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reverses insulin resistance in
type 2 diabetes: A randomized,
controlled, prospective study
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Objectives: Recent studies have shown that fecal microbiota transplantation
(FMT) improved the metabolic profiles of patients with type 2 diabetes mellitus
(T2DM), yet the effectiveness in reversing insulin resistance and increasing
metformin sensitivity in T2DM patients have not been reported. In this study,
we evaluated the improvements of T2DM patients and their gut microbiota by
FMT alone and FMT plus metformin.

Methods: A total of 31 patients with newly diagnosed T2DM were randomized
to intervention by metformin, FMT, or FMT plus metformin in the study. Patients
were followed up at baseline and week 4 after treatment. Blood and stool
samples were collected and subject to analyze clinical parameters and
microbial communities by metagenomic sequencing, respectively.

Results: FMT alone and FMT plus metformin significantly improved the clinical
indicators HOMA-IR and BMI in T2DM, besides fasting blood glucose,
postprandial blood glucose, and hemoglobin Alc that were also controlled
by metformin. Donor microbiota effectively colonized in T2DM with slightly
higher colonization ration in FMT than FMT plus metformin within 4 weeks,
resulting in increased microbial diversity and community changes from
baseline after treatment. A total of 227 species and 441 species were
significantly alerted after FMT and FMT plus metformin, respectively. FMT
were significantly associated with the clinical parameters. Among them,
Chlorobium phaeovibrioides, Bifidibacterium adolescentis and
Synechococcus sp.WH8103 were potential due to their significantly negative
correlations with HOMA-IR.
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Conclusions: FMT with or without metformin significantly improve insulin
resistance and body mass index and gut microbial communities of T2DM
patients by colonization of donor-derived microbiota.

KEYWORDS

fecal microbiota transplantation, type 2 diabetes mellites, metformin, metagenomics,
microbiota colonization

1 Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disease
characterized by a decrease in pancreatic B-cell mass and
function, and represents a failure to compensate for the high
insulin demand of homeostatic model assessment of insulin
resistant (HOMA-IR) states (Aguayo-Mazzucato et al.,, 2019).
The occurrence of HOMA-IR is a key predictor of the
development of T2DM (Wallace et al, 2019). The global
prevalence of T2DM is alarmingly high with an estimated
population of 370 million, which is predicted to be doubled by
2030 (Wild et al., 2004). This dramatic increase in T2DM poses
an immense public health crisis and medical challenge. Recent
research showed that intestinal dysbiosis is a key factor in the
development of metabolic endotoxemia and T2DM (Zhao et al.,
2018; Thingholm et al., 2019; Wu et al., 2022).

The human intestines harbor a complex community of
intestinal bacteria (Skelly et al., 2019), viruses (Ingle et al,
2019), fungi (Li et al,, 2019), and protists (Chudnovskiy et al.,
2016). Recent data confirmed that intestinal dysbiosis was
associated with the development of metabolic syndrome,
especially T2DM (Karlsson et al., 2013; Que et al., 2021; Hou
et al., 2022). The composition and quantity of intestinal
microbiota in diabetic patients have been found to differ from
healthy individuals (Marchesi et al., 2016; Chen et al., 2019).
Current studies showed that intestinal microbiota is involved in
the development of obesity and insulin resistance in diabetes
mellitus via different mechanisms, and many hypoglycemic
drugs result in changes of intestinal microbiota (Su et al,
2015; Li et al., 2017). Metformin is now widely used in T2DM
treatment, and recent evidence suggests that the intestinal
microbiota serves as a metformin action site (Pollak, 2017;
Rodriguez et al., 2018; Foretz et al., 2019). Sun et al. indicated
that metformin acted partially via a B. fragilis-
glycoursodeoxycholic acid (GUDCA)-intestinal farnesoid-X
receptor (FXR) axis to improve metabolic dysfunction (Sun
et al, 2018). The therapeutic potential of fecal microbiota
transplantation (FMT) in diabetes has been discussed in many
papers (Wang et al, 2019; Aron-Wisnewsky et al.,, 2019; Ng
et al,, 2022; Hou et al.,, 2022). For example, Groot et al. revealed
that FMT could halt the decline in endogenous insulin
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production and featured intestinal microbiota were linked to
remaining beta cell function of type 1 diabetes (T1IDM) patients
(de Groot et al., 2021). Siew et al. reported that repeated FMTs
enhance the level and duration of microbiota engraftment in
obese patients with T2DM (Ng et al., 2022). However, no study
has reported the application of FMT in assisting the efficacy of
metformin in T2DM treatment. Thus the aim of our work was to
evaluate adjunctive FMT with metformin in southeast Chinese
population with T2DM.

