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Modulation of the gut microbiota by metformin improves metabolic
profiles in aged obese mice
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ABSTRACT
The gut microbiota is a contributing factor in obesity-related metabolic disorders. The effect of
metformin on the gut microbiota has been reported; however, the relationship between the gut
microbiota and the mechanism of action of metformin in elderly individuals is unclear. In this study,
the effect of metformin on the gut microbiota was investigated in aged obese mice. The abundance of
the genera Akkermansia, Bacteroides, Butyricimonas, and Parabacteroides was significantly increased by
metformin in mice fed a high-fat diet. Metformin treatment decreased the expression of IL-1b and IL-6
in epididymal fat, which was correlated with the abundance of various bacterial genera. In addition,
both fecal microbiota transplantation from metformin-treated mice and extracellular vesicles of
Akkermansia muciniphila improved the body weight and lipid profiles of the mice. Our findings suggest
that modulation of the gut microbiota by metformin results in metabolic improvements in aged mice,
and that these effects are associated with inflammatory immune responses.
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Introduction

Obesity-relatedmetabolic disorders, including type 2 dia-
betes (T2D) and hyperlipidemia, represent epidemiologi-
cal and economic burdens on public health worldwide.1

These health problems in aging populations contribute to
the early onset of various chronic morbidities.2 The
etiology of metabolic disorders includes genetic and envi-
ronmental factors; dietary pattern is a major contributing
factor.3

The gutmicrobiota also plays important roles in energy
metabolism and obesity-related metabolic diseases.4 A
high-fat diet (HFD) contributes to dysbiosis of the gut
microbiota, leading to metabolic disorders.5 Accordingly,
various dietary interventions—including drugs, probiotics
and prebiotics—that alter the composition of the gut
microbiota are used to improve metabolic parameters.6,7

Moreover, the gut microbiota affects immune homeosta-
sis in the gut, and altered immune responses in
adipose tissue are linked with metabolic disorders.8

Chronic inflammation induced by cytokines contributes
to metabolic disorders, including insulin resistance and
dyslipidemia.9,10

Metformin is primarily used to treat T2D by sup-
pressing glucose production in the liver, increasing

insulin sensitivity, and enhancing peripheral glucose
uptake in the liver and skeletal muscle.11 The molecu-
lar mechanism of action of metformin is not
completely understood; however, activation of AMP-
activated protein kinase (AMPK) has been proposed
to regulate energy balance and glucose metabolism.12

In recent studies, modulation of the gut micro-
biota by metformin treatment has been suggested to
lead to improvement of metabolic parameters,
including those of obesity and insulin resistance.6,13

In animal models, metformin significantly modu-
lated the composition of the gut microbiota.6,13 In
particular, the increase in numbers of Akkermansia
muciniphila caused by metformin was correlated
with improved metabolic profiles.14,15 However, the
mechanism of the effect of metformin on the gut
microbiota is unclear. Also, the effect of metformin
in the elderly may differ as elderly individuals have
a gut microbiota with a higher proportion of Bacter-
oidetes than young adults; a significant increase in
Akkermansia, and decreases in Bifidobacterium,
Bacteriodes, and Clostridium cluster IV abundance
have also been reported.16–18 Moreover, Biagi et al.
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reported that the abundance of specific bacterial
genera in the gut is correlated with inflammatory
status in elderly individuals.18

The aims of this study were to investigate the effect
of metformin on the gut microbiota in elderly subjects.
Furthermore, the mechanism underlying this effect
was investigated.

Results

Metabolic improvement by metformin

Metformin administration for 16 weeks to mice fed a
HFD significantly decreased the body weight and
serum glucose level compared to mice fed only a HFD.
Metformin also significantly improved glucose toler-
ance. Moreover, the total cholesterol, and LDL levels
were significantly decreased by metformin, probably
due to downregulation of ApoA-1 and ApoB (Fig. 1).

Effect of metformin on the gut microbiota

A total of 288,356 sequences were generated from 18
samples. An average of 11,599 § 3,380 sequences were

recovered per sample and used for comparative analy-
sis. Figure 2a and b shows the differences in microbial
diversity among the RD, HFD, and HFD-Met groups.
The alpha diversities of the gut microbiota analyzed
using Chao1 richness and Shannon index showed no
significant differences among the groups (Fig. 2a).
PCoA of UniFrac distances showed separation among
the RD, HFD, and HFD-Met groups, that was more
clearly clustered in unweighted PCoA (Fig. 2b).

