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ABSTRACT

HUGHES, R. L., D. M. PINDUS, N. A. KHAN, N. A. BURD, and H. D. HOLSCHER. Associations between Accelerometer-Measured Physical
Activity and Fecal Microbiota in Adults with Overweight and Obesity. Med. Sci. Sports Exerc., Vol. 55, No. 4, pp. 680—689, 2023. Purpose:
We aimed to assess whether total daily physical activity (PA), PA intensities, sedentary time (ST), and prolonged ST are associated with
differences in the gut microbiota composition or short-chain fatty acid (SCFA) profile of adults with overweight or obesity. Methods:
Cross-sectional associations between total daily PA (counts per minute), PA intensities (light and moderate-to-vigorous (MVPA)), ST, pro-
longed ST, and fecal microbiota composition were assessed in adults (n = 124) between 25 and 45 yr of age with body mass in-
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dex >25 kg'm 2. Fecal microbiota composition was assessed with 16S rRNA gene sequencing. Daily PA and ST were measured with a
hip-worn ActiGraph wGT3X-BT accelerometer. Results: Daily PA volume and intensity were positively associated with relative abun-
dance of Faecalibacterium (P = 0.04) and negatively associated with the abundances of Alistipes, Parabacteroides, and Gemmiger
(P =0.003-0.04) as well as the concentrations of acetate, butyrate, and total SCFA (all P = 0.04). Conversely, ST was negatively associated with
abundance of Faecalibacterium but positively associated with the abundances of taxa, including Ruminococcaceae, Parabacteroides, Alistipes,

and Gemmiger. Clustering of participants based on whether they met PA recommendations suggested that SCFA profiles differed between individuals
who did and did not meet PA recommendations. K-means clustering based on percent of time spent in MVPA and ST also identified differences in
fecal microbiota composition between cluster 1 (lower MVPA, higher ST) and cluster 2 (higher MVPA, lower ST), including a higher abundance of
Alistipes in cluster 1. Conclusions: The current analysis suggests a beneficial association of daily PA on the fecal microbiota and a negative association
of ST, particularly with respect to the associations of these variables with the genera Faecalibacterium, a butyrate-producing taxon. Key Words:
GUT MICROBIOTA, SHORT-CHAIN FATTY ACIDS, ACCELEROMETERS, SEDENTARY TIME

hysical activity (PA) is defined as any body movement
produced by skeletal muscles that requires energy ex-
penditure (1,2). Engagement in any PA intensity reduces
the risk of premature mortality and a myriad of chronic diseases
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(1,3,4) and promotes physical and mental health (3). When the
intensity of PA is considered, higher moderate-to-vigorous PA
(MVPA) of any duration can benefit cardiometabolic and car-
diovascular health and decrease the risk of premature mortality
(5). However, growing evidence suggests that light-intensity
PA is also associated with a reduced risk of premature mortality
(4) and could help improve cardiometabolic health (6). Con-
versely, physical inactivity (i.e., noncompliance with PA guide-
lines of >150 min of moderate, >75 min of vigorous, or any
equivalent combination of the two intensities per week) (7) was
identified as the fourth leading risk factor for global mortality by
the World Health Organization (8) and has a higher prevalence
than all other risk factors (9). Sedentary time (ST) is associated
with greater mortality as well as gastrointestinal inflammation
(i.e., increased circulating lipopolysaccharide) and noncommunicable
diseases including colorectal cancer, cardiovascular disease, and
diabetes, independent of recreational PA (10,11). ST is not the
same as physical inactivity or lack of exercise, as individuals who
engage in regular PA and exercise may also have high levels of
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ST (12). Less than 10% of Americans meet the recommended
amount of weekly MVPA based on accelerometry (13). Impor-
tantly, PA is a modifiable lifestyle factor, and evidence suggests
that even small increases in daily PA can provide health benefits
(3,4,9). However, the mechanisms by which PA prevents disease
and improves health are not fully understood (1). In addition,
there remains a large degree of interindividual variability in re-
sponse to regular PA and exercise (i.e., planned, structured,
and repetitive PA with the goal to maintain or improve fitness)
(2,14). Much of this variability remains unexplained, although
genetic factors are thought to contribute as well as compensa-
tory metabolic and behavioral changes in response to increases
in daily PA (14,15). Recent discussions have concluded that
“-omics” data, including the gut microbiota, may help eluci-
date mechanisms underlying connections between daily PA and
health and variability in the health effects of daily PA (1).

The effects of the gut microbiota extend far beyond the gas-
trointestinal system, influencing systemic functions including
metabolism and immunity (16). These effects are mediated
in part by the production of metabolites (17) (e.g., short-chain
fatty acids (SCFA) and branched-chain fatty acids (BCFA)) that
influence host systems and metabolic pathways (16). Variabil-
ity in the composition of the gut microbiome (18) has fueled
research on the relationship between features of the gut micro-
biota, such as diversity or the presence, absence, or the amount
of certain taxa, and host health. In addition, the gut microbiota is
not a fixed trait but instead responds to environmental stimuli
and is a malleable part of the human supraorganism (19,20).

