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Background: Obesity threatens human health, and interventions to reduce obesity may have important effects on the gut mi-
crobiota. This study investigated alterations in gut microbial composition in response to aerobic exercise (AE) and intermittent
fasting (IF).

Methods: We randomly divided mice into four groups of seven mice each: normal, obesity, exercise, and fasting. The normal
group was fed a Chow Diet, whereas the other three groups were fed a High Fat Diet (HFD). After 13 weeks, the exercise group
was subjected to aerobic treadmill running, and the fasting group started IF for 8 weeks. We then analyzed the composition of
the fecal microbiome in all mice at the end of 21 weeks.

Results: Our investigation revealed that the HFD significantly influenced species (s)_Romboutsia ilealis, genus (g)_Dubosiella, and
g Blautia. AE predominantly affected family (f)_Rhizobiaceae and g_Rikenella, indicating its impact on enhancing microbial taxa
associated with improved metabolic health profiles. On the other hand, IF prominently altered the abundance of s Lactobacillus
Jjohnsonii and g_Colidextribacter, which are known for their roles in enhancing glucolipid metabolism and anti-inflammatory
activity. Furthermore, the exercise group displayed increased diversity within f Rhizobiaceae, potentially associated with anti-
inflammatory benefits. The IF intervention was particularly effective in enriching s_Lactobacillus johnsonii, suggesting its pivotal
role in regulating metabolic responses influenced by fasting.

Conclusion: The results demonstrated significant beneficial alterations in microbial composition following AE and IF interven-

tions, which supports the use of personalized approaches for obesity management and overall health.
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Introduction

Exploration of the complex ecosystem of fecal micro-
biota has become a pivotal focus in health sciences, and
a study has revealed its profound involvement in multiple
facets of host health [1]. A growing body of evidence sug-
gests that lifestyle changes, particularly diet and exercise,
can significantly affect the fecal microbiome, thereby po-
tentially mitigating health-related complications, particu-
larly obesity-associated health problems that are prevalent
worldwide [2].

Among the array of interventions, aerobic exercise
(AE) and intermittent fasting (IF) emerge as prominent
strategies with transformative potential. AE, a cornerstone
in promoting cardiovascular fitness and weight control, or-
chestrates a cascade of physiological adaptations conducive
to enhanced health [3]. In contrast, the fasting regimen
of IF, characterized by cyclic feeding and fasting inter-
vals, showcases promising results in weight management
and metabolic improvements, heralding a paradigm shift in
health practices [4].

Whereas individual studies have delved into the im-
pact of AE and IF on fecal microbiome diversity, a com-
prehensive comparative analysis unraveling the nuanced ef-
fects of these interventions remains a critical research fron-
tier [5,6]. By elucidating the differential impacts of IF and
AE on fecal microbiota diversity in obese mice, this study
seeks to unravel the complex tapestry woven between di-
etary habits, physical activity, fecal microbiota composi-
tion, and obesity. Through a deeper exploration of these
intricate relationships, we seek to enrich our understanding
and tailor innovative, personalized strategies for effective
obesity management.

Materials and Methods

Animals and Experimental Design

Wild-type male 3-week-old C57BL/6 mice (n = 28,
16-19 g) were purchased from the Laboratory Animal Re-
search Center of Tsinghua University (Beijing, China).
This study was conducted under the oversight and with the
approval of the Institutional Animal Care and Use Com-
mittee of Tsinghua University (ID: THU-LARC-2023-007).
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All the mice were provided with free access to water and
food. After adapting for 1 week, mice were randomly di-
vided into four groups of seven mice each: normal, obesity,
exercise, and fasting. The normal group was fed a Chow
Diet (CD, 12% kcal fat content), whereas the other three
groups were fed a High Fat Diet (HFD, 60% kcal fat con-
tent).

After 13 weeks, the exercise group was trained on a
motorized mouse treadmill at 0° for 8 weeks, 5 days per
week, for 45 min/day, after warming up at 5 m/min for
10 min/day. The training pace was 14 m/min in the first
week, increased by 0.5 m/min per week, and ended with
17.5 m/min in the eighth week, maintaining the exercise in-
tensity within 50-60% of VOomax intensity [7]. The fast-
ing group started IF which included free access to HFD ev-
ery other day and no food on alternate days for 8 weeks [8].
The experimental design is illustrated in Fig. 1.