Effect of metformin and diet on the composition
of the gut microbiota

In the RD group, the phyla Bacteroidetes and Firmi-
cutes comprised 40.0% § 20.0% and 38.0% § 16.0%
of the gut microbiota, respectively; the Firmicutes/
Bacteroidetes ratio was 1.4 § 1.3 (Fig. 2c). HFD
increased the abundance of Firmicutes (81.4% §
13.4%), and decreased that of Bacteroidetes (10.8%
§ 9.3%), resulting in a ratio of 28.7 § 29.8 (Fig. 2c).
In contrast, in the HFD-Met group, the abundance
of Bacteroidetes and Firmicutes was 31.4% § 35.3%
and 29.0% § 19.4%, respectively; the Firmicutes/

Figure 1. Effect of metformin on body weight, serum glucose, total cholesterol, and LDL. Five-week-old C57BL/6 mice were fed a HFD
(45% lipid) for 39 weeks to induce metabolic disorders, then metformin was administered daily for 16 weeks. RD: Regular diet (n D 6);
HFD: High-fat diet (n D 6); HFD-Met: Metformin administration during HFD feeding (n D 6). Different superscript letters indicate signifi-
cant differences (P < 0.05) according to Duncan’s post hoc test.
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Bacteroidetes ratio was 3.1 § 1.9 (Fig. 2c). Addition-
ally, the abundance of Verrucomicrobia in the HFD-
Met group (30.2% § 25.0%) was greater than that in
the RD group (20.3% § 22.2%) and HFD group
(0.2%
§ 0.4%) (Fig. 2c).

Among the 10 bacterial genera found in all three
groups, Bacteroides, Butyricimonas, and Parabacteroides
were of the phylum Bacteroidetes. These three genera
clustered separately from the phylum Firmicutes, their
abundance was enriched in the HFD-Met group com-
pared to the RD and HFD groups, accounting for
23.1% § 37.3% of the total identified bacterial OTUs
(Fig. 2d). In contrast, five genera (Coprococcus, Lacto-
bacillus, Oscillospira, Ruminococcus [Ruminococcaceae],
and Ruminococcus [Lachnospiraceae]) were of the phy-
lum Firmicutes. In LEfSe analysis, the abundance of
Akkermansia, Bacteroides, Butyricimonas, and Parabac-
teroides was significantly greater in the HFD-Met group
compared to the RD and HFD groups (Fig. 2e), those
abundance was confirmed by qPCR (Fig. 2f).

Immunological changes in epididymal fat

IL-1b and IL-6 expression was significantly decreased
in the HFD-Met group compared to the RD and
HFD groups (Fig. 3a). Moreover, IL-1b and IL-6
expression was negatively correlated with the abun-
dance of Bacteroides, Butyricimonas, Anaerotruncus,
and Akkermansia (Fig. 3b).

Effect of fecal material from metformin-treated mice
on metabolic parameters

The body weights of the HFD- and fHFD-fed groups
increased by 1.9 § 1.9 and 3.3 § 0.6 g after 4 weeks,
respectively (Fig. 4a). The body weights of the fRD-
and fMet-fed groups decreased by 2.9 § 0.7 and 0.3 §
1.6 g, respectively (Fig. 4a). Total cholesterol and LDL
levels were lower in the fMet group than the fHFD
group, albeit not significantly so (Fig. 4c). Serum glu-
cose level was not significantly different between fMet
group and fHFD group (Fig. 4b). In addition, the
abundance of Bacteroidetes was significantly increased

Figure 2. Microbial diversity according to diet and metformin administration. (a) Rarefaction curve and Shannon index of bacterial diver-
sity. (b) PCoA of UniFrac distances. (c) Bacterial classification at the phylum level. (d) Hierarchical clustering of the top 10 most abundant
bacterial genera using Spearman’s rank correlation. (e) Significant differences in bacterial abundance according to diet and metformin
treatment. Significant differences were identified by LEfSe analysis as a P < 0.05 by both the Kruskal–Wallis test (among classes) and
Wilcoxon test (between subclasses). The threshold logarithmic LDA score was 3.0. (f) Abundance of Akkermansia, Butyricimonas, Bacter-
oides, and Parabacteroides according to diet and metformin administration, analyzed by qPCR.
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in the fMet group, and that of the genus Bacteroides
was increased markedly, compared to the fHFD-fed
group (Fig. 4d and e). FMT did not changed the
expression level of IL-1b and IL-6 in epididymal fat
(data now shown).