We proposed that FMT would alter T2DM patients’
microbial ecology and thereafter improve the blood glucose
and insulin sensitivity. An FMT clinical trial for the
intervention of T2DM patients with metformin, FMT alone,
and FMT plus metformin was initiated. The primary outcome
was the evaluation of changes in insulin sensitivity (HOMA-IR
and HOMA-HBCI), postprandial blood glucose (PBG), fasting
blood glucose (FBG), hemoglobin Alc (HbAlc), and BMI
between baseline and after 4 weeks of intervention. The
secondary outcomes were the proportion of subjects acquiring
least 20% of microbiota from the donor after FMT at week 4.

2 Materials and methods
2.1 Study population

We recruited 29 adult T2DM patients, following the
diagnostic criteria of the American Diabetes Association
(ADA) for T2DM in 2019. We obtained written informed
consent from all patients before screening. All patients
volunteered to participate in the trial and exhibited good
compliance and did not replace diabetic drugs in the study
cycle. Patients were excluded if they had other diagnoses: 1)
acute and chronic infectious diseases, gastrointestinal diseases,
severe heart insufficiency, severe liver and kidney insufficiency,
and/or other diseases or complications; 2) other gastrointestinal
diseases that may affect drug absorption; 3) pregnant and
lactating women; 4) people with allergies; 5) patients who have
used other hormone therapy within the past three months; 6)
Leukopenia or abnormal granulocytes; 7) cardiovascular and
cerebrovascular diseases that first occurred in the past three
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months; 8) Participants in other clinical trials during the same
period; 9) a history of human immunodeficiency virus (HIV)
seropositivity after laboratory screening; and 10) hepatitis B
virus surface antigen (HBsAg) positive or hepatitis C virus
antibody (HCV-Ab) history after laboratory screening. During
this period, the research team instructed all participants to
maintain their original eating habits before and after the
intervention, including total calories, types, diet culture, etc.,
and to maintain light to moderate physical activity (the same
intensity) and avoid heavy physical activity. The study has been
approved by the Longhu Hospital, The First Affiliated Hospital
of Shantou University Medical College Ethics Committee in
Shantou, China(Ethics number:LHLL2019001), and was
registered at Chinses Clinical Trial Registry.(Registration
number: ChiCTR1900024636).(http://www.chictr.org.cn/

showprojen.aspx?proj=41166).

2.2 Research plan and outcomes

This study used FMT as an auxiliary method to compare the
therapeutic effects of solely metformin, solely FMT and FMT
combined with metformin onT2DM patients. Eight T2DM
patients received FMT plus metformin treatment, 9 patients
underwent FMT alone and 12 patients received solely metformin
treatment. The primary research objective was to evaluate the
efficacy of FMT in assisting the metformin treatment in T2DM
adult patients from the aspects of blood sugar control and
insulin resistance. The secondary research objective was to
observe the influence of FMT on the bacterial engraftment
from donor microbiota during baseline inspection and week 4
intervention. We classified microbiota species identified in the
recipients into four types and mainly focused on the donor-
associated species as previously defined (Ng et al., 2022).

2.3 Intervention procedures

Screening of study donors was based on previous reports
(Wu et al,, 2020; He et al,, 2021). The gut microbiota of ten
qualified-donors was isolated automatically using the fecal
microbiota extractor TG-01 (Treat-gut company, Guangzhou,
China). The procedures involved mixing of stool with saline
solution and multiple filtrations with different pore sizes, which
were completed in Xiamen Treat-gut Biotechnology Co. Itd. We
studied the effects of FMT via nasojejunal feeding tubes on
clinical phenotypes and intestinal microbiota before and 4 weeks
after intervention. The interventions consisted of metformin,
FMT alone, and FMT plus metformin. For the FMT, before
transplantation, patients had to be confirmed their stomach
remained empty for more than 4 hours, then 200 mL of FMT
solution containing 50g bacterial sludge was injected via the
nasointestinal tube to the anterior jejunum. The position was
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confirmed by X-ray. Two hours after FMT, the participants were
allowed to have a small amount of liquid diet. Blood and stool
samples of all participants were collected at baseline (week 0)
and week 4 after intervention for biochemical and
microbiota assessments.

