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KEY WORDS Abstract Metformin has been demonstrated to attenuate hyperglycaemia by modulating the gut micro-
biota. However, the mechanisms through which the microbiome mediates metformin monotherapy failure
(MMF) are unclear. Herein, in a prospective clinical cohort study of newly diagnosed type 2 diabetes mel-
litus (T2DM) patients treated with metformin monotherapy, metagenomic sequencing of faecal samples
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revealed that Phocaeicola vulgatus abundance was approximately 12 times higher in nonresponders than
in responders. P. vulgatus rapidly hydrolysed taurine-conjugated bile acids, leading to ceramide accumu-
lation and reversing the improvements in glucose intolerance conferred by metformin in high-fat diet-fed
mice. Interestingly, C22:0 ceramide bound to mitochondrial fission factor to induce mitochondrial frag-
mentation and impair hepatic oxidative phosphorylation in P. vulgatus-colonized hyperglycaemic mice,
which could be exacerbated by metformin. This work suggests that metformin may be unsuitable for
P. vulgatus-rich T2DM patients and that clinicians should be aware of metformin toxicity to mitochon-

dria. Suppressing P. vulgatus growth with cefaclor or improving mitochondrial function using adenosyl-
cobalamin may represent simple, safe, effective therapeutic strategies for addressing MMF.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Metformin (MET) is the first-line drug for type 2 diabetes mellitus
(T2DM) patients due to its safety, effectiveness, and cost advan-
tage'. However, approximately 35% of patients on metformin
monotherapy fail to achieve initial glycaemic control, and this
metformin monotherapy failure (MMF) limits the widespread
clinical use of this treatment®. Moreover, compared with metfor-
min monotherapy, the combination of metformin with insulin or
sulfonylureas increases the absolute risk of hypoglycaemia by
approximately 10%°. Therefore, there is a clinical need to improve
the effectiveness of metformin monotherapy.

The individual variation in the effects of metformin monotherapy
on the hyperglycaemic response cannot be well explained by phar-
macogenetics or pharmacokinetics* ’. Recently, the mechanism
through which metformin monotherapy mediates hyperglycaemic
control has been demonstrated to be significantly associated with the
gut microbiota®. For example, the phenotype of blood sugar
normalization by metformin can be transferred to germ-free mice fed
a high-fat diet (HFD) through microbiota transplantation from
metformin-treated mice, suggesting that the gut microbiota may
influence the therapeutic response to metformin®. Additionally, with
approximately 30% dose recovery of unchanged metformin from
faeces, metformin has been shown to reprogram the disordered mi-
crobial communities in T2DM patients, specifically by increasing
the abundance of species such as Lactobacillus spp., Bifidobacterium
spp. and Akkermansia spp.” "', Increased levels of microbial me-
tabolites such as short-chain fatty acids (SCFAs) could activate
G-protein-coupled receptors (such as free fatty acid receptors 2 and
3) on intestinal L-cells and promote the secretion of glucagon-like
peptide-I to regulate blood sugar'?. However, the ability of bacte-
ria to attenuate the efficacy of metformin has attracted less attention
than the effects of metformin on the microbiota.

In this context, it has been shown that imidazole propionate, a
microbially-produced histidine-derived metabolite, can weaken
metformin efficacy by activating p38y, which then inhibits
adenosine 5’-monophosphate (AMP)-activated protein kinase
(AMPK)"®. However, the hypoglycaemic effect of metformin is
maintained in mice lacking AMPK in the liver'?, implying that
other mechanisms independent of AMPK are involved. For
example, Bacteroides fragilis significantly abrogates the anti-
hyperglycaemic effect of metformin by inducing metabolic
dysfunction via the bile salt hydrolase (BSH)—bile acid (BA)—
farnesoid X receptor (FXR) axis'®. However, B. fragilis levels are
decreased in faecal samples collected from naive T2DM patients

treated with metformin for 3 days. Therefore, suppressing B.
fragilis is likely not sufficient to cause MMF. Furthermore, there is
very little data on the relationship between long-term MMF and
specific bacteria inhabiting the intestine.

As a metabolic regulator, FXR regulates the intestinal bile acid
pool (EXR/Fibroblast growth factor 15 axis)', intestinal lipid
absorption (FXR/small heterodimer partner (SHP)/sterol regula-
tory element-binding protein 1c (SREBPIc) pathway)'®, glucose
metabolism and energy metabolism  (FXR/peroxisome
proliferator-activated receptor y (PPARy)/fatty acid oxidation
axis)!”. Regarding the regulation of glucose metabolism, the in-
testinal FXR-specific inhibitor was able to reduce insulin resis-
tance in HFD-fed mice as a result of decreased expression of
proteins involved in ceramide synthesis, which reduced intestinal
and serum ceramide levels'®. As a major determinant of lip-
otoxicity, ceramides promote weight gain and glucose intolerance.
Recent studies of animals have indicated that high ceramide levels
are associated with mitochondrial fragmentation through the
mitochondrial fission factor (MFF)/dynamin-related protein 1
(DRP1) pathway in obesity'® or activation of protein phosphatase
2A to impede clearance of dysfunctional mitochondria in acute
kidney injury?®. Once fragmented, the mitochondrial electron
transport chain (ETC) and oxidative phosphorylation (OXPHOS)
are impaired to reduce ATP synthesis and consumption of direct
energy substrates (e.g., glucose and lactate). It is clear that
microbial-derived secondary BAs, such as chenodeoxycholic acid
(CDCA), ursodeoxycholic acid (UDCA), 7-ketodeoxycholic acid
(7-keto-DCA), deoxycholic acid (DCA) and lithocholic acid
(LCA), play an important role in the regulation of hepatic
glycolipid metabolism as endogenous FXR ligands*'**. However,
an in-depth understanding of the role of microbial-derived bile,
sphingolipids, and mitochondrial fragmentation in the regulation
of metformin action is lacking.

To address the unresolved questions noted above, we per-
formed detailed metagenomic sequencing and metabolomics an-
alyses of drug-naive patients with type 2 diabetes who did or did
not respond to metformin treatment for 3 months to reveal the
mechanisms of gut microbiota-driven MMF. We found that the
relative abundance of the gut commensal Phocaeicola vulgatus in
the faecal samples of patients with MMF was markedly increased.
Colonization of HFD-fed mice with the faecal microbiota of
nonresponders and P. vulgatus impaired the ability of metformin
to improve glucose control due to the inhibition of hepatic
cholesterol catabolism and the promotion of ceramide biosyn-
thesis mediated by FXR. Furthermore, increased sphingolipid
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levels enhanced the mitochondrial toxicity of metformin, which
induced hepatic mitochondrial fragmentation and decreased adi-
pose thermogenesis. Reduced consumption of glucose as an en-
ergy substrate and impaired fatty acid beta-oxidation led to a net
positive energy balance in HFD-fed mice, ultimately undermining
the beneficial effects of metformin on metabolic disease. Thus,
this study establishes a stable metformin resistance model
involving the gut microbiota. The results suggest that suppressing
intestinal FXR activation, BSH activity, and P. vulgatus abundance
using cefaclor or improving mitochondrial function with vitamin
B12 (VB12) are potential approaches for reversing the lack of
response to metformin in nonresponders.

2. Materials and methods

2.1.  Human subjects

All participants provided written informed consent. Chinese Han
patients with naive T2DM were recruited for the study according
to strict inclusion and exclusion criteria. All participants received
diabetes education, anthropometrics, metabolic assessments, and
biochemical assays.

Participants received oral metformin hydrochloride treatment
(1000 mg for 1—2 weeks, then 2000 mg per day, Sino-American
Shanghai Squibb Pharmaceuticals Ltd.). All participants attended
a follow-up visit once a month. In 12 weeks, participants were
assigned to the nonresponder group (7.0 mmol/L < fasting blood
glucose (FBG) < 133 mmol/L or hemoglobin Alc
(HbAlc) > 7%) or to the responder group (FBG <7.0 mmol/L and
HbAlc < 7%). Anthropometric measurements, biological samples
(plasma and feces samples), and metabolic testing were carried
out at the end-of-intervention term. The clinical trial was a pro-
spective study in patients with T2DM (trial registration number
from Chinese Clinical Trial Registry: ChiCTR1900022997). The
study protocol was approved by the Medical Ethics Committee of
Xiangya Hospital, Central South University (ID: 2019040116),
and conducted in accordance with the principles of the Declara-
tion of Helsinki.

2.2.  Human gut microbiota DNA extraction and metagenomics
sequencing

Fecal genomic DNA was extracted using a Magnetic Soil and
Stool DNA kit (Tiangen, Beijing, China) and sequenced on the
Illumina Novaseq platform (150 bp; paired-end).

2.3.  The quantification of metformin in human plasma and bile
acids quantification

For metformin and bile acids quantification, human fecal and
plasma samples were analyzed using highly sensitive and selective
ultra-performance liquid chromatography coupled to a tandem
mass spectrometry (UPLC—MS/MS) method. The MS/MS pa-
rameters optimized for the method are showed in Supporting In-
formation Tables S1—S5.

2.4. P vulgatus culture and a high-throughput growth curves
screen on gut bacteria

P. vulgatus (ATCC 8482) was streaked onto a Brain-Heart Infusion
(BHI, OXOID, Cambridge, UK) agar plate in an anaerobic

workstation (10% CO,, 10% H, and 80% N,) at 37 °C for 48 h.
Bacteria were cultured in anaerobic tubes in the presence or
absence of metformin (40 pmol/L, 1.5 and 10 mmol/L). ODggq
values were measured hourly.