Effect of extracellular vesicles of Akkermansia
muciniphila (AkkEV) on metabolic parameters

After 5 weeks, weight gain in the AkkEV-fed group
(0.5 § 1.5 g) was significantly less than that in the

Figure 3. Immunological biomarker levels in epididymal fat pads. Relative mRNA levels compared to the RD group as determined by
qPCR. (a) IL-1b and IL-6. Different superscript letters indicate significant differences (P < 0.05) according to Duncan’s post hoc test. (b)
Correlations between immunological biomarkers and the abundance of bacterial genera in the HFD-Met group (n D 6). �Statistical sig-
nificance (Spearman’s correlation coefficient; P < 0.05).

Figure 4. Effect of fecal microbiota transplantation (FMT) on body weight (a), serum glucose level (b), and lipid profile (c). Six-week-old
mice were fed a HFD for 43 weeks, then inoculated orally with pooled fecal material from RD (fRD, n D 3)- metformin (fMet, n D 3)-,
and HFD (fHFD, n D 3)-treated mice for 4 weeks. Different superscript letters indicate significant differences (P < 0.05) by Duncan’s post
hoc test. (d) Differences in bacterial communities after FMT. The threshold logarithmic LDA score was 3.0. (e) Abundance of Bacteroides
was analyzed by qPCR.
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HFD-fed group (3.0 § 1.2 g) (Fig. 5a). The total cho-
lesterol level in the AkkEV-fed group was lower than
that in the HFD-fed group (Fig. 5c). The epididymal
fat pad weight in the AkkEV-fed group was lower
than that in the NC group, albeit not significantly so
(P D 0.057) (Fig. 5d). There was no significant change
in serum glucose level between HFD-fed group and
AkkEV-fed group (Fig. 5b). AkkEV did not signifi-
cantly change the composition of the gut microbiota
(data not shown).

Discussion

Metformin treatment affects the gut microbiota,
leading to improvements in metabolic parameters,
including obesity and insulin resistance.6 The met-
formin-induced increase in the abundance of A.
muciniphila was associated with improvements in
metabolic parameters. However, these effects were
detected in young adult mice. Our findings indicate
an age-specific effect of metformin on the gut

microbiota and improvements in metabolic parame-
ters in mice with HFD-induced obesity.

The gut microbiota of patients with T2D has been
characterized, but recent studies have revealed that
the results could have been biased by the confounding
effect of metformin treatment.19–21 This confounding
effect may have been due to imbalances in amino acid
metabolism and SCFA production caused by the gut
microbiota.20,21 As its effect on the gut microbiota
contributes to the antidiabetic effect of metformin, we
evaluated the characteristics of the gut microbiota in
patients treated with metformin with the aim of iden-
tifying new therapeutic targets for T2D.22

A decrease in the Firmicutes/Bacteroidetes ratio is
considered predictive of metabolic improvement by
metformin treatment. Obese individuals have a high
Firmicutes/Bacteroidetes ratio, particularly in the pres-
ence of metabolic comorbidities.23,24 Although various
health conditions—such as antibiotic-associated diar-
rhea, Crohn’s disease, and ulcerative colitis—could be
confounding factors in the relationship between the

Figure 5. Effect of EVs of Akkermansia muciniphila (AkkEV) on body weight (a), serum glucose (b), and lipid profile (c). Six-week-old mice
were fed a HFD for 48 weeks, and then orally administered AkkEV daily for 9 weeks (n D 3). (d) Weight of liver and epididymal fat.
�Statistical significance (Wilcoxon rank-sum test; P < 0.05) compared to the NC group (n D 4).
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Firmicutes/Bacteroidetes ratio and obesity.25,26, the dif-
ference in the Firmicutes/Bacteroidetes ratio between
the HFD (28.7 § 29.8) and HFD-Met (3.1 § 1.9)
groups was consistently significant in aged and adult
mice (HFD, 2.6§ 0.9; HFD-Met, 0.2 § 0.2) in a previ-
ous study.6

The abundance of A. muciniphila (phylum
Verrucomicrobia) was increased by metformin, irre-
spective of age, and was related to improvements in
metabolic parameters. Metformin treatment signifi-
cantly increased the abundance of A. muciniphila in
obese mice.6,13 Moreover, the abundance of A. muci-
niphila was significantly higher in patients with T2D
treated with metformin.27 Cross-talk between A.
muciniphila and the host was reported recently.14,28

An increased abundance of A. muciniphila was asso-
ciated with improved metabolic parameters, includ-
ing obesity and insulin resistance, and regulation of
IFN-g expression in the small intestine was mediated
by the effect of A. muciniphila on glucose
metabolism.14,15