2.4 Fecal microbiota analysis by
metagenomic sequencing

Fecal samples from donor and T2DM patients were collected
on the day of the medical examination and immediately frozen
at —80°C. Fecal genomic DNA was extracted using the QlAamp
Fast DNA Stool Mini Kit (Qiagen, CA, USA). DNA samples
were stored at —20°C before use as templates for next-generation
sequencing library preparation. Samples were fragmented to an
average insert size of 400 bp and sequenced by Illumina Nova
seq with PE 150 reagents. Reads were trimmed using KneadData
with default parameters to filter the sequencing adapter, low-
quality reads, and the human genome. The taxonomic
composition was processed using kraken2 (Erem et al., 2014)
with default parameters.

2.5 Statistical analysis

Microbiota alpha diversity Shannon and Chaol were
calculated using the R program package ‘vegan’ (version 2.5.6).
B-diversity metrics were obtained with rda and PERMANOVA
with the adonis function. Principal Components analysis (PCA)
was performed using the package vegan. Different analysis was
performed to identify taxa with differentiating abundance in the
different groups (Krentz and Bailey, 2005). The corr.test function
was used to analyze the correlation between the microbial taxa
and clinical indexes. Statistical significance was taken as p
value <0.05.

3 Results

3.1 Characteristics of the study
population

A total of 36 patients with T2DM were assessed for
eligibility, of whom 31 were recruited and randomized to
either FMT plus metformin, FMT alone, or metformin from
July 2019 to Oct 2021. One of participants in both FMT plus
metformin and FMT alone group withdraw after FMT infusion.
Finally, 29 patients allocated to FMT plus metformin (n=8),
FMT alone (n=9), or metformin (n=12) completed their follow-
up assessment at both baseline and week 4 (Figure 1).
Demographic characteristics of patients in the three groups
were comparable. Males constituted 48.3% of the patients
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3 excluded Reason:
antibiotic within 3 months

2 excluded due to refusal by
patients

1 withdrawn after
FMT infusion

FIGURE 1

Consort diagram of the study flow. FMT, faecal microbiota transplantation.

1 withdrawn
FMT

after

(n=14), and the median BMIs for FMT plus metformin, FMT
alone, and the metformin groups were 27.46, 27.29, and 27.01
kg/m?, respectively. Ten healthy donors (90% male, median
BML: 21.56kg/m?) provided stool for the FMT solution.

3.2 Blood glucose, insulin resistance, and
BMI improvement after intervention

Participants in the three treatment groups had significant
(P<0.05) improvement in fasting blood glucose (FBG);
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postprandial blood glucose (PBG), hemoglobin Alc (HbAlc),
and HOMA-HBCI at week 4 after intervention compared with
the baseline (Table 1). More importantly, patients in FMT alone
and FMT plus metformin had significantly decreased HOMA-IR
(p<0.05) and BMI (p<0.05) at week 4 after FMT intervention,
while no differences were observed for those in metformin group
(Table 1). Significantly lower UA, TG, and Globulin were
observed in FMT plus metformin group (Figure 2).

We further evaluated the magnitude of change among the
three groups. Percentages of improvements in PBG, FBG,
HOMA-IR, BMI, AST/ALT and ALP were significantly higher
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TABLE 1 Clinical data included in this study.

Metformin (n=12) FMT (n=9) FMT plus metformin (n=8)
Week 0 Week 4 Week 4 Week 0 Week 4 P
value

FBG 9.08+2.02 8.37+1.98 0 14.3%1.99 8.12+0.72 0 9.24+1.92 6.78+1.68 0.01
PBG 13.96+2.61 11.35+1.92 0 18.48+5.59 11.34+2.2 0 14.21+4.77 9.08+2 0.01
HbAlc 8.56+1.13 8.29+1.09 0 10.75+1.85 8.57+1.97 0.01 9.142.14 8.76+2.21 0.01
HOMA-