Diet is a lifestyle factor that directly influences the gut micro-
biota by providing substrates for microbial metabolism (21). In
contrast, PA may influence the gut microbiota via more indirect
mechanisms such as alterations in substrate utilization, gut tran-
sit time, bile acid profile, and signaling pathways in muscle and
immune cells (19). Most of the research on PA and the gut mi-
crobiota has focused on aerobic-based exercise (19), a subcat-
egory of PA, and has often focused on athletic populations.
These studies have suggested that exercise influences the gut
microbiota composition, often increasing the abundance of
health-associated bacteria such as Lactobacillus, Bifidobacterium,
and Akkermansia as well as increasing SCFA production and
the abundance of butyrate-producing taxa (19). Large, cohort
studies that have collected gut microbiota samples and metadata,
including self-reported PA or exercise data, have not yet reported
associations between the gut microbiota and PA (22,23). Few
studies have investigated the relationship between objectively
measured, total daily PA and PA intensity and the gut microbi-
ota, particularly in young to middle-age adults (24).

The objective of this cross-sectional analysis is to assess whether
total daily PA and PA intensities or ST and prolonged ST are
associated with differences in the gut microbiota composition or
SCFA profile of adults with overweight or obesity. We hypothe-
sized that greater total daily PA and less ST would be associated
with greater relative abundance of health-associated bacteria such as
Bifidobacterium, Lactobacillus, and Akkermansia and SCFA- and
butyrate-producing microbes such as Faecalibacterium as well as
correspondingly greater fecal SCFA concentrations. Characterizing

relations between total daily PA and PA intensities, ST, and pro-
longed ST and the fecal microbiota will help narrow the gap in
understanding how daily PA contributes to human health.

METHODS

Study design. This cross-sectional analysis was performed
on previously collected baseline data (before randomization/
intervention) from the Persea americana for Total Health study
(25). Adults between 25 and 45 yr of age with a body mass
index (BMI; kg'm 2) >25.0 were enrolled in this study. Study ex-
clusion criteria included the following: 1) BMI <25.0 kg'm 2, 2)
pregnancy or lactating, 3) current tobacco use, 4) previous
diagnosis of metabolic or gastrointestinal disease, 5) food
allergies or intolerances, 6) use of medications that impact
normal bowel function, or 7) malabsorptive or restrictive bar-
iatric surgery within the previous 2 yr (25). Study procedures
were administered in accordance with the Declaration of Helsinki
and were approved by the University of Illinois Institutional
Review Board. This trial is registered at www.ClinicalTrials.gov
as NCT02740439.

Baseline dietary intake was assessed using the Dietary His-
tory Questionnaire II, a standardized and validated tool for nu-
tritional assessment developed by the National Cancer Institute
(26,27). Baseline dietary fiber intake (in grams per 1000 kcal)
using the US Department of Agriculture values from the Die-
tary History Questionnaire was used in the linear analyses, as
described hereinafter. Healthy Eating Index (HEI) total score
was also compared between clusters, as described hereinafter.

Fecal microbiota and metabolites. Participants col-
lected fecal samples on their own and delivered the samples
within 15 min of defecation as previously described (25).
Briefly, upon arrival to the laboratory, samples were homoge-
nized, placed in aliquots, flash frozen, and stored at —80°C for
microbiota analysis. Fecal DNA was isolated, and the V4 re-
gion of the 16S ribosomal RNA gene was amplified then se-
quenced at the WM Keck Biotechnology Center as previously
described (25). Sequences were demultiplexed in Quantitative
Insights Into Microbial Ecology version 2 (QIIME2) version
2019.4, and amplicon sequence variants were generated using
the DADAZ2 version 1.10.1 denoise-single plugin using de-
fault settings after dereplication and standard quality-filtering
procedures (e.g., the removal of sequencing-related barcodes,
sequences with quality scores <20, and chimeric sequences)
(25). Taxonomy was assigned using the q2-feature-classifier
command with default parameters in QIIME2, and sequences
were matched against the Greengenes 13_8 database (25).

Fecal aliquots for volatile fatty acid analysis were weighed,
acidified with 2 N HCI, and stored at —20°C until analysis.
SCFA (butyrate, propionate, and acetate) and BCFA (isobutyrate,
valerate, and isovalerate) concentrations were quantified using
GC-LC (180 cm x 4 mm i.d. glass column with 10% SP-1200/
1% HVFA H;PO4 on 80/100 mesh Chromosorb WAW;
Hewlett-Packard 5890A Series II gas chromatograph; Supelco,
Inc., Bellefonte, PA) and normalized on a dry matter basis (in
micromoles per gram) (25).
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Accelerometry. A triaxial wGT3X-BT accelerometer
(ActiGraph LLC., Pensacola, FL; 3.3 x 4.6 x 1.5 cm; 19 g;
dynamic range, +8g) was used to measure total daily PA, time
spent in PA intensities, ST, and prolonged ST. The accelerom-
eter was worn for 7 consecutive days on the right axillary line
during waking hours, except for water-based activities. The
raw accelerationsignal was sampled continuously at 100 Hz.
Acceleration data were converted to vertical axis counts over
60-s epochs using ActiLife software (version 6.13.3; ActiGraph
LLC., Pensacola, FL). Non—wear time was defined as 60 con-
secutive minutes of 0 counts (28) and excluded from the analy-
ses. Only participants with at least 4 d with at least 10 h-d ! of
wear time were included in the analyses (29). Counts per min-
ute was used as a measure of total daily PA (4). PA intensities
were defined as follows: >100 to 2019 (light) and MVPA
>2020 counts per minute, and expressed in minutes per day
(29). ST was defined as <100 accelerometer counts per minute;
prolonged ST was defined as time spent in sedentary bouts last-
ing >30 consecutive minutes (30) and not allowing for tolerance
time >100 counts per minute (31). PA and ST variables are de-
fined and described in Supplemental Table 1 (Supplemental
Digital Content 1, http:/links.lww.com/MSS/C763). Partici-
pants were classified according to adherence to the aerobic por-
tion of PA recommendations (7). Specifically, those engaging
in 150 min'wk ' of MVPA-equivalent PA were classified as
meeting PA recommendations. MVPA-equivalent PA was
expressed as minutes of moderate PA plus twice the minutes
spent in vigorous PA.