In addition, the abundance of Bacteroides, Butyrici-
monas, and Parabacteroides was significantly
increased by metformin treatment; moreover, these
three genera were not abundant in adult mice or RD
mice.6 Therefore, an increased abundance of these
genera is characteristic of the gut microbiota of aged
obese mice fed a HFD. The increase in Bacteroides
and Butyricimonas abundance was associated with
improved metabolic parameters in mice treated with
metformin. Short-chain fatty acids (SCFAs) produced
by the gut microbiota ameliorate insulin resistance
and inflammation.29 Butyrate, which is produced by
Butyricimonas spp., protects against diet-induced obe-
sity.30,31 Moreover, butyrate increased mucin produc-
tion, which was also regulated by A. muciniphila, and
mucus layer thickness highly related with metabolic
improvement.14,32 Bacteroides spp. are abundant in
non-obese individuals.33 Several strains of Bacteroides
produce propionate and succinate, which protect
against various metabolic disorders such as insulin
resistance and diet-induced obesity.34,35 Further stud-
ies of the influence of Parabacteroides on metabolic
parameters are warranted.

The improvements in metabolic parameters
induced by metformin treatment were mediated by
inflammatory immune responses in epididymal fat,
and possibly associated with the altered gut micro-
biota. Various inflammatory responses in adipose

tissue were related with metabolic disorders.36 IL-6 is
a pleiotropic cytokine involved not only in inflamma-
tion but also in metabolic homeostasis.37,38 IL-6 is
produced in the liver, adipose tissue, and muscle and
has context-dependent pro- and anti-inflammatory
effects, which influence metabolic disorders, including
insulin resistance.37 IL-6 levels in adipose tissue
reportedly increase with age,39 and IL-6 attenuates
insulin signaling in adipocytes.40–42 In this study, a
metformin-induced decrease in IL-6 expression by
metformin treatment was detected in epididymal fat,
and IL-6 expression was significantly negatively corre-
lated with the abundance of Bacteroides and
Butyricimonas. Therefore, the effect of the metformin-
induced increase in the abundance of Bacteroides and
Butyricimonas on insulin resistance in aged mice may
be related to downregulation of IL-6. Moreover, IL-6
expression was not affected by metformin treatment
in HFD-fed adult mice in a previous study,6 and
downregulation of IL-6 was suggested to be related to
the effect of modulation of the gut microbiota on insu-
lin signaling in aged individuals. IL-1b, a major pro-
inflammatory cytokine, plays an important role in
obesity-related inflammation and insulin resistance.40-
42 IL-1b signaling crosstalks with the IL-6 signaling
cascade via activation of signal transducer and activa-
tor of transcription 3 (STAT3).37 IL-1b expression
and the abundance of Bacteroides and Butyricimonas
were negatively correlated in this study; therefore, IL-
1b, as well as IL-6, was involved in the improvements
of metabolic parameters.

FMT did not significantly modulate the bacterial
community composition, except for Bacteroides, and
did not downregulate IL-1b or IL-6. Therefore, the
increase in the abundance of Akkermansia and Butyri-
cimonas caused by metformin may play a key role in
the downregulation of IL-1b and IL-6, which are
reportedly related to the abundance of Akkermansia
and Butyricimonas, respectively.13,44

The effect of A. muciniphila on metabolic parame-
ters, such as body weight and lipid profiles, has been
reported.13,14 Plovier et al. demonstrated that a mem-
brane protein of A. muciniphila improved metabolism
in obese and diabetic mice,43 which is in agreement
with our data. Moreover, the abundance of A. mucini-
phila was negatively correlated with IL-6 expression.
Therefore, the downregulation of IL-6 caused by the
increased A. muciniphila abundance was involved
in the improvement of metabolic parameters by
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metformin treatment. The active components of
AkkEV have been reported to be 100–200 nm pro-
teins.41 Further studies are required to better under-
stand the characteristics of AkkEV.

