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Abstract

The aim of this study was to examine the effect of exercise training and diet-

ary supplementation of resveratrol on the composition of gut microbiota and

to test the hypothesis that exercise training and resveratrol can prevent high-

fat diet (HFD)-induced changes in the gut microbiota. Mice fed a HFD sup-

plemented with resveratrol (4 g/kg food) were protected against diet-induced

obesity, while exercise trained HFD-fed animals (running on average 50 km/

week) were not. Dietary resveratrol supplementation induced changes pre-

dominantly in the low-abundant bacteria, while exercise training induced

changes in the high-abundant bacteria in the gut as analyzed by ADONIS test

with Weighted UniFrac distances. Interestingly, the two interventions affected

the gut microbiome independently of the inflammatory state of the HFD-fed

animals as assessed by the systemic serum amyloid A levels. These results sug-

gest that both resveratrol supplementation and regular physical activity modu-

late the composition of murine microbiota independently of the systemic

inflammatory state. Moreover, the effects of exercise training on the micro-

biota seem to occur without changes in adiposity, while resveratrol-mediated

alterations may relate to adipose tissue mass.

Introduction

The gut microbiota has previously been shown to modu-

late lipid metabolism, energy harvest from the diet and

host inflammation, potentially playing a crucial role in

the development of host obesity and other metabolic dis-

orders (Backhed et al. 2004; Greiner and Backhed 2011;

Carmody and Turnbaugh 2014; David et al. 2014).

Increased relative abundance of bacteria belonging to the

Firmicutes phylum, and a corresponding decrease in
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Bacteroidetes, have been reported to be characteristic for

obese mice (Ley et al. 2005; Turnbaugh et al. 2006, 2008;

Cani et al. 2007). It has been hypothesized that bacteria

belonging to Firmicutes phylum confer an increased

capacity for energy harvest from the diet (Turnbaugh

et al. 2006), which may account for some of the increase

in adiposity of the host. Furthermore, an increase in the

relative abundance of bacteria belonging to Firmicutes

phylum has been reported to decrease endogenous pro-

duction of GLP-2 and consequently to increase LPS leak-

age. This has been suggested to increase host

inflammation and thereby increase whole body low-grade

inflammation (Cani et al. 2007).

Resveratrol (3,5,40-trihydroxy-trans-stilbene) is a natural
dietary polyphenol present in the skin of red grapes, pea-

nuts, and berries and has been proposed to possess anti-

inflammatory, anti-cancer, and anti-obesity effects (Manna

et al. 2000; Larrosa et al. 2009). The beneficial effects of

resveratrol have been shown in several species including

Saccharomyces cerevisiae (Howitz et al. 2003), Caenorhab-

ditis elegans, and Drosophila melanogaster (Wood et al.

2004) as well as rodents and humans, where resveratrol

has been demonstrated to protect against diet-induced

obesity and insulin resistance (Baur et al. 2006; Lagouge

et al. 2006; Sung et al. 2017; Kim et al. 2018). The poten-

tial interaction between the gut microbiota and resveratrol

is not yet well documented, but due to it’s low bioavail-

ability it is predicted that resveratrol reaches the colonic

region of the intestine unabsorbed and unchanged, and

therefore it may be subjected to enzymatic degradation by

the gut microbiota (Etxeberria et al. 2015). The exact

intestinal bacterial bioconversion of resveratrol is not yet

known, but it has been speculated that gut bacteria may

modulate the health beneficial effects of resveratrol by con-

verting resveratrol into dihydroresveratrol, 3,40-dihydroxy-
trans-stilbene and lunularin (Bode et al. 2013).

Physical activity is known to exert health-related bene-

fits. Exercise has been reported to share some of the same

anti-inflammatory effects as caloric restriction in treat-

ment of obesity and diabetes (Bradley et al. 2008; Yan

et al. 2012). Moreover, exercise training has been shown

to reduce cell size of adipocytes, improve insulin sensitiv-

ity, and decrease the level of inflammation in adipose tis-

sue in mice (Bradley et al. 2008; Yan et al. 2012).

