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Abstract
Objective: Obesity is associated with impaired gut microbiota diversity, which has
been linked to the development of type 2 diabetes. This study aims to examine the
effects of an 8-week aerobic exercise intervention on insulin sensitivity, visceral adiposity, and gut microbiota diversity and composition in participants with obesity.
Methods: Fourteen participants (mean [SD], age 51 [11] years; BMI 34.9 [4.9] kg/m2)
performed an 8-week exercise intervention (2 to 4 times/week on 65% to 85% of
heart rate reserve). Insulin sensitivity (hyperinsulemic euglycemic clamp), cardiorespiratory fitness (maximal oxygen uptake), visceral adiposity (dual-energy X-ray absorptiometry scan) and gut microbiota composition (16S rRNA gene sequencing) were
measured before and after the intervention.
Results: Insulin sensitivity showed a significant increase (pre: 3.8 [1.9] mg/min/kg;
post: 4.5 [1.7] mg/min/kg; p = 0.007) after training, whereas visceral adiposity de-

creased (pre: 959 [361] cm3; post: 897 [364] cm3; p = 0.02). No change in gut microbiota α- or β-diversity was found. At the genus level, the abundance of Ruminococcus
gauvreauii (p = 0.02); Lachnospiraceae FCS020 group (p = 0.04), and Anaerostipes (p =
0.04) significantly increased after exercise training. Significant positive correlations
were present for M-value (R. gauvreauii) and VO2 max (R. gauvreauii and Anaerostipes).
Conclusions: Eight-week exercise training in humans with obesity leads to marked improvements in insulin sensitivity and body composition and is accompanied by modest changes in 3 gut microbiome genera, all belonging to the Firmicutes phylum.

I NTRO D U C TI O N

microbiota dysbiosis that is characterized by decreased diversity and
altered composition (4). This highlights the clinical relevance of tar-

Over the past decade, the gut microbiota has emerged as an impor-

geting and improving the gut microbiota in obesity.

tant modulator of the immune system and energy homeostasis (1).

In the absence of widely accepted pharmacological therapeutic

An imbalance (i.e., dysbiosis) in gut microbiota composition in hu-

strategies to improve metabolic health by altering gut microbiota,

mans has been associated with various metabolic diseases, such as

exercise training may represent a potent therapy. This has been

type 2 diabetes mellitus (2,3). Obesity, a major risk factor for type 2

supported by the strong and independent health effects of (regular)

diabetes mellitus and cardiovascular disease, is associated with gut

exercise training in reducing the risk of type 2 diabetes mellitus by
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improving insulin sensitivity, especially in untrained individuals with
obesity (5–7). Based on the previously identified link between the
gut microbiota and insulin sensitivity, benefits of exercise training
on insulin sensitivity may be accompanied by alterations in gut microbiota composition. To support this notion, data from rodent studies have revealed that exercise training in obese mice/rat models
improves gut microbiota diversity and composition (8,9). Voluntary
exercise caused an increase in gut microbiota diversity, and these
improvements in gut microbiota were linked to enhanced glucose
homeostasis (using an oral glucose tolerance test) in mice (8).
In humans, cross-
sectional data suggest that athletes display
larger gut microbiota diversity than inactive controls (10), which

Study Importance
What is already known?
► Obesity is associated with impaired gut microbiota
diversity and composition, which are related to an increased risk of developing type 2 diabetes mellitus and
cardiovascular disease.
► Exercise training has been shown to improve gut microbiota diversity.

might be linked to differences in fitness level (11). However, to date,

What does this study add?

prospective data on the direct effects of exercise training on gut mi-

► This is the first study that examines exercise-induced

crobiota and metabolic health (i.e., insulin sensitivity) in humans with

changes in gut microbiota diversity in relation to gold

obesity have been scarce and have displayed heterogenous results

standard measurements of insulin sensitivity.

