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Metformin is the most prescribed pharmacotherapy for the treatment 
of individuals with type 2 diabetes (T2D) because of its relative safety, 
low cost, and beneficial effects on blood glucose and cardiovascu-
lar mortality1,2. However, its mechanism of action remains unclear. 
Although metformin is generally considered to mediate its antihyper-
glycemic effects by suppressing hepatic glucose output through the 
activation of AMP-activated protein kinase (AMPK)-dependent3–5  
and AMPK-independent pathways6–8 in the liver, accumulating evi-
dence indicates that it might also act through pathways in the gut9,10. 
For example, its glucose-lowering effect is more pronounced when 
given orally than when administered intravenously11. In addition, a 
study comparing metformin formulations with reduced and normal 
plasma exposure provided evidence to indicate that the lower bowel 
is a major site of action for metformin12. Furthermore, recent stud-
ies in both rodents13–15 and humans16–18 suggest that gut microbial 
changes might contribute to the antidiabetic effect of metformin.  
So far, however, it is not known how metformin affects the gut micro-
biota of individuals with treatment-naive T2D, nor how metformin 
interacts with gut bacteria.

Here we performed a randomized, placebo-controlled, double-blind 
study in individuals with newly diagnosed T2D on a calorie-restricted 
diet, and we combined metagenomics and targeted metabolomics to 
investigate the effect of metformin on the composition and function 
of the gut microbiota. We also transferred human fecal samples to 
germ-free mice to study the effects of metformin-altered microbiota 
on host glucose metabolism, and we used an in vitro gut simulator to 
investigate metformin–microbiota interactions directly.

RESULTS
Metformin alters the gut microbiota composition
To investigate how metformin affects the composition of the gut 
microbiota, we randomized treatment-naive individuals with recently 
diagnosed T2D to receive either placebo (n = 18) or 1,700 mg/d of 
metformin (n = 22) for 4 months in a double-blind study. Clinical 
characteristics of these individuals before and after treatment are 
presented in Table 1. Both groups were recommended to consume a 
calorie-restricted diet for the 4-month study period (Supplementary 
Table 1); calorie intake was reduced by a median of 342 kcal/d, and 
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Metformin is widely used in the treatment of type 2 diabetes (T2D), but its mechanism of action is poorly defined. Recent 
evidence implicates the gut microbiota as a site of metformin action. In a double-blind study, we randomized individuals with 
treatment-naive T2D to placebo or metformin for 4 months and showed that metformin had strong effects on the gut microbiome. 
These results were verified in a subset of the placebo group that switched to metformin 6 months after the start of the trial. 
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no significant differences were seen between the groups (P = 0.90). 
A subset of the placebo group switched to receive metformin (850 or 
1,700 mg/d; n = 13) 6 months after the start of the study; to validate 
our findings from the randomized study, we analyzed samples from 
this group after a further 6 months.

As expected given the reduced calorie intake, body-mass index 
(BMI) decreased significantly in both the placebo and metformin 
groups over the initial 4-month study period (Fig. 1a). However, sig-
nificant decreases in % hemoglobin A1c (HbA1c) and fasting blood 
glucose were observed only in the group randomized to metformin 
treatment (Fig. 1b,c). BMI did not decrease further in the switched 
subgroup after 6 months on metformin (Fig. 1a), but %HbA1c and 
fasting blood glucose were significantly reduced by metformin in this 
subgroup (Fig. 1b,c).

To characterize the effects of metformin on the gut microbiome, we 
performed whole-genome shotgun sequencing of 131 fecal samples. 
On average, we obtained 38 million paired-end reads for each sample 
(ranging from 15 million to 116 million; Supplementary Table 2).  
The taxonomy and gene profiles were estimated by mapping the 
high-quality reads to nonredundant genome and gene catalogs imple-
mented in the metagenomic data-utilization and analysis (MEDUSA) 
pipeline19, respectively. Only one bacterial strain was altered over 
the 4-month study period in the placebo group (Fig. 1d), despite 
the reduction in BMI. By contrast, metformin treatment for 2 and 4 
months resulted in significant alterations in the relative abundance 
of 81 and 86 bacterial strains, respectively, most of which belonged 
to γ-proteobacteria (for example, Escherichia coli) and Firmicutes 
(Fig. 1d and Supplementary Table 3; false-discovery rate (FDR) 
< 0.05). At the genera level, we observed an increase of Escherichia 
and a decrease of Intestinibacter in the metformin-treated group 
(Supplementary Table 3). Notably, the microbial changes observed 
after 2 and 4 months of metformin treatment in our randomized 
study correlated with the microbial changes observed in the switched 
subgroup after 6 months on metformin (Fig. 1e). We also observed 
a metformin-induced increase in Bifidobacterium in this subgroup 
(Supplementary Table 3).

Earlier studies have shown an association between metformin 
and the abundance of Akkermansia muciniphila13–15,18 and between 
A. muciniphila and improved metabolic features in mice13,20,21 and 
humans22. In a targeted analysis of our metagenome data, we showed 

increased abundance of A. muciniphila in individuals who received 
metformin for 4 months (Supplementary Fig. 1). However, we 
did not observe any significant correlations between %HbA1c and  
A. muciniphila abundance in our cohort (P > 0.1; Supplementary Fig. 1).

To investigate how different gut bacteria interact with each  
other, we performed a coabundance network analysis. We showed  
that 2 months of metformin treatment promoted an increased 
number of positive connections among microbial genera, especially 
those within Proteobacteria and Firmicutes (Fig. 1f). We also iden-
tified a few interphylum connections, such as between Shewanella 
(Proteobacteria) and Blautia (Firmicutes), a short-chain fatty acid 
(SCFA)-producing genus23.