Statistical analyses. Before analyses, all PA variables
except for counts per minute (light PA, MVPA minutes per
day), ST, and prolonged ST were adjusted for accelerometer
wear time using the residuals method (32). Each variable was
regressed on wear time, and unstandardized residuals were saved.
The predicted value of the PA or ST variable was then computed
using the mean wear time of the sample as a constant and added
to the unstandardized residuals saved from the respective simple
regression models for each PA and ST variable.

Associations between wear-time adjusted PA variables, ST,
prolonged ST and fecal microbiota composition, and SCFA
concentrations were first assessed using multivariate linear re-
gression models. In R (version 4.0.4), phyloseq (version
1.34.0) was used to glom taxa at the phylum and genus levels.
The top 5 phyla and top 20 genera were selected for analysis in
the linear models. The Firmicutes-to-Bacteroidetes ratio and
a-diversity (Faith’s PD and Shannon diversity) were also
computed and used in the linear model analysis. Age, sex,
BMI, and baseline dietary fiber intake were used as covariates
in the model. Prolonged ST was further adjusted for total ST.
Linearity assumptions were verified visually and sensitivity
analysis for statistically significant outcomes with apparent
outliers was performed to verify results.

Two strategies were used to group participants. First, partic-
ipants were categorized on the basis of whether or not they met
the recommendations for PA (7). K-means clustering was also
used to categorize participants based on percent of time spent
in MVPA and ST. Differences between clusters in age, sex,

BMI, HEI total score, Firmicutes/Bacteroidetes (F/B) ratio, di-
versity indices, and SCFA were defined using Student’s #-tests
or y* tests (for sex). Clusters were then analyzed to determine
whether gut microbiota composition was significantly different
between clusters using Analysis of Compositions of Microbiomes
with Bias Correction (ANCOM-BC) (33) and DESeq?2 (34). The
formula used for the ANCOM-BC function included the same
covariates as the linear models (i.e., age, sex, BMI, and base-
line dietary fiber intake).

Results were considered significant if the P value was <0.05.
Because of the exploratory nature of these analyses, results
were not corrected for multiple hypothesis testing (35).

RESULTS

Participant characteristics. Of the 163 participants who
underwent baseline testing, 124 participants had both microbiota
and accelerometer data. The characteristics of these participants
are shown in Table 1.

Linear model associations. The PA variables can be
grouped into three categories: total daily PA (counts per min-
ute), PA intensity (light, MVPA), and ST (ST and prolonged
ST). Total daily PA and time spent in PA intensities were pos-
itively associated with relative abundance of Faecalibacterium
(counts per minute, light PA) but negatively associated with rel-
ative abundance of Alistipes (counts per minute, light, MVPA),
Parabacteroides (light), and Gemmiger (counts per minute) as
well as concentrations of acetate (counts per minute, MVPA),
butyrate (counts per minute), and total SCFA (counts per min-
ute, MVPA; Fig. 1). However, after removal of gut microbiota
and SCFA outliers via sensitivity analysis, there was only a
trending relationship between Alistipes and counts per minute
(P = 0.08), whereas the associations between Alistipes and
MVPA (P = 0.17), and the association between butyrate and
counts per minute (P = 0.33) were no longer statistically signif-
icant. Adjusting MVPA for ST revealed a negative association
between MVPA and the SCFA/BCFA ratio (P = 0.03; Supple-
mental Table 2, Supplemental Digital Content 2, Linear model
results, http://links.lww.com/MSS/C764). Conversely, ST was
negatively associated with relative abundance of Faecalibacterium
but positively associated with relative abundances of several taxa
(Ruminococcaceae, Parabacteroides, Alistipes, and Gemmiger;
Fig. 2). After adjusting ST for MVPA, only the association with

TABLE 1. Participant characteristics.