The effect of metformin on the gut microbiota
might be involved in its antidiabetic activity. Based on
Koch’s postulates, the mechanism of action of metfor-
min involving the gut microbiota could be validated by
FMT, which is used to assess the effect of alterations in
the gut microbiota, from metformin-treated mice.45

FMT from metformin-treated donors improved the
glucose tolerance of germ-free mice.22 This suggested
the potential of FMT in the treatment of various meta-
bolic disorders. However, the clinical application of
FMT is limited, because an aseptic environment cannot
be achieved in the gut. Moreover, daily feeding of fecal
materials from HFD-Met mice decreased both body
weight gain and lipid levels. In addition, although FMT
did not alter the gut microbiota, FMT significantly
increased the abundance of Bacteroides spp. This result
suggests that FMT may exert a therapeutic effect with-
out altering the pre-existing gut microbiota. Thus, fur-
ther study of FMT using antibiotic-treated animal
models is warranted. However, the mechanism under-
lying the effect of FMT on metabolic parameters is
unclear, and should be the focus of further research.

In summary, metformin treatment significantly
altered the gut microbiota in aged mice with HFD-
induced obesity. In particular, the changes in
Bacteroides and Butyricimonas abundance were age-
specific. The abundance of A. muciniphila increased
markedly; in previous studies, AkkEV were associated
with the metformin-induced improvements in meta-
bolic parameters in adult animals irrespective of age.
Moreover, downregulation of IL-1b and IL-6 by met-
formin treatment in fat was negatively correlated with
the abundance of several bacterial genera involved in
the metformin-induced improvements in metabolic
parameters. These results suggest modulation of the
gut microbiota by metformin has a therapeutic effect
on metabolic disorders in elderly individuals.

Materials and methods

Animal model

Male C57BL/6N mice were purchased from Samtako
Co. Ltd (Osan, Republic of Korea) and were housed
with free access to water and food in a temperature-
humidity controlled animal facility under a 12 h

light-dark cycle at 22 § 2�C and 55 § 5% humidity.
Six-week-old mice were fed a HFD (45% kcal fat;
FeedLab Inc.) for 39 weeks to induce metabolic dis-
orders, including obesity and T2D. Metformin
(HFD-Met: 250 mg/kg body weight, n D 6) was
administered daily for the final 16 weeks of HFD
feeding. Mice fed a regular diet (RD; 10% kcal fat,
Purina Korea Inc., n D 6) and a HFD without met-
formin (HFD, n D 6) were used as the negative con-
trols. All experimental protocols were approved by
the Institutional Animal Care and Use Committee
(IACUC) of Sahmyook University (No. 2015001).

Metabolic measurements

Body weight, serum glucose level, and food intake
were measured once every other week. Serum glucose
level was measured using an Accu-Chec Performa sys-
tem (Roche) after starvation for 12 h. Intraperitoneal
glucose tolerance testing (IPGTT) was performed at
16 weeks after metformin administration. Mice were
interaperitoneally injected with glucose solution (2 g/
kg body weight, in phosphate-buffered saline [PBS]),
and glucose levels were measured 30, 60, 90, and
120 min after injection. Total cholesterol, low-density
lipoprotein (LDL), apolipoprotein A-1 (ApoA-1), and
apolipoprotein B (ApoB) levels were measured using a
biochemical analyzer (AU480, Beckman Coulter).

Immunological biomarkers

Interleukin-1b (IL-1b; forward primer: 50-CAGG
ATGAGGACATGACACC-50, reverse primer: 50-
CTCTGCAGACTCAAACTCCAC-50), and interleu-
kin-6 (IL-6; forward primer: 50-GTA CTC CAG AAG
ACC AGA GC-50, reverse primer: 50-TGC TGG TGA
CAA CCA CGG CC-50) expression was determined in
epididymal fat pads. Total RNA was extracted using a
RiboExTM (GeneAll, Korea), cDNA synthesis was per-
formed using a HyperScriptTM RT premix (GeneAll,
Korea) according to the manufacturer’s instructions.
To quantify mRNA levels, SYBR� Green PCR Master
Mix (Applied Biosystems) and a StepOnePlusTM real-
time PCR system (Applied Biosystems) were used.
b-Actin was used as an internal control.

Gut microbiota analysis

Total DNA was extracted using a PowerSoil DNA Iso-
lation Kit (MO BIO Laboratories Inc.) from cecum
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samples including fecal materials. Amplification of
partial sequences of 16S rRNA genes was performed
based on a 16S rRNA amplification protocol from the
Earth Microbiome Project.46 16S rRNA genes were
amplified using the 515F/806R primer set, which
includes an adapter sequence for amplification of the
V4 region (515F forward primer: 50-TCG TCG GCA
GCG TCA GAT GTG TAT AAG AGA CAG GTG
CCA GCM GCC GCG GTA A- 50; 806R reverse
primer: 50-GTC TCG TGG GCT CGG AGA TGT
GTA TAA GAG ACA GGG ACT ACH VGG GTW
TCT AAT). To attach the dual indices and adapter to
amplified polymerase chain reaction (PCR) products,
index PCR was performed using an AmpONETM

a-Pfu DNA polymerase (GeneAll, Korea) and
Nextera� XT Index Kit v2 (Illumina). PCR products
after amplification and attach were purified using the
ExpinTM PCR SV (GeneAll, Korea). Sequencing of
partial bacterial 16S rRNA genes was performed using
the MiSeq Reagent Kit V3 (600 cycles) and MiSeq
platform (Illumina) at KoBioLabs Inc.