For colonization of bacteria, P. vulgatus suspended in 200 pL
of anaerobic PBS (5.0 x 10® colony-forming units per mouse) or
the same dosage of heat-killed bacteria (pasteurization, 60 °C for
20 min) were orally administered to mice daily.

2.5.  RNA sequencing and analysis

Total RNA was extracted from P. vulgatus or mouse liver tissue
using RNeasy Protect Bacteria Mini Kit (QIAGEN, CA, USA) or
TRIzol reagent (Invitrogen, CA, USA), and sequenced on the
Illumina Novaseq 6000 platform (150 bp; paired-end).

2.6.  Animals

Male mice were housed in a pathogen-free animal facility under
alternating 12 h light and dark cycles and given free access to food
and water. C57BL/6J mice (aged 6 weeks) were fed a high-fat diet
HFD (60% kcal from fat, D12492, Research Diets, NJ, USA) for
14 weeks, compared them with normal chow diet (ND) fed mice.
The mice were fed an antibiotics cocktail consisting of vanco-
mycin 50 mg/kg, neomycin 100 mg/kg, metronidazole 100 mg/kg,
amphotericin-B 1 mg/kg, and ampicillin 1 mg/mL for 7 days. The
gut microbiota-depleted mice were transplanted with fecal
microbiota from responders or nonresponders, P. vulgatus or heat-
killed P. vulgatus (HK—P. vulgatus) under HFD treatment for 4
weeks continuously. db/db mice (aged 5 weeks) were fed a stan-
dard chow diet. BAs were orally administrated in db/db mice.

Animals were anaesthetized with isoflurane to collect blood
samples by retro-orbital sinus puncture. Other specimens (liver,
ileum, ileal contents, and adipose) were collected and stored at
—80 °C until analysis.

The experimental procedures were performed in compliance
with Laboratory Animal Center of Central South University
guidelines and approved by the Institutional Animal Care and Use
Committee (No. 2020sydw0814).

2.7.  Fecal microbiota preparation

Stool samples collected from 5 responder donors or 5 nonre-
sponder donors were mixed together for fecal microbiota trans-
plantation (FMT), respectively. One gram of fecal sample was
suspended in 20 mL of Ren’s solution containing 10% skimmed
milk, and then aliquoted and stored at —80 °C. Mice were given
200 pL of fecal microbiota by gavage each day for 4 weeks.

2.8.  Animal gut microbiota DNA extraction and 16S rRNA gene
amplicon sequencing

The intestinal microbial composition was examined whether
faecal microbiota transplant from responder or nonresponder do-
nors into recipient mice by 16S sequencing. Faeces from mice
were collected on Day 28 during FMT. Fecal genomic DNA of
human donors and mice recipients were extracted using cetyl-
trimethyl ammonium bromide method. Bacterial 16S rRNA gene
amplicon paired-end sequencing was performed on the Illumina
Novaseq 6000 platform (250 bp; paired-end reads; mean of 70,000
effective Tags/samples).
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2.9.  Oral glucose tolerance testing (OGTT), insulin tolerance
testing (ITT) and HOMA-IR

OGTT was performed using oral gavage of glucose at 2 g/kg body
weight for C57BL/6J mice or 1 g/kg for db/db mice after 6 h or
12 h of fasting. ITT was performed using i.p. injection of insulin at
0.75 U/kg body weight for C57BL/6J mice after 4 h of fasting.
Blood glucose concentrations were measured using a glucometer
(Accu-Chek Active, Roche Diagnostics, Mannheim, Germany;
oTRAK2, aTRAK, Chicago, IL, USA). Plasma insulin concen-
trations were measured using the Ultra-Sensitive Mouse Insulin
ELISA Kit (Crystal Chem, Downers Grove, IL, USA). HOMA-IR
was calculated according to Eq. (1):

HOMA-IR = Fasting insulin (microlU/L) x Fasting glucose
(nmol/L)/22.5 (D)

2.10.  Histological analysis

Liver tissues were fixed in 4% paraformaldehyde and stained by
oil red O (ORO) and periodic acid-Schiff (PAS) staining. Adipose
tissues were fixed in 4% paraformaldehyde and stained by im-
munostaining with adiponectin antibody (Bioss, Cat# bs-0471R,
1:200), leptin antibody (ImmunoWay, Cat# YT3226, 1:200) for
subcutaneous fat, and visfatin antibody (Bioss, Cat# bs-10245R,
1:200) for epididymal fat. The adipose tissues sections were also
stained with hematoxylin and eosin (H&E). For immunofluores-
cence staining, slides were incubated with insulin (Proteintech,
Cat# 15848-1-AP, 1:100) and glucagon (Proteintech, Cat# 67286-
1-Ig, 1:200) antibody and counterstained with DAPI to obtain
images.

2.11.  RNA isolation and RT-gPCR analysis

RNA was extracted from tissues with Trizol reagent using a
standard chloroform-isoamyl alcohol extraction. 1 pg of total
RNA was reverse-transcribed using a transcription kit according to
the manufacturer’s instructions. Relative mRNA expression levels
were determined by qPCR using the QuantStudio 5 Real-Time
PCR system. The primers used for RT-qPCR are provided in
Supporting Information Table S6.

2.12. Western blot analysis and capillary-based Western blot

Tissues were homogenized in Tissue Protein Extraction Reagent
with protease and phosphatase inhibitors. Protein was separated by
SDS-PAGE electrophoresis and transferred to a PVDF membrane.
The membrane was incubated with primary antibodies against
FXR (Cell Signaling Technology, Cat# 72105, 1:1000), CYP7B1
(Proteintech, Cat# 24889-1-AP, 1:600), CYP7A1 (Abcam, Cat#
ab65596, 1:1000), SHP (Absin, Cat# abs115798, 1:1000) or
GAPDH (Cell Signaling Technology, Cat# 2118, 1:20,000) over-
night at 4 °C.

We also used an automated capillary Western blot (Jess, Pro-
tein Simple). The primary antibodies were DRP1 (Cell Signaling
Technology, Cat# 8570S, 1:30), Phospho-DRP1 (Ser616) (Cell
Signaling Technology, Cat# 4494S, 1:10) and SREBF1 (Pro-
teintech, Cat# 14088-1-AP, 1:10). Chemiluminescence data were
produced by the Compass for SW software (version 6.2.0, Protein
Simple). All values were normalized to GAPDH (Cell Signaling
Technology, Cat# 2118, 1:750).

2.13.  Mitochondrial membrane potential assay

The change of mitochondrial membrane potential of hepatic tissue
was assayed by using JC-10 Mitochondrial Membrane Potential
Assay Kit (Solarbio, Beijing, China). JC-10 staining was detected
by a fluorescent reader under Ex49o/Emszy for monomer and
Exs>s/Emsgy for polymer (Aggregate). The ratio of aggregates/
monomers suggested the dissipation of mitochondrial trans-
membrane potential and data were relative to vehicle/control.
CCCP (5 umol/L) was applied as a positive control inducing JC-
10 depolymerization.

HepG2 cells were loaded with 200 nmol/L. MitoTracker Red
CMXRos for 30 min. Coverslips were mounted in mounting
medium with DAPI; cells were visualized under a fluorescence
microscope and processed using ImagelJ (Fiji) software.

2.14.  Transmission electron microscopy

1 mm?® of liver section from mice were fixed in 0.2 mol/L phos-
phate buffer (KH,PO,/Na,HPO,, pH 7.5) supplemented with
2.5% glutaraldehyde for at least 24 h at 4 °C. Ultrathin sections
(50—100 nm) were cut, and then contrasted with 3% uranyl ace-
tate and lead nitrate. Images were acquired with a transmission
electron microscope (Hitachi H7700). Mitochondrial aspect ratio
(calculated by major axis/minor axis) were measured using
ImagelJ (Fiji)-software.

2.15.  Measurement of mtDNA-CN

Total DNA was isolated from stored tissue by using DNeasy Blood
and Tissue Kit (QIAGEN, CA, USA). The amount of mtDNA
(mt—NdI) and nuclear-encoded gene (nGADPH ) were quantified
were calculated using droplet digital PCR (ddPCR) (Bio-Rad
Laboratories, CA, USA). The mtDNA-CN was represented as
the ratio between the number of mt—NdI copies/pL and the
number of nGADPH copies/pL.

2.16.  The surface plasmon resonance (SPR) assay

Affinity and Kp measurements were performed using a Biacore
8K+. The CM5 Sensor Chip (Cytiva, MA, USA) was used to
couple the recombinant Human MFF protein (Novus Biologicals,
CO, USA), and the running buffer was PBS with 2% ethanol. The
protein was coupled to a CMS5 chip with approximately 15,000 RU
coupling amount for each channel. Proteins were diluted with
10 mmol/L sodium acetate buffer (pH 5.0). For evaluation of the
affinity, Cer(18:1/22:0) and Cer(18:1/22:1) (Cayman Chemical,
MI, USA) were diluted to 100 pmol/L. For evaluation of the Kp
value, Cer(18:1/16:0) was from 25 to 0.78125 pumol/L. All data
processing was performed in the Biacore 8K + analysis software.