HBCI 41.55+20.25 58.04+37.21 0.03 22.9+16.06 44.65+23.03 0 41.86+19.77 86.47+109.22 0.01
BMI 27.51+0.89 27.4240.99 0.2 27.240.95 26.37+0.87 0 27.27+1.07 26.46+1.28 0.01
HOMA-IR 3.99+1.39 451+2.03 052 6.73+2.88 3.55+1.58 0 5.57+5.91 3.61+4.15 0.01
PCP 4.58+2.09 4+1.26 0.13 3.85+2.19 4.5+2.35 0.13 3.86+3.21 4.62+4.21 0.84
FINS 10.08+3.03 12.2145.34 0.27 11.05%5.25 9.93+4.63 0.07 12.3349.65 12.04+14.81 0.25
AFU 30.32+4.02 28.49+3.43 0.09 25.88+5.75 24.5+4.24 0.25 19.69+7.16 24.23+7.58 0.03
FCP 1.89+1.12 1.87+0.72 0.62 1.57+0.99 1.760.71 0.43 1.68+1.22 1.99+0.93 0.74
Creatinine 87.67+94.69 75+39.53 0.4 64.67+11.07 68+12.45 0.11 66.38+12.39 72.25+14.66 0.09
GGT 30.93+13.1 33.6+16.84 073 39.03+56.67 35.1451.57 036 31.27+17.9 23.32412.02 0.15
D-BIL 4.21+1.09 3.61+1.45 0.08 3.96+1.37 3.66+1.04 0.43 3.12+1.43 3.7+1.24 0.53
ALP 83.75+15.79 67.33+11.24 0 73.22+29.39 69.89+16.71 1 68.88+11.64 67.12+14.19 0.36
TBA 6.82+2.31 3.36+2.24 0 6.28+7.42 3.53+1.68 0.31 3.99+2.68 4.22+3.42 0.95
TBIL 11.4+2.77 11.08+4.37 0.62 12.71+4.1 12.19+3.81 0.82 13.04+7.3 13.26+4.71 0.95
APO-B 0.86:0.24 0.97+0.18 0.08 1.0340.35 1.1140.26 0.65 0.84+0.21 0.830.21 0.74
PINS 37.38+22.24 31.74+14.88 0.2 35.72424.36 35.23+28.05 0.82 31.31421.07 14.3+14.47 0.04
LDL-C 2.96+1.09 3.12+0.74 0.57 2.98+0.56 3.5240.79 0.16 2.78+1.12 2.74+0.75 0.74
BUN 5.22+2.46 5.77+2.41 0.13 5.21+0.81 5.64+1.2 0.25 5.68+1.26 5.0142.1 0.55
ALT 30.23+34.83 35.03+46.76 0.46 22.8+11.11 21.43+5.86 0.73 29.55+19.71 24.246.66 0.38
HDL-C 1.19+0.24 1.25+0.27 0.14 1.13+0.28 1.1620.2 0.64 1.32+0.52 1.27+0.46 0.2
ae R gm0 e g mm o ass
UA 366.42+81.33 374.5+67.24 0.73 fii;‘ig 366.11+74.71 0.57 377.38+59.76 360.12460.41 0.01
TG 1.74+0.57 1.52+0.46 0.23 3.84+5.5 2.3+1.36 0.57 2.18+1.44 1.2620.29 0.04
TC 4.72+1.35 4.87+0.79 0.64 5.37+1.02 5.48+0.36 0.73 4.8+1.13 4.44+0.71 0.64
AST/ALT 1.17+0.38 0.86+0.24 0.01 10.31 1.02+0.23 0.83 1.1240.6 1.0620.24 0.94
TP 75.2245.45 72.91+4.03 0.11 73.51410.05 74.67+3.6 057 72.36211.66 68.65+6.16 0.31
MAO 4.25+0.97 425+1.14 1 6.67+6.86 444423 1 5.55+1.44 7.06+2.48 0.14
I-BIL 6.8+1.87 7.27+2.96 0.62 8.76+2.91 8.94+2.34 1 9.92+6.87 9.03+4.17 0.64
Globulin 26.82+3.85 26.95+4 0.97 26.37+6.58 27.88+3.26 0.43 27.89+6.11 23.92+3.38 0.04
AST 27.88+13.51 24.23+17.34 0.03 20.29+6.06 21.59+5.57 0.91 25.24+7.82 22.88+6.27 0.23

(Continued)
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TABLE 1 Continued

Metformin (n=12) FMT plus metformin (n=8)
Week 0 Week 4 p Week 0 Week 4 p
value value
APO-A 1.28+0.21 1.23+0.16 024 1.4340.29 1.3540.15 0.82 1.440.19 1.31£0.41 0.38
Albumin 48.44+2.89 46.36+1.99 0.02 47.04%3.77 47.3+2.48 091 44474643 44.8625.87 0.89

The data are shown as the mean+SD. N=12 in the metformin group, N=9 in the FMT group and n=8 in the FMT plus metformin group for all outcomes. FMT, fecal microbiota
transplantation; FBG, fasting blood glucose; PBG, postprandial blood glucose; HbAlc, hemoglobin Alc.