However, the molecular mechanism mediating these

effects is not fully understood. A few studies have exam-

ined the effect of exercise training on gut microbiota, but

whether exercise training directly alters gut microbiota is

not known. Thus, treadmill running altered levels of cecal

n-butyrate concentration and the n-butyrate-producing

bacteria in non-obese rats (Matsumoto et al. 2008) and

exercise training changed the gut microbiota in mice

(Choi et al. 2013; Liu et al. 2017). Moreover, exercise

training in mice has been reported to normalize major

phylum-level changes induced by HFD (Evans et al.

2014) and to oppose some of the obesity-related changes

in gut microbiota (Denou et al. 2016). Similar observa-

tions have been demonstrated in obese rats (Petriz et al.

2014; Welly et al. 2016). However, the impact of exercise

training combined with HFD on gut microbiota and exer-

cise training combined with HFD is still unresolved.

Therefore, the aim of this study was to investigate the

impact of dietary resveratrol supplementation and volun-

tary exercise training on HFD-induced changes in the gut

microbiota in mice.

Materials and Methods

Experimental design

All mice used in this study were male C57BL/6N with loxP

insertions in the Ppargc1a gene, and 8–10 weeks old at the

initiation of the study. These mice were part of a larger

study, where they served as controls for muscle-specific

PGC-1a knockout mice. Hence, the use of Floxed PGC-1a
mice did not aim to study effects of modifications of

introns in the PGC-1a gene on the microbiota, but was

only to take advantage of the large experimental set up.

The mice were individually caged and randomly divided

in to 4 different groups: (1) untrained control group

receiving standard rodent chow (CON), (2) untrained

group receiving HFD (HFD), (3) untrained group receiv-

ing HFD supplemented with resveratrol (HFD Res), (4)

exercise trained group having access to a running wheel

and receiving HFD (HFD Ex). The chow diet consisted of

20% proteins, 70% carbohydrates, and 10% fat (#1320;

Altromin, Brog�arden, Lynge, Denmark) and the HFD con-

sisted of 20% proteins, 20% carbohydrates, and 60% fat

(#C1090-60, containing both saturated and unsaturated

fatty acids, Altromin). Pure resveratrol was kindly donated

by Fluxome (Fluxome, Stenløse, Denmark) and mixed

into pellets together with the HFD to a concentration of

4 g resveratrol/kg HFD as previously described (Lagouge

et al. 2006). Both running distance and duration were

monitored by a regular cycle computer resulting in an

average 50 km/week. The mice were kept on a 12:12 h

light/dark cycle and had access to water and food ad libi-

tum. The intervention lasted for 16 weeks and body

weight and food intake were monitored every second week

throughout the experiment. Running wheels were blocked

24 h before the animals were euthanized by cervical dislo-

cation at 24–26 weeks of age.

Subcutaneous (SAT) and visceral (VAT) adipose tissue

were weighed and collected together with quadriceps

muscle and colon stool samples, which were quickly fro-

zen in liquid nitrogen and stored at �80°C before further
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processing. Moreover, trunk blood was collected and

plasma was obtained by centrifugation and stored at

�80°C.
Experiments were approved by the Animal Experiment

Inspectorate in Denmark (#2009/561-1689) in compliance

with the European convention for the protection of verte-

brate animals used for experiments and other scientific

purposes (Council of Europe, no. 123, Strasbourg, France,

1985).

Echo MRI scanning

Body composition was determined by an EchoMRI scan

(EchoMRI, Echo Medical Systems, Houston, TX) 2 days

before the mice were euthanized.

RNA isolation, reverse transcription and
real-time PCR

Total RNA was isolated from crushed 15–20 mg quadri-

ceps and 30–35 mg subcutaneous- and viceral adipose

tissue by a modified guanidinium thiocyanate-phenol-

chloroform extraction method (Chomczynski and Sacchi

1987; Pilegaard et al. 2000) except for the use of a Tis-

sueLyser (TissueLyser II, Qiagen, Valencia, CA) for

homogenization.