2.17.  In vitro treatment of ceramides

HepG2 cells were plated into 12-well culture plates at
2 x 10° cells per well for 24 h. After adhesion, cells were treated
with an oleate/palmitate mixture (2:1 mol/mol ratio, 0.75 mmol/L
as the final concentration) in combination with 10 mmol/L sucrose
in glucose-free DMEM supplemented with 2 mmol/L GlutaMAX
and 1 mmol/L sodium pyruvate for 72 h. Cells were then treated
with either ethanol (vehicle), ceramide (d18:1/22:0), ceramide
(d18:1/22:1) or ceramide (d18:1/16:0) for 24 h in glucose-free
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DMEM supplemented with 2 mmol/L GlutaMAX and 1 g/L
glucose as MEM.

2.18.  Seahorse extracellular flux measurement

HepG2 cells were seeded in an XF 96 Well Plate at 3 x 107 cells/
well for 24 h, followed by the treatment as described above. On
the day of the assay, cells were washed one time with PBS and
media was replaced with Seahorse XF base medium containing
10 mmol/L glucose, 1 mmol/L sodium pyruvate and 2 mmol/L
glutamine. After incubating in a non-CO, incubator at 37 °C for
1 h, the cell plate was inserted into a Seahorse XF 96 Analyzer
(Agilent Technologies, CA, USA) After 3 basal measurements,
oligomycin was injected for a final concentration of 1.5 mmol/L to
inhibit ATP synthesis. Next, FCCP was injected with a final
concentration of 1 mmol/L to determine maximal respiratory ca-
pacity. Finally, a mixture of rotenone and antimycin was injected
to inhibit all mitochondrial respiration (final concentration of
0.5 mmol/L each). Protein concentration of the cells or cell
number was measured after the analysis and used to normalize the
oxygen consumption rate (OCR).

2.19.  Statistical analysis

GraphPad Prism version 8.0, IBM SPSS Statistics 26 and R
(version 3.5.1 and 4.2.0) were used for statistical analysis.
Experimental data were shown as the mean + standard error of
mean (SEM) or mean =+ standard deviation (SD). The sample size
was estimated on the basis of previous experience, sample avail-
ability and previously reported studies. Unpaired independent
Student’s #-tests (between two groups) and one-way ANOVA with
Tukey’s or Dunnett’s tests (among multiple groups) were used to
compare differences upon normally distributed and homogeneous
variances. Non-normally distributed or heterogeneous data were
compared by the Mann—Whitney U tests (Wilcoxon rank-sum
test, between two groups) or the Kruskal Wallis test (among
multiple groups). A Benjamini—Hochberg adjusted P-value
(FDR) of 0.05 was used as the cutoff for statistical significance
unless stated otherwise. Correlation analysis of gut microbiome
and subjects’ clinical characteristics were investigated using
Spearman’s rank correlation coefficient test. Statistical signifi-
cance is indicated by asterisks (*): *P < 0.05, **P < 0.01,
#ExP < 0.001, #***P < (0.0001, ns, non-significant.

3. Results

3.1. P vulgatus is enriched in nonresponders after metformin
treatment

To determine the relationship between the gut microbiome and
metformin glycaemic response, we compared the gut microbiota
compositions using faecal samples from 18 patients in the
responder group (FBG <7.0 mmol/L and HbAlc < 7%) and 18
patients in the nonresponder group (7.0 mmol/L < FBG
<13.3 mmol/L or HbAlc > 7%) who were treated with metformin
for 3 months. Responders and nonresponders were matched for
features of plasma glucose homeostasis and other phenotypes
using propensity score matching to minimize potential con-
founders, successfully completed the trial and provided enough
faecal and plasma samples for analysis (CONSORT participant
flow diagram see Supporting Information Fig. S1A). Clinical

characteristics are shown in Supporting Information Table S7.
Notably, no significant differences in clinical characteristics,
including FBG levels andHbAlc, were observed between the
groups at baseline (Fig. 1A). Moreover, the plasma levels of
metformin were not significantly different at the end of the
intervention (Fig. S1B). Although metformin caused a progressive
decline in HbAlc levels, subjects in the nonresponder group had
significantly higher FBG or HbAlc levels and failed to achieve the
goal of tight glycaemic control, unlike those in the responder
group, even though they did not initially have higher blood sugar
levels. It is therefore unlikely that the observed differences in
metformin responses stemed from a different glycaemic baseline.

One potential mechanism underlying MMF involves the alter-
ation of the intestinal microbiome or microbial metabolites, which
can affect metformin activity'0’13. However, there is limited evi-
dence that this mechanism mediates MMEF, and available data are
from short-term studies. To investigate whether the gut microbiota
was different between the responders and nonresponders, we first
performed whole-genome shotgun sequencing to explore the
microbiome taxonomic identification via MetaPhlAn 4.0.6. Prin-
cipal coordinate analysis (PCoA) revealed that the gut microbiota
profile presented a clear alteration between the two groups
(Fig. 1B). In metformin nonresponders, the relative abundance of
Bacteroidetes was increased, while the relative abundances of Fir-
micutes and Actinobacteria were decreased at the phylum level
(Fig. S1C). At the genus level, the abundances of Bacteroides spp.
and Phocaeicoia spp. were significantly enhanced (Fig. S1D and
S1E). Consistent with the species level (Fig. 1C), analysis with
the linear discriminant analysis (LDA) effect size (LEfSe) method
revealed that the nonresponder group was characterized by P. vul-
gatus, B. uniformis, B. plebeius and B. ovatus (Fig. 1D). Next, we
used a random forest classifier to select the discriminating features
in the gut microbiota for differentiating species, including P. vul-
gatus (Fig. S1F). Differential analyses were performed using
MaAsLin2 and ALDEx2 with adjustment for covariates. Further
evaluation of the microbiota confirmed the significant enrichment of
P. vulgatus in the nonresponder group, which exhibited the highest
relative abundance (approximately 11.96 times higher than that in
the responder group) (Fig. S1G and Fig. 1E). In addition, it has been
reported that patients with refractory diabetes show an increased
relative abundance of P. vulgatus concomitant with a reduction in
the abundance of the glucose homeostasis-related species Akker-
mansia muciniphila®**. However, the relative abundance of A.
muciniphila was not significantly different between the two groups
in our study. Before metformin treatment, the nonresponder group
was characterized by Ruminococcus bromii, Alistipes onderdonkii,
B. caccae and B. finegoldii, while Bifidobacterium. Longum, Veil-
lonella. parvula and Streptococcus. salivarius were enriched in the
responder group (Fig. S1H). Thus, the abnormal alterations in the
gut microbiota under metformin treatment may be related to the
occurrence of MMF.

Gut microbiota functional gene profiles at the KO (Kyoto
Encyclopedia of Genes and Genomes (KEGG) ortholog) level
were also different between the two groups after metformin
treatment (Fig. S1I). The differentially expressed bacterial genes
are involved in glycan metabolism, lipoic acid biosynthesis and
fatty acid biosynthesis (Fig. S1J). We mapped reads to
carbohydrate-active enzymes (CAZymes) and found that 81 were
significantly different between responders and nonresponders.
Metformin led to a reduction in the levels of CAZymes involved in
the biosynthesis of dextransucrase (CAZyme ID GH70) and an
increase in the capacity to metabolize lactose (8-galactosidase
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Figure 1  Metformin treatment induces different gut microbiota and bile acid metabolism changes in non-responders. (A) Fasting blood glucose
and HbAlc levels of newly diagnosed T2DM patients before and after metformin treatment; R_before: responders before metformin treatment
(n = 18); NR_before: nonresponders before metformin treatment (n = 18); R_after: responders after 3-month metformin treatments (n = 18);
NR_after: nonresponders after 3-month metformin treatments (n = 18). (B) Principal coordinates analysis (PcoA) plot based on Bray—Curtis
dissimilarity matrices in responders and nonresponders. The data were compared by the PERMANOVA test (n = 18). (C) Stacked bar plots
showing the average percent relative abundances at the species level for responder and nonresponder groups, respectively. The most abundant taxa
are shown as differently colored bars, with lower abundance taxa grouped as a gray bar (Others). (D) Differences in bacterial taxonomy were
ranked according to the linear discriminant analysis (LDA) effect size between responders and nonresponders. (E) Abundance of P. vulgatus, B.
uniformis and A. onderdonkii based on metagenomics data. Statistical significance is based on P values and ¢ values obtained from MaAsLin2
analysis (¢ < 0.1). (F) Bile acid levels in stool samples; ratio of deconjugated BAs/conjugated BAs. P value determined by two-tailed unpaired
Student’s r-test, paired Student’s r-test, Mann—Whitney U test and Kruskal—Wallis test. ns, non-significant. All data are presented as

mean £+ SEM or mean + SD.