To test the effect of metformin on microbial growth, we mapped whole-
genome shotgun reads to the genomes of common strains in the human 
gut to determine the ratio between DNA copy number near the replica-
tion origin and DNA copy number near the terminus (termed the peak-
to-trough ratio, PTR) of bacterial genomes24. After correction for FDR, 
we found that the PTR of only one bacterial species (Bifidobacterium 
adolescentis) was significantly increased by metformin (Fig. 2a). In 
agreement, the PTR of B. adolescentis was also increased in the switched 
subgroup after 6 months on metformin (Fig. 2a). Furthermore, in our 
cohort, we observed a negative correlation between the PTR of B. ado-
lescentis and %HbA1c (Spearman coefficient rho = −0.28, P < 0.01). 
Consistent with this observation, in vitro analysis showed that met-
formin directly promoted the growth of B. adolescentis in pure cultures  
(Fig. 2b). We also showed that metformin directly promoted the growth 
of A. muciniphila, but not of E. coli, in pure cultures (Fig. 2c,d).

Metformin-altered microbiota improves glucose tolerance
To investigate whether metformin-altered microbiota could con-
tribute to the glucose-lowering effect of metformin, we transferred 
fecal samples from three metformin-treated participants (before and 
4 months after metformin, here termed M0 and M4 microbiota) to 
germ-free mice. All three of the metformin recipients responded 
similarly to metformin in terms of reduced %HbA1c, as compared 
to baseline, after 2 and 4 months on metformin. The mice were fed a 
high-fat diet for 1 week before and during colonization for 18 d.

We did not observe any differences in body weight, body fat, or fasting 
insulin between mice that received M4 and M0 microbiota (Fig. 3a,b  
and Supplementary Fig. 2a–c). However, we found improvements  

Table 1 Clinical characteristics for the 40 individuals with T2D enrolled in this study
Placebo group (n = 18) Metformin group (n = 22)

P0 P2 P4 M0 M2 M4

Age (years) 54.9 ± 1.9 – – 52.6 ± 2.0 – –

Sex (male/female) 9/9 – – 8/14 – –

Weight (kg) 85.4 ± 5.6 82.2 ± 5.6+ 81.5 ± 5.4# 96.5 ± 4.1 92.9 ± 4.0 91.4 ± 3.9

Waist circumference (cm) 106.1 ± 4.4 101.7 ± 4.3* 101.9 ± 3.6 111.5 ± 2.7 108.3 ± 2.9* 108.7 ± 2.9

HOMA 8.0 ± 1.5 8.9 ± 1.6 8.1 ± 1.8 8.3 ± 1.2 6.2 ± 0.9 6.0 ± 0.8*

Total cholesterol (mg/dl) 205.8 ± 8.8 197.8 ± 7.7 190.7 ± 6.9*  206.0 ± 7.4 196.6 ± 7.2 198.8 ± 7.5

HDL-C (mg/dl) 46.9 ± 3.4 45.0 ± 3.0  46.8 ± 3.1 48.4 ± 2.7 55.2 ± 6.1 51.1 ± 3.0*

LDL-C (mg/dl) 126.8 ± 6.6 124.8 ± 5.7 118.1 ± 6.2* 129.4 ± 6.4 117.4 ± 6.2* 121.5 ± 6.8

Triglycerides (mg/dl) 151.9 ± 18.7 155.9 ± 15.2  129.3 ± 12.5 129.0 ± 17.8 139.6 ± 11.6 135.9 ± 12.7

ALT (U/liter) 33.2 ± 7.2 24.3 ± 2.9  22.3 ± 2.1 35.5 ± 3.5 28.0 ± 1.8+ 32.8 ± 3.2

GGT (U/liter) 38.4 ± 5.4  28.2 ± 2.1+ 26.3 ± 2.0+  44.0 ± 6.0 31.3 ± 3.2+ 34.1 ± 3.9*

CRP (mg/dl) 0.4 ± 0.1  0.6 ± 0.1 0.5 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1

Statin treatment (n) 3 – –  4 – –

Antihypertensive treatment (n) 2 – –  3 – –

ALT, alanine transaminase; CRP, C-reactive protein; GGT, γ-glutamyl transferase; HDL-C, high-density lipoprotein cholesterol; HOMA, homeostatic model assessment; LDL-C,  
low-density lipoprotein cholesterol. *P < 0.05; +P < 0.01; #P < 0.001 versus P0 or M0. Wilcoxon signed–rank test; data are shown as means ± s.e.m.
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Figure 1 Metformin treatment promotes rapid changes in the composition of the gut microbiota. (a–c) Boxplots (with median) showing BMI, %HbA1c, 
and fasting blood glucose before treatment (P0 and M0) and after 2 and 4 months in individuals with T2D randomized to placebo (P2 and P4; n = 18) 
or metformin (M2 and M4; n = 22), and 6 months after metformin in a subgroup that switched from placebo to metformin after the randomized study 
period (P/M6; n = 13). Wilcoxon signed–rank test; *P < 0.05; **P < 0.01; ***P < 0.001. (d) Heat map showing changes in the abundance of bacterial 
strains after placebo or metformin treatment (only strains with >50 reads mapped are shown). Wald test; *FDR < 0.05; +FDR < 0.01; #FDR < 0.001.  
(e) Pearson correlations between microbial changes observed at M2 as compared to M0; M4 as compared to M0; and P/M6 as compared to P4.  
(f) Genus–genus coabundance network before (M0) and after 2 months of metformin treatment (M2) in individuals with T2D. The edges indicate 
Spearman correlations of >0.6 or <–0.6 between genera present in at least 80% samples.
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in glucose tolerance in mice that received M4 microbiota, as com-
pared to those that received M0 microbiota, from two of the three 
donors (Supplementary Fig. 2d–f) and when combining the results 
from all three transfer experiments (Fig. 3c).