Superscript II RNase H- system and Oligo dT (Invitro-

gen, Carlsbad, CA) were used to reverse transcribe the

mRNA to cDNA as described previously (Pilegaard et al.

2000). Quantification of cDNA as a measure of mRNA

content of a given gene was performed by real-time PCR

using an ABI 7900 sequence-detection system (Applied

Biosystems, Foster City, CA). Primers were designed from

mouse-specific database (www.ensembl.org/) and are pre-

sented in Table 1.

Real-time PCR was performed in triplicates in a total

reaction volume of 10 lL using SyberGreen (Applied

Biosystems). The obtained cycle threshold values reflect-

ing the initial content of the specific transcript in the

samples were converted to a relative amount using stan-

dard curves constructed from a serial dilution of a pooled

sample made from all samples. TBP mRNA was unaf-

fected by the interventions, and therefore the mRNA con-

tent of the given target gene was normalized to TBP

mRNA in both quadriceps muscle and in SAT cDNA

samples.

Muscle protein

Muscle lysate was produced from ~20 mg quadriceps

muscle by homogenization in ice-cold buffer (10% glyc-

erol, 20 mmol/L Na-pyrophosphate, 150 nmol/L NaCl,

50 mmol/L HEPES, 1% NP-40, 20 mmol/L b-glycero-
phosphate, 10 mmol/L NaF, 1 mmol/L EDTA, 1 mmol/L

EGTA, 20 lg/mL Aprotinin, 10 lg/mL Leupeptin,

2 mmol/L Na3VO4, 3 mmol/L Benzamidine, pH 7.5) for

2 min at 30 oscillations per second in a TissueLyser (Tis-

sueLyser II). The samples were set to rotate end over

end for 1 h at 4°C followed by centrifugation at 17,500g

for 20 min at 4°C. The lysates were collected as the

supernatant. The protein content in the lysates was

determined by the bicinchoninic acid method (Pierce

Chem, Comp., IL) and lysates were prepared with sam-

ple buffer containing Sodium Dodecyl Sulfate (SDS) and

boiled for 3 min at 96°C. PDH-E1a protein content was

measured by SDS-PAGE and western blotting using self-

casted gels and a specific amount of total protein loaded.

PVDF membranes were blocked in 3% fish gel, followed

by incubation with primary antibodies against PDH-E1a
protein (1:1000, kindly provided by Professor Grahame

Hardie, University of Dundee, Scotland). The membranes

were incubated in HRP-conjugated secondary antibody

(Dako, Glostrup, Denmark) and protein content was

visualized using LuminataTM Classico Western HRP

Substrate (Millipore, Denmark). Band intensity was

quantified using ImageQuant Las 4000 (GE Healthcare,

Munich, Germany) and ImageQuant Imaging software.

PDH-E1a protein content was expressed in arbitrary

units relative to control samples loaded on each site of

each gel.

Plasma analysis

The level of the pro-inflammatory marker serum amyloid

A (SAA) was measured in plasma samples using the

Serum Amyloid A ELISA-kit (Abcam) according to man-

ufacturer‘s instructions.

Table 1. Primer sequences used for real-time PCR.

Forward Primer Reverse Primer

TNF-a 50-CCC TCA CAC TCA

GAT CAT CTT CT-30
50-GCT ACG ACG TGG GCT

ACA G-30

IL-10 50-CAG CCA GGT GAA

GAC TTT CT-30
50-GCA ACC CAA GTA ACC

CTT AAA-30

Arg-1 50-GGT GGA TGC TCA

CAC TGA CA-3

50-ATC ACC TTG CCA ATC

CCC AG-30

iNOS 50-GCA ACC CAA GTA

ACC CTT AAA-30
50-CAA ACA AGC ATA CCT

GAA GG-30

TBP 50-ACC CTT CAC CAA

TGA CTC CTA TG-30
50-ATG ATG ACT GCA

AAT CGC-30

TNF-a, Tumor necrosis factor alpha; IL-10, Interleukin-10; Arg1,

Arginase-1; iNOS, inducible Nitric Oxide Synthase; TBP, TATA-box-

binding protein.
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Fecal microbiota DNA isolation and
characterization

