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Objective: Benaglutide is a glucagon-like peptide-1 receptor agonist (GLP-1RA) that has been approved in the treatment of type 2 
diabetes mellitus (T2DM). It is known to lead to significant weight loss, and it is hypothesized that changes in gut microbiota may play 
a significant role in such weight loss. However, it is unclear how gut microbiota and metabolites change as a result of benaglutide 
treatment.
Methods: Healthy participants and patients with T2DM were included in this study. They received differentiated treatments, and stool 
specimens were collected separately. These stool specimens were subjected to 16S ribosomal RNA amplicon and metagenomic 
sequencing to create fecal metabolomic profiles. The diversity of gut microbiota and metabolic products in the stools of each 
participant was analyzed.
Results: The data showed that Faecalibacterium prausnitzii was abundant in the gut microbiota of the control group, which was 
entirely made up of healthy individuals; however, it showed a statistically significant decrease in patients with T2DM treated with 
metformin alone, while no significant decrease was observed in patients treated with metformin combined with benaglutide. 
A metagenomic analysis revealed that benaglutide could improve the fecal microbiota diversity in patients with T2DM. 
Furthermore, there was a statistically significant correlation between the changes in the metabolites of patients with T2DM and the 
changes in their gut microbiota (including F. prausnitzii) after treatment with metformin and benaglutide.
Conclusion: These findings suggest that the weight-reducing effect of benaglutide is attributed to its ability to normalize the gut 
microbiota of patients with T2DM, particularly by increasing the abundance of F. prausnitzii.
Keywords: benaglutide, gut microbiota, metabolites, type 2 diabetes mellitus, T2DM

Introduction
Type 2 diabetes mellitus (T2DM) is the most common form of diabetes, affecting about 90% of diabetics around the 
world. Furthermore, diabetes is significantly correlated with obesity. Due to the sharp rise in their incidence, it is critical 
to understand the underlying mechanisms of obesity and diabetes. There is mounting evidence that microbiota in the gut 
play a crucial role in the development of diabetes and obesity.1–9

Benaglutide is a recombinant human glucagon-like peptide-1 (GLP-1). Randomized controlled trials (RCTs) have 
shown that benaglutide can effectively and safely reduce HbA1c (glycated hemoglobin or hemoglobin A1c), fasting 
plasma glucose (FPG), and postprandial glucose (PPG) in patients with T2DM. Furthermore, it can effectively reduce 
weight in obese patients with T2DM. Therefore, benaglutide was approved by the Chinese National Medical Products 
Administration for the treatment of T2DM in December 2016, and was recommended for the treatment of T2DM in the 
Chinese Guidelines for the Prevention and Treatment of Type 2 Diabetes Mellitus (2017 edition). So far, the pharma-
cological effects of benaglutide are believed to target the hypothalamus and gastrointestinal tract.10–13 However, the role 
of benaglutide in the gut microbiota and metabolites remains unclear.

In this study, we analyzed the diversity of gut microbiota and fecal metabolites in healthy participants, patients with 
T2DM treated with metformin, and patients with T2DM treated with metformin combined with benaglutide. According 
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to the data, Faecalibacterium prausnitzii predominated among other gut microbiota in healthy participants, but exhibited 
a significant decrease in quantity in patients with T2DM treated with metformin alone, while no significant decrease in 
quantity was observed in patients treated with metformin and benaglutide. Benaglutide improves stool microbiota 
diversity in patients with T2DM. Additionally, changes in gut microbiota in patients are linked to changes in intestinal 
metabolites.

Methods
Ethics Statement
The study was approved by the Ethics Committee of the Qingpu Branch of Zhongshan Hospital Affiliated to Fudan 
University and was conducted in accordance with the Declaration of Helsinki. All participants signed an informed 
consent form before they were included in this study.

Participants and Grouping
We enrolled 1800 participants with T2DM and 500 healthy participants in this study. Their grouping was based on their 
differentiated interventions. Group A: The control group made up entirely of healthy participants; group B: Patients with 
T2DM who received metformin alone (2000 mg, qd [quaque die]); group C: Patients with T2DM who received 
metformin (2000 mg, qd) combined with benaglutide (0.2 mg, tid [three times a day]); group D: obese patients with 
T2DM who received metformin (2000 mg, qd) combined with benaglutide (0.2 mg, tid).

