross-sectional area (7 μm sections). D, type 

2a and type 2b/x skeletal muscle fibre cross-sectional area (7 μm sections). E, number of 

myonuclei per fibre. F, representative image of Pax 7+ myonuclei. G, satellite cells per 100 

muscle fibres. n = 9–11 per group. Bars represent means, circles represent individual mice 

and error bars show standard deviation. *P < 0.05.
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Figure 9. Antibiotic-induced dysbiosis of the gut microbiome results in a blunted fibre-type shift 
in the plantaris
Analysis of the fibre-type distribution in the plantaris muscle after PoWeR training. A, 

representative image of plantaris cross section. B, fibre-type distribution for type 1, type 

2a, type 2b/x and co-expression (hybrid) skeletal muscle fibres. n = 9–11 per group. Bars 

represent means, circles represent individual mice and error bars show standard deviation. 

*P < 0.05.
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Figure 10. Ten weeks of antibiotic administration and PoWeR training did not augment 
inflammation
Serum concentrations of inflammatory markers taken after 9 weeks of training and antibiotic 

administration. n = 9–11 per group. Bars represent means, circles represent individual mice 

and error bars show standard deviation. IL-6, IL-10 and TNF-α were log transformed.
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