(12–14). Therefore, we examined the impact of an 8-week aerobic ex-

► This study demonstrates that marked improvements in

ercise intervention on insulin sensitivity and gut microbiota diversity

insulin sensitivity after exercise training are accompa-

and composition in individuals with obesity. We hypothesized that

nied by modest changes in 3 gut microbiome genera.

exercise training would improve insulin sensitivity and that these
changes would be correlated with alterations in gut microbiota.

M E TH O D S
Participants

How might these results change the direction of
research?
► Future research should be directed at elucidating the
mechanisms (i.e., circulating factors, short-chain fatty
acids) that cause a rise in insulin sensitivity in response
to an exercise stimulus.

Twenty inactive participants with obesity (BMI >30 kg/m2) were included in this study. Physical activity levels were assessed with the

was collected by the participants, and a hyperinsulinemic euglyce-

use of the Short QUestionnaire to ASsess Health-enhancing physical

mic clamp, a maximal cycling test, and a dual-energy X-ray absorp-

activity (SQUASH), a validated tool to assess physical activity levels

tiometry scan to examine insulin sensitivity, physical fitness levels,

in the Dutch population. Participants were eligible for inclusion when

and body composition, respectively, were performed.

their SQUASH score was 6,400 or lower (15). Participants with in-

During this training study, all participants trained 2 to 4 times a week

flammatory bowel disease and participants who used pro-or antibi-

under the supervision of an experienced researcher. Training consisted

otics were excluded from participation because these conditions are

of cycling exercise on an ergometer (Lode), starting with a 5-minute

associated with an altered gut microbiota (16,17). Participants with

warm-up, followed by 50 minutes of exercise at 65% to 85% of the

a medical history of diabetes mellitus were excluded from participa-

individual heart rate reserve (HRR), and ending with a cooldown of 5

tion. Written informed consent was obtained from all participants

minutes. Training frequency and percentage of HRR were gradually

prior to the start of the study. This study was approved by the Medical

increased during the first 2 weeks of the intervention period. The HRR

Ethical Committee of the Radboud University Nijmegen Medical

was calculated based on individual maximal heart rate assessed during

Center and was conducted in accordance with the Declaration of

the maximal cycling test. Exercise intensity was continuously moni-

Helsinki. This study was registered as NTR5737 in the Netherlands

tored and documented with the use of heart rate monitors (Polar), and

Trial Register. Data represented in this manuscript are a result of a

workload was adjusted accordingly on an individual basis. Participants

secondary analysis of the primary aim for which the trial was regis-

had to attend at least 95% of the training sessions during the 8-week

tered. Ethical approval for this specific analysis was obtained.

intervention period to be eligible for inclusion in the statistical analysis.

Study design

Measurements

All participants who participated in this study were engaged in an 8-

Anthropometry

week supervised aerobic exercise training intervention. Participants
were instructed not to change dietary habits during the participation

At baseline, height and body weight (Seca 888 scale) were meas-

in this study. Before and after the intervention, a fresh stool sample

ured to calculate BMI. Waist and abdominal circumference was

|
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measured with a measuring tape (Seca 201) to calculate waist to

Kit (Invitrogen), and 200 ng of microbial DNA from each sample

hip ratio. Resting heart rate and blood pressure were measured

was pooled for the generation of the sequencing library. Data

in a supine position, after a 5-m inute rest period. Before and

filtering and taxonomy assignment were performed using the

after the training period, a total body dual-e nergy X-r ay absorp-

NG-Tax pipeline using the default (19). Two distinct in-h ouse as-

tiometry scan was performed to determine lean body mass and

sembled mock communities were included in the library and were

total fat (QDR 4500 densitometer, Hologic Inc.). Visceral adipose

compared with their theoretical composition for quality control.

tissue (VAT) mass, VAT volume, and VAT area were calculated
with standardized Hologic Software with results that correlate
excellent with gold standard techniques for the measurement of

Insulin sensitivity

VAT (18).
Peripheral tissue sensitivity to exogenous insulin was measured
using a hyperinsulinemic euglycemic clamp as previously described