(GH147)) and plant cell wall degradation (pectate lyase (PL10)) in
nonresponders (Fig. S1K). The relative expression of cgh
(microbiome-encoded choloylglycine hydrolase, a kind of bile salt
hydrolase) in the faecal microbiome of the nonresponder group
was higher than that in the responder group (Supporting Infor-
mation Fig. S2A), we next aimed to integrate bile acid metab-
olomic profiling, metagenomic sequencing and clinical
monitoring. We analysed a panel of major BAs in faeces using
UPLC-MS/MS and found that the unconjuagated BA levels,
especially LCA (FXR agonist) and DCA (FXR agonist), were
significantly higher in the metformin nonresponder group than in
the responder group. The levels of conjugated BAs, such as gly-
coursodeoxycholic acid (GUDCA), taurochenodeoxycholic acid
(TCDCA) and taurocholic acid (TCA), were markedly reduced.
The levels of deconjugated BAs in the nonresponders after 3-
month metformin treatments group were approximately 1.56
times higher and those of conjugated BAs were approximately

71.5% lower (Fig. 1F). Correlation analysis of faecal bacteria, BA
and plasma glycolipid levels showed that the abundances of
Phocaeicola spp., Bacteroides spp. and Alistipes spp. were posi-
tively correlated with FBG and HbAlc levels, whereas the
abundance of Blautia spp. and Mediterraneibacter spp. were
negatively correlated with post prandial glucose levels. In terms of
metabolic indicators, the ratio of deconjugated BAs to conjugated
BAs was positively correlated with HOMA-IR and post prandial
glucose (PPG) (Fig. S2B and S2C).

Together, these data reveal that even at the same dose and
duration of metformin treatment, patients with similar initial blood
glucose levels will still have different alterations in their gut
microbiota at both the compositional and functional potential
levels. Notably, P. vulgatus was significantly enriched in non-
responders after metformin treatment. In addition, unconjugated/
conjugated BA transformation during metformin treatment accu-
mulates in the intestine to a relatively large degree.
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3.2.  Glucose and metformin are beneficial in promoting the
growth of P. vulgatus

To understand how individual strains in the gut ecosystem respond
to metformin, we monitored the growth curves of 33 representa-
tive gut bacterial strains upon treatment with metformin (Sup-
porting Information Fig. S3A). Metformin did not inhibit P.
vulgatus growth and, in fact, improved the growth advantage in
the stationary phase (Fig. S3B). To identify the distinct response
of P. vulgatus to metformin, we performed RNA-seq analysis
using P. vulgatus cultures. Among the total 3968 genes that were
identified, 5 were upregulated and 11 were downregulated in the
metformin-treated group compared with the control group
(Fig. S3C). BVU_1748 (encoding the two-component system
sensor histidine kinase) was more highly expressed after metfor-
min treatment. In addition, the mRNA levels of RNA polymerase
sigma factor (BVU_RS16825) increased (Fig. S3D). Intriguingly,
we uncovered the existence of an advantage conferred by growth
regulations under metformin in response to carbon (C), nitrogen
(N), and phosphate (P) limitations, especially glucose limitation
(Fig. S3E). However, in the case of defined rich media with suf-
ficient glucose, the growth-promoting effect of metformin is found
to be relatively insignificant (Fig. S3F). Metformin may increase
the sensitivity of P. vulgatus to changes in different environmental
cues to regulate its survival and cellular development. Moreover,
the concentration of lactate in non-responders was found to be
significantly higher than in responders (Fig. S3G). The addition of
L-lactate could significantly enhance the growth of P. vulgatus
in vitro (Fig. S3H), consistent with previous reports®>. Therefore,
metformin increases P. vulgatus in non-responder, which may be
attributed to the combined influence of the bacteria itself and the
host’s metabolic processes.

To elucidate the correlation between bile acid transformation
and P. vulgatus, we then determined the efficiency of the hydro-
lysis of different BAs conjugated to glycine or taurine by P. vul-
gatus. Metformin could not reduce the efficiency of hydrolysis by
P. vulgatus or the level of bsh mRNA (Fig. S3I). After incubation
with P. vulgatus for 24 h, approximately 76.6% of taur-
oursodeoxycholic acid (TUDCA) was hydrolysed by P. vulgatus
after 3 h glycolithocholic acid (GLCA), TCDCA and taur-
olithocholic acid (TLCA) were also rapidly metabolized (the ratio
of remaining <80% within 3 h). However, more than 80% of
glycochenodeoxycholic acid (GCDCA), glycocholic acid (GCA),
glycodeoxycholic acid (GDCA), GUDCA, TCA, and taurodeox-
ycholic acid (TDCA) remained at 3 h (Fig. S3J and S3K). Taken
together, these results suggest that P. vulgatus correlates with
individual-specific  variations in BA metabolism among
nonresponders.

3.3.  Responses to metformin monotherapy are attenuated after
FMT from nonresponders

To determine whether FMT from nonresponder patients into mice
could induce an MMF-like phenotype, we colonized microbiota-
depleted HFD-fed mice with stool microbiomes collected from
five members of the nonresponder group and five of the responder
group. After one week of treatment with antibiotics (Supporting
Information Fig. S4A), mice underwent microbial transplantation
(Fig. 2A) each day for 4 weeks. Then, faecal samples were
collected to confirm the FMT efficiency using 16S rRNA
sequencing, and we found that FMT induced alterations in the gut
microbiota (an increase in the relative abundances of P. vulgatus,

B. ovatus and B. uniformis species, Fig. S4B), and the transferred
functions of the faecal microbiota from each donor to every
recipient group (Fig. S4C) were strongly similar to those of the
MMF donors.

Strikingly, the glycaemic responses in the microbe-humanized
mice largely reflected those of their donors. The hypoglycaemic
effect of metformin, including lowered glucose tolerance and
HOMA-IR, was attenuated after FMT from nonresponders but
preserved after FMT from responders (Fig. 2B and C). In terms of
insulin indicators, there was fewer (-cells in islets, and these (-
cells were interspersed with a greater number of «-cells (Fig. 2D).
Moreover, the index of adiposity, such as hepatic triglyceride (TG)
levels, body weight, glucagon-like peptide-1 (GLP-1) levels and
adipocyte size, was more serious in the FMT,,, + MET group
than in the group treated with metformin that did not undergo
FMT (Fig. 2E—I).

Furthermore, the expression of hepatic Fxr, Shp (small heter-
odimer partner), and Cyp7bl (25-hydroxycholesterol 7-a-hy-
droxylase) was lower in mice that received nonresponder
microbiota than in mice that received metformin without FMT
(Fig. S4D—S4G). However, the expression of hepatic cholesterol
7Ta-hydroxylase (Cyp7al) and sterol 12a-hydroxylase (Cyp8bl),
key enzymes in the classic BA synthesis pathway, was not
significantly decreased (Fig. S4H and S4I). Moreover, hepatic
Baat (bile acid-CoA:amino acid N-acyltransferase) mRNA
expression was decreased (Fig. S47), suggesting the conjugation of
primary BAs (cholic acid (CA) and CDCA) with glycine or
taurine attenuation. The mRNA level of ileal pical sodium bile
acid transporter (SlcI0a2) was also significantly lower in the
metformin group (Fig. S4K). The gene expression of hepatic sterol
27-hydroxylase (Cyp27al) and ileal bile acid-binding protein
(Ibabp) did not differ between the groups that received metformin
with or without FMT (Fig. S4L and S4M).

Consistent with the above findings, Bifidobacterium pseudo-
catenulatum, a kind of probiotic that has been found to be nega-
tively associated with T2DM?®, showed strong BSH activity
(Fig. S4N) but could not improve the response to metformin
(Fig. 2J—L) in nonresponder gut microbiota recipient mice. TG
levels were negatively correlated with a suppressed hepatic
FXR—SHP axis, which impairs hepatic gluconeogenesis and
glucose homeostasis. These findings suggest that the Phocaeicoia-
rich microbiota of nonresponding donors can induce the MMF
phenotype and promote ileal BA absorption in recipients through
hepatic feedback to inhibit BA synthesis.

3.4. P vulgatus reverse the hypoglycaemic effect of metformin

Based on the aforementioned alterations, to clarify the detrimental
effects of the P. vulgatus-rich microbiota on metformin activity,
microbiota-depleted HFD-fed mice were gavaged with 10% CFU P.
vulgatus every day for 4 weeks, and then mice were treated with
metformin for two weeks (Fig. 3A; Supporting Information
Fig. S5A). The beneficial effects of metformin, including lowering
blood sugar, increasing insulin sensitivity, weight loss and
improving lipid metabolism disorders, were lower in mice pre-
colonized with P. vulgatus than in those precolonized with heat-
killed P. vulgatus (HK—P. vulgatus, Fig. 3B—H). As key regula-
tors of lipid metabolism, adipocytokines, including adiponectin,
leptin and visfatin, were lower (Fig. 3I). Furthermore, the P. vul-
gatus-treated mice given metformin showed increases in hepatic
TG levels and adipocytes of the subcutaneous fat (Fig. S5B and
S5C). Deconjugated BA levels in plasma were measured,;
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Figure 2  The beneficial effects of metformin were reduced in mouse recipients receiving nonresponders’ fecal microbiota. (A) Experimental
procedure for fecal microbiota transplantation (n = 5—6). (B) Oral glucose tolerance test (OGTT) and area under the curve (AUC) (n = 5—6).
(C) HOMA-IR of mice treated with metformin or FMT (n = 5—6). (D) Sections of mouse pancreas were analyzed by immunofluorescence using
antibodies to insulin (red) and glucagon (green); scale bar, 50 um (n = 3). (E—G) Hepatic triglyceride levels (E), body weight (F), plasma GLP-1
(G) of mice treated with metformin or FMT (n = 5—6). (H, I) Oil Red O staining on liver tissues; H&E staining of subcutaneous white adipose
tissue (sSWAT); scale bar, 50 pm (n = 3). J—L) OGTT and AUC (J), fasting glucose (K) and body weight (L) of B. pseudocatenulatum-colonized
mouse recipients receiving non-responders’ fecal microbiota (n = 5—6). P value determined by two-tailed unpaired Student’s t-test,
Mann—Whitney U test, Kruskal—Wallis test and one-way ANOVA. ns, non-significant. All data are presented as mean == SEM or mean + SD.

nordeoxycholic acid (Nor-DCA), UDCA, CDCA, DCA levels and
the ratio of deconjugated BAs to conjugated BAs were signifi-
cantly higher in the P. vulgatus + MET group than in the HK-P.
vulgatus + MET group (Fig. 3J).