Metformin promotes functional shifts in the gut microbiome
To further investigate functional changes in the gut microbiome after 
metformin treatment, we annotated genes to Kyoto encyclopedia of 
genes and genomes (KEGG) orthology (KO)25. Only two KOs were sig-
nificantly altered over the 4-month study period in the placebo group 
(FDR < 0.05). By contrast, 626 and 473 KOs were increased, whereas 
130 and 69 KOs were decreased after 2 and 4 months of metformin, 
respectively (Supplementary Fig. 3 and Supplementary Table 4;  
FDR < 0.05), and most of the shifts were consistent between the two 
sampling times (Supplementary Fig. 3). Principal coordinate analysis 
(PCoA) of the relative abundance of all of the significantly altered 
KOs revealed similar gene functions in the placebo group at all time 
points and the metformin group at baseline (i.e., before treatment), 
but we observed significant shifts after metformin treatment for  
2 months and 4 months (Fig. 4a). Pathway-enrichment analysis 
revealed that metformin treatment was linked mainly to the enrich-
ment of genes for bacterial environmental responses (for example, 
bacterial secretion system, two component system, and ATP-binding 
cassette (ABC) transporters), drug resistance (bacterial chemotaxis and 
cationic antimicrobial peptide resistance), central carbohydrate metab-
olism (phosphotransferase system, pyruvate, butyrate, and propionate 
metabolism), amino acid metabolism, and lipopolysaccharide (LPS) 
biosynthesis (Fig. 4b and Supplementary Table 4; FDR < 0.05).

Although it is not clear how alterations in the gut microbiota  
promote beneficial effects in the host, a potential mechanism includes 
increased production of SCFAs, primarily acetate, propionate,  
and butyrate, and other organic acids26,27. We therefore per-
formed targeted metabolomics to investigate whether the observed  
enrichment in genes for SCFA metabolism in the gut microbiome 
following metformin treatment was paralleled by an increased pro-
duction of SCFAs. We observed significantly larger increases in fecal 
propionate and butyrate concentrations in the metformin group,  
as compared to the placebo group, after 4 months of treatment in 
men; however, no differences were observed when results from  
men and women were combined (Fig. 4c). We also observed signifi-
cantly larger increases in fecal concentrations of lactate and a trend 
toward a larger increase in fecal concentrations of succinate in the 
metformin group, as compared to the placebo group, after 4 months 
of treatment (Fig. 4d).

The gut microbiota is also known to be a major regulator of bile acid 
metabolism28, which may contribute to its effects on host metabo-
lism. Furthermore, a few studies have indicated a potential role of 
metformin in altering the bile acid profile29,30, but this link is not well 
established. Here we investigated the effect of metformin treatment  
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for 4 months on fecal and plasma bile acid composition. No substantial 
changes in fecal bile acids were detected following metformin treat-
ment (Supplementary Fig. 4a). However, we observed significantly 
larger increases in plasma bile acid concentrations (total, primary, 
secondary, and unconjugated) in the metformin group, as compared 
to the placebo group, after 4 months of treatment (Fig. 4e). By using 
a targeted metagenomic analysis, we showed an increased abundance 
of bsh, genes encoding bile salt hydrolases, after 2 months on met-
formin (Supplementary Fig. 4b).These enzymes are produced by the 
gut microbiota and catalyze the deconjugation of glycine- or taurine-
conjugated bile acids, and thus increases in bsh could contribute to the 

increased concentrations of unconjugated bile acids. Furthermore, we 
found a significant negative correlation between the concentrations of 
unconjugated bile acids and %HbA1c (rho = −0.27, P < 0.05), which 
suggests a possible link between the modulation of bile acid composi-
tion and the therapeutic effect of metformin.

Direct effects of metformin on the gut microbiota
To directly investigate how metformin affects the gut microbiota, we 
cultured fecal samples (obtained before metformin treatment from 
two participants, donors 13 and 49) in two separate gut-simulator 
experiments, and exposed the samples to a constant flow of metformin 
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(10 mM) for 1 week. We then profiled the microbiomes by whole-
genome shotgun sequencing at both the DNA and RNA level.

Compositional profiling revealed that metformin exposure signifi-
cantly altered the DNA and RNA abundance of 24 bacterial strains 
when culturing the feces of donor 13 but of only 4 for the feces of 
donor 49 (Supplementary Table 5; FDR < 0.05). Donor-specific 
effects of metformin exposure included, for example, increased 
RNA abundance of Bilophila wadsworthia (donor 13) and increased 
DNA abundance of Lachnospiraceae bacterium (donor 49) (Fig. 5a 
and Supplementary Table 5). A. muciniphila was the only taxon that 
increased in both DNA and RNA abundance in response to met-
formin in both samples, and it was also the taxon that increased the 
most in abundance (Fig. 5a and Supplementary Table 5).