Isolation of fecal bacterial DNA from colon stool sam-

ples was performed using NM NucleoSpin Soil kit

according to manufacturer’s protocol. Fecal microbial

composition was characterized by sequencing of the 16S

rDNA V3 and V4 regions as described previously (Han-

sen et al., 2012). The amplified fragments with adapters

and tags were quantified using QubitTMfluorometer

(Invitrogen) and mixed in equimolar concentrations

(4 x 106 copies lL�1) to ensure equal representation of

each sample. DNA samples were sequenced in one of

two-regions of 70-75 GS PicoTiterPlate (PTP) using a

GS FLX titanium pyrosequencing system according to

manufacturer’s instructions (Roche) by the National

High Throughput DNA Sequencing Centre, University

of Copenhagen, Denmark.

Data analyses

Data were expressed as the mean � SE and, unless stated

otherwise. Results were analyzed using ordinary one-way

analysis of variance (ANOVA) followed by Holm-Sidak

corrected multiple comparisons. For body weight, the

presented statistics provide the results from multiple one-

way ANOVA tests performed over the course of the inter-

vention. When Gaussian distribution could not be

assumed, Kruskal–Wallis test was used with Dunn’s post

hoc test. Results were considered significant when

P < 0.05. Values with no letters in common are signifi-

cantly different (P < 0.05). The bar with the highest value

gets the letter A, the second highest value that is signifi-

cantly different from A gets the letter B, etc. Analyses

were performed using GrapPpad Prism 7 software

(GraphPad Software, San Diego, CA).

The analyses of 16S rDNA gene amplicon sequences

were performed using the Quantitative Insights Into

Microbial Ecology (QIIME, v1.6) pipeline (Caporaso et al.

2010). Cleaning the sequencing data was done using the

denoise_wrapper.py script in QIIME (Reeder and Knight

2010) to remove sequencing error. Chimera removal was

done by UCHIME with MicrobesOnline (May, 2013) as

the reference database (Edgar et al. 2011). OTUs were

picked using UCLUST (Edgar 2010) with 97% similarity

and representative sequences were assigned taxonomy

with the Greengenes database with 80% confidence inter-

val. PhyloSeq (McMurdie and Holmes 2013), Metagen-

omeSeq (Paulson et al. 2013) and Vegan (Kronstrom

et al. 2011) packages were used for further analysis in R.

Figure 1. (A) Whole body weight gain curves (g) (B) fat percentage (%), (C) lean percentage (%), (D) daily food intake normalized to body

weight (kcal day�1 mouse�1), (E) subcutaneous adipose tissue (SAT) weight (mg) and (F) visceral adipose tissue (VAT) weight (mg) of mice on

either a chow diet (CON) or mice on a high-fat diet (HFD), HFD supplemented with resveratrol (4 g/kg food: HFD Res) or HFD and exercise

trained for 16 weeks. Values are mean � SE, n = 8–11. Values with no letters in common are significantly different (P < 0.05). The bar with

the highest value is marked with the letter A, the second highest value that is significantly different from A is marked with the letter B, etc.

2018 | Vol. 6 | Iss. 20 | e13881
Page 4

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Exercise, Resveratrol, HFD and Microbiota in Mice N. Brandt et al.



Results

Body weight and composition

At week 14 of the intervention, HFD feeding (HFD)

increased (P < 0.05) total body weight of the mice compared

with chow fed mice (CON). Micefed HFD supplemented

with resveratrol (HFD Res) had 25% lower (P < 0.05) body

weight than HFD mice, while the body weight of HFD Ex

mice was similar to HFD-fed mice (Fig. 1A).