Then, an effective microbiome modulation strategy was
established through the oral administration of cefaclor to reverse
metformin resistance by inhibiting P. vulgatus (Fig. S5D). HFD-
fed mice treated with cefaclor + metformin had similar FBG
levels to those in the HFD group before metformin treatment
(Fig. SSE). After oral gavage with cefaclor for 7 days, the relative
abundance of P. vulgatus was significantly reduced (Fig. S5F).
Unlike the P vulgatus + cefaclor group, the P

vulgatus + cefaclor + MET group showed reversal of metformin
resistance, as indicated by the expected improvements, including
in glucose tolerance, fasting blood glucose levels, body weight,
HOMA-IR and TG while treatment with cefaclor alone did not
affect these factors in HFD-fed mice (Fig. 3K; Fig. S5G—S5J).
Consistent with the above findings, plasma levels of deconjugated
BAs were substantially decreased, and the ratio of deconjugated to
conjugated BAs was also lower (Fig. 3L; Fig. S5K). Together,
these results show that P vulgatus induces metformin non-
responsiveness in HFD-fed mice.

The relative hepatic expression of Fxr, Shp, and Cyp7b1 and ileal
Tgr5 (G-protein coupled bile acid receptor 1), which are important
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Figure3  Colonization of P. vulgatus reverses the hypoglycemic effect of metformin in HFD-induced mice. Mice were under HFD treatment for

14 weeks to explore the reversal effects. (A) Introduction of P. vulgatus strain or HK-P. vulgatus in (ABX-induced) microbiota-depleted mice
(n = 5—6). (B) OGTT and AUC of P. vulgatus-colonized or HK-P. vulgatus treated mice (n = 5—6). (C) Insulin tolerance test (ITT) (n = 5).
(D—H) body weight (D), HOMA-IR (E), fasting glucose (F), plasma active GLP-1 levels (G) and hepatic triglyceride levels (H) (n = 5—6).
(I) adiponectin and leptin immunohistologic staining of sSWAT sections; visfatin immunohistologic staining of eWAT sections; scale bar, 50 pum,
(five discontinuous sections were evaluated for each sample in three samples per group). (J) Deconjugated bile acid levels in the plasma (n = 5);
ratio of deconjugated BAs/conjugated BAs (n = 5). (K) OGTT and AUC of cefaclor treated P. vulgatus-colonized mice (n = 5—6). (L)
Deconjugated bile acid levels in the plasma (n = 5—6). P value determined by two-tailed unpaired Student’s ¢-test, Mann—Whitney U test,
Kruskal—Wallis test and one-way ANOVA. ns, non-significant. All data are presented as mean £ SEM or mean £ SD. «MCA: a-muricholic acid;
BMCA: B-muricholic acid.

targets of BAs during metabolism, was downregulated, whereas
ileal Fxr, fgf15 (fibroblast growth factor 15) and Shp expression was
upregulated following P. vulgatus colonization (Fig. 4A and B; Fig.
S5L and S5M) compared to HK-P. vulgatus colonization
(Fig. S5N). The mRNA levels of ileal /babp and Slc10a2 and he-
patic Hmgcr (encoding 3-hydroxy-3-methylglutaryl-CoA reduc-
tase) were significantly higher in the P. vulgatus + MET group, but

Baat expression did not differ (Fig. S50—S5Q). Moreover, lucif-
erase reporter assays revealed that CDCA, UDCA, and DCA
significantly activated FXR. In addition, both GUDCA and TUDCA
markedly repressed GW4064- or CDCA-induced FXR transcrip-
tional activity (Supporting Information Fig. S6A—S6C). Consis-
tently, we found that mice treated with GUDCA + MET or
TUDCA + CAPE + MET were responsive to metformin (Fig. 4C
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Figure 4

P. vulgatus-induced metformin nonresponse involved intestinal FXR signaling, but not exclusively. (A) Relative mRNA abundance of

Fxr, its target genes, and Tgr5 mRNAs in the liver and ileum (n = 5). (B) Western blot analysis of ileal FXR (i) and hepatic CYP7B1 (ii) protein
expression and the statistical graph (n = 3). (C, D) OGTT and HOMA-IR of P. vulgatus-colonized mice treated with GUDCA or
TUDCA + CAPE (n = 5—6). (E) Western blot analysis of ileal FXR (i) and hepatic CYP7B1 (ii) protein expression and the statistical graph
(n = 3). (F) Relative mRNA abundance of Fxr, its target genes, and 7gr5 mRNAs in the liver and ileum (n = 5). (G, H) OGTT and ITT of E. coli-
colonized mice treated with metformin or vehicle control (n = 5). P value determined by two-tailed unpaired Student’s #-test, Mann—Whitney U
test, Kruskal—Wallis test and one-way ANOVA. ns, non-significant. All data are presented as mean = SEM or mean + SD.

and D; Fig. S6D—S6G), even though the relative abundance of P.
vulgatus was still higher in these mice than before colonization
(Fig. S6H). No differences in FBG levels were found among the
groups before supplementation (Fig. S6I). Plasma levels of GUDCA
and TUDCA were significantly increased after supplementation by
gavage (Fig. S6J). Interestingly, the administration of TUDCA or
CAPE resulted in no improvement in oral glucose tolerance
(Fig. S6K), as TUDCA was rapidly hydrolysed by P. vulgatus within
3 h. Intestinal Fxr expression was attenuated in the GUDCA + MET
and TUDCA + CAPE + MET groups compared with the P.
vulgatus + MET group. The relative expression of hepatic Fxr and
Shp, ileal Tgr5 and hepatic CYP7B1 was increased (Fig. 4E and F).
Ileal BA absorption was reduced in the GUDCA + MET group due
to decreased ileal /babp and Slc10a2 mRNA levels (Fig. S6L).

To further verify whether BSH of P. vulgatus influences
metformin, BVU_ 2699, one of the BSH coding genes, was

introduced into Escherichia coli via LC-MS/MS and electro-
phoresis validation (Supporting Information Fig. S7A). Sur-
prisingly, despite the strong ability of the knock-in of BVU_
2699 and in the P. vulgatus culture supernatants to degrade
conjugated BAs in vitro (Fig. S7B), mice treated with bsh-
knock-in E. coli showed only a slight reduction in the hypo-
glycaemic effect of metformin compared with those treated with
wild-type (WT) E. coli via OGTT and ITT (Fig. S7C and
Fig. 4G and H). In addition, to examine the role of FXR
activation in MMF, db/db mice were subjected to a hyper-
glycaemia model and received either metformin alone or in
combination with CDCA, which is the most potent endogenous
FXR agonist22 or mixture of BAs [LCA, DCA and CA].
However, OGTT revealed that expected metformin-induced
improvement in glucose intolerance was not reversed by
CDCA or the mixture significantly (Fig. S7D), although the
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expression of intestinal Fxr and its target genes, but not 7gr5,
were reversed after CDCA treatment (Fig. S7E).

Collectively, BAs produced by P. vulgatus activate FXR in the
intestine to reduce the therapeutic effects of metformin. However,
there may still be other unknown causes.

3.5. P vulgatus triggers ceramide-mediated mitochondrial
dysfunction to decrease glucose tolerance

To reveal the molecular mechanisms by which P. vulgatus affects
hepatocyte energy metabolism, we performed RNA-seq analysis
of livers from mice treated with metformin or P. vulgatus + MET.
A total of 822 differentially expressed genes (DEGs) were

Figure 5

identified (Fig. 5A); the upregulated DEGs were mostly enriched
for ribosomal components, and the downregulated DEGs were
enriched for oxidative phosphorylation (OXPHOS), including
respiratory electron transport and ATP synthesis, indicating
decreased mitochondrial respiratory chain (MRC) activity
(Fig. 5B and Supporting Information Fig. S8). Consistently, we
detected a higher levels of hepatic reactive oxygen species (ROS)
in mice subjected to FMT from nonresponder donors or P. vul-
gatus colonization than in their control groups (Fig. 5C and D).
Since dysregulation of mitochondrial function can increase ROS
production, we measured the hepatic mitochondrial membrane
potential (MMP), which was significantly lower in P. vulgatus-
colonized mice and could not be improved by metformin

P. vulgatus promotes hepatic mitochondrial dysfunction. (A) Volcano plot of significantly upregulated (red), downregulated (blue)

genes and non-significant (gray) genes (n = 3). (B) KEGG enrichment analysis between P. vulgatus + MET vs Metformin mice liver samples
(n = 3). (C) Hepatic ROS levels in mice recipients receiving responders or nonresponders fecal microbiota (n = 5). (D) Hepatic ROS levels in P.
vulgatus or HK-P. vulgatus pretreated mice (n = 5). (E) Hepatic mitochondrial membrane potential was detected by JC-10 assay, which was
measured at Ex/Em = 490/530 nm (monomers) and 525/590 nm (aggregates) (n = 5); carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was
used as positive controls. (F) PAS staining of liver tissues; scale bar, 50 pm (n = 3). (G) Representative transmission EM images of liver sections
of P. vulgatus and HK-P. vulgatus pretreated mice with or without metformin; scale bar, 5000, 2000 and 1000 nm. Mitochondrial aspect ratios
were measure by three discontinuous sections. (H) Decreased mitochondrial DNA copy number (n = 5). P value determined by two-tailed
unpaired Student’s t-test, Mann—Whitney U test, Kruskal—Wallis test and one-way ANOVA. ns, non-significant. All data are presented as
mean £ SEM or mean + SD.
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(Fig. 5E). Furthermore, metformin did not increase the periodic
acid-Schiff (PAS)-positive area of hepatic cells around the central
vein in P. vulgatus-enriched mice, indicating impaired glycogen
synthesis (Fig. 5F).