HOMA-HBCI=20xFINS/(FBG-3.5); BMI, body mass index; HOMA-IR=(FBGxFINS)/22.5; PCP, postprandial c-peptide; FINS, fasting insulin; AFU, a--L-fucosidase; FCP, fasting
c-peptide; GGT, y-glutamyl transpeptadase; D-BIL, direct bilirubin; ALP, alkaline phosphatase; TBA, total bile acid; TBIL, total bilirubin; APO-B, apolipoprotein B; PINS, postprandial
insulin; LDL, low-density lipoprotein; BUN, urea nitrogen; ALT, alanine aminotransferase; HDLC, high-density lipoprotein; CHE, cholinesterase;UA, uric acid; TG, triglyceride;
TC, total cholesterol;TP, total protein; MAO, monoamine oxidase; I-BIL, indirect bilirubin; AST, aspartate aminotransferase; APOA, apolipoprotein A.

Bold values represents statistically significant indicators.

in the FMT alone and FMT plus metformin than in metformin increased by FMT in FMT alone group at week 4 (Figure 4A).

group (p<0.05) (Figure 3). Improvements in HOMA-HBCI, No obvious changes in diversity indexes were observed in
HbAlc, AST, TBA and TP were observed significantly higher metformin group. As expected, Bacteroidetes, Firmicutes, and
in FMT alone than metformin group. Additionally, FBG and Proteobacteria were the dominant taxa in donor alone or overall
HbAlc decreased more in FMT plus metformin than in FMT samples (Figure 4B). Relative abundance of Bacteroidetes was
alone. No significant differences in changes of PBG, PINS, decreased, while Firmicutes increased after intervention in both
HOMA-IR, HOMR-HBCI, AST/ALT, ALP, TBA, TP and BMI FMT alone and FMT plus metformin groups. An uncommon
were observed between the two FMT-associated treatments microbial composition was observed at week 4 after metformin
(p>0.05) (Figure 3). treatment, with a surprising high proportion of Proteobacteria

and almost absence of Bacteroidetes.

3.3 Microbiota alterations associated

with FMT intervention 3.4 B-diversity and microbial colonization

Microbial richness (observed taxa and Chaol) and Shannon The results of PB-diversity based on Euclidean distance
diversity were obviously (P < 0.05) improved at week 4 after showed that the intestinal microbiota changed at week 4
FMT compared with the baseline, although the significance is compared with week 0 with the three treatments. The gut
marginal. Moreover, the evenness was significantly (P<0.05) microbial communities in FMT plus metformin group were
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FIGURE 3

Fold changes of clinical indexes based on week 4 divided by week 0 in T2DM patients with different interventions. Pairwise comparisons
between groups were conducted using the Wilcox test. Metformin, n=12 patients; FMT, n=9 patients; FMT plus metformin, n=8 patients. p<0.05

is defined as statistically significant.

significantly different (PERMANOVA, p < 0.05) between week 4
and week 0, while there was no significant difference in FMT
alone nor in metformin group (Figure 4C). Among the three
groups, the metformin group had the smallest change in beta
diversity after 4 weeks, followed by the FMT group, and that the
FMT plus metformin group had the largest change, although
significant difference were observed among the three groups
(Figure 4E). Similarly, the Euclidean distance between week 4
from each of the three groups and the donor was calculated. The
results showed that the distance between the metformin group
and the donor was the largest, and the FMT plus metformin
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group was the smallest, indicating that the gut microbiota in the
FMT plus metformin group was similar to that of the donor after
treatment (Figure 4G, Figure 5).

The colonization of donor-derived microbial species was
analyzed and detected in post-FMT samples from all recipients
in both FMT alone and FMT plus metformin groups, with
percentage ranging from 3.1% to 73.7%.The results showed
that 6 patients (66.7%) in the FMT group and 5 patients
(62.5%) in the FMT plus metformin group achieved >20%
donor-derived microbial species, which was considered as
effective colonization. However, there was no significant
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difference in colonization rate between the two groups (p > 0.05)
(Figures 4D, F).