Gut microbiota

(20). After an overnight fast (10 hours), the participant was placed in

Participants were provided with a plastic device to collect stool

room. Insulin (Novorapid, Novo-Nordisk) was infused intravenously

samples, which were stored at −80℃ until DNA extraction. Each

in a dose of 430 pmol·m−2·min−1 (60 mU · m−2 · min−1) for 120 min-

participant was instructed to collect a stool sample 48 to 72

utes. Insulin (50 U/mL) was diluted in 47.5 mL of NaCl 0.9% with the

hours after cessation of the exercise bout, preferably on a week-

addition of 2 mL of blood from the participant to a concentration

day between 6:00 and 11:30 AM in order to quickly store the

of 1 U/mL. Venous plasma glucose concentrations were clamped at

sample in −80°C at the research facility. Participants collected

5.0 mmol/L by a variable glucose 20% infusion rate, adjusted de-

their stool sample at home and they were asked to hand in the

pending on venous plasma glucose levels measured at 5-minute in-

sample as soon as possible. When a participant was not able to

tervals. Serum glucose levels were determined using a Biosen C-Line

travel to the research facility immediately, the stool sample was

Glucose and Lactate Analyser (Biosen C-line GP+, EKF-diagnostic

stored in a fridge at 7°C at the participant’s home. Because most

GmbH). Whole-body glucose disposal was calculated as the mean

of the participants lived near the research facility and collection

glucose infusion rate per kilogram body weight (mg/kg/min) during

time was during working hours, all samples were stored at −80°C

the last 30 minutes of the clamp (M-value). The hyperinsulemic eu-

within 4 hours after collection. Microbial DNA was isolated from

glycemic clamp after the training period was performed at least 72

feces using the Maxwell 16 Total RNA system (Promega). Fecal

hours after the last exercise bout.

the supine position in a quiet, temperature-controlled (22°C-24°C)

samples were homogenized with 2 beat beating times followed
by incubation at 95°C at 100 rpm. Each time, samples were centrifuged for 5 minutes at 4°C and 14,000g to collect the superna-

Dietary intake

tant, which was placed in a new sterile Eppendorf tube. Following
this, 250 μL from the obtained supernatant was loaded to the

During the training intervention, participants were instructed not

Maxwell 16 Tissue LEV Total RNA Purification Kit (Promega)

to change their dietary habits. To assess potential changes in daily

instrument for DNA extraction. DNA was eluted in 50 μL of

food intake, participants were asked to record dietary intake before

nuclease-f ree water, and its concentration was quantified using

and in the last week of the training intervention in a detailed food

Nanodrop (ThermoScientific). For the amplification of the bac-

journal. Participants were individually instructed on how to record

terial 16S ribosomal RNA (rRNA) gene fragment, primers target-

food items and were provided with sample diaries. Dietary records

ing the V5-V6 region were selected (F784-R1061). Polymerase

of the 24 hours prior to stool collection were analyzed with Eetmeter

chain reaction (PCR) for each sample was performed in triplicate

Software (Voedingscentrum), based on the Dutch Food Composition

in a total reaction volume of 35 μL. The master mix contained

Database of 2016 (21). Furthermore, an online, validated, 180-item,

0.7 μL of the bar-coded primer (10 µM each per reaction), 0.7 μL

semiquantitative Food Frequency Questionnaire was used to assess

of a deoxynucleoside triphosphates (dNTPs) mixture, 0.35 μL of

habitual daily energy intake and macronutrient intake (22,23). The

Phusion Green Hot Start II High-F idelity DNA Polymerase (2 U/

Food Frequency Questionnaire reference period was 1 month, and

μL; ThermoScientific), 7 μL of 5× Phusion Green HF Buffer, and

portion sizes were estimated using standard portions (24). Intake

25.55 μL of DNAse-RNAse-f ree water. The amplification program

of total energy and nutrients was calculated using the Dutch Food

included 30 seconds of initial denaturation step at 98°C, followed

Composition Database (21).

by 25 cycles of denaturation at 98°C for 10 seconds, annealing
at 42°C for 10 seconds, elongation at 72°C for 10 seconds, and a
final extension step at 72°C for 7 minutes. The PCR product was