Body fat percentage was twofold higher (P < 0.05) in

both HFD and HFD Ex mice than CON mice, while there

was no significant differences in the body fat percentage

between HFD Res mice and any of the other groups

(Fig. 1B). HFD and HFD Ex had 10% lower (P < 0.05)

lean body mass than CON, while there was no significant

difference in lean body mass between HFD Res and any

of the other groups (Fig. 1C).

Food intake was higher (P < 0.05) in HFD, HFD

Res, and HFD Ex than CON. In addition, food intake

was lower (P < 0.05) in HFD Res than HFD and

higher (P < 0.05) in HFD Ex than both HFD and HFD

Res (Fig. 1D).

Subcutaneous adipose tissue (SAT) mass was 3-fold

and 1.5-fold higher (P < 0.05) in HFD and HFD Ex mice,

respectively, than CON mice, while there was no signifi-

cant difference in SAT mass between HFD Res and any of

the other groups (Fig. 1E).

Visceral adipose tissue (VAT) mass was 3-fold (higher

P < 0.05) in HFD mice than CON mice, while SAT mass

in HFD Res and HFD Ex mice was not significantly dif-

ferent from either HFD or CON (Fig. 1F).

Skeletal muscle oxidative marker

The protein content of the mitochondrial protein pyruvate

dehydrogenase (PDH)-E1a was higher (P < 0.05) in HFD

Ex (2.03 � 0.13) than in CON (1.33 � 0.05), HFD

(1.50 � 0.08) and HFD Res (1.53 � 0.08) with no differ-

ence between CON, HFD and HFD Res.

Figure 2. (A) ELISA measurement of plasma SAA (lg/mL), (B) Arg1 mRNA, (C) IL-10 mRNA, (D) iNOS mRNA and (E) TNFa mRNA levels in skeletal

muscle and (F) Arg1 mRNA, (G) IL-10 mRNA, (H) iNOS mRNA and (I) TNFa mRNA levels in subcutaneous adipose tissue (SAT) from mice on either a

chow diet (CON) or mice on a high-fat diet (HFD), HFD supplemented with resveratrol (4 g/kg food: HFD Res) or HFD and exercise trained (HFD Ex)

for 16 weeks. Values are mean � SE, n = 8–11. Values with no letters in common are significantly different (P < 0.05). The bar with the highest

value is marked with the letter A, the second highest value that is significantly different from A is marked with the letter B, etc.
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Inflammatory markers

The marker of systemic inflammation, serum amyloid A

(SAA) was higher (P < 0.05) in HFD, HFD Res and HFD

Ex than CON with no difference between HFD groups

(Fig. 2A).

There was no significant differences in the mRNA con-

tent of the pro- and anti-inflammatory markers Arg1, IL-

10, and TNFa in skeletal muscle (Fig 2B,C and E). On

the other hand, the mRNA content of the pro-inflamma-

tory marker iNOS was in skeletal muscle 1.7-fold higher

(P < 0.05) in HFD Ex than all other groups (Fig 2D).

There was no significant differences in the mRNA content

of the pro- and anti-inflammatory markers Arg1, IL-10,

iNOS, and TNFa in subcutaneous adipose tissue (Fig 2F–I).

Microbiome composition is differently
affected by exercise and resveratrol
supplementation

PCoA plots with Weighted and Unweighted UniFrac dis-

tances for all treatment groups showed a distinct clustering

of the CON group compared with the HFD group’s inde-

pendent of the intervention (Fig. 3A and B). The differ-

ences were significant (P < 0.05) for both Weighted (high

abundant bacteria) and Unweighted (low abundant bacte-

ria), showing that the HFD affected the microbiome com-

position. ADONIS tests were performed to confirm the

differences between groups (Table 2/Fig. 3) showing a dif-

ference between all the groups (P = 0.05), which most

likely originated from the difference between diets

Figure 3. Analysis of microbiome composition in fecal samples from mice on either a chow diet (CON), a high-fat diet (HFD), HFD supplemented

with resveratrol (4 g/kg food: HFD Res) or HFD and exercise trained (HFD Ex) for 16 weeks using PCoA plots with (A) weighted and (B) unweighted