3.5 Taxa significantly associated with
clinical improvements

To explore the taxa associated with improvement in
clinical efficacy, the differences between baseline and week 4
after intervention in FMT alone and FMT plus metformin
groups were analyzed by Wilcoxon-rank sum test. A total of 7
phyla, 57 families, and 133 genera level were significantly (p <
0.05) different after intervention in FMT alone group, while
the numbers were 10, 63 and 206 in the FMT plus metformin
group (Table S1). With cut-off of relative abundance bigger
than 0.001%, there were 227 species and 441 species that were
significantly different between baseline and week 4 in in FMT
alone and FMT plus metformin groups, respectively. Among
them, 89 species were shared in these two groups (Figure 6).
The species with increased relative abundance at week 4 after
treatment mainly belonged to the genera Prevotella and
Bifidobacterium, including Prevotella jejuni, Prevotella
Fusca, Bifidobacterium animalis, and Bifidobacterium
adolescentis. Correlation analysis based on the samples from
these two groups showed that Provetella were positively
correlated with ALP and TP, while Bifidobacterium were
negatively correlated with CHE, FBG, PBG, TC and PINS
(Figure 7A). Additionally, Collinella aerofaciens was strongly
negatively correlated with FBG, while PGB was strongly
positively correlated with Clostridium bolteae and HOMA-
IR was strongly positively correlated with Dysosomobacter
Wekbionis (p < 0.05).
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Since improvement in HOMA-IR is urgent in treatment of
T2D, we further explored the species by conducting correlation
analysis between HOMAR-IR and the species significantly
different either after FMT or FMT plus metformin, based on
samples from T2DM patients at baseline and week 4 after
intervention. The results showed that most of the significantly
associated species were positively correlated with HOMA-IR
(Figure 7B), including Lactobacillus ruminis, D. welbiois and
Xylanimicrobium sp. FWI10M-9, while Chlorobium
phaeovibrioides, B. adolescentis and Synechococcus sp.WH8103
were strongly negatively correlated with HOMA-IR, which were
increased at week 4 after intervention by FMT or FMT plus
metformin (Figure 7C).

4 Discussion

This study aimed to evaluate the improvements of T2DM
patients and their gut microbiota by FMT alone and FMT plus
metformin, compared with metformin. Results showed that
FMT alone and FMT plus metformin significantly improved
insulin resistance (HOMA-IR), HOMA-HBCI, BMI, FBG, and
PBG within 4 weeks after intervention, and modified gut
microbial communities by colonization of donor-derived
microbiota. Correlation analysis revealed that B. adolescents, C.
phaeovibrioides, and S. sp.WH8103 were significantly negatively
correlated with HOMA-IR, the urgent indicator in treatment of
T2DM. In short, this study support that FMT alone and FMT
plus metformin can improve insulin resistance and other
indicators of patients T2DM by colonizing donor-derived
microbes and modifying gut microbiota in diversity and
specific species.
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Metformin is currently widely used as the first-line drug for
the treatment of T2DM patients, as recommended by clinical
guidelines, due to the improved glycemic profile and reduction
in cardiovascular mortality without the risk of hypoglycemia
and/or body weight gains (Buse et al., 2016; Foretz et al., 2019).
Previous research showed that metformin decreased BMI,
HbA1lc, and FBG during an initial 4-month study period (Shin
et al,, 2014). In another 52 week study, newly diagnosed T2DM
patients who used metformin for blood glucose intervention had
significantly lower BMI, FPG, PPG and HbAlc after treatment
compared with baseline in the MET group (DeFronzo et al,
2016). The present study also observed the improvements in
HbA1c and FBG of T2DM after intervention of metformin, but
not BMI and other indicators including HOMA-IR, which was
improved by FMT alone and FMT plus metformin. This may be
related to FMT peripheral insulin sensitivity and other
mechanisms to improve blood glucose control, while MET
mainly plays a role in the liver by reducing liver glucose
output (Wu et al., 2017). More and more studies have shown
that the process of metformin’s role has a certain relationship
with gut microbiota. Intravenous metformin does not improve
blood sugar (de la Cuesta-Zuluaga et al., 2017). However, the
level of metformin in the intestine is 100-300 times higher than
that in the serum, making the intestine the main reservoir of
dimethyl lenediamine for human (Carvalho and Saad, 2013;
Duparc et al, 2017; Depommier et al., 2020). In addition,
metformin can also change the composition of gut microbiota
by increasing Akkermansiamuciniphila, a microbiota that
stimulates SCFA production (short chain fatty acids), which is
degraded by mucin (Ma et al, 2019). The production and
regulation of SCFA is considered to be one of the mechanisms
of probiotics to promote health results (Hartstra et al., 2015). In
our experiment, the FBG and HbAlc in the FMT alone group
decreased more than those in the FMT plus metformin group,
which may be related to the improvement of microbial
population structure promoted by metformin.