Normal group | Chow diet |
21 weeks
Obesity group |High fat diet |
21 weeks
Exercise group | High fat diet | ‘
13 weeks 8 weeks
Aerobic exercise
Fasting group | High fat diet |
13 weeks 8 weeks

Intermittent fasting

Fig. 1. Experimental design.

Fecal Specimen Collection and Sequencing

At the end of 21 weeks, all mice were fasted for 6 h,
then 6-8 pellets of mouse feces samples were newly col-
lected from each mouse and immediately frozen in liquid
nitrogen and stored at —80 °C. Mice were euthanized by
an overdose of carbon dioxide (SMARTBOX COs Cham-
ber System, EZ systems, Palmer, PA, USA). Total ge-
nomic DNA was extracted from the samples using the
cetyltrimethylammonium bromide (CTAB) method. All
polymerase chain reaction (PCR) reactions were carried out
using Phusion® High-Fidelity PCR Master Mix (M0531L,
New England Biolabs, Ipswich, MA, USA). Sequencing
libraries were generated using TruSeq® DNA PCR-Free
Sample Preparation Kit (20015963, Illumina, San Diego,
CA, USA) following the manufacturer’s instructions, and
index codes were added. Library quality was assessed us-
ing a Qubit@ 2.0 Fluorometer (Q32866, Thermo Scientific,
Waltham, MA, USA) and an Agilent Bioanalyzer 2100 sys-
tem (2100 system, Agilent Technologies, Santa Clara, CA,
USA). Finally, the library was sequenced on an Illumina
NovaSeq platform and 250 bp paired-end reads were gen-
erated.

Statistical Analysis

Operational Taxonomic Units (OTUs) clustering was
conducted to analyze the fecal microbiome diversity in
obese mice. The raw sequencing data were processed using
Uparse software (v7.0.1001, Drive5, Tiburon, CA, USA)
for quality filtering, trimming, and demultiplexing. Subse-
quently, sequences were aligned and clustered into OTUs
using the MUSCLE algorithm (MEGA6, ASU, Phoenix,
AZ, USA). Alpha diversity analysis was performed to cal-
culate diversity metrics including the Chaol and Shannon
indices. Beta diversity analysis, which involves examin-
ing differences in microbial composition between samples,
was conducted using the Quantitative Insights Into Micro-
bial Ecology (QIIME) platform [9]. Principal Coordinate
Analysis (PCoA) was utilized to visualize the beta diversity
metrics and assess microbial community dissimilarities. To
determine the significance of differences in alpha and beta
diversity measures among the experimental groups, statis-
tical tests such as Analysis of Variance (ANOVA) and pair-
wise distance comparisons were employed. Moreover, the
identification of specific bacterial taxa enriched in each
group was achieved through Linear Discriminant Analysis
Effect Size (LEfSe) analysis, enabling the characterization
of key microbial biomarkers associated with different inter-
ventions [10]. We considered p < 0.05 was statistically sig-
nificant. The statistical significance and robustness of the
results were validated through permutation tests and Monte
Carlo simulations, ensuring the reliability and reproducibil-
ity of the observed microbial community differences.

Results

Fecal Microbial Composition

To determine whether the sample size was sufficient,
species dilution and abundance grade curves were used
(Fig. 2A,B). All groups appeared stable, which showed
the sample size was sufficient for statistical analysis. The
obesity, exercise, and fasting groups were all fed HFD,
and we found that the HFD groups displayed decreased
species number and abundance compared with the CD
group (Fig. 2A,B). The Chaol and Shannon indices were
higher in the CD group than in the HFD groups (p <
0.01), indicating a greater richness and diversity of bacte-
rial communities in the CD group than in the HFD group
(Fig. 2C,D). Furthermore, the Chaol index, but not the
Shannon index, was significantly lower in the IF group
than the obesity group, suggesting that IF could decrease
community richness, but not community diversity, in obese
mice (p < 0.01). Beta diversity analysis of all groups is pre-
sented in Fig. 3A—C. The PCoA diagrams indicate that the
two groups are clearly separated. The Venn graph shows
the overlap of OTUs in the fecal microbiome among sam-
ples (Fig. 3D).