Mean Range

Age (yr), mean + SD 349+59 25-46
Sex

Men (n) 44

Women (n) 80
Weight (kg), mean + SD 945+ 174 63.3-134.5
BMI (kg-m~2), mean = SD 325+54 25.0-48.0
PAand ST

CPM 307.4 +106.5 106.5-617

Light (min-d™") 259.2 £ 59.9 115.7-427.4

MVPA (min-d™") 34.0+£191 1.2-95.8

ST (min-d™") 615.3 + 66.9 411.6-775.8

Prolonged ST (min-d™) 196.0 £ 77.5 45.0-449.0

CPM, counts per minute.
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FIGURE 1—PA association with gut microbiota. Linear models controlled for age, sex, BMI, and baseline dietary fiber intake indicated significant asso-
ciations between total PA and gut microbiota composition (proportions). CPM, counts per minute; DM, dry matter.

Alistipes remained statistically significant (P = 0.01), although
there was only a trending association after sensitivity analysis
(P = 0.08; Supplemental Table 2, Supplemental Digital Content 2,
Linear model results, http://links.lww.com/MSS/C764). Prolonged
ST, adjusted for ST, was positively associated with Actinobacteria
and Blautia (Fig. 2). These associations remained significant after
also adjusting for MVPA (P = 0.03 and P = 0.03, respectively;

Supplemental Table 2, Supplemental Digital Content 2, Linear
model results, http:/links.Iww.com/MSS/C764).

Clustering based on PA recommendations and
K-means clustering. Clustering participants based on whether
they complied with the aerobic portion of PA recommendations
resulted in two clusters: compliers (n = 88) and noncompliers
(n=36). These two clusters did not differ in age, BMI, baseline
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FIGURE 2—ST association with gut microbiota. Linear models controlled for age, sex, BMI, and baseline dietary fiber intake indicated significant associ-
ations between PA volume and gut microbiota composition (proportions).
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dietary fiber intake, or HEI total score but were different in their
sex distribution (P = 0.05; Supplemental Table 3, Supplemental
Digital Content 3, Meet PA recommendations sex demographics,
http:/links.lww.com/MSS/C765).

The microbiota composition of these two clusters was also
compared. F/B ratio and a-diversity were not different between
the two groups, but there were statistically significant differences
in SCFA profiles (Supplemental Fig. 1, Supplemental Digital
Content 4, Differences in SCFA profiles based on meeting
PA recommendations, http://links.lww.com/MSS/C766). Par-
ticipants who did not meet weekly PA recommendations had
lower concentrations of isovalerate and a higher SCFA/BCFA
ratio compared with those who did meet recommendations.
Comparison of the two groups using DESeq2 (Supplemental
Fig. 2, Supplemental Digital Content 4, Meet PA cluster DESeq2
comparison, http://links.lww.com/MSS/C766, and Supplemental
Table 4, Supplemental Digital Content 5, Meet PA recommen-
dations DESeq?2 results, http:/links.lww.com/MSS/C767) also
revealed differences in the relative abundances of several taxa,
although analyses using ANCOM-BC did not reveal differ-
ences between groups (Supplemental Table 5, Supplemental
Digital Content 6, Meet PA recommendations ANCOM-BC
results, http://links.lww.com/MSS/C768).

K-means clustering was used to group participants based on the
percent of time spent in MVPA and ST, in accordance with previous
research (30). Both elbow and silhouette methods were used to deter-
mine optimal number of clusters (36). A k-value of two was chosen,
which resulted in cluster 1 (n = 71) and cluster 2 (n = 53) (Fig. 3).

Percent of time spent in MVPA and ST, age, sex, BMI,
baseline fiber intake, HEI total score, SCFAs, F/B ratio, and
o-diversity (Faith’s PD and Shannon diversity) were compared
between the two clusters using r-tests or > test for sex. There
were no statistically significant differences in age, sex, BMI,
HEI total score, SCFAs, F/B ratio, or a-diversity between the
two clusters. Clusters differed in percent of time spent in MVPA
and ST, with cluster 1 showing lower percent of time spent in
MVPA (mean + SD, 3.2% + 1.9% vs 4.4% = 2.3%) and higher

Cluster plot

percent of ST (mean + SD, 72.8% =+ 4.4% vs 60.9% + 4.8%; Sup-
plemental Fig. 3, Supplemental Digital Content 4, K-means clus-
ter PA comparison, http://links.lww.com/MSS/C766).
ANCOM-BC and DESeq2 were used to compare the fecal
microbial composition of the two clusters. DESeq2 identified
two taxa, Alistipes and Clostridiales, that were significantly dif-
ferent between the two clusters, both showing higher relative
abundance in cluster 1 (Fig. 4 and Supplemental Table 6, Supple-
mental Digital Content 7, K-means clustering DESeq2 results,
http:/links.lww.com/MSS/C769). Analysis with ANCOM-BC also
revealed Alistipes as significantly different between clusters as well
as Ruminococcus, Coprobacillus, and Lachnobacterium (Fig. 5 and
Supplemental Table 7, Supplemental Digital Content 8, K-means
clustering ANCOM-BC results, http:/links.lww.com/MSS/C770).

DISCUSSION

The current analysis is novel in that it is the only study, to
our knowledge, that investigates the associations between
gut microbiota composition and objectively measured PA in
apopulation of adults with overweight and obesity. The results
of our analyses indicate that there are associations between to-
tal daily PA, time spent in specific PA intensities (light PA and
MVPA), and the fecal microbiota in this cohort of younger and
middle-age adults with overweight and obesity.