Next, we determined the effects of P. vulgatus on hepatic
mitochondrial morphology via transmission electron microscopy
(TEM) imaging. Compared with those in HK-P. vulgatus + MET
pretreated mice, mitochondria in the liver of P. vulgatus-colonized
mice exhibited a significant reduction in the aspect ratio and
count, implying the presence of smaller punctate mitochondria
and the potential occurrence of pyknosis (Fig. 5G). Droplet digital
PCR (ddPCR) showed that mitochondrial DNA copy number
(mtDNA-CN) was also decreased, as assessed by the complex I
marker mt—Nd1 (Fig. 5SH). There was no significant difference in
plasma thioredoxin-interacting protein (TXNIP) levels between
the P. vulgatus and HK-P. vulgatus groups (Supporting Informa-
tion Fig. SOA). Moreover, insulin levels were obviously elevated
in P. vulgatus mice (Fig. S9B). Therefore, these results suggest
that impaired hepatic mitochondrial morphology and networking
and decreased respiratory function ultimately result in severe
glucose intolerance, rather than insufficient insulin secretion, in P.
vulgatus-colonized mice.

In the cohort trial described above, we found that the glyco-
sphingolipid biosynthesis pathway was enriched in the nonre-
sponder group, according to KEGG pathway enrichment analysis
of metagenome functional content (Fig. S9C). Glycosphingolipid
biosynthesis was a downstream pathway for sphingosine. Inter-
estingly, Bacteroides spp. express serine palmitoyltransferase
(SPT) to produce bacterial sphingolipids, which can generate
ceramides®’. P. vulgatus expresses similar homologous genes,
which may produce bacterial sphingolipids that affect host lipid
metabolism. Consistently, we observed that metformin treatment
resulted in significant upregulation of BVU_RS04490 and
BVU_RS10440 mRNA in P. vulgatus (Fig. S9D), which encode
aminotransferase class I/II-fold pyridoxal phosphate-dependent
enzymes to synthesize sphingolipids.

We conducted a targeted lipidomic analysis of the liver, and
C22 ceramide (d18:1/22:0), C24 ceramide (d18:1/24:0), Cl16:1
ceramide (d18:1/16:1) and C22:1 ceramide (d18:1/22:1) levels
were significantly higher in the P. vulgatus + MET group than in
the HK-P. vulgatus + MET group (Fig. 6A). In contrast to the
levels in the HK-P. vulgatus group (Fig. SOE), the mRNA levels of
ceramide synthase genes were significantly increased in the liver
and ileum of the P. vulgatus + MET group (Fig. 6B). The
expression of fatty acid synthesis-related genes, such as those
encoding sterol response element-binding protein 1c (Srebplc),
were also monitored in the liver and was significantly higher than
that in the HK-P. vulgatus + MET group (Fig. 6B). HK-P. vul-
gatus mice treated with metformin revealed decreased expression
and cleavage-mediated activation of transcription factor SREBP1
compared to control-P. vulgatus + MET-treated mice (Fig. 6C).
Total ceramide levels were significantly increased in epididymal
white adipose tissue (eWAT) after metformin treatment in the P.
vulgatus-rich group (Fig. 6D). Accordingly, the mRNA level of
Cers6 (ceramide synthase 6) was increased (Fig. 6E). Consis-
tently, the increase in total ceramide levels in eWAT was reversed
by FXR inhibitors (Fig. 6F and G). lleal Degs/ (delta 4-
desaturase, sphingolipid 1), Sptlc3 (serine palmitoyltransferase
long chain base subunit 3), Smpd3 (sphingomyelin phosphodies-
terase 3), and Cers2 (ceramide synthase 2) expression were also
downregulated (Fig. 6H). Myriocine, the SPT inhibitor, potently
improved glucose tolerance in P vulgatus-colonized mice

(Fig. 6I). All these results suggest that the hepatic FXR—cer-
amide/SREBP1C/DNA fragmentation factor a-like effector A
(CIDEA) pathway was activated in the P. vulgatus + MET group.
P. vulgatus induces MMF by increasing oxidative stress and
decreasing OXPHOS in hepatocytes via increased ceramide levels.

3.6. C22:0 ceramide exacerbates MFF/Drpl-mediated
mitochondrial fragmentation

CerS6-derived sphingolipids interact with Mff to regulate mito-
chondrial dynamics through Drpl1'®. We therefore measured the
affinity of C22:0, C22:1 and C16:0 ceramides bound to human
MFF protein by Biacore assay. Interestingly, C22:0 showed the
highest affinity among them (Fig. 7A; Fig. SOF). These findings
were further verified by MitoTracker red staining. In high-sucrose-
challenged liver cells, the MMP of HepG2 cells was significantly
decreased after treatment with a high level of ceramide (d18:1/
22:0), but treatment with a low level of ceramide increased the
MMP. Metformin did not alleviate the decrease in the MMP,
which was improved by mitochondrial division inhibitor 1
(mdivi-1) (Fig. 7B). In contrast, the same concentration of cer-
amide (d18:1/16:0) and ceramide (d18:1/22:1) did not have such a
significant effect on MMP (Fig. S9G). CerS6-derived C16:0
sphingolipids are a major contributor to mitochondrial fragmen-
tation in obesityw. However, C22:0 ceramide (d18:1/22:0) or
C22:1 ceramide (d18:1/22:1) were not reported. To confirm
whether ceramide regulates the effects of metformin, we admin-
istered ceramide (d18:1/22:0) or ceramide (d18:1/22:1) by intra-
peritoneal (i.p.) injection. Consistently, the hypoglycaemic effect
of metformin was reversed by ceramide (d18:1/22:0) administra-
tion (Fig. 7C), but not ceramide (d18:1/22:1) (Fig. S9H). The
analysis of mitochondrial morphology by TEM revealed frag-
mented hepatic mitochondria with a lower aspect ratio in ceramide
(d18:1/22:0)-treated mice than in myriocine-treated mice
(Fig. S9I). Next, we measured the oxygen consumption rate
(OCR) in HepG2 cells. Consistent with the MMP assay results,
liver cells treated with a high level of ceramide (d18:1/22:0)
showed lower respiration than vehicle-treated cells (Fig. 7D;
Fig. S9J). Given the crucial role of Drpl in the regulation of
mitochondrial fission, we investigated whether ceramide (d18:1/
22:0) can modulate mitochondrial morphology. Incubation of
HepG2 cells with a high level of ceramide (d18:1/22:0) and BSA-
conjugated oleic acid/palmitate promoted significant fragmenta-
tion of mitochondria, while cells treated with mdivi-1 exhibited
reduced mitochondrial fragmentation upon ceramide (d18:1/22:0)
challenge (Fig. S9K). Taken together, these results suggest that
ceramide (d18:1/22:0) modulates the metabolic demands of high-
sucrose-challenged liver cells.

Indeed, vacuolar-type ATPase (v-ATPase) activity, which can
be suppressed by metformin?®, affects mitochondrial dynamics by
inducing VB12 deficiency to inactivate metr-1>°. Accordingly, we
observed increased mitochondrial fission in the presence of met-
formin (Supporting Information Fig. S10A). VB12 deficiency and
higher homocysteine (Hcy) and methylmalonic acid (MMA)
levels were present in the P. vulgatus + MET group (Fig.
S10B—S10D). Confirming our previous results, adenosylcobala-
min supplementation (i.p.) ameliorated the negative impact of P.
vulgatus on metformin-induced glucose tolerance (Fig. 7E) and
improved the hepatic MMP (Fig. 7F). Subsequently, we observed
that mdivi-1 significantly improved glucose tolerance and met-
formin resistance in mice after P. vulgatus colonization. Intrigu-
ingly, after mdivi-1 withdrawal for 2 weeks, up to 100% of mice
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Figure 6  P. vulgatus + MET upregulates ceramides biosynthesis to reduce the therapeutic effects of metformin. (A) Quantification of hepatic
ceramide (Cer) profiles (n = 5). (B) Relative mRNA levels for encoding enzymes involved in ceramides biosynthesis and fatty acid genes in the
liver and ileum (n = 5). (C) Precursor and mature forms of SREBPIc proteins from hepatic tissue protein detected by capillary blot (n = 3).
(D—G) Total ceramide levels in eWAT and relative mRNA levels for encoding enzymes involved in ceramides biosynthesis genes in eWAT
(n = 5). (H) Relative mRNA levels for encoding enzymes involved in ceramides biosynthesis genes in ileum of GUDCA- or TUDCA + CAPE-
treated mice (n = 5—7). (I) OGTT and AUC of myriocin-treated mice with P. vulgatus-colonization (n = 5). P value determined by two-tailed
unpaired Student’s t-test, Mann—Whitney U test, Kruskal—Wallis test and one-way ANOVA. ns, non-significant. All data are presented as

mean = SEM or mean + SD.