UniFrac distances for all groups showing separation of the samples according to the high-fat diet (HFD) (P = 0.001). PCoA plots for the HFD-fed

mice only (C) weighted and (D) unweighted UniFrac distances show a separation of the groups according to exercise (P = 0.052) and a tendency

for resveratrol supplementation (P = 0.059), respectively. Significant differences between groups were tested using ADONIS test.
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(P = 0.05). When the HFD groups were analyzed sepa-

rately, distinct centroids were observed for each treatment,

suggesting a distinct microbiome composition between the

three groups (Fig. 3D). This was also confirmed using

ADONIS test showing a significant difference between the

groups for the low-abundant bacteria (Unweigthed Uni-

Frac, Treatment P = 0.05). This difference most likely orig-

inated from the resveratrol supplementation although this

intervention variable did not reach significance separately

(Unweighted UniFrac = 0.059). Moreover, the impact of

Table 2. Results from ADONIS test.

All groups HFD groups

Variable Levels

P-value,

Weighted UniFrac

P-value,

Unweighted

UniFrac Variable Levels

P-value,

Weighted

UniFrac

P-value,

Unweighted

UniFrac

Treatment CON, HFD, HFD Res, HFD Ex 0.001 0.001 Treatment HFD, HFD Res, HFD Ex 0.139 0.045

Diet CON, HFD, HFD Res 0.001 0.001 Diet HFD, HFD Res 0.124 0.059

Exercise Sedentary, Exercise 0.192 0.167 Exercise Sedentary, Exercise 0.052 0.121

Resveratrol None, Resveratrol 0.055 0.024 Resveratrol None, Resveratrol 0.158 0.059

Overview of the outcome of ADONIS tests with Weighted and Unweighted UniFracs distances for all groups or the HFD-groups only.

Figure 4. (A) Alpha diversity (Shannon index) and (B) beta diversity (Whittaker index) in fecal samples from mice on either a chow diet (CON), a high-

fat diet (HFD), HFD supplemented with resveratrol (4 g/kg food: HFD Res) or HFD and exercise trained (HFD Ex) for 16 weeks. Taxa summary plots at

(C) Phylum level and (D) the 10 most abundant Families. n = 8–11. Values with no letters in common are significantly different (P < 0.05). The bar

with the highest value is marked with the letter A, the second highest value that is significantly different from A is marked with the letter B, etc.
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exercise training on the composition of the most abundant

bacteria was very close to being significant (P = 0.052 for

the Weighted UniFrac analysis).

Alpha diversity in the fecal microbiome community

was lower (P < 0.05) in HFD mice than CON mice

(Fig. 4A) indicating a lower number of different bacterial

species in HFD-fed mice. Neither resveratrol supplemen-

tation nor exercise training affected alpha diversity com-

pared to HFD alone. However, alpha diversity of HFD Ex

mice did not differ from alpha diversity in CON mice.

Beta diversity was higher in HFD than in CON mice, but

returned to CON level with both resveratrol supplementa-

tion and exercise training (Fig. 4B), indicating a less uni-

form abundance profile in the HFD mice.

The taxa summary plot at phylum level (Fig. 4C)

revealed that most of the Phyla changed in HFD relative

to Control in accordance with previous studies (Turn-

baugh et al. 2006, 2008; Xiao et al. 2017). In addition,

the taxa summary plot at phylum level suggested

changes in Bacteroidetes, Verrucomicrobia, Actinobacte-

ria and the candidate division TM7 with exercise train-

ing relative to HFD, while resveratrol supplementation

seemed to affect bacteria in the phyla of Proteobacteria

and Verrucomicrobia relative to HFD. At the family

level (Fig. 4D), major changes between CON and HFD

were observed with a decrease in Porphyromonadaceae

and Erysipelotrichaceae and an increase in Lach-

nospiraceae. Moreover, no changes were observed when

comparing HFD Res or HFD Ex with HFD except that

Erysipelotrichaceae increased and decreased in HFD Res

and HFD Ex, respectively, relative to HFD.