Functional profiling of the combined metagenome and metatran-
scriptome showed that metformin exposure significantly altered the 

abundance of 686 and 909 KOs in samples from donors 13 and 49, 
respectively (Supplementary Table 6; Wald test, FDR < 0.05). In 
total, 31 and 38 pathways were enriched after metformin exposure 
in samples from donors 13 and 49, respectively; of these, 22 enriched 
pathways were common to both samples (Fig. 5b and Supplementary 
Table 6; hypergeometric test, FDR < 0.05). Six pathways that were 
enriched in the metformin-treated samples in the in vivo metage-
nome analysis (see Fig. 4b)—including those for genes involved in 
LPS synthesis, butyrate and pyruvate metabolism, and two-compo-
nent systems—were also shown to be enriched by metformin in both 
gut-simulator experiments (Fig. 5b). In addition, the in vitro analysis 
revealed enrichment of metabolic pathways linked to the metabolism 
of cofactors and vitamins (Fig. 5b). These results show that although 
metformin exerts donor-specific taxonomic effects, it induces overlap-
ping microbial functional changes in samples from both donors.
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Finally, we performed in-depth transcriptome analyses (using the  
in vitro cultured fecal sample from donor 13) to investigate direct interac-
tions between metformin and individual bacterial species. We first exam-
ined the RNA reads that mapped to the gene catalog of A. muciniphila (the 
taxon with the overall highest abundance in this fecal sample; Fig. 5a).  
We found that nearly 10% (207/2138) of the protein-coding genes in  
A. muciniphila were significantly regulated by metformin; of these, 
65% were downregulated by metformin (Supplementary Table 7; 
FDR < 0.1). Furthermore, 78 of the 207 metformin-regulated genes 
could be annotated to KOs, and of these, 41 genes mapped to the 22  
metformin-enriched pathways common to cultured fecal samples 
from both donors (Fig. 5c and Supplementary Table 7). By manual 
annotation, we found that the protein products of 108/207 metformin- 
regulated genes required cofactors or coenzymes such as ATP, FAD, 
FMN, metal, NAD, and vitamin B6 (Fig. 5c and Supplementary Table 7);  
most of the remaining genes (63/99) have not been characterized 
(Supplementary Table 7). Of particular interest, 81 of the 108 met-
formin-regulated annotated genes encoded metalloprotein or metal 
transporters (Fig. 5c and Supplementary Table 7). Gene ontology (GO) 
analysis of metformin-regulated genes in A. muciniphila confirmed that 
their gene products were enriched in proteins that bind to metal ions in 
addition to several other cofactors and coenzymes, as well as transferase, 
hydrolase, ligase, and protein components of ribosomes (Fig. 5d). To 
address whether those observations were specific to A. muciniphila, we 
also analyzed B. wadsworthia (the second most abundant taxon in this 
cultured fecal sample after metformin treatment; Fig. 5a). According 
to protein-homology detection, only 14 metformin-regulated genes 
were orthologous between these two bacteria; however, most annotated  
metformin-regulated genes in B. wadsworthia also encoded metallo-
proteins (Supplementary Table 7).

DISCUSSION
In this study, we performed a randomized, placebo-controlled, double- 
blind study in individuals with newly diagnosed T2D on a calorie-
restricted diet and showed that metformin, but not calorie restriction, 
had rapid effects on the composition and function of the gut micro-
biota in parallel with the reduction of %HbA1c and fasting blood 
glucose concentrations. Transfer of the microbiota to germ-free mice 
showed that the metformin-altered microbiota could improve glucose 
metabolism. Furthermore, transcriptome analyses of feces cultured 
with metformin in vitro in a gut simulator showed that metformin 
had direct effects on the microbiota and regulated the expression of 
genes encoding metalloproteins in the gut bacteria.

By using paired samples in our prospective human study, we 
reduced the effect of interindividual variations, a common issue in 
previous studies investigating the effect of metformin on the micro-
biota16,17,31. A further strength of our cohort is that these individuals 
had been newly diagnosed with T2D and thus were not taking other 
medications for T2D, and only a small number in each group were 
taking statins or antihypertensive therapy. We also monitored the 
dietary intake of the participants before and 4 months after treatment 
and showed that calorie restriction did not affect the gut microbiome 
to any great extent in our study; it should be noted that the calorie 
reduction reported was mild relative to that in earlier studies show-
ing profound changes in the gut microbiome in response to dietary 
intervention22,32. The design of our study thus enabled us to minimize 
the effect of major confounding factors known to have an impact on 
the gut microbiome.

By performing whole-genome shotgun sequencing of fecal samples, we 
observed dramatic shifts in the composition of the gut microbiota after 

2 and 4 months on metformin in individuals with newly diagnosed T2D.  
Notably, these changes were similar to those observed after 6 months 
on metformin in a placebo subgroup that switched to metformin  
6 months after the study start. In particular, we observed signifi-
cant changes in Escherichia and Intestinibacter abundance across all 
sampling points in the metformin-treated group, a finding that is in 
agreement with results reported in a cross-sectional study that com-
pared metformin-treated and untreated groups of people with T2D17. 
Growth of E. coli in an in vitro analysis was not affected by metformin. 
Thus, the effects of metformin on the abundance of Escherichia spp. 
are likely indirect, and possibly, a result of modified bacteria–bacteria 
interactions or of other physiological and/or environmental changes 
within the gut upon metformin treatment. We showed that metformin 
promoted the growth of B. adolescentis both in vivo (after 2 months 
in the main study and after 6 months in the switched subgroup, as 
measured by PTR) and in vitro using pure cultures, and also that 
it increased the abundance of Bifidobacterium in the switched sub-
group. Supplementation with B. adolescentis in a rodent model of the 
metabolic syndrome has previously been shown to increase insulin 
sensitivity33. In our cohort, we also observed a negative correlation 
between the PTR of B. adolescentis and %HbA1c, which suggests that 
increased growth of this bacterial species could potentially contribute 
to the antidiabetic effect of metformin.