relapsed to metformin resistance (Fig. 7G; and Fig. S10E and
S10F). P. vulgatus and P. vulgatus + MET mice showed signifi-
cantly increased hepatic expression of Mff, Drpl, Aifml (apoptosis
inducing factor mitochondria associated 1), Vdacl (voltage-
dependent anion channel 1) and Ucp2 (uncoupling protein 2),
indicating enhanced mitochondrial fragmentation and apoptosis
(Fig. 7H; Fig. S10G and S10H), which could be reversed by
GUDCA or TUDCA + CAPE treatment (Fig. 7I). Both total and
phosphorylated (serine 616, S616) Drpl levels were increased by
metformin treatment in P. vulgatus-colonized mice and ceramide
(d18:1/22:0)-treated mice (Fig. 7J; Fig. S10I). Two additional anti-
diabetic drugs, dapagliflozin (SGLT2 inhibitor) and pioglitazone
(PPARY agonist), were administered for a period of two weeks to
HFD-fed mice in the presence or absence of P. vulgatus coloni-
zation. Interestingly, OGTT indicated that the effects of pioglita-
zone were not affected by P vulgatus, whereas those of
dapagliflozin were (Supporting Information Fig. S11A and S11B).

This may be attributed to pioglitazone-mediated downregulation
of p-Drp1(Ser616) expression’’, whereas dapagliflozin was found
to increase DRP1 protein levels’'. Collectively, these results

indicate that P vulgatus and ceramide (d18:1/22:0)
promote hepatic mitochondrial fission after —metformin
administration.

Following OXPHOS damage, P. vulgatus-colonized mice dis-
played decreased expression of genes associated with mitochon-
drial respiratory chain complex I, complex III, complex IV and
complex V and nicotinamide adenine dinucleotide (NAD) meta-
bolism (Fig. 7K; Fig. S11C); these changes in gene expression
were ameliorated by adenosylcobalamin (Fig. S11D). Consistent
with the above results, the ability of metformin to improve elec-
tron transport chain activity in HFD-fed mice was reversed by
ceramide (d18:1/16:0) administration (Fig. S11E). Mitochondrial
dysfunction, together with OXPHOS damage and decreased
biomolecule synthesis, facilitates the progression to intrahepatic
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Figure 7 P. vulgatus + MET induce mitochondrial fragmentation, OXPHOS damage and fatty acid $-oxidation decrease. (A) The affinity of
Cer(d18:1/22:0) and Cer(d18:1/22:1) with human MFF proteins were calculated by SPR. (B) Mitochondrial membrane potential was detected by
MitoTracker staining; scale bar: 100 pm. (C) Oral glucose tolerance test AUC and HOMA-IR between Cer(d18:1/22:0) with vehicle or with
metformin (n = 5). (D) Oxygen consumption rate (OCR) of sucrose-conditioned HepG2 cells (n = 3). (E) OGTT of adenosylcobalamin-treated
mice with P. vulgatus- or HK-P. vulgatus-colonization (n = 5). (F) Hepatic mitochondrial membrane potential was detected by JC-10 assay
(n = 5). (G) Oral glucose tolerance test AUC (n = 5—6); HFD-mice that received P. vulgatus before drug treatment were classified as baseline;
mice treated with metformin (200 mg/kg) and mdivi-1 (1.2 mg/kg) for 2 weeks were classified as mdivi-1 treatment; mice continued metformin
treatment but mdivi-1 withdrawal for 2 weeks as mdivi-1 withdrawal. (H, I) Relative mRNA expression of Mff, Drpl, Aifml, Vsacl and Ucp2 in
liver (n = 5). (J) The expression of DRP1, p-DRP1(Ser616) and GAPDH in hepatic tissue protein (n = 3). (K) mRNA levels of mitochondrial
respiratory chain genes (Ndufal, Ugcrb, Ugcrh, Cox6c, Cox7c, Atp5e and Atp5j2) and NAD metabolism (Nampt and Sirtl) genes in liver (n = 5).
(L) mRNA levels of fatty acid synthesis (Mel, Pklr, Fasn and Scdl), gluconeogenesis (Pepck and G6pase) and fatty acid oxidation (Fatp2 and
Acadl ) genes in liver (n = 5). P value determined by two-tailed unpaired Student’s #-test, Mann—Whitney U test, Kruskal—Wallis test and one-
way ANOVA. ns, non-significant. All data are presented as mean == SEM or mean + SD. M, mol/L.
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lipid accumulation, gluconeogenesis, and reduced hepatic fatty
acid @-oxidation and glycogen synthesis. Next, we measured the
relative expression of genes related to fatty acid synthesis,
gluconeogenesis and fatty acid oxidation in the liver; the data
show significant increases in expression, resulting in systemic
insulin resistance and hepatic lipid accumulation (Fig. 7L).
Interestingly, metformin treatment led to improvements in HFD or
HK-P. vulgatus mice, but P. vulgatus mice showed complete loss
of benefit from metformin or even exhibited aggravation of these
responses.

Mitochondria are powerful generators of heat. Adipose tissue
thermogenesis is related to improved obesity and systemic
glucose homeostasis due to increased adaptive thermogenesis and
energy expenditure. Brown adipose tissue (BAT) thermogenesis
consumes excess energy to improve glycaemic control and blood
lipid levels by utilizing blood sugar and fatty acids in mito-
chondria, which is directly related to metabolic diseases, such as
obesity, diabetes, and fatty liver’>. Damaged mitochondria cannot
support efficient thermogenesis. Ucpl (uncoupling Protein 1),
Elovi3 (ELOVL fatty acid elongase 3), Ckmz2 (creatine kinase,
mitochondrial 2), and PPAR-y (peroxisome proliferator-activated
receptor Y), as the key genes in BAT, mediate energy dissipation
to heat, BAT recruitment, energy transduction, and brown
adipocyte differentiation, processes that can be regulated by ad-
ipose FXR, TGRS, and ceramide levels. To further determine
whether thermogenesis is altered by metformin in P. vulgatus-
colonized mice, we evaluated several thermogenesis indicators. In
P vulgatus + MET mice, we observed inhibition of
thermogenesis-related gene expression (Fig. S11F and S11G).
Consistent with previous results, GUDCA + MET and
TUDCA + CAPE + MET reversed the changes in Fxr and Tgr5
gene expression and thermogenic gene expression in eWAT and
BAT (Fig. S11H and S11I).

To reiterate the interrelationship between FXR—DRP1—lipid
accumulation and thermogenic damage, glycine-@-muricholic acid
(Gly-B-MCA), an intestinal FXR-specific inhibitor that has been
proven ineffective in intestine-specific Fxr-null mice'®, was vali-
dated. Consistently, Gly-8-MCA could restore the efficacy of
metformin in mice colonized with P. vulgatus (Supporting Infor-
mation Fig. S12A) by suppressing intestinal FXR (Fig. S12B).
Hepatic CYP7B1 was upregulated by Gly-3-MCA (Fig. S12C),
and lipid accumulation was concomitantly decreased (Fig. S12D).
Subsequently, DRP1 levels were decreased (Fig. S12E) and ther-
mogenic gene expression promoted (Fig. S12F).

To investigate the direct impact of P. vulgatus on mitochondrial
injury, a treatment regimen involving cefaclor was administered to
P. vulgatus mice, which demonstrated a notable reduction in the
expression of hepatic MFF and DRP1 in comparison to the control
group (Fig. S12G and S12H). Additionally, cefaclor was found to
induce a recuperated expression of genes linked to the mito-
chondrial respiratory chain and NAD metabolism, while concur-
rently reducing the expression of genes associated with fatty acid
synthesis, gluconeogenesis, and enhancing fatty acid oxidation
(Fig. S12I and S12J). It was thus demonstrated that the suppres-
sion of P. vulgatus growth with cefaclor represented an
improvement with respect to the mitochondrial damage induced
by P. vulgatus.

These changes suggest that P. vulgatus could activate the
FXR—ceramide axis to induce DRPI1-dependent hepatic mito-
chondrial fission, lipid accumulation and damage to adipose
thermogenesis, which could be reversed by VB12, mdivi-1 and
cefaclor.

4. Discussion

Nonresponsiveness to metformin limits its use in clinical practice.
The heritability of metformin response, based on common variants
captured by classical genotyping arrays, ranges from only 20%—
34% (moderately heritable)*’. Therefore, pharmacogenetics
cannot explain the discrepancies in MMF, suggesting that envi-
ronmental factors, such as symbiotic microbiota, are another key
determinant of this phenomenon. Approximately 30% of admin-
istered metformin remains unmetabolized in faeces, which leads
to noticeable effects on the gut microbiome*. However, the
biotransformation or bioaccumulation of metformin by human gut
microbes has not yet been observed. Moreover, for metformin,
dosage analysis is associated with microbiome shifts towards the
Bacteroides 2 enterotype, which is proposed to be a severity
marker in T2DM>>. Thus, it is unclear whether the regulation of
the gut flora by metformin is necessarily beneficial.