Fecal Sample Collection, Microbial DNA Extraction, and Metabolite Extraction
Fecal samples were harvested using a cotton swab and stored in a sterile conical tube. The fecal samples were 
immediately frozen at −80 °C until further analysis. The fecal microbial DNA was extracted using the DNA E.Z.N. A 
® Stool DNA Kit (Omega Bio-Tek, Norcross, GA, United States) according to the manufacturer’s instructions. In 
addition, total DNA was quantified using a spectrophotometer (NanoDrop 2000 UV; Thermo Fisher Scientific, Waltham, 
MA, United States) with 1% agarose gel electrophoresis.

The extraction of fecal metabolites was carried out in accordance with the previous description. In summary, 50 mg 
fecal samples were mixed with 400 µL of an ice-cold methanol/water (4:1, v/v) solution and stored at −20 °C. 
Subsequently, the mixture was homogenized for 6 minutes using a mechanical disruptor (FastPrep-24 TM 5G, MP 
Biomedicals Co., Ltd. Shanghai, China) at 60 Hz. After the completion of 15-minute vortex and three rounds of 10- 
minute sonication, the homogenate was placed at −20 °C for 30 minutes to precipitate the proteins. To harvest the 
supernatant for liquid chromatography–mass spectrometry (LC-MS) analysis, the supernatant was centrifuged at 13,000g 
at 4 °C for 15 minutes and filtered through a 0.22-µm membrane.

16S Ribosomal RNA Gene Sequencing Analysis
Amplification of the V3 and V4 hypervariable regions of the microbial 16S rRNA gene was performed with primers 
338F (5’- ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’- GGACTACHVGGGTWTCTAAT-3’). The amplified 
products were purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) and 
quantified using QuantiFluorTM-ST (Promega, USA) after being determined by 2% agarose gel electrophoresis. 
Purification and quantification were carried out in accordance with the manufacturer’s protocols. The paired-end 
sequencing libraries were constructed by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The purified 
amplicons were then sequenced in equimolar amounts on an Illumina MiSeq platform (Illumina, San Diego, CA, USA) 
for paired-end reads of 300 bp. Sequencing was also performed at Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, 
China) in accordance with standard protocols.

The quality filtration of raw FASTQ files using Trimmomatic and merging with FLASH were carried out following 
these criteria:1) The reads that received an average quality score < 20 over a 50-bp sliding window at any site were 
truncated; 2) Sequences containing overlaps (> 10 bp) were merged according to mismatched overlaps ≤ 2 bp; 3) the 
reads containing ambiguous bases were eliminated. Operational taxonomic unit (OTU) clustering with a 97% similarity 
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cut-off was performed using UPARSE (version 7.1 http://drive5.com/uparse) with a novel “greedy” algorithm; this 
algorithm enables simultaneously chimera-filtering and OTU-clustering. Subsequently, representative OTU sequences 
were compared to the reference database to generate the taxonomical classification.

Metagenomic Sequencing
The TruSeqTM DNA Sample Prep Kit with Covaris M220 (Gene Company Limited, China) was used to fragment 
microbial DNA to an average size of approximately 300 bp as directed by the manufacturer to construct a paired- 
end library. Furthermore, metagenomic sequencing was performed using an Illumina HiSeq-4000 sequencing plat-
form (Illumina Inc., San Diego, CA, USA). After discarding raw sequence reads with a quality score < 20 and 
a length < 50 bp, the clean reads were assembled using SOAP denovo software to obtain contigs for prediction and 
annotation. Open reading frames (ORFs) obtained from each sample were predicted using MetaGene (http:// 
metagene.nig.ac.jp) Eggnog database (version 4.5) was used to cluster orthologous groups of proteins (COG) for 
annotation of ORFs through BLASTP (BLAST version 2.2.28+) with an e-value cutoff of 1e-5. Then, KEGG 
pathways were annotated by a BLAST search (Version 2.2.28+) against the KEGG database (http://www.genome.jp) 
based on an optimized e-value cutoff of 1e-5.