The patients included in our cohort were diagnosed with
T2DM and were not receiving prior regular drug treatment or
dietary intervention. These T2DM patients had poorly
controlled blood glucose or serious insulin resistance and
received no other medications for the treatment of other
diseases. During the observation period, the enrolled patients
did not perform any physical exercise other than daily life
activities and received generally consistent dietary regulation.
This design enabled us to diminish the effects of major
confounding factors that have a known impact on the gut
microbiome. Clinically, not all T2DM patients benefit from
the use of metformin or respond to metformin quickly. For
example, some patients exhibit strong insulin resistance and
weak insulin secretion function despite metformin treatment.
Therefore, FMT was used to assist metformin treatment in these
patients to quickly improve their sensitivity to metformin.
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The present study demonstrated that, although metformin
could improve the blood glucose, the addition of FMT promoted
the improvement further. Many studies have shown that gut
microbiota are closely related to glucose metabolism (Musso
et al, 2011), insulin resistance (Lee et al., 2019), and insulin
secretion (Kootte et al, 2017). The mounting evidence of a
causal role of the gut microbiota in T2DM has led to the
development of targeted therapeutic approaches that are
designed to alter the microbial composition (Vrieze et al,
2012; Rinott et al,, 2021). Fecal microflora transplantation
(FMT) is a method to treat diseases by rebuilding gut
microbiota (Wu et al., 2011). FMT has consistently
demonstrated a capability to overcome dysbiosis via a
profound sustained effect on the gut microbiome, which may
become a new way to treat T2DM (Belenguer et al, 2006).
Previous experiments using FMT to interfere with metabolic
syndrome showed that FMT improved insulin sensitivity,
increased gut microbial diversity, and significantly increased
butyric acid producing bacteria in patients with metabolic
syndrome (Tolhurst et al., 2012; Yadav et al, 2013). Our
results are consistent with previous findings on transient lean
donor -9gut microbiota in patients with metabolic syndrome,
which showed a significant improvement in peripheral insulin
sensitivity at 6 weeks (Belenguer et al., 2006). The species with
increased relative abundance 4 weeks after FMT mainly belong
to ruminis, D. welbiois and Xylanimicrobium sp. FWI10M-9 were
significantly negatively correlated with HOMA-IR, while
Chlorobium phaeovibrioides, B. adolescentis and Synechococcus
sp.WH8103 were strongly negatively correlated with HOMA-IR.
Previous studies have shown that long-term intake of fat rich diet
is related to the increase of Bacteroids, and vegetarians are
conducive to the proliferation of Proctor bacilli. Proburella was
also found to be associated with improved glucose tolerance
induced by dietary fiber (Su et al., 2022). Bifidobacterium, on the
other hand, produces acetate and lactate during carbohydrate
fermentation, which are converted into butyric acid by other gut
microbiota (Li et al., 2016). Among them, butyric acid plays an
important role in regulating insulin secretion (Turnbaugh et al.,
2009; Giongo et al, 2011). Our results again show that
Plasmobacterium and bifidobacterium may be the key
organisms related to T2DM improvement, which is consistent
with the previous research of others (Aggarwala et al.,, 2021).