The current analysis found associations between PA and
ST and gut microbiota taxa that have been previously re-
ported in associations between exercise or PA and the gut
microbiota, although the directions of the associations in the
current findings do not always match previous reports. For in-
stance, ST showed positive associations with Parabacteroides
and Gemmiger. These findings are in contrast with previous
reports that these taxa were positively associated with onset
of exercise in inactive older women (35) and juvenile rats
(36), respectively. Comparison of individuals who did and
did not meet weekly PA recommendations using DESeq?2 also
revealed differences in abundances of individual taxa such as

cluster
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3 2

1 0
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FIGURE 3—K-means clustering. K-means clustering based on percent of time spent in MVPA and ST with a k-value of two.
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Ruminococcus (family Lachnospiraceae), YS2, and Haemophilus,
although ANCOM-BC revealed no significant results. Bressa
et al. (24) reported Haemophilus to be increased in active
women, which aligns with the results reported herein. Accord-
ing to the analyses using ANCOM-BC, Lachnobacterium and
Coprobacillus relative abundances were higher in k-means cluster
2 (higher MVPA, lower ST). Lachnobacterium has previously
been reported to be more abundant in individuals with low
levels of PA (37), which is in contrast with the current analy-
sis. Coprobacillus was decreased in athletes supplemented with
Lactobacillus plantarum PS128 compared with a placebo group
(38). This genus has also been associated with long-term intake
of a Western-style diet (39).

The current analysis revealed associations between PA and
SCFA-producing taxa as well as SCFA profiles. Linear models re-
vealed that light PA was positively associated with relative
abundance of Faecalibacterium. In contrast, ST showed a negative
association with Faecalibacterium. The positive associations
between counts per minute and light PA and Faecalibacterium are
in agreement with previous studies investigating both total daily
PA and exercise (24,40,41). Faecalibacterium is one of the most
abundant butyrate-producing bacteria in the gastrointestinal
tract and is proposed to have additional anti-inflammatory
properties (42). Butyrate is an SCFA with beneficial health ef-
fects, including anti-inflammatory and immunomodulatory ef-
fects (42). Thus, the positive association between PA and this
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FIGURE 5—K-means cluster ANCOM-BC comparison. ANCOM-BC identified five taxa, Alistipes, Ruminococcus, rc4—4, Coprobacillus, and Lachnobacterium,
that were significantly different between clusters. Relative abundance of taxa displayed as proportions.
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taxon has beneficial implications for human health, whereas
the negative association between ST and this taxon could neg-
atively impact gastrointestinal and metabolic health. Cluster
analysis based on k-means clustering also revealed differences
in SCFA-producing taxa. Ruminococcus (family Ruminococcaceae)
was higher in cluster 1 (lower MVPA, higher ST) according to the
analyses utilizing ANCOM-BC, reflecting the positive associ-
ation between ST and Ruminococcaceae herein. This finding
is also in agreement with results from Bressa et al. (24) that
Ruminococcus was higher in sedentary versus active women.
Ruminococci have been deemed key symbionts of the gut eco-
system because of their ability to metabolize complex polysac-
charides and generate SCFA (43). However, SCFA has been
reported to be elevated in adults with obesity in some studies
(44), suggesting that SCFA-producing bacteria may also play
a role in weight gain under certain circumstances by increas-
ing energy harvest. The positive association between ST and
Ruminococcaceae may reflect this association in the current
cohort of adults with overweight and obesity. Previous research
has shown that acrobic-based exercise has different effects on fe-
cal SCFA concentrations in lean and obese individuals, increas-
ing concentrations in lean individuals but not in individuals with
obesity (45,46). This could explain the lack of positive associa-
tion in the current cohort between total daily PA and fecal SCFA
concentrations (acetate, butyrate, and total SCFA). Cluster anal-
ysis based on whether participants met weekly PA recommen-
dations also revealed differences in SCFA profiles, including
lower isovalerate concentrations and higher SCFA/BCFA ratio
in those who did not meet the PA recommendations.

Lastly, the current analysis revealed associations between
PA and taxa that have been implicated in interindividual vari-
ability in response to exercise. Our results of both the DESeq2
and ANCOM-BC analyses revealed that there was a higher
abundance of Alistipes in k-means cluster 1 (lower MVPA,
higher ST). This supports the finding from the linear models
in the current analysis that total daily PA and light PA were
negatively associated with relative abundance of Alistipes,
and ST was positively associated with relative abundance of
this taxon. This finding is also in agreement with previous
studies that have reported a negative association between PA
and Alistipes (47) or that a higher abundance of Alistipes was
associated with greater ST or a nonathletic lifestyle (47,48).
The role of the Alistipes genus in the gut ecosystem is not well
understood (49). Some evidence suggests that Alistipes is associ-
ated with pathogenicity in colorectal cancer and depression, but
other evidence suggests that it is protective against diseases such
as liver fibrosis, colitis, cancer immunotherapy, and cardio-
vascular disease (49). Intriguingly, Alistipes has been found
to decrease in responders and increase in nonresponders after
an exercise intervention aimed to improve glucose homeo-
stasis and insulin sensitivity in men with prediabetes (46).
Further research on this genus in the context of PA is needed
to understand its health effects, its ability to detect nonre-
sponders to exercise for different health outcomes, and its po-
tential to improve response when decreased using strategies
such as dietary modification.