Prior to analysis of 16S rRNA sequences, BCL files
were converted into raw FASTQ files including
read1, index and read2 sequences using CASAVA-
1.8.2. After preprocessing (quality filtering and trim-
ming steps using FASTX-Toolkit), sequences were
assigned to operational taxonomic units (OTUs, 97%
identity), and representative sequences were selected
using QIIME 1.7.0 software.47 Next, taxonomic com-
position, alpha diversity and beta diversity were ana-
lyzed. LDA Effect Size (LEfSe) was used to estimate
taxonomic abundance and characterize differences
between groups.48 A heat map of functional gene
abundance was generated using MultiExperiment
Viewer (MEV) software (v4.8.1).

The relative abundance of four bacterial genera was
confirmed using SYBR� Green PCR Master Mix
(Applied Biosystems) and a StepOnePlusTM real-time
PCR system (Applied Biosystems). The genus specific
primer sets for universal total bacterial (UniF340; for-
ward primer: 50-ACTCCTACGGGAGGCAGCAGT-50,
UniR514; reverse primer: 50-ATTACCGCGGCTGCTG
GC-50), Akkermansia (AM1; forward primer: 50-CAG-
CACGTGAAGGTGGGGAC-50, AM2; reverse primer:
50-CCTTGCGGTTGGCTTCAGAT-50) Bacteroides (All
Bac296f; forward primer: 50-GAGAGGAAGGTCCCC-
CAC-50, AllBac412r; reverse primer: 50-CGCTACTTGG
CTGGTTCAG-50), Butyricimonas (Buty1f; forward
primer: 50-GGTGAGTAACACGTGTGCAAC-50, Buty1

r; reverse primer: 50-TACCCCGCCAACTACCTAATG-
50), and Parabacteroides (ASF519f; forward primer: 50-
TTGCCGTTGAAACTGGTTGA-50, ASF519r; reverse
primer: 50-GGAGTTCTGCGTGATATCTATGCA-50)
were used for amplification.49–52

Fecal microbiota transplantation (FMT)

Fecal material was collected daily for 16 weeks and
stored at ¡70�C. Fecal material from RD (fRD,
n D 3)-, HFD-metformin (fMet, n D 3)-, and HFD
(fHFD, n D 3)-treated mice was pooled in PBS, and
mice fed a HFD for 48 weeks were orally administered
20 mg of fecal material for 4 weeks.

Extracellular vesicles of Akkermansia
muciniphila (AkkEV)

Akkermansia muciniphila was purchased from the
American Type Culture Collection (ATCC; BAA-835)
and cultured in brain heart infusion broth (BHI;
0.025% resazurin, 0.05% L-cysteine) under anaerobic
conditions at 37�C for 7 days. Culture medium was sep-
arated from A. muciniphila by centrifugation and filtra-
tion. Extracellular vesicles of A. muciniphila (AkkEVs)
were isolated by ultracentrifugation at 150,000 g for 3 h
at 4�C. AkkEVs were resuspended in PBS, and mice fed
HFD for 52 weeks were orally administrated 20 mg
AkkEVs daily for 5 weeks (n D 3). HFD-fed mice were
used as negative controls (nD 4).

Statistical analysis

Data are expressed as means § standard deviation
(SD). In a relative abundance analysis using LEfSe based
on the Kruskal–Wallis and Wilcoxon tests, significance
was defined as a value of P < 0.05. The logarithmic
LDA score threshold was set at 3.0. To quantify in vivo
mRNA levels relative to an internal control (b-actin),
the 2¡DDCt relative quantification method (DDCt D (Ct.

Target – Ct.b-actin)Group1 – (Ct.Target – Ct. b-actin)Group2) was
used. Statistical significance was assessed by one-way
analysis of variance (ANOVA), followed by Duncan’s
post hoc test. All statistical analyses were performed
using RStudio. A P value< 0.05 was considered to indi-
cate statistical significance.
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