Cardiorespiratory fitness level

visualized in 1% agarose gel (~290 base pairs [bp]) and purified
with the CleanPCR kit (CleanNA). The concentration of the puri-

Participants performed a maximal exercise test on an electri-

fied PCR products was measured with the Qubit dsDNA BR Assay

cally braked leg-
c ycling ergometer (Lode Excalibur) using an

4
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incremental protocol to assess their cardiorespiratory fitness

was used to examine whether significant changes in gut microbiota

level. Workload increased by 10 to 30 W per minute, starting

occurred on the genus/family/order/class level.

at 0 W, until exhaustion. A calibrated gas analyzer was used to
measure oxygen consumption continuously (COSMED Pulmonary
Function Equipment). During the test, an electrocardiogram
(ECG) was continuously recorded and checked by a physician. The
maximal exercise test was terminated by adhering to the guide-

R E S U LT S
Effect of training intervention

lines of the American Heart Association (25). Maximal oxygen
consumption (VO2 max) was defined as the highest oxygen up-

Participant characteristics before and after training are presented

take (30-s econd average).

in Table 1. Twenty participants (11 women, 9 men) completed the
exercise intervention. Because 2 participants were unable to collect
a stool sample before the start of the intervention and 4 additional

Statistical analysis

participants were unable to collect a stool sample in the given time
frame after the intervention, these were excluded from analysis,

All statistical analyses were conducted in SPSS Statistics version

leading to a sample size of n = 14 participants (7 women, 7 men)

22 (IBM Corp.). Data were checked for normality with use of the

with samples collected before and after training. Data were analyzed

Shapiro–Wilk test. Participant characteristics were normally distrib-

for this subgroup. Training compliance for this subgroup was 98%

uted and therefore assessed with use of a paired t test to examine

(Figure 1). Characteristics from this subgroup (n = 14) were not dif-

the impact of exercise training. Correlations between measures of

ferent from the entire cohort (data not shown).

alpha diversity and abundance of gut microbiota versus participant

Assessment of dietary intake by food journals showed no signif-

characteristics were assessed with use of repeated measures cor-

icant change in daily energy intake (pre: 2,028 ± 622 kcal/d; post:

relation (Rmcorr) (26). The level of statistical significance was de-

1,906 ± 390 kcal/d; p = 0.18) or in macronutrient composition before

fined at α = 0.05. Data are presented as mean (SD), unless stated

and at the end of the intervention period (Table 1). Cardiorespiratory

otherwise.

fitness levels, insulin sensitivity (M-value), and body composition improved significantly (Table 1).

Microbial data analysis

Gut microbiota

Alpha and beta diversity analyses were performed and visualized
using the publicly available Microbiome R package (version 1.2.1)

Alpha diversity

(27). Alpha diversity analyses provide information about richness
(number of species) and/or evenness (relative abundance of those

No change in alpha (α)-diversity of the gut microbiota was observed

species) within a sample (28). Alpha diversity was determined by

after training, as assessed by Shannon index, phylogenetic diversity

Chao index (nonparametric estimation of species richness) (29),

index, and Chao index (Figure 2A).

Shannon index (measuring richness and evenness by taking relative
abundance into account) (30), and Faith’s index (PD, phylogenetic
diversity: the sum of the branch lengths of the phylogenetic tree,

Beta diversity

a measurement of diversity in taxon subsets) (31). Beta diversity
analyses provide information about variation between samples

Bray–Curtis analysis showed that samples did not cluster by time

(28). Beta diversity was calculated using the Bray–Curtis dissimi-

(pre-versus post-training) and that, consistently, beta (β)-diversity

larity index and visualized through a principal coordinates analysis.

did not change in post-versus pre-training (Figure 2B).