Fecal Metabolic Analysis
We transferred 100 µL of each fecal sample into centrifuge tubes after being thawed at room temperature. The 
mixture was then mixed with 300 µL of methanol and 10 µL of 3.0 mg/mL DL-o-chlorophenylalanine. Following 
that, a 30-second vortex and centrifugation at 12,000 rpm for 15 min at 4 °C were performed successively. 
Subsequently, 200 µL of the supernatant was transferred for LC-MS analysis. A preheated hyper gold C18 column 
was used for chromatographic separation. A prepared sample of 10 µL was then injected into the automatic sampler 
and kept at 4 °C throughout the analysis. During the analysis, samples were eluted using a mobile phase for positive 
ion mode (ESI+) and negative ion mode (ESI-), in which solvent A was composed of water and 5% acetonitrile with 
0.1% formic acid, and solvent B was composed of acetonitrile with 0.1% formic acid. The flow rate was kept at 
0.35 mL/min and the elution gradients of mobile phase (A: B) were set as follows: 100%:0% for 0–1.5 
min, 80%:20% at 1.5 min, and 0%:100% at 9.5 min, followed by 3 min of re-equilibration. The ion source 
temperature was set at 300 °C, and the capillary temperature was set at 350 °C. The flow rates of sheath gas, 
aux gas, and sweep gas were 45 arb, 15 arb, and 1 arb, respectively. The spray voltage was set at 3.0 kV and 3.2 kV 
for the ESI+ and ESI- modes, respectively. The S-Lens RF level was set at 60%. Samples were analyzed in 
a random order to avoid the negative influence of signal fluctuation on instrument detection. In addition, a quality 
control (QC) sample was injected at regular intervals throughout the analysis, to evaluate the stability of the system 
and the reliability of the experimental data.

Bioinformatics Analysis
The Majorbio I-Sanger Cloud Platform (http://www.i-sanger.com) was used for bioinformatics analysis in this study. 
MOTHUR (version v.1.30.1) was used to calculate alpha diversity indices, such as Sobs, Ace, Shannon, and Simpson. 
Wilcoxon rank sum tests were used to evaluate differences. Beta-diversity analysis was performed to evaluate similarities 
and differences between detected samples using pairwise Wilcoxon rank sum tests combined with Benjamini-Hochberg 
(BH) correction. A P value less than 0.05 was considered statistically significant. Linear discriminant analysis effect size 
(LEfSe) was used in this study to identify the different species.

MicroPITA (microbiomes: picking interesting taxonomic abundance) was used to select samples for sequencing 
during metagenomic analysis. LEfSe was used in this study to determine differences in COG and KEGG categories 
between different groups. Furthermore, results with LDA values > 2.0 and P < 0.05 were considered to be 
statistically significant.

The original metabolomic data were handled according to QC samples, and metabolites with low repetition were 
removed (CV < 30%). The data was then converted logarithmically to base two. The remaining data were analyzed using 
principal component analysis (PCA) and orthogonal partial least square discriminant analysis (OPLS-DA) after being 
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normalized using Pareto scaling. Metabolic pathway analysis of statistically different metabolites was carried out using 
MetaboAnalyst software v.4.0 to reveal the top altered pathways. The Spearman correlation was analyzed to display 
correlations between gut microbiota and fecal metabolites.

Figure 1 Alpha diversity analysis. (A) Rarefaction curves of Sobs index; (B) rarefaction curves of Shannon index; (C–G) Differences in alpha diversity indices between 
groups.

Figure 2 Distribution of gut microbiota species at phylum (A), class (B), order (C), family (D), genus (E) and species (F) levels.
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Results
The Effects of Benaglutide on the Diversity of Gut Microbiota in Patients with T2DM
In this study, we used 16S ribosomal RNA gene sequencing and metagenomic sequencing on the stool specimens 
collected from healthy participants, patients with T2DM who were treated with metformin, and patients with T2DM who 
were treated with metformin combined with benaglutide to determine whether benaglutide changes gut microbiota in 
patients with T2DM. First, α diversity analysis was conducted. Rarefaction curves for the Sobs and Shannon indices 

Table 1 P values of Richness of Gut Microbiota with Statistical Difference

Level Species AB AC AD BC BD CD

Family f__Streptococcaceae 0.00435 0.971 0.0709 0.0117 0.971 0.0945

Family f__Lactobacillaceae 0.019 0.019 0.0294 0.479 0.671 0.671

Family f__Monoglobaceae 0.0342 0.0167 0.0342 0.911 0.544 1

Family f__Eubacterium_coprostanoligenes_group 0.191 0.0432 0.337 0.43 0.704 0.337