A limitation of the current report includes the cross-sectional
nature of the analyses, which precludes the ability to determine
causality. In addition, potentially informative variables such as
transit time were not measured. There was also a lack of diver-
sity in the current cohort with respect to BMI. Only individuals
with BMI >25 kg'm 2 were enrolled in the study, and the aver-
age BMI of the participants used for the current analysis was
>30 kg'm 2. This may have selected for a population with a
smaller range of daily PA in terms of higher PA intensity.
The limited range of daily PA intensity may have impeded
our ability to detect statistically significant associations with
or differences in fecal microbiota composition based on PA in-
tensity. This may also have contributed to differences in the cur-
rent findings relative to those reported in the exercise literature,
which often involve athletes or structured exercise interven-
tions. Common findings of these studies include increases in
Bifidobacterium, Lactobacillus, and Akkermansia as well as bu-
tyrate and butyrate-producing taxa in response to exercise (19).
More intense or vigorous exercise may be needed to induce
these specific changes in the gut microbiota of sedentary indi-
viduals, as well as those with overweight or obesity (50). As
mentioned previously, exercise is a subcategory of PA but is
distinct in that it only includes planned, structured PA and is
done with the objective of improving or maintaining physical
fitness (2). Although this type of PA is beneficial for human
health and physical fitness, evidence also suggests that small
amounts of exercise may not be able to overcome the detrimen-
tal effects of a sedentary lifestyle and that increased daily PA
(steps, standing, etc.) may be just as important for metabolic
health, cancer, and mortality risk (51,52). Thus, it is important
to distinguish between these two aspects of PA as they may
have distinct effects on the gut microbiota and health in differ-
ent contexts. Because of these limitations, the current analysis
was considered exploratory, and therefore, P values were not
adjusted. Thus, there is a higher likelihood of false discoveries,
and results should be considered preliminary.

Intervention studies are needed to assess connections be-
tween the fecal microbiota and PA in a broader range of indi-
viduals, as well as with a broader range of potential modifying
factors, such as medication use and transit time (53), to better
elucidate the effects of PA on the gut microbiota as well as de-
termine whether aspects of PA such as type, intensity, fre-
quency, or duration influence the effect on the gut microbiota.
This research may elucidate some of the mechanisms by
which the gut microbiota mediates the health benefits of PA.
Current research suggests that these mechanisms may include
improved gut barrier function, insulin sensitivity, and mental
health as well as reduced inflammation (20). Furthermore,
emerging research on the gut-muscle and gut-bone axes indi-
cates that the gut microbiota may contribute to the effects of
exercise on muscle hypertrophy and bone health (20). In addi-
tion, future research on the topic of interindividual variability
in response to daily PA should investigate the potential effect
of differences in the gut microbiota. This could lead to
gut-targeted dietary recommendations or probiotic supple-
ments that could complement daily PA to enhance or enable
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beneficial metabolic responses in previously nonresponsive or
less responsive individuals.

CONCLUSIONS

In summary, the current analysis provides novel insights into
the relationship between objectively measured PA and the gut mi-
crobiota composition of individuals with overweight and obesity
that suggest potential beneficial or protective effects of PA on
the gut microbiota, such as higher abundance of Faecalibacterium
and lower abundance of Alistipes. This work provides a reference
and foundation for future research on this topic.

REFERENCES

1. Neufer PD, Bamman MM, Muoio DM, et al. Understanding the cel-
lular and molecular mechanisms of physical activity-induced health
benefits. Cell Metab. 2015;22(1):4-11.

2. Caspersen CJ, Powell KE, Christenson GM. Physical activity, exercise,
and physical fitness: definitions and distinctions for health-related re-
search. Public Health Rep. 1985;100(2):126-31.

3. Warburton DER, Bredin SSD. Health benefits of physical activity: a
systematic review of current systematic reviews. Curr Opin Cardiol.
2017;32(5):541-56.

4. Ekelund U, Tarp J, Steene-Johannessen J, et al. Dose—response asso-
ciations between accelerometry measured physical activity and sed-
entary time and all cause mortality: systematic review and harmonised
meta-analysis. BMJ. 2019;366:14570.

5. 2018 Physical Activity Guidelines Advisory Committee [Internet].
Washington (DC): U.S. Department of Health and Human Services;
2018. [cited 2022 May 25]. Available from: https:/health.gov/sites/
default/files/2019-09/PAG_Advisory Committee Report.pdf.

6. Chastin SFM, De Craecmer M, De Cocker K, et al. How does
light-intensity physical activity associate with adult cardiometabolic
health and mortality? Systematic review with meta-analysis of experi-
mental and observational studies. Br J Sports Med. 2019;53(6):370-6.

7. Piercy KL, Troiano RP, Ballard RM, et al. The physical activity
guidelines for Americans. JAMA. 2018;320(19):2020-8.

8. WHO J [Internet]. 2009 [cited 2022 May 25]. Available from: https://
apps.who.int/iris/handle/10665/44203.

9. Warburton DE, Bredin SS. Reflections on physical activity and health:
what should we recommend? Can J Cardiol. 2016;32(4):495-504.