This pattern was confirmed when analyzing the nor-

malized abundance of Allobaculum, the most abundant

genus belonging to the Family of Erysipelotrichaceae.

Allobaculum abundance was higher (P < 0.05) in HFD-

fed mice supplemented with resveratrol than all other

groups (Fig. 5A). In the Rikenellaceae family, Alistipes

was the most abundant genus and the abundance of Alis-

tipes increased with exercise training, but not resveratrol

supplementation, relative to HFD-fed mice (Fig. 5B). The

most abundant genus belonging to the Lachnospiraceae

family was Dorea, which was higher (P < 0.05) in HFD

Res than in CON mice (Fig. 5C).

Discussion

This study suggests that resveratrol and exercise training,

independently of obesity and systemic inflammatory sta-

tus result in distinct shifts in gut microbiota composition

in mice.

The present finding that resveratrol supplementation

protected against diet-induced obesity with total body

weight as well as body fat content not being different

from CON mice is in agreement with previous studies

(Baur et al. 2006; Lagouge et al. 2006). Moreover, the

present observation, that exercise training did not result

in weight loss or increase in lean body mass despite the

evidence for skeletal muscle mitochondrial adaptations

based on the clear increase in PDH-E1a protein content,

is different from some, but not all previous studies

examining exercise training-induced changes in fat mass.

(Bradley et al. 2008; Yan et al. 2012). However, the higher

calorie intake in the HFD Ex group relative to the CON,

HFD and HFD Res groups may partially explain the

inconsistence with previous studies, where authors

reported no difference in caloric intake between exercise-

trained and sedentary animals on control diet (Bradley

et al. 2008; Yan et al. 2012).

The present observations that HFD-fed mice changed

alpha and beta diversity as well as the relative abundance of

specific bacteria both at the phylum and family level are in

accordance with multiple previous studies (Ley et al. 2005;

Turnbaugh et al. 2006; Denou et al. 2016; Welly et al.

2016; Xiao et al. 2017). Furthermore, the finding that all

Figure 5. Normalized counts for (A) Allobaculum abundance (Family Erysipelotrichaceae) and (B) Alistipes abundance (Family Rikenellaceae) and

(C) Dorea abundance (Family Lachnospiraceae) from mice on either a chow diet (CON) or mice on a high-fat diet (HFD), HFD supplemented

with resveratrol (4 g/kg food: HFD Res) or HFD and exercise trained for 16 weeks. n = 8–11. Values with no letters in common are significantly

different (P < 0.05). The bar with the highest value is marked with the letter A, the second highest value that is significantly different from A is

marked with the letter B, etc.
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three HFD groups seemed to have lower Bacteroidetes rela-

tive abundance than CON mice despite that fat percentage

was higher in HFD and HFD Ex, but unchanged in HFD

Res mice confirms that gut microbiota can change indepen-

dently of adiposity. It may be noted that the food intake in

HFD Res mice was lower than the HFD and HFD Ex, which

may explain the lower adiposity. However, this does not

change the observation that the HFD associated changes in

microbiota was not prevented despite the lower adiposity.

The present observation that Erysipelotrichiceae was mark-

edly increased in HFD and HFD Res mice is in accordance

with previous studies demonstrating an increase in Erysipe-

lotrichi within 24 h when mice switched from chow diet to

HFD (Turnbaugh et al. 2006, 2008, 2009; Hildebrandt

et al. 2009; Fleissner et al. 2010; David et al. 2014). On the

other hand, another study showed an increased abundance

of Erysipelotrichiceae family and the Allobaculum genus

within this family when mice were fed a low-fat diet

(Ravussin et al. 2012; Cox et al. 2013). Moreover, the pre-

sent finding that Erysipelotrichiceae was not changed in

HFD Ex mice compared with HFD mice is not in agree-

ment with the previous study by Choi et al. (2013) report-

ing a decrease in Erysipelotrichaceae in exercising animals.