Family f__UCG-010 1 0.0448 0.779 0.0448 0.779 0.07

Family f__Mycoplasmataceae NA NA 0.035 NA 0.035 0.035

Genus g__Streptococcus 0.0063 1 0.0576 0.0205 1 0.113

Genus g__Lactobacillus 0.019 0.019 0.0294 0.479 0.671 0.671

Genus g__Monoglobus 0.0342 0.0167 0.0342 0.911 0.544 1

Genus g__Faecalibacterium 0.0345 0.178 0.0345 0.821 0.793 0.971

Genus g__Lachnospiraceae_NC2004_group 0.0368 0.0554 0.0368 0.654 0.908 0.654

Genus g__Atopobium 0.0442 0.0292 0.152 0.671 0.331 0.152

Genus g__Lachnospira 0.0493 0.0399 0.0399 0.801 0.969 0.801

Genus g__Tyzzerella 0.24 0.0231 0.24 0.24 0.969 0.24

Genus g__Agathobacter 0.286 0.0347 0.0697 0.369 0.631 0.318

Genus g__Adlercreutzia 0.401 0.0229 0.443 0.401 0.967 0.443

Genus g__Paraprevotella 0.894 0.105 0.788 0.156 0.648 0.0358

Order o__Lactobacillales 0.00195 0.971 0.0709 0.00627 0.423 0.215

Order o__Monoglobales 0.0342 0.0167 0.0342 0.911 0.544 1

Order o__Mycoplasmatales NA NA 0.035 NA 0.035 0.035

Species s__Faecalibacterium_prausnitzii 0.0345 0.178 0.0345 0.821 0.793 0.971

Species s__Ruminococcus_bicirculans 0.0478 0.0348 0.0348 0.496 0.728 0.728

Species s__Streptococcus_mutans 0.07 0.07 0.0358 0.966 0.424 0.362

Species s__Eubacterium_rectale_ATCC_33656 0.246 0.0436 0.0697 0.368 0.684 0.362

Species s__Eubacterium_ramulus 0.254 0.032 0.277 0.254 0.781 0.254

Species s__Bifidobacterium_adolescentis 0.815 0.0157 0.682 0.355 0.815 0.815

Species s__Bacteroides_eggerthii 0.968 0.0292 0.483 0.247 0.695 0.247

Notes: AB: group A vs group B; AC: group A vs group C; AD: group A vs group D; BC: group B vs group C; BD: group B vs group D; CD: group C vs 
group D.
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revealed a gradual decrease in operational taxonomic unit (OTU) rates as the number of individuals sampled increased, 
indicating that the sampling depth was adequate to support a reliable assessment of dominant members of the microbial 
community. Second, the indices of Sobs, Ace, Shannon, and Simpson were calculated and analyzed using the Wilcoxon 
rank-sum test. There was no statistical difference in the Ace and Chao indices between the four groups. Furthermore, 
statistical differences in Shannon and Simpson diversity were only found in groups A and C (Figure 1).

In addition, a taxonomic analysis of the readings showed that there were mainly 12 phyla, 20 classes, 31 orders, 30 
families, 30 genera, and 31 species (Figure 2).

We also analyzed the β diversity to evaluate the differences and richness of microbiota diversity between each group. 
As shown in Table 1, species that distinguished themselves from other microbiota dominated at the level of families, 
genera, orders, and species among the 27 microbiota. Among the seven statistically distinct species, Faecalibacterium 
prausnitzii showed a dominance of richness over other gut microbiota in the control group. Furthermore, compared to 
other gut microbiota, there was a significant decrease in the richness of F. prausnitzii in patients who were treated with 

Figure 3 Bar graph of gut microbiota with statistically differential richness.
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metformin alone, indicating a difference in gut microbiota between patients with T2DM and the control group and the 
fact that metformin failed to restore gut microbiota in patients with T2DM to a normal state. Although patients with 
T2DM who were treated with metformin combined with benaglutide had a lower richness of F. prausnitzii than the 
control group, this difference was not statistically significant. These findings suggest that benaglutide could normalize the 
gut microbiota in patients with T2DM. Significant differences were also observed in the gut microbiota richness of 
Ruminococcus bicirculans, Eubacterium rectale ATCC 33656, Eubacterium ramulus, Bifidobacterium adolescentis, and 
Bacteroides eggerthii between the control group and patients with T2DM who were treated with metformin combined 
with benaglutide. A statistically significant difference in the gut microbiota richness of R. bicirculans was also observed 
between the control group and patients with T2DM treated with metformin alone. However, when compared to other gut 
microbiota in the control group, these six microbiota had a relatively low level of richness (Figure 3).