Based on metagenomic analysis, Bifidobacterium spp., Veillo-
nella spp. and Streptococcus spp. were enriched in responders
before metformin treatment, while Ruminococcus spp. and Alis-
tipes spp. in nonresponders before metformin. After 3 months of
oral metformin, we found an accumulation of Bacteroides spp. and
Phocaeicoia spp. in MMF patients. In vitro, metformin promoted
Sutterella wadsworthensis, while it suppresses Clostridium difficile
and Fusobacterium nucleatum growth. These findings may explain
why metformin treatment seems to have a protective effect against
the development of C. difficile infection™® or to overcome che-
moresistance in colorectal cancer caused by F nucleatum® .
However, the growth curve of P. vulgatus showed a mildly higher
maximum growth concentration, indicating that the increase in P.
vulgatus in nonresponders may be due to complex host—microbiota
interactions rather than to the effects of metformin alone. It was
reported that metformin could inhibit the rate of bacterial growth of
E. coli by disturbing bacterial folate and methionine metabolism
in vitro®®. We have tried to analyse the transcriptional responses of
P. vulgatus culture. Metformin had little significant influence but
increased its capacity to withstand environmental stress. This could
potentially facilitate the proliferation of P. vulgatus in nutrient-
deprived environments, particularly in the context of glucose lim-
itation. Interestingly, the expression of functional (-galactosidase
was higher in the nonresponder faecal samples, which could
breakdown lactose into its two monosaccharide components to
produce lactate. Lactate enhances polysaccharide utilization and
promotes the growth of P. vulgatuszs, which may also account for
its enrichment in the nonresponder group.

In this study, we identified P. vulgatus as a mediator that
reduced the therapeutic effects of metformin through regulation of
BA metabolism with strong BSH activity. Increased abundance of
P. vulgatus was positively correlated with the ratio of deconju-
gated/conjugated BAs. Considering that the bile acid-
FXR—FGF15 signalling pathway is a well-clarified pathway>>*°,
we firstly hypothesized that P. vulgatus can activate the intestinal
Fxr—Fgf15 signalling pathway and suppress the hepatic Fxr—Shp
axis to induce a stable metformin resistance model involving the
gut microbiota. These impaired effects could be reversed by the
administration of intestinal FXR inhibitors (GUDCA or TUDCA).
Interestingly, probiotics of BSH-producing Bifidobacterium may
lose their protective effect against T2DM.

However, BSH-knockin E. coli showed slightly impaired
metformin effects via OGTT and ITT, prompting us to investigate
further. We observed that ileal and hepatic ceramide biosynthesis
genes were prominently upregulated in P. vulgatus-colonized mice
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after metformin treatment. Hepatic Srebfl and Cidea gene
expression was also significantly upregulated in the P.
vulgatus + MET group, suggesting that de novo fat production
increased to promote hepatic triglyceride accumulation. The
activation of FXR could increase sphingomyelin phosphodies-
terase 3 (SMPD3)-induced ceramide levels*!. Moreover, the
FXR—ceramide/SREBP1C/CIDEA pathway could respond to
hepatic triglyceride accumulation*”. Recent studies have shown
that the activation of intestinal FXR signalling enhances the
synthesis of ceramides to promote metabolic disease, which in
turn significantly affects HOMA-IR****. Specially, ceramide
C22:0 has been reported to play a role in the aetiology of T2D,
supported by genome-wide association studies and Mendelian
randomization analyses*”. Our study employed four “function
blockades” (VB12, myriocin, mitochondrial division inhibitor 1
[mdivi-1] and antioxidant [TUDCA]) and two “function
strengthening” perturbations (B. pseudocatenulatum and Cer
(d18:1/22:0)); the data were fully consistent across all six treat-
ments. We noticed that under metformin treatment, P. vulgatus
colonization resulted in a higher level of ceramides, which play a
critical role in mitochondrial dysfunction.

T2DM involves mitochondrial dysfunction in the liver, muscle
and adipose tissue, which are all organs with high metabolic rates,
thus promoting the development of systemic insulin resistance*®.
We observed decreased VBI12 levels in the P. vulgatus + MET
group, indicating increased mitochondrial fission. Compared with
HK-P. vulgatus-pretreated mice, P. vulgatus-pretreated mice
exhibited decreased mitochondrial abundance, oxidative capacity
damage, increased ROS levels, disturbed respiratory chain func-
tion, impaired ATP production and mitochondrial proliferation
through fission and fusion due to active BSH and activated in-
testinal FXR. Interestingly, both our results and those of previous
studies have shown that BAs and ceramides can modulate mito-
chondrial structure, as can metformin, suggesting that they play
both overlapping and unique roles. The standard mitochondrial
shape depends on the balance between fission and fusion, which
mediated by mitochondrial fission/fusion proteins (i.e., Drp1, Fisl
(fission, mitochondrial 1), OPA1 (OPA1, mitochondrial dynamin
like GTPase) and Mfn1/2 (mitofusin 1/2)). However, an imbalance
in mitochondrial fission—fusion, caused by abnormal Drpl acti-
vation, results in mitochondrial fragmentation, which contributes
to mitochondrial and cell dysfunction. And MFF is an essential
factor for mitochondrial recruitment of Drp1*’. Recently, CerS6-
derived sphingolipids were demonstrated to interact with Mff to
promote mitochondrial fragmentation, which is governed by the
phosphorylation of Mff at S155/172 and Drpl at S616*%. Supra-
pharmacological concentrations of metformin reduce mitochon-
drial respiration by inhibiting complex I*°, but pharmacological
concentrations of metformin activate AMPK by phosphorylation
at T172 to promote mitochondrial fission and improve mito-
chondrial respiration®®. In addition, metformin inhibits the activity
of V-ATPase via the PEN2 (presenilin enhancer protein 2)—
ATP6API1 (V-type proton ATPase subunit S1) axis®®. V-ATPase
has a crucial function in lysosomal acidification, which in turn
activates acid proteases, enzymes that are essential for degrading
intrinsic factor and then releasing VBI12 into the cytoplasm.
V-ATPase dysfunction-induced mitochondrial biogenesis is
mediated by VB12 deficiency®. Therefore, the combined effect
has disrupted the fission—fusion balance to exacerbate mito-
chondrial damage caused by excessive fission, thereby further
inhibiting mitochondrial respiration in P. vulgatus-colonized mice.
Indeed, we observed that Ucp2 expression was significantly higher

in mice treated with both P. vulgatus and metformin than in those
treated with P. vulgatus alone. These results are consistent with
clinical observations of patients during metformin therapy, indi-
cating that some T2DM patients experience secondary resistance
to metformin. Thus, VB12 supplementation-mediated improve-
ment in mitochondrial function offers a promising and safe pre-
ventive approach to MMF. Extensive clinical trials are required to
further verify the pharmacological effects of VB12 on MMF.

The large individual differences in gut microbiota have led us
to rethink the suitability of metformin, particularly in anti-ageing,
due to impaired mitochondrial function in the brain resulting in an
increased risk of Alzheimer’s disease and Parkinson’s disease™.
Our findings emphasize the metformin-induced alteration of P.
vulgatus in T2DM patients, leading to increased metformin
toxicity to mitochondria and reduced glycaemic control. Given the
possibility of modulating the gut microbiota to some extent,
therapeutic targeting of the microbiome is a promising strategy for
improving drug efficacy and safety. Accordingly, it is possible that
gut microbial intervention may contribute to the benefits of met-
formin. There are currently several effective approaches — such
as the use of dietary fibre supplements, FMT and bacteriophages
— for intentionally manipulating the microbial composition.
Herein, we modulated the intestinal microbiota directly with
cefaclor, an antibiotic that is often used to treat infections of the
respiratory tract and urinary system in the clinic, as it significantly
inhibits the growth of P. vulgatus but not of other common Bac-
teroides (such as B. fragilis, B. uniformis and B. ovatus)’'.
Consistent with our expectations, cefaclor therapy reversed P.
vulgatus-induced metformin resistance. Thus, due to gut micro-
biota—drug crosstalk, drug combinations such as metformin plus a
gut microbiota modulator may be another promising strategy and
constitute a precision medicine approach for preventing or
reversing metformin resistance and for future personalized
medicine.

5. Conclusions

In this study, we show significant alterations in the gut microbiota
(at both the compositional and functional potential levels) in in-
dividuals with metformin nonresponders and responders, which
could be transferred to HFD-fed mice through microbiota trans-
plantation from nonresponder donors. Importantly, we also show
that worse outcomes of metformin treatment may correlate with
an increased abundance of P. vulgatus in T2DM patients. This is
due not only to the failure of metformin to regulate glucose
metabolism in response to BAs/ceramides metabolism mediated
by P. vulgatus but also to the mitochondrial dysfunction aggra-
vated by the metformin-mediated promotion of mitochondrial
fission. The inhibition of hepatic cholesterol catabolism, promo-
tion of ileal ceramide biosynthesis, suppression of adipose ther-
mogenesis and mitochondrial dysfunction ultimately negatively
impact the ability of metformin to treat metabolic diseases.
Therefore, key approaches for the treatment of MMF could
include the suppression of P. vulgatus accumulation, inhibition of
overactivated ceramides synthesis signalling or improvement in
mitochondrial function.
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