The Envfit function from the Vegan package that fits environmental vectors or factors onto an ordination was used to evaluate whether age, sex, body mass (kilograms), insulin sensitivity

Composition

(M-value), BMI, cardiorespiratory fitness (VO2 max), VAT volume,
and dietary measures (daily intake of kilocalories, fat, saturated

On the genus level, a total number of 3 taxa showed a significant

fat, carbohydrate, protein) were associated with the nonmetric

change after the exercise intervention: Ruminococcus gauvreauii (p

dimensional scaling (NMDS) ordinations; i.e., could explain the

= 0.02), uncultured genus from Lachnospiraceae (p = 0.04), and

variance observed in the data set. The significance of the fitted

Anaerostipes (p = 0.04) (Figure 3). On the family, phylum, class, and

factors was estimated using 999 permutations. Repeated measures

order levels, no significant change in taxa was found after the 8-

correlations, designed for paired samples, were performed using

week exercise training intervention.

the Rmcorr package, to assess correlations between environmen-

Envfit analysis showed that only body mass showed border-

tal variables and bacterial taxa (26). The Wilcoxon signed rank test

line significance explaining the total variation in gut microbiota
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composition (p = 0.05), whereas the improvement in VO2 max (i.e.,

5

Correlation analysis

effect size of the exercise training intervention) and the other potential explanatory variables (i.e., sex, age, M-value, BMI, VO2 max, VAT

For this analysis, both samples collected prior to and after the exer-

volume, and dietary intake measures) did not explain significantly

cise intervention were used. To examine the relationship between

the differences in microbial composition of the participants before

gut microbiota composition and participant characteristics (insulin

and after the intervention.

sensitivity, cardiorespiratory fitness, body composition measures,
and dietary intake measures) further, the top 30 most abundant bacterial genera were correlated with M-value, VO2 max, body mass,

TA B L E 1 Physiological characteristics before and after the
exercise intervention of the subgroup (n = 14) with available
microbiota data at both time points

BMI, VAT volume, caloric intake, and intake of fat, carbohydrate,
and protein. The abundance of Anaerostipes was strongly positively
correlated with VO2 max (r = 0.64, p = 0.015). The abundance of
Ruminococcus2 was positively correlated with VAT volume (r = 0.51,

Subgroup analysis (n = 14)
Pre

Post

p value

Age (y)

51 ± 11

-

-

Female sex (%)

50%

p = 0.0048). The abundance of R. gauvreauii group was positively

correlated with M-value (r = 0.60, p = 0.023) and VO2 max (r2 = 0.61,
p = 0.0018) and negatively with VAT volume (r = −0.54, p = 0.028)
(Figure 4). The abundance of Subdoligranulum was negatively correlated with intake of fat (r = −0.59, p = 0.035) and caloric intake (r =

Body composition
105.4 ± 16.8

102.6 ± 17.4

0.03

−0.62, p = 0.021). The abundance of both Roseburia and Eubacterium

BMI (kg/m²)

34.9 ± 4.9

33.9 ± 5.2

0.03

hallii group was negatively correlated with carbohydrate intake (r =

Waist to hip ratio

1.00 ± 0.10

0.99 ± 0.07

0.36

VAT mass (g)

887 ± 334

830 ± 337

0.04

VAT volume (cm3)

959 ± 361

897 ± 364

0.02

3.8 ± 1.9

4.5 ± 1.7

0.007

Systolic blood pressure
(mmHg)

132 ± 16

131 ± 14

0.6

Diastolic blood
pressure (mmHg)

87 ± 11

80 ± 9

0.003

Resting heart rate
(bpm)

67 ± 10

72 ± 12

0.5

Weight (kg)

Insulin sensitivity
M-value (mg/min/kg)
Blood pressure

−0.61, p = 0.026 and r = −0.58, p = 0.04, respectively).
No significant correlations between the different measures of α-
diversity (i.e., Shannon index, Phylogenetic diversity index, and Chao
1) and changes in body composition (body weight, BMI, VAT mass),
insulin sensitivity (M-value), or cardiorespiratory fitness (VO2 max)
were found (data not shown).