10. Boyle T, Fritschi L, Heyworth J, Bull F. Long-term sedentary work
and the risk of subsite-specific colorectal cancer. Am J Epidemiol.
2011;173(10):1183-91.

11. Wilmot EG, Edwardson CL, Achana FA, et al. Sedentary time in
adults and the association with diabetes, cardiovascular disease and
death: systematic review and meta-analysis. Diabetologia. 2012;
55(11):2895-905.

12. Hamilton MT, Hamilton DG, Zderic TW. Role of low energy expen-
diture and sitting in obesity, metabolic syndrome, type 2 diabetes, and
cardiovascular disease. Diabetes. 2007;56(11):2655-67.

13. Tucker JM, Welk GJ, Beyler NK. Physical activity in U.S.: adults
compliance with the Physical Activity Guidelines for Americans.
Am J Prev Med. 2011;40(4):454-61.

14. Bouchard C, Rankinen T. Individual differences in response to regu-
lar physical activity. Med Sci Sports Exerc. 2001;33(6 Suppl):
S446-51; discussion S52-3.

15. King NA, Caudwell P, Hopkins M, et al. Metabolic and behavioral
compensatory responses to exercise interventions: barriers to weight
loss. Obesity (Silver Spring). 2007;15(6):1373-83.

16. de Vos WM, Tilg H, Van Hul M, Cani PD. Gut microbiome and
health: mechanistic insights. Gut. 2022;71(5):1020-32.

We thank Sharon Thompson for her technical assistance with isolat-
ing the DNA from the fecal samples used in this report, and Ginger
Reeser for serving as the study coordinator for the Persea Americana
for Total Health study and facilitating the baseline testing and data col-
lection used in this report.

Author Contributions: Funding: H. D. H., N. A. K., N. A. B.; Method-
ology: R. L. H., D. M. P.; Formal analysis: R. L. H.; Visualization: R. L. H.;
Writing — original draft: R. L. H.; Writing — review and editing: H. D. H.,
D.M.P.,N. A. K., N. A. B. All authors have read and approved the final
manuscript.

The authors have no conflicts of interest to report. The original
study was funded by the Hass Avocado Board. The results of the
study are presented clearly, honestly, and without fabrication, falsi-
fication, or inappropriate data manipulation. The results of the pres-
ent study do not constitute endorsement by the American College of
Sports Medicine.

17. Nicholson JK, Holmes E, Kinross J, et al. Host-gut microbiota meta-
bolic interactions. Science. 2012;336(6086):1262—7.

18. Yatsunenko T, Rey FE, Manary MJ, et al. Human gut microbiome
viewed across age and geography. Nature. 2012;486(7402):222-7.

19. Hughes RL. A review of the role of the gut microbiome in personal-
ized sports nutrition. Front Nutr. 2020;6:191.

20. Hughes RL, Holscher HD. Fueling gut microbes: a review of the in-
teraction between diet, exercise, and the gut microbiota in athletes.
Adv Nutr. 2021;12(6):2190-215.

21. Singh RK, Chang HW, Yan D, et al. Influence of diet on the gut microbiome
and implications for human health. J Transl Med. 2017;15(1):73.

22. Gacesa R, Kurilshikov A, Vich Vila A, et al. Environmental factors
shaping the gut microbiome in a Dutch population. Nature. 2022;
604(7907):732-9.

23. Falony G, Joossens M, Vieira-Silva S, et al. Population-level analysis
of gut microbiome variation. Science. 2016;352(6285):560—4.

24. Bressa C, Bailén-Andrino M, Pérez-Santiago J, et al. Differences in
gut microbiota profile between women with active lifestyle and sed-
entary women. PLoS One. 2017;12(2):e0171352.

25. Thompson SV, Bailey MA, Taylor AM, et al. Avocado consumption
alters gastrointestinal bacteria abundance and microbial metabolite
concentrations among adults with overweight or obesity: a random-
ized controlled trial. J Nutr. 2021;151(4):753-62.

26. Subar AF, Thompson FE, Kipnis V, et al. Comparative validation of
the Block, Willett, and National Cancer Institute food frequency
questionnaires: the Eating at America’s Table Study. Am J Epidemiol.
2001;154(12):1089-99.

27. Taylor AM, Thompson SV, Edwards CG, Musaad SMA, Khan NA,
Holscher HD. Associations among diet, the gastrointestinal microbi-
ota, and negative emotional states in adults. Nutr Neurosci. 2019;
23(12):983-92.

28. Peeters G, van Gellecum Y, Ryde G, Farias NA, Brown W1J. Is the
pain of activity log-books worth the gain in precision when distin-
guishing wear and non-wear time for tri-axial accelerometers? J Sci
Med Sport. 2013;16(6):515-9.

29. Troiano RP, Berrigan D, Dodd KW, Masse LC, Tilert T, McDowell
M. Physical activity in the United States measured by accelerometer.
Med Sci Sports Exerc. 2008;40(1):181-8.