A decent engraftment of donor-associated microbiota taxa
in recipients during the FMT procedure is one of the
prerequisites that guarantees the efficacy of FMT. It is
generally believed that the diversity of gut microbiota is closely
related to gut health, and the colonization rate of donor flora in
the recipient is an important indicator to evaluate the success
rate of transplantation. In our study, about 2/3 of the FMT group
and the FMT plus metformin group reached the target of > 20%
donor derived microbial species, which was significantly
increased by 23 compared with other previous studies
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(Herfarth et al., 2019). This is considered to be effective
colonization, which is closely related to our strict donor
selection before transplantation. Previous studies have shown
that the number of Firmicutes in diabetes patients is lower than
that in non-diabetes patients (Mocanu et al., 2021). The
progression of diabetes is associated with a decrease in the
number of Firmicutes and Bacteroidetes (Mayo and Sinderen,
2010). Firmicutes usually participate in the transport of nutrients
and promote the absorption and fermentation of SCFA in
indigestible carbohydrates (Pinzone et al., 2012). In our
clinical experiment, at the 4th week after FMT, Microbial
richness (observed taxa and Chaol) and Shannon diversity
were significantly improved compared with the baseline. After
FMT and FMT plus 8 metformin groups, the relative abundance
of Bacteroidetes decreased, while Firmicutes increased, which
indirectly proved that the health of receptor gut microecology
was improved after FMT. Aggarwala et al. observed that bacterial
strain engraftment in Clostridium difficile infection (CDI)
recipients independently explained (precision 100%, recall
95%) the clinical outcomes (relapse or success) after initial and
repeat FMT (Pinzone et al., 2012). Low donor FMT engraftment
resulted in low clinical efficacy of FMT in patients with
Antibiotic-dependent pouchitis (ADP) (Bordalo Tonucci et al.,
2017). Siew et al. demonstrated that FMT repeated at scheduled
intervals led to increased and sustainable engraftment of
microbiota from lean donors in obese recipients with T2DM
that persisted for at least 6months (Ng et al., 2022). Mocanu et al.
Also found that engraftment of specific taxa in the FMT plus
low-fermentable fiber group at 6 weeks was donor mediated, and
the FMT serves as fiber degrader, as well as short-chain fatty acid
(SCFA)-producers and suppressors of tumor growth (Vindigni
and Surawicz, 2017). Our EMT procedure led to a quick clinical
response within 4 weeks and we found Bifidobacterium was
successfully reconstituted in FMT treatment patients.
Bifidobacterium plays an important role in human health,
including regulating gut microbiota homeostasis, regulating
local and systemic immune responses, inhibiting pathogens
and harmful bacteria colonizing or infecting gut mucosa (Al-
Salami et al., 2008), improving gut mucosal barrier and reducing
gut lipopolysaccharide level (Ren et al, 2017). In addition,
Bifidobacteria improves mucosal barrier function, and T2DM
patients’ intake of probiotic yogurt containing Lactobacillus
acidophilus La5 and Bifidobacterium lactis Bb12 for 6 weeks
improved FBG and HbAlc (He et al,, 2021).

Side effects of FMT include mild and self-limiting abdominal
discomfort, cramps, abdominal distension, diarrhea or
constipation, and very few diseases that cannot pass screening
tests (Lu and Salzberg, 2020). In our study, T2DM patients
displayed no adverse reactions after FMT, and the fasting and
postprandial blood glucose, HbAlc, and insulin resistance
decreased significantly without causing hypoglycemia or
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dyslipidemia after FMT treatment. In terms of metabolic
research, previous studies tended to use FMT to intervene in
metabolic syndrome, while few studies used FMT to intervene in
T2DM. Our research is innovative. In a previous animal
experiment, it was found that probiotics consumption in
diabetes rats can increase the bioavailability of gliclazide (an
oral sulfonylurea anti diabetes drug) (Segata et al., 2011). Our
research found that FMT combined with metformin is better
than metformin alone to achieve the improvement of blood
glucose control and insulin resistance, which provides a new
direction for FMT to intervene in T2DM and FMT combined
with hypoglycemic drugs to intervene in T2DM.

Our study has several limitations. First, the relatively small
sample size was not sufficient to evaluate the subtle differences or
mechanisms associated with metformin treatment with or
without FMT therapies. Second, the study period was limited
to 4 weeks, restricting our understanding of the relationship
between long-term clinical efficacy and engraftment of donor-
associated microbiota. Third, due to scarcity of the donors, we
used multi-donor FMT at different FMT times to enhance the
microbial diversity transferred to recipients. However, a fixed
donor choice based on donor-recipients matching for patients
would help eliminate any confounding factors.

5 Conclusion

In conclusion, In conclusion, our study showed that FMT
improved the BMI, PBG, HbAlc, FBG, HOMA-HBCI, and
HOMA-IR of T2DM patients in 4 weeks and also promoted
the engraftment of donor-associated microbiota in participants.
Results from our trial will serve as a basis for the long-term
intervention of FMT in T2DM patients and the further
development of novel biotherapeutic strategies aimed at
combatting T2DM through the safe, effective, and affordable
bacterial formulations.
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