https://www.discovmed.com/

A
-~ Normal
- Obesity
— Exercise
§ g Fasting
o
I
o
(]
O o
€ 2 1
S
z
1]
o
3 3
Q
w
©
o o
e S
Qo N
1]
e
(¢]
=3
S |
ol #
T T T T T T T
0 10000 20000 30000 40000 50000 60000 70000
Sequences Number
C o
p=0.53
sk
5004
k)
5]
<
3]

400

O
8 &
o N

767

B
5 — Normal
— Obesity
Exercise
\ Fasting
P
[3]
c
[v]
he]
c
>
Q
<< s |
Q s
2
I
Q
[an
3]
L]
T
800
D ok
p=0.20
p=0.79
6.0
5.5
: |
S .
<
c
©
<
)
5.0 ’
4.5
5 S & o
< Qe‘}\ & S
® § & &

Fig. 2. Alpha diversity analysis. (A) Rarefaction curve, alpha diversity analysis based on species dilution. (B) Rank abundance,

abundance grade curves indicate stability in all groups. (C) Chaol index, higher index values indicate greater bacterial abundance in the

Chow Diet (CD) group. (D) Shannon index indicates greater bacterial community abundance in the CD group. ** represents p < 0.01.

Fecal Microbial Top Types

To estimate the community abundance, we stacked
histograms of the top 10 species in each group at the phy-
lum (p), family (f), genus (g), and species (s) levels (Fig. 4).
We focused on the highest bacterial proportions among
the four groups. In the normal group, p Bacteroidota
(58.32%), f Muribaculaceae (45.28%), g Alistipes
(5.10%), and s Akkermansia_muciniphila (1.66%) were
detected. In the obesity group, p_Bacteroidota (40.92%),
f Muribaculaceae (21.45%), g Parabacteroides
(9.66%) and s _Romboutsia_ilealis (3.40%) were de-
tected. In the exercise group, p Bacteroidota (42.47%),
f Muribaculaceae (14.98%), g_Parabacteroides (10.53%),
and s Faecalibaculum_rodentium (2.58%) were de-

tected. In the fasting group, p_Bacteroidota (41.92%),
f Desulfovibrionaceae (15.96%), g Parabacteroides
(14.98%), and s_Lactobacillus _johnsonii (6.90%) were
detected.

Biomarker

To identify the specific bacterial taxa related to
each group, we identified enriched taxa in the groups
using LEfSe.  The results showed that there were
26 taxa based on a linear discriminant analysis (LDA)
score threshold of >4 (Fig. 5A). Next, we analyzed
the taxonomic relationships of these enriched taxa and
found that the obesity group was dominated by or-
der (o) Peptostreptococcales Tissierellales, the exercise
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Fig. 3. Beta diversity analysis. (A—C) Principal Coordinates Analysis (PCoA) in different groups as normal vs. obesity, obesity vs.

exercise, obesity vs. fasting. (D) Venn graph displays the Operational Taxonomic Units (OTUs) in fecal microbiome among samples.

group was dominated by class (c¢) Alphaproteobacteria,
and the fasting group was dominated by o Lactobacillales
(Fig. 5B). Based on taxonomic relationships in these 24
taxa (Fig. 5C), we clustered the relative abundance of rep-
resentative taxa in each group (Fig. 5D) and found that
f Muribaculaceae, f Ruminococcaceae, g Allobaculum,
and o Clostridia UCG 014 were dominant in the nor-
mal group and s_Romboutsia ilealis, g Dubosiella, and
g Blautia were dominant in the obesity group, but they
all showed no significant difference between the exer-
cise and fasting groups. In addition, f Rhizobiaceae
and g Rikenella were dominant in the exercise group,
and s Lactobacillus johnsonii and g_Colidextribacter were
dominant in the fasting group.

Discussion

In the current study, we observed significant alter-
ations in the fecal microbiome of obese mice following in-
terventions with HFD, AE, and IF. These interventions ex-
erted distinct effects on specific microbial taxa, highlight-
ing their potential roles in obesity-related metabolic distur-
bances and responses to different interventions. Our find-
ings align with previous research indicating that obesity is
amultifaceted condition characterized by chronic low-level
inflammation, disrupted lipid metabolism, and insulin re-
sistance. The fecal microbiome emerges as a key player
in regulating metabolic processes, inflammation, and hor-
monal responses in the context of obesity [11,12].
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Fig. 4. Relative abundance analysis. Percentages of top species at the phylum (A), family (B), genus (C), and species (D) levels.