To observe direct metformin–microbiota interactions, we incu-
bated fecal samples from treatment-naive participants with met-
formin in a gut simulator. In this system, we did not observe any 
significant changes in E. coli or B. adolescentis. In fact, the only taxon 
that increased in response to metformin (at both DNA and RNA lev-
els and in samples from two separate donors) was A. muciniphila. 
Metformin has previously been shown to increase the abundance of 
A. muciniphila in rodents on a high-fat diet13–15, and this increased 
abundance has been linked to improved glucose metabolism13,20,21. 
However, evidence for a link between metformin and A. muciniphila 
is less clear in humans16,17. We did observe a significant increase in 
the abundance of A. muciniphila over time in the individuals who 
received metformin for 4 months, but only when we used a targeted 
analysis. Similarly, a recent study that screened mucin-degrading 
and butyrate-producing bacteria showed increased abundance of  
A. muciniphila in humans taking metformin18. In agreement with 
these observations, we showed that metformin increased the growth of  
A. muciniphila in vitro using pure cultures. However, it is likely that the 
growth of this taxon is affected in humans in vivo by factors that differ 
between individuals, such as fiber34 and polyphenol availability35,36, 
immune responses37,38, and age39,40. Furthermore, in our study, 
we did not observe any significant correlations between %HbA1c 
and A. muciniphila abundance, and therefore, cannot conclude that  
A. muciniphila is a major contributor to the beneficial effects of met-
formin in our human cohort.

By comparing results from the in vivo metagenomics analysis and 
the in vitro metagenomics and metatranscriptomics analyses, we 
noted that metformin promoted consistent shifts in microbial func-
tions, including LPS biosynthesis and SCFA metabolism. Increased 
LPS biosynthesis might reflect the increased abundance of Gram-
negative bacteria such as Proteobacteria, but it was not associated 
with increased systemic inflammation, because C-reactive protein 
was unaltered (Table 1). Similarly, enrichment of the LPS biosynthe-
sis pathway without an increase in inflammation has been observed 
both in humans after bariatric surgery41 and in prebiotic-treated 
mice on a high-fat diet42. Increased SCFA metabolism in response 
to metformin has also been predicted in earlier metagenomics  
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analyses in humans17,18, and in agreement, our targeted metabolomics 
analysis showed that metformin significantly increased butyrate and 
propionate in men.

In-depth transcriptome analysis of the effects of metformin on  
two distantly related bacterial species in the gut simulator showed that 
most of the metformin-regulated genes encoded metalloproteins or 
metal transporters. It is unlikely that the transcriptional responses of 
this subset of genes were due to a growth-induced increase in total 
transcripts because the majority of these genes were downregulated 
by metformin. Interestingly, some metals are known to contribute to 
T2D pathophysiology43, and it has been known for many years that 
metformin binds to metals44. Furthermore, a recent study showed that 
the effects of metformin on a mammalian liver cell line are depend-
ent on the metal-binding properties of this drug44. However, our  
study, to the best of our knowledge, is among the first to indicate  
a link between metformin and metal-binding proteins produced by 
the gut microbiota.

Fecal transfer to germ-free mice resulted in improved glucose tol-
erance in recipients of metformin-altered microbiota from two out 
of three donors, with overall substantial improvement of glucose 
metabolism, thus indicating that metformin-adapted microbiota 
could contribute to the beneficial effects of metformin on glucose 
homeostasis. It is not clear why the responses to the metformin-
altered microbiota differed between the donors, given that all the 
donors showed improved glucose tolerance after both 2 and 4 months 
of metformin treatment. However, there are large interindividual dif-
ferences in gut-microbiota composition in humans, and the lack of 
response of microbiota from one donor might be attributable to an 
incomplete transfer of key species, as has previously been described45. 
Furthermore, the different diets of the recipient mice and the human 
donors (i.e., high fat as opposed to calorie restriction) would likely 
exacerbate differences in the gut-microbiota composition between 
the donors and recipients. The taxa that are successfully transferred 
to recipient mice will therefore be dependent not only on the com-
position of the donor gut microbiota, but also on how well the taxa 
respond to different macronutrients.

There is increasing evidence to indicate that SCFAs and bile acids 
have a role in the regulation of glucose homeostasis26,27,46,47, and 
we recently reported that microbiota-produced succinate could 
improve glucose metabolism by activating intestinal gluconeogenesis 
in mice48. Here we observed metformin-induced alterations in these 
microbially regulated metabolites, which suggests that they might be 
partly responsible for the stronger glucose-lowering effect that has 
been observed when metformin is administered orally as compared 
with intravenous injection11. It should be noted that we cannot con-
clude that the major mechanism of action of metformin is through 
the microbiota. For example, a recent study in mice showed that the 
phosphorylation of acetyl-CoA carboxylases (ACC) 1 and 2 by AMPK 
is required to observe the insulin-sensitizing effects of metformin5, 
demonstrating the importance of AMPK/ACC signaling. However, 
it is possible that the gut microbiota might also act through ACCs, 
given that we previously showed that diet-induced obesity involved 
cross-talk between the microbiota, AMPK, and downstream ACC2 
phosphorylation49.

In summary, our work shows that metformin interacts with differ-
ent gut bacteria, possibly through the regulation of metal homeostasis. 
However, additional studies combining untargeted metabolomics and 
metaproteomics are essential to identify further microbial metabolites 
or proteins and to determine how they interact with the host targets 
in improving host metabolism.