Furthermore, the observation that Alistipes abundance was

higher in HFD Ex mice than all other groups further sup-

ports an effect of exercise training on the microbiota. This

finding indicates that exercise training is a stronger factor

driving changes in microbiota than diet.

The observation that the abundance of Allobaculum

was higher with resveratrol supplementation than in all

other groups is in line with the previous report that the

genus Allobaculum increased when mice were fed a low-

fat diet (Ravussin et al. 2012; Cox et al. 2013). This sug-

gests a link between weight loss and abundance of

Allobaculum, although the physiological importance of

this change remains to be determined. Furthermore, the

observed higher abundance of Dorea in HFD Res than

CON mice supports that resveratrol supplementation

influenced the microbiota. However, the present observa-

tions that resveratrol supplementation and exercise train-

ing mediated different effects on the microbiota suggest

that resveratrol may not be an exercise training mimetics

with regard to gut bacteria abundance and composition

as previously shown for various metabolic parameters

(Baur et al. 2006; Lagouge et al. 2006).

The observed changes in the gut microbiome composi-

tion in mice according to treatment in the current study

were obtained using PCoA plots with Unweighted and

Weighted UniFrac distances supplemented with ADONIS

testing. This separation did not directly correlate with body

weight or caloric intake, suggesting that obesity per se does

not drive the change in microbiota composition. These find-

ings stay in agreement with previous studies (Hildebrandt

et al. 2009; Murphy et al. 2010). Hence, using RELMb KO

mice, Hildebrandt et al. (2009) reported that it was the

HFD that was responsible for the altered microbiota, rather

than the obese state of the animals. A similar conclusion

was reached by Murphy et al. (2010) while feeding mice

both high-fat and low-fat diet. Furthermore, the observation

that the changes in microbiota with HFD occurred without

increases in the mRNA level of the pro-inflammatory mark-

ers TNFa and iNOS in SAT and skeletal muscle indicates

that HFD-induced changes in gut microbiota may not be

sufficient to drive alterations in tissue inflammation or alter-

natively that inflammation is not required for the HFD-

induced changes in gut microbiota.

On the other hand, the increase in the plasma levels of

the pro-inflammatory marker SAA with HFD in the cur-

rent study suggests an enhanced systemic inflammatory

state, which may have influenced the microbiota. In addi-

tion, the observed effect of exercise training on iNOS

mRNA in skeletal muscle may suggest that the exercise

training-induced effects on the microbiota may be medi-

ated via changes in the inflammatory state of skeletal

muscle. However, the finding that plasma SAA was unaf-

fected by both resveratrol supplementation and exercise

training does not support that changes in the systemic

inflammatory state mediated the changes in microbiota

with resveratrol supplementation and exercise training in

the present study.

Both resveratrol and physical activity have previously

been reported to exert anti-inflammatory effects in both

rodents and human (Starkie et al. 2003; Pearson et al.

2008; Olholm et al. 2010; Woods et al. 2012), although

resveratrol supplementation also has been shown to pre-

vent an exercise training-induced reduction in TNFa
mRNA in human skeletal muscle (Olesen et al. 2014). The

present finding that there was no effect of either resveratrol

or exercise training on the inflammatory profile is therefore

in contradiction with the previous studies. However, the

present study determined the inflammatory markers in

SAT and the quadriceps muscle, while others reported the

results in VAT (Rivera et al. 2009; Kim et al. 2011) or gas-

trocnemius muscle (Jeong et al. 2015). In addition, the

duration of treatment and dose were different between the

studies and may have influenced the results. Furthermore,

of notice is that the HFD in the current study did not

induce inflammation in the investigated tissues, and it is

therefore likely that the lack of effects of resveratrol and

exercise training on the inflammatory markers is because

the mice were not sufficiently affected by the HFD.

In conclusion, the present findings confirm that gut

microbiota changes are independent of adiposity. Further-

more, both resveratrol supplementation and exercise

training modified bacteria abundance and composition

but differently.

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
The Physiological Society and the American Physiological Society.
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