30. Evenson KR, Wen F, Metzger JS, Herring AH. Physical activity and
sedentary behavior patterns using accelerometry from a national sam-
ple of United States adults. Int J Behav Nutr Phys Act. 2015;12:20.

31. Altenburg TM, Chinapaw MJ. Bouts and breaks in children’s seden-
tary time: currently used operational definitions and recommenda-
tions for future research. Prev Med. 2015;77:1-3.

32. Qi Q, Strizich G, Merchant G, et al. Objectively measured sedentary
time and cardiometabolic biomarkers in US Hispanic/Latino adults:
The Hispanic Community Health Study/Study of Latinos (HCHS/
SOL). Circulation. 2015;132(16):1560-9.

688  Official Journal of the American College of Sports Medicine

http://www.acsm-msse.org


https://health.gov/sites/default/files/2019-09/PAG_Advisory_Committee_Report.pdf
https://health.gov/sites/default/files/2019-09/PAG_Advisory_Committee_Report.pdf
https://apps.who.int/iris/handle/10665/44203
https://apps.who.int/iris/handle/10665/44203
http://www.acsm-msse.org

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Lin H, Peddada SD. Analysis of compositions of microbiomes with
bias correction. Nat Commun. 2020;11(1):3514.

Love MI, Huber W, Anders S. Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;
15(12):550.

Bender R, Lange S. Adjusting for multiple testing—when and how?
J Clin Epidemiol. 2001;54(4):343-9.

Yuan C, Yang H. Research on K-value selection method of K-means
clustering algorithm. J. 2019;2(2):226-35.

Galle F, Valeriani F, Cattaruzza MS, et al. Mediterranean diet, phys-
ical activity and gut microbiome composition: a cross-sectional study
among healthy young Italian adults. Nutrients. 2020;12(7):2164.
Huang WC, Pan CH, Wei CC, Huang HY. Lactobacillus plantarum
PS128 improves physiological adaptation and performance in triath-
letes through gut microbiota modulation. Nutrients. 2020;12(8):2315.
Bolte LA, Vich Vila A, Imhann F, et al. Long-term dietary patterns
are associated with pro-inflammatory and anti-inflammatory features
of the gut microbiome. Gut. 2021;70(7):1287-98.

Campbell SC, Wisniewski PJ, Noji M, et al. The effect of diet and ex-
ercise on intestinal integrity and microbial diversity in mice. PLoS
One. 2016;11(3):e0150502.

O’Donovan CM, Madigan SM, Garcia-Perez I, Rankin A, O’ Sullivan
O, Cotter PD. Distinct microbiome composition and metabolome
exists across subgroups of elite Irish athletes. J Sci Med Sport.
2020;23(1):63-8.

Lopez-Siles M, Duncan SH, Garcia-Gil LJ, Martinez-Medina M.
Faecalibacterium prausnitzii: from microbiology to diagnostics and
prognostics. ISME J. 2017;11(4):841-52.

La Reau AJ, Suen G. The Ruminococci: key symbionts of the gut
ecosystem. J Microbiol. 2018;56(3):199-208.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Schwiertz A, Taras D, Schifer K, et al. Microbiota and SCFA in
lean and overweight healthy subjects. Obesity (Silver Spring). 2010;
18(1):190-5.

Allen JM, Mailing LJ, Niemiro GM, et al. Exercise alters gut micro-
biota composition and function in lean and obese humans. Med Sci
Sports Exerc. 2018;50(4):747-57.

LiuY, Wang Y, Ni Y, et al. Gut microbiome fermentation determines
the efficacy of exercise for diabetes prevention. Cell Metab. 2020;
31(1):77-91.¢e5.

Wang G, Zhou HH, Luo L, et al. Voluntary wheel running is capable
of improving cognitive function only in the young but not the
middle-age male APPSwe/PS1De9 mice. Neurochem Int. 2021,
145:105010.

Tarracchini C, Fontana F, Lugli GA, et al. Investigation of the ecolog-
ical link between recurrent microbial human gut communities and
physical activity. Microbiol Spectr. 2022;10(2):e0042022.

Parker BJ, Wearsch PA, Veloo ACM, Rodriguez-Palacios A. The ge-
nus Alistipes: gut bacteria with emerging implications to inflamma-
tion, cancer, and mental health. Front Immunol. 2020;11:906.

Mohr AE, Jager R, Carpenter KC, et al. The athletic gut microbiota.
J Int Soc Sports Nutr. 2020;17(1):24.

Duvivier BM, Schaper NC, Hesselink MK, et al. Breaking sitting
with light activities vs structured exercise: a randomised crossover
study demonstrating benefits for glycaemic control and insulin sensi-
tivity in type 2 diabetes. Diabetologia. 2017;60(3):490-8.

Yang L, Colditz GA. An active lifestyle for cancer prevention. J Nat!
Cancer Inst. 2014;106(7):djul35.

Prochazkova N, Falony G, Dragsted LO, Licht TR, Raes J, Roager
HM. Advancing human gut microbiota research by considering gut
transit time. Gut. 2022;72(1):180-91.

PHYSICAL ACTIVITY AND FECAL MICROBIOTA

Medicine & Science in Sports & Exerciseg 689

S3IDN3IDS DISvE