METhODS
Methods, including statements of data availability and any associated 
accession codes and references, are available in the online version of 
the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METhODS
Clinical study design. 40 individuals with T2D were recruited and rand-
omized (using a computational random generator Aleator) to treatment with 
metformin (n = 22) or placebo (n = 18) for 4 months. Metformin (Acyfabrik, 
Madrid, Spain) was started at a dose of 425 mg/d and increased progressively 
during the first week to reach 1,700 mg/d (in three doses). We instructed both 
groups to maintain a reduction in daily caloric intake of 500 kcal during the 
entire treatment. We recommended a hypocaloric diet containing 25 kcal/kg or 
20 kcal/kg and used a validated food-frequency questionnaire50. The composi-
tion of the diet was 15% protein, 30% fat (<10% saturated fat), 55% carbohy-
drates, and 20–25 g dietary fiber (Supplementary Table 1). Lifestyle changes 
were also suggested, including regular physical activity (150 min/week).  
We collected both fecal and plasma samples at baseline and at 2 and 4 months 
after treatment. A subgroup of those on placebo switched to metformin treat-
ment after 6 months of dietary intervention (850 or 1,700 mg/d, n = 13);  
we obtained fecal and plasma samples from these individuals after a further 
6 months. People in this group were not randomly selected, but had agreed 
to be treated with metformin. Compliance and side effects were monitored 
at each visit.

Inclusion criteria were: (i) aged between 18 and 65 years; (ii) T2D diagnosis 
in the previous 6 months, as defined by the American Diabetes Association 
Criteria51; (iii) absence of systemic and metabolic disease other than T2D, and 
absence of infection within the previous month; (iv) absence of diet or medica-
tion that might interfere with glucose homeostasis, such as glucocorticoids or 
antibiotics in the previous 3 months; and (v) HbA1c lower than 9%.

Exclusion criteria were: (i) clinically significant major systemic disease, 
including malignancy; (ii) clinical evidence of hemoglobinopathies or anemia; 
(iii) history of drug or alcohol abuse, defined as >80 g/d in men and >40 g/d 
in women; (iv) acute major cardiovascular event in the previous 6 months; (v) 
acute illnesses or current evidence of acute or chronic inflammatory or infective 
disease; and (vi) mental illness rendering the participants unable to understand 
the nature, scope, and possible consequences of the study.

All individuals gave written informed consent. The experimental protocol was 
approved by the Ethics Committee and the Committee for Clinical Investigation 
of the Hospital Universitari Dr. Josep Trueta (Girona, Spain). We certify that all 
applicable institutional regulations concerning the ethical use of information and 
samples from human volunteers were followed during this research. Complete 
clinical trial registration is deposited in the EU clinical trials register (EudraCT 
number 2010-022394-34).

Extraction of fecal genomic DNA and whole-genome shotgun sequencing. 
Fecal genomic DNA was extracted from 100 mg of frozen stools using the 
QIAamp DNA mini stool kit (Qiagen, Courtaboeuf, France) following repeated 
bead-beating (6,500 r.p.m., 3 × 30 s). The DNA was extracted from 131 fecal 
samples, obtained from the participants at three different time points during the 
study (n = 118; two fecal samples were not obtained) and from 13 participants 
additionally sampled 6 months after switch to metformin treatment. DNA frag-
ments of approximately 300 bp were sequenced on an Illumina NextSeq 500 
instrument (150 bp; paired-end) at Genomics Core Facility at the Sahlgrenska 
Academy, University of Gothenburg.

Metagenomics analyses. We obtained a total of 941 Gb of raw paired-end reads. 
The taxonomic and KO composition was obtained by using an updated version of 
the MEDUSA pipeline19, in which the raw reads were trimmed by FASTX (http://
hannonlab.cshl.edu/fastx_toolkit/; with a quality threshold of 20 bp and minimum 
length of 35 bp), filtered to remove human reads (version hg19), and then mapped 
to bacterial gene and genome catalogs using Bowtie2 (ref. 52). An additional 
filter was applied during the mapping process containing reads with at least 95% 
identity to obtain high-quality reads. The mean mapping rates for the genome 
and gene catalogs were 36.6% and 64.6%, respectively (Supplementary Table 2). 
The obtained taxonomic composition and KO profile matrix were further ana-
lyzed by DESeq2 package53. Pathway-enrichment analyses are based on KEGG 
annotation25 and hypergeometric test using goseq54. The beta diversity and PCoA 
analysis were calculated on the basis of the relative abundance of all significant 
KOs (further transformed by the square root to reduce the influence of dominant 
KOs, as suggested previously55) using phyloseq (version 1.12.2)56. Genus-to-genus  

coabundance network analysis was based on Spearman correlation. Only genera  
present in at least 80% of samples were used for correlation analysis, and only 
connections with a rho value larger than 0.6 or smaller than −0.6 were used for 
network building and visualization, on the basis of igraph57. For the estimation 
of PTRs, metagenomic reads were mapped to a local genome database containing 
~200 common human bacterial strains, using the software PTRC24. For the analy-
sis of bile salt hydrolase (bsh) genes, a local gene database containing all available 
bsh genes was constructed by blasting58 against NCBI reference genes59, MEDUSA 
gene catalog19, and the integrated gene catalog for human microbiome (IGC)60 
using 16 randomly selected seed bsh genes (gi: 169212173, 47121626, 488267184, 
489835719, 491501450, 491807128, 499725619, 503743756, 524844235, 
558633790, 654788256, 753801014, 759977951, 814507153, 823277295 and 
933135484). The local bsh gene database was then used for targeted reads screen-
ing on the basis of the MEDUSA pipeline19.