DISCUSSION
This study presents the following findings. First, an 8-week aerobic exercise intervention in humans with obesity led to marked improvements in insulin sensitivity and body composition, whereas

Physical fitness
VO2 max (mL/min/kg)

27.7 ± 5.5

31.9 ± 7.0

<0.0001

VO2 max (mL/min/kg
FFM)

46.0 ± 6.6

51.2 ± 8.0

0.001

Power (W)

204 ± 42

250 ± 47

<0.001

Daily dietary
composition

this was not accompanied by improvements in gut microbiota
α- and β-diversity. Modest but significant changes in 3 genera (R.
gauvreauii, uncultured Lachnospiraceae, and Anaerostipes) after the
exercise intervention were found. Of these genera, R. gauvreauii and
Anaerostipes both showed a significantly positive correlation with
VO2 max. R. gauvreauii also correlated positively with M-value and
negatively with VAT volume. This suggests that gut microbiota ex-

Energy intake (kcal)

2,028 ± 622

1,905 ± 389

0.18

Carbohydrate (g)

211 ± 39

210 ± 58

0.94

Fat (g)

75 ± 42

66 ± 22

0.28

Unsaturated fat (g)

28 ± 18

26 ± 9

0.74

quality techniques were used for the measurement of insulin sen-

Protein (g)

98 ± 26

93 ± 18

0.52

sitivity (20), VAT (18), and cardiorespiratory fitness (25). In line with

Cholesterol (mmol/L)

5.6 ± 1.5

5.2 ± 1.1

0.03

HDL (mmol/L)

1.4 ± 0.3

1.4 ± 0.3

0.35

levels were observed. This proves that the 8-week exercise inter-

LDL (mmol/L)

3.7 ± 1.3

3.4 ± 1.2

0.05

vention performed in this study is a successful tool in improving risk

Triglycerides (mmol/L)

1.8 ± 0.7

1.8 ± 0.8

0.99

factors for the development of metabolic and cardiovascular dis-

Lipid profile

erts adaptability in response to exercise training, which might be associated with improvements in metabolic and cardiovascular health.
To demonstrate the impact of exercise training, precise, high-

our hypothesis, and reinforced by several previous studies (5), large

Data given as mean ± SD. p value represents the level of significance
for post versus pre values.
Abbreviations: FFM, fat free mass; HDL, high density lipoprotein; LDL,
low density lipoprotein; VAT, visceral adipose tissue.

beneficial effects of exercise training on M-value, VAT, and fitness

ease. After 8 weeks of effective exercise training, no change in gut
microbiota diversity was found in our cohort of individuals with obesity. The lack of exercise-induced alterations in α- and β-diversity is
in accordance with previous human exercise intervention studies of

6
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ŶсϮϬ ƐƵďũĞĐƚƐ
ĐŽŵƉůĞƚĞĚ
ƚƌĂŝŶŝŶŐƐƚƵĚǇ
Ŷсϲ ĞǆĐůƵĚĞĚ
ŶсϮƵŶĂďůĞƚŽĚĞůŝǀĞƌƐƚŽŽů
ƐĂŵƉůĞƉƌŝŽƌƚŽƐƚĂƌƚ
ŶсϰƵŶĂďůĞƚŽĚĞůŝǀĞƌƐƚŽŽů
ƐĂŵƉůĞϰϴͲϳϮŚŽƵƌƐĂŌĞƌ
ĐĞƐƐĂƟŽŶƚƌĂŝŶŝŶŐ

Ŷсϭϰ ƐƵďũĞĐƚƐ
ŝŶĐůƵĚĞĚĨŽƌ
ĂŶĂůǇƐŝƐ

EŽŶͲĐŽŵƉůŝĂŶĐĞǁŝƚŚ
ĞǆĞƌĐŝƐĞƉƌŽƚŽĐŽů ;Ϯй͕Ŷсϰ
ƐƵďũĞĐƚƐͿ
Ͳ ŵŝƐƐĞĚϭƐĞƐƐŝŽŶĚƵĞƚŽ
ƉĞƌƐŽŶĂů
ĐŝƌĐƵŵƐƚĂŶĐĞƐͬŝůůŶĞƐƐ;ŶсϯͿ
Ͳ ŵŝƐƐĞĚϮƐĞƐƐŝŽŶƐĚƵĞƚŽ
ƉĞƌƐŽŶĂůĐŝƌĐƵŵƐƚĂŶĐĞƐ
;ŶсϭͿ