Through our analysis, we identified 10 represen-
tative taxa that were significantly modulated by HFD,
AE, or IF, with implications for inflammatory re-
sponses and metabolic outcomes.  Specifically, taxa
such as g Odoribacter have been associated with anti-
inflammatory properties and display negative correla-
tions with insulin resistance [11,12]. Other taxa like
g Rikenella, g Parabacteroides, and g Dubosiella have
the capacity to produce short-chain fatty acids (SC-
FAs) that influence host gene expression and inflamma-
tory signaling pathways [13—15]. Conversely, taxa such
as s Faecalibaculum_rodentium and g Colidextribacter
have been linked to pro-inflammatory activity and blood
glucose levels [16]. In addition, g Rikenella and
g Colidextribacter have been negatively associated with
antioxidant enzymes [17,18]. Moreover, previous stud-
ies found that s Lactobacillus johnsonii attenuated diet-
induced diabetes and hyperlipidemia, f Rhizobiaceae and
g Blautia inhibited the increase in blood glucose, and

s_Romboutsia ilealis worsened glucose metabolism [19—
22].

Our results highlighted the distinct microbial changes
associated with different interventions. HFD predomi-
nantly impacted s Romboutsia ilealis, g Dubosiella and
g Blautia, emphasizing their potential contribution to

obesity-related metabolic disturbances. AE influenced
f Rhizobiaceae and g Rikenella, suggesting exercise-
induced metabolic improvements through inflammation
modulation, metabolic regulation, and enhancement of glu-
cose tolerance. IF mainly affected s Lactobacillus john-
sonii and g_Colidextribacter, possibly implicating them in
the regulation of fasting-induced metabolic responses by
curbing inflammatory responses, oxidative stress, and glu-
colipid metabolism. In conclusion, AE and IF have clearly
different impacts on microbiota in obese mice.

This study, while illuminating significant connections
between AE, IF, and the fecal microbiome diversity in
obese mice, presents several limitations that warrant men-
tion. Firstly, the translational potential from murine models
to human obesity management remains uncertain, as phys-
iological and microbial responses to interventions like AE
and IF could vary significantly across species. Secondly,
our study design did not include a group that combined AE
and IF interventions, which might have offered insights into
synergistic or antagonistic effects between these two strate-
gies. Furthermore, the assessment of microbial changes
lacked longitudinal analysis throughout the intervention pe-
riod, limiting our understanding of the temporal dynamics
and early microbial responses to AE and IF. Another lim-
itation is the absence of direct measures of host metabolic
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Fig. 5. Linear Discriminant Analysis Effect Size (LEfSe) analysis. (A) Linear Discriminant Analysis (LDA) bar plots representing the

significantly enriched taxa between groups (the default setting was 4). (B,C) Taxonomic relationships in enriched taxa [purple: normal

group; yellow: obesity group; red: exercise group; green: fasting group]. (D) Clustering and heat map of 14 representative taxa in each

group. ¢, class; o, order; f, family; g, genus; s, species.

health, such as insulin sensitivity and inflammatory mark-
ers, which would have provided a more comprehensive pic-
ture of how changes in the microbiome influence obesity
and metabolism. Future studies employing metagenomic
sequencing and metabolomic analyses could shed light on
the metabolic pathways affected by these interventions and
their implications for obesity management.

These findings underscore the intricate relationships
among the fecal microbiome, metabolic processes, and in-
terventions aimed at managing obesity. As research in this
field advances, a deeper understanding of these interactions
could pave the way for personalized approaches to obesity
management, centered on modulating the fecal microbiome
to improve metabolic health.

Conclusion

In this study, we found significant alterations in fe-
cal microbiome diversity in obese mice in response to AE
and IF. The HFD predominantly affected s Romboutsia
ilealis, g Dubosiella, and g Blautia, whereas AE influ-

enced f Rhizobiaceae and g Rikenella, and IF mainly af-
fected s Lactobacillus johnsonii and g Colidextribacter.
These results highlight the substantial changes in microbial
composition following AE and IF interventions, supporting
the use of personalized approaches for obesity management
and overall health.
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