Targeted metabolomics analyses. Fecal SCFAs were measured using gas chro-
matography coupled to mass spectrometry detection (GC–MS), as described 
previously61. In brief, approximately 50–250 mg of feces were mixed with internal 
standards, added to glass vials and freeze-dried. All samples were then acidified 
with HCl, and SCFAs were extracted with two rounds of diethyl ether extraction. 
The organic supernatant was collected, the derivatization agent N-tert-butyld-
imethylsilyl-N-methyltrifluoroace-tamide (Sigma-Aldrich, Stockholm, Sweden) 
was added, and samples were incubated overnight. SCFAs were quantified with 
a 7090A gas chromatograph coupled to a 5975C mass spectrometer (Agilent 
Technologies 5975C, Santa Clara, CA). SCFA standards were obtained from 
Sigma-Aldrich (Stockholm, Sweden).

Bile acids were analyzed using ultra-performance liquid chromatography 
coupled to tandem mass spectrometry (UPLC–MS/MS), as described before41. 
Briefly, bile acids from plasma were extracted using protein precipitation with 
ten volumes of methanol containing internal standards. After mixing and cen-
trifugation, the samples were evaporated and reconstituted in 200 µl of metha-
nol:water (1:1) for analysis. For feces, about 50 mg of stool samples were placed 
in a 2-ml polypropylene tube together with six ceramic beads (3 mm; Retsch 
GmbH, Haan, Germany) and 500 µl of internal standard containing methanol. 
Stools were homogenized and centrifuged, and the supernatant was diluted ten 
times in methanol:water (1:1) before analysis. Bile acids were separated using 
a Kinetex C18 column (2.1 × 100 mm with 1.7-µm particles) (Phenomenex, 
Torrance, CA, USA) kept at 60 °C. The mobile phases consisted of water with 
7.5-mM ammonium acetate and 0.019% formic acid (pH 4.5) as mobile phase A,  
and acetonitrile with 0.1% formic acid as phase B. A QTRAP 5500 instrument 
(Sciex, Toronto, Canada) was used for detection using multiple-reaction moni-
toring in negative mode. Bile acid standards were obtained from Sigma-Aldrich 
(Stockholm, Sweden), CDN Isotopes (Quebec, Canada), and Toronto Research 
Chemicals (Downsview, Ontario, Canada).

Animal procedures. Animal procedures were approved by the Gothenburg 
Animal Ethics Committee. For the fecal-microbiota transplant experiments, 
we used 10- to 12-week-old male Swiss Webster germ-free mice. Mice were 
kept in individually ventilated cages (ISOcage N System, Tecniplast, Buguggiate, 
Italy) with a maximum of five mice per cage. Water was given ad libitum. 500 mg  
of frozen stools obtained at baseline (M0) and 4 months after metformin treat-
ment (M4) from three individuals were suspended in 5 ml of reduced PBS buffer 
containing 0.2 g/liter Na2S and 0.5 g/liter cysteine as reducing agents. The three 
donors were chosen from the metformin arm of the randomized clinical study 
who showed a reduction in %HbA1c after 2 and 4 months of metformin treat-
ment, and the individual stool samples were not pooled. The germ-free mice 
were randomized into two groups and colonized by oral gavage with 200 µl of 
M0/M4 fecal slurry from each donor. The mice were fed an irradiated high-fat 
diet (40% kcal fat, TD09683, Harlan Teklad) for 1 week before and during the  
18 d of colonization. Body composition was determined with an EchoMRI 
instrument (EchoMRI) 1 d after colonization and at the end of the experiment. 
Insulin was measured with a kit from Crystal Chem (Downers Grove, IL) accord-
ing to the manufacturer’s protocol, and an intraperitoneal glucose-tolerance test 
was performed at the end of the experiment, as previously described62. The 
investigators were not blinded to the group allocation. No mice were excluded 
from this study.

https://www.clinicaltrialsregister.eu/ctr-search/trial/2010-022394-34/ES
http://hannonlab.cshl.edu/fastx_toolkit/
http://hannonlab.cshl.edu/fastx_toolkit/
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In vitro bacterial growth experiments. Precultures of B. adolescentis L2-32 and 
E. coli were inoculated anaerobically in a Coy chamber (5% hydrogen, 10% carbon  
dioxide, and 85% nitrogen) as single colonies in 7 ml of brain-heart infusion 
(BHI) medium containing (in g/liter) yeast extract (5), cellobiose (1), maltose 
(1), cysteine (0.5), and hemin (0.01). For A. muciniphila, modified BHI broth was 
used, into which cysteine (0.05%) and type II mucin (1%) were added. Before 
inoculation, the modified medium was filtered through a 0.22-µm filter. After 
incubation for 14 h, each preculture was inoculated in freshly prepared BHI 
broth or modified BHI broth with or without metformin in a 24-well plate or 96-
well microplate at a concentration (v/v) of 0.5% E. coli or 1% B. adolescentis in a 
volume of 2.5 ml and 2% A. muciniphila in a volume of 300 µl. The effect of met-
formin on bacterial-growth kinetics was analyzed in a CLARIOstar microplate 
reader equipped with atmospheric control unit (BMG Labtech) by following the 
optical density (OD600). The atmospheric oxygen concentration was reduced to 
0.1% and was maintained with nitrogen as ground gas. The growth-curve data 
over 10 h for E. coli and B. adolescentis and 30 h for A. muciniphila were analyzed 
using MARS data-analysis software (BMG Labtech.).