F I G U R E 1 CONSORT (Consolidated Standards of Reporting Trials) diagram of excluded participants and exercise training compliance

both shorter (3 weeks) and longer (12 weeks) duration and similar ex-

was increased after exercise training. Interestingly, R. gauvreauii

ercise intensities (12,14). This is in contrast to cross-sectional work

was also positively correlated with insulin sensitivity (M-value) and

in athletes that demonstrated marked differences in the gut micro-

cardiorespiratory fitness levels (VO2 max) and inversely correlated

biota diversity when compared with inactive controls, suggesting

with visceral adiposity. R. gauvreauii is derived from the order of

a role for exercise as an influencer of gut microbiota diversity (32).

Clostridium in the phylum of Firmicutes (35). Its abundance was

Indeed, 2 exercise studies found alterations in β-diversity of the gut

decreased in patients with coronary artery disease (CAD) when

microbiota (33,34). In a study by Allen et al., these alterations were

compared with controls (36). VO2 max is a strong, independent risk

dependent on obesity status: In lean participants, exercise-induced

factor for the development of cardiovascular disease. The exercise-

shifts in bacterial taxa were more pronounced than in individuals

induced increase in R. gauvreauii and its positive correlation with

with obesity (33). This suggests that gut microbiota diversity in hu-

VO2 max we found in our study, together with the observation that

mans with obesity might be more rigid and unable to respond to an

its abundance is lower in CAD patients, suggest that exercise might

exercise stimulus. As in our study, participants in Allen et al. were

be capable of improving cardiovascular risk mediated by altering gut

instructed to maintain their regular dietary intake to discard the in-

microbiota in individuals with obesity. R. gauvreauii produces acetate

fluence of a change in diet on gut microbiota. Moreover, the exercise

as an end product of fermentation (35). Acetate is a short-chain fatty

intervention was of similar intensity (60% to 75% HRR) and duration

acid (SCFA) that elicits various beneficial effects on other tissues

(6 weeks) (33). Therefore, the differences between our study and

in the body, ultimately improving body weight control and insulin

others are unlikely the result of a different exercise design. More

sensitivity (37). This is in accordance with our results that demon-

likely, other factors might play a role, such as lifelong training status

strate a positive correlation between R. gauvreauii and gold standard

and childhood dietary regimen, which could also explain the large

measurements of insulin sensitivity and a negative correlation with

differences observed in cross-sectional comparison of elite athletes

VAT mass. Taken together, our results suggest that exercise-induced

to sedentary controls. At least, this suggests that exercise-mediated

improvements in glucose homeostasis might be associated with an

improvements in insulin sensitivity occur independently of changes

increase in acetate-producing R. gauvreauii.

in gut microbiota diversity.
In this study, modest but significant changes in gut microbi-

This study also demonstrates a modest increase in Anaerostipes
derived from the family of Lachnospiraeceae in the phylum

ota composition occurred. On the genus level, abundance of R.

Firmicutes, in the presence of a positive correlation with VO2 max.

gauvreauii group, Lachnospiraceae FCS020 group, and Anaerostipes

Anaerostipes is a butyrate producer by lactate utilization (38). Its
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F I G U R E 2 Alpha and beta diversity before and after the exercise intervention. (A) Alpha diversity before and after the exercise
intervention: i. Shannon index; ii. PD; iii. Chao1. (B) Beta diversity (Bray–Curtis) before ( ) and after ( ) the exercise intervention. NMDS,
non-metric dimensional scaling; PD, phylogenetic diversity

F I G U R E 3 Significant changes in genus (A) Ruminococcus gauvreauii, (B) Lachnospiraceae FCS020, and (C) Anaerostipes before and after the
exercise intervention. Y-axis represents relative abundance of each genus

abundance has not been described to be altered by exercise in-

However, it can also be a direct consequence of the lactate shifts

terventions in humans with obesity in previous studies. However,

that result from multiple strenuous exercise interventions. Lastly,

Rettedal et al. found that its abundance was higher in lean partic-

we also found an increase in the genus Lachnospiraceae FCS020

ipants compared with participants with obesity (37). The correla-

group, also derived from the family of Lachnospiraeceae in the phy-

tion with VO2 max we found in our study suggests its adaptability

lum Firmicutes. Data on Lachnospiraceae FCS020 group in humans

to an exercise stimulus toward a more favorable “lean” phenotype.

are scarce. It has been associated with circulating very low-density
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F I G U R E 4 Correlations between participant characteristics (M-value, body mass, BMI, VAT volume, and VO2 max) and the 30 most
abundant genera of gut microbiota in fecal samples (data from before and after the exercise intervention). VAT, visceral adipose tissue

lipoprotein and small high-density lipoprotein particles and plasma

cause an alteration in gut microbiota (44). Therefore, participants

trimethylamine N-oxide, all potential risk factors for CAD (39,40). In

were carefully instructed not to change caloric and macronutrient

our study, its abundance was not correlated to any of the established

intake, which was objectively reported with the use of food dia-

cardiovascular risk factors (i.e., insulin resistance or visceral adipos-

ries. Because our data demonstrated that diet had not changed,

ity). Therefore, it remains unknown what the clinical significance of

we can exclude changes in diet as a potential factor influencing

this change is. Taken together, our study demonstrates that exercise

our results. This is further supported by the Envfit analysis, which

training increases the abundance of 2 SCFA-producing genera be-

showed that macronutrient and caloric intake did not influence

longing to the Firmicutes phylum that are associated with improve-

the variation in change of gut microbiota composition, and the

ments in cardiorespiratory fitness levels and insulin sensitivity. This

correlation analysis, in which no significant correlation was found

suggests that exercise-
induced improvements in cardiometabolic

between the 3 significantly altered genera after exercise training

health might be mediated by SCFA-producing gut microbiota. Future

and dietary intake measures.

work is required to directly study this hypothesis.

This study demonstrated that an 8-week exercise intervention

Some methodological considerations must be taken into ac-

in humans with obesity causes significant improvements in cardio-

count in our study. First, although based on previous work show-

vascular and metabolic health in the presence of modest changes

ing that SCFAs produced by bacterial taxa from the Firmicutes

in 3 gut microbiome genera, all belonging to the SCFA-producing

phylum might play a role in exercise-induced improvements in

Firmicutes phylum. Of these genera, R. gauvreauii is positively cor-

insulin sensitivity, we were unable to measure these in the stool

related with insulin sensitivity and cardiorespiratory fitness, which

samples of our participants. Unfortunately, this was not part of

suggests a potential role for this acetate producer to cause improve-

the original research design. This should be incorporated in future

ment in insulin sensitivity in response to exercise.

studies examining this topic. Second, the gut microbiota data in
our cohort showed a large interindividual variance, which is in ac-

C O N FL I C T O F I N T E R E S T

cordance with large cohort microbiota studies in humans (41,42)

The authors declared no conflict of interest.

and also smaller human intervention studies (12). Nonetheless,
our primary comparison involves intraindividual changes, which

C L I N I C A L T R I A L R EG I S T R AT I O N

adds strength to our observation that exercise training did not

Netherlands Trial Register NTR5737 (www.trialregister.nl).

alter the gut microbiota. Third, the timing of gut microbiota measurement (i.e., collection of the stool sample) is an important fac-

DATA AVA I L A B I L I T Y S TAT E M E N T

tor potentially affecting results as a temporarily dysbiosis in gut

Data of individual participants (after deidentification), study pro-

microbiota after strenuous exercise can occur (43). Because all

tocol, informed consent forms, and statistical analysis plan will be

participants collected a stool 48 to 72 hours after cessation of

available from 3 months to 36 months after publication of the article

the last exercise bout to rule out acute effects of the last exercise

to researchers who provide a methodologically sound proposal for

bout, this minimized the potential impact of the last exercise bout

the purpose of a meta-analysis with individual data. Requests and

on gut microbiota measures. Lastly, a change in diet is known to

proposals can be directed to rebecca.verheggen@radboudumc.nl.
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