In vitro gut simulator. A simulated human intestinal redox model (SHRIM) 
was used to explore the effect of metformin on a stabilized gut microbial com-
munity in vitro. SHRIM is a two-chamber fermenter with an anaerobic luminal 
chamber (250 ml) and an oxygen feeder (100 ml), which are separated by a 
Nafion Membrane N115 (DuPont, USA; diameter 2.5 cm) and continuously 
purged with nitrogen and oxygen, respectively. The luminal chamber was con-
tinuously stirred at 250 r.p.m. and kept at 37 °C. The oxygen feeder contained 
100-mM potassium phosphate buffer. The luminal chamber was seeded with 
250 ml of feed containing: (in g/liter) arabinogalactan (1.0), pectin (2.0), xylose 
(1.5), starch (3.0), glucose (0.4), yeast extract (3.0), peptone (1.0), mucin type II 
(4.0), and cysteine (0.5). To simulate digestion processes, the feed was acidified 
to around pH 2 with 6-M HCl, and neutralized with simulated pancreatic juice 
to a pH of around 6.9. The simulated pancreatic juice contained: (in g/liter) 
NaHCO3 (12.5), Oxgall bile salts (6.0), and pancreatin (0.9). The feed and pan-
creatic juice mix (70:30), referred to as SHRIM feed, was kept anaerobic by 
continuously purging with nitrogen63. The SHRIM feed was fed continuously 
to the luminal chamber at a rate giving a retention time of around 24 h, and pH 
was maintained between 6.9 and 6.6 with pH controller and dosing Pump (Black 
stone BL7912, Hanna Instruments, UK).

The SHRIM system was inoculated with an aliquot of the M0 fecal sample 
from each donor individually. A preculture was prepared anaerobically in a 
Coy chamber (5% hydrogen, 10% carbon dioxide, and 85% nitrogen) by adding 
2% fecal material to 5 ml of BHI broth as described above. The preculture was 
incubated for 3 h at 37 °C, and 2% of the pre-culture was seeded into the luminal 
compartment of the SHRIM.

Analysis of metagenome and metatranscriptome of the microbial community 
in the in vitro gut simulator. After 1 week of stabilization, the microbial com-
munity was challenged with 10-mM metformin continuously, and samples (2 ×  
1 ml) were taken at baseline (time zero) and then daily for 1 week. After cen-
trifugation at 16,000 r.p.m. for 2 min at 4 °C, the cellular pellet was suspended in  
1 ml of Tris-EDTA buffer (10-mM Tris, 1-mM EDTA pH 7.5), and 500-µl 
aliquots were used for DNA and RNA extractions. Total DNA was extracted 
by repeated bead-beating, as previously described64. Total RNA was extracted 
according to the Macaloid isolation protocol using the Phase Lock Gel Heavy 
tubes (5 Prime GmbH) and the RNAeasy mini kit with on-column DNAseI 
treatment (Qiagen) for purification, as previously described65,66.

Whole-genome shotgun sequencing was performed both on isolated DNA 
and RNA from the gut simulator at baseline and after 1 d and 7 d of metformin 
treatment on Illumina NextSeq 500 instrument at Genomics Core Facility at 
the Sahlgrenska Academy, University of Gothenburg. An average of 21.6 mil-
lion paired-end 150-bp DNA reads and 35.2 million paired-end 75-bp RNA 
reads from both donors were generated for metagenome and metatranscrip-
tome analysis, respectively. Libraries for metagenome sequencing were pre-
pared as mentioned above. Libraries for metatranscriptome sequencing were 
prepared from rRNA-depleted total RNA using the TruSeq Stranded Total RNA 
Library Preparation kit (Illumina). rRNA was depleted using the Ribo-Zero  
rRNA Removal Kit for Gram-positive and Gram-negative bacteria (Illumina). 

Then the MEDUSA pipeline19 was used to obtain the taxonomical composition 
and functional KO profiles, as described for the metagenomics analysis. In addi-
tion, to analyze the gene expression profile of A. muciniphila and B. wadsworthia,  
a local gene database containing only genes from those two bacteria was down-
loaded from NCBI (accession number NC_010655.1 and NZ_ADCP00000000.2, 
respectively). The circos plot was produced using R package circlize67. GO 
enrichment was performed using R package STRINGdb (version 1.10.0)68.

Statistical analysis. All statistical analyses were performed in the R environ-
ment69. A power of 97% was obtained using pwr package70 for this study, on 
the basis of 22 individuals, with paired design, 5% significance, and an esti-
mated effect size of 0.87 for metformin in improving fasting blood glucose71. 
Because the primary aim of our randomized controlled study was to investigate 
the effect of metformin on the composition and function of the gut microbiota, 
we did not perform a power calculation for the placebo relative to metformin 
groups, because the effect size of metformin together with a calorie-restricted 
diet on the microbiota was previously unknown. For animal tests, sample size 
was chosen on the basis of our earlier experience and no statistical test was used 
to predetermine sample size.

Wald test with paired design implemented in DESeq2 (ref. 53) was used for 
differential abundance analyses for all count data (in the case of both metage-
nomics and metatranscriptomics). The Spearman’s rank–order correlation was 
used to determine the strength and direction of the monotonic relationships 
between two variables unless strong collinearity was observed, in which case the 
Pearson product-moment correlation was calculated. Multivariate analysis with 
the Adonis test was performed on the basis of 5,000 permutations, using vegan72. 
Statistical testing for bacterial growth rates was examined by two-way ANOVA 
with repeated measures based on six technical replicates. Changes in SCFA con-
centrations between the metformin and placebo groups were compared by linear 
regression adjusted for BMI, gender, and fiber intake; the same procedure was 
used for bile acids, except the data were adjusted for total calorie intake instead 
of fiber intake. Otherwise, two-tailed Wilcoxon rank–sum tests or Wilcoxon 
signed–rank tests were used throughout the study, depending on whether the 
samples were paired. Raw P values were adjusted by the Benjamini–Hochberg 
method73 with a false discovery rate of 5%, unless indicated otherwise.

Data availability. Sequence data are available for download from the Sequence 
Read Archive with accession number PRJNA361402.
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