Metagenomic sequencing was also performed in this study to determine the impact of benaglutide on the microbial 
population genes in patients with T2DM. According to the data, a total of 3,764,329 open reading frames (ORFs) were 
predicted (with ORFs ranging from 147,214 to 434,750 in each group). Subsequently, Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway annotation was conducted using a Basic Local Alignment Search Tool (BLAST) search of the 
KEGG database. The analysis indicated that dominant ORFs could induce the presence of specific metabolic pathways, such 
as the biosynthesis of secondary metabolites and amino acids, and microbial metabolism in different environments.

Changes in Fecal Metabolites of Patients with T2DM After Benaglutide Treatment
To determine alterations in fecal metabolites in patients with T2DM after benaglutide treatment, fecal metabolomics profiles 
were created for all groups in this study. PCA between groups was performed after Pareto scaling, as PCA can distinguish 

Figure 4 PCA scores of fecal metabolome.
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between metabolic differences between groups and variability across groups. Separation trends on PC1 (principal compo-
nent 1) and PC2 (principal component 2) dimension maps were not visible between the groups, indicating that there was no 
change in fecal metabolic profiles between the four groups (Figure 4). Furthermore, orthogonal partial least squares 
discriminant analysis (OPLS-DA) was used to analyze samples to verify differential metabolites between the groups. 
Score plots for OPLS-DA confirmed differential metabolites between the four groups based on our data, and the OPLS-DA 
fitting model retained the ability to verify differences between all four groups (Figure 5).

Furthermore, differential metabolites were analyzed using one-way ANOVA (analysis of variance) with a variable 
importance in projection (VIP) threshold of 1 (P < 0.05). Hierarchical cluster analysis (HCA) with heat maps was also 
completed to display 32 differential metabolites in the fecal metabolome. The analysis showed that these 32 different 
metabolites formed four distinct clusters (Figure 6). As shown in Figures 7–10, the six most abundant metabolites in 
group D were grouped into cluster 1, and the 12 most abundant metabolites in group A were grouped into cluster 2. Nine 
metabolites that were more predominantly enriched in groups A and B than in groups C or D were grouped into cluster 3. 
The three metabolites that were more abundant in groups C and D than in groups A and B were grouped into cluster 4.

We performed a comprehensive correlation analysis for groups B and C to validate the alterations in fecal metabolites 
caused by benaglutide, including how metabolites correlated with 16S ribosomal RNA gene sequencing data and 
metagenomic sequencing data. Figures 11 and 12 show that between patients treated with metformin alone and patients 
treated with metformin combined with benaglutide, 20 different fecal metabolites were associated with 51 intestinal 
species. Metabolites of F. prausnitzii include 4-pyridoxic acid, vanillin, digoxin, 2- (8- [3] -ladderane octyl) -sn-glycero 

Figure 5 OPLS-DA analysis of fecal metabolites: result of permutation tests.
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-3-phosphocholine, 2-methylguanosine, ascorbic acid-2-sulfate, N-acetylamino lactose, N2-acetyl-L-aminoadipic acid, 
and calaba flavonoid. In these metabolites, there was a statistical correlation between patients treated with metformin 
alone and patients treated with metformin combined with benaglutide.

KEGG enrichment analysis was performed between groups B and C, which revealed metabolic pathways such as 
biosynthesis of phenylpropanoids, taurine, vitamin B6 metabolism, sulfur metabolism, primary bile acid biosynthesis, 
neuroactive ligand-receptor interactions, and flavonoid biosynthesis (Figure 13).

Discussion
Benaglutide is a short-acting GLP-1RA with 100% homology to human GLP-1. Human GLP-1, which is secreted by 
L-cells of the intestinal mucosa, is effective in lowering blood glucose due to its ability to delay gastric emptying,14 

promotes pancreatic insulin secretion, and inhibits pancreatic glucagon secretion. Benaglutide was approved for the 
treatment of type 2 diabetes in China in December 2016. Increasing evidence indicates that benaglutide is effective in 
controlling blood glucose and lowering body weight,15 but its underlying mechanism of action remains unknown.

The gut microbiota and its metabolites play a crucial role in the development of T2DM and obesity.16,17 Therefore, in 
this study, we used 16S ribosomal RNA amplicon sequencing on stool specimens from participants to verify whether 
benaglutide could change the diversity of gut microbiota through α and β diversity analysis. The data revealed that the 
values of Ace, Chao, Shannon, and Simpson indices differed between the four groups, indicating that specific α diversity 
of gut microbiota would be generated by its corresponding treatment. Subsequently, we carried out β diversity analysis to 
confirm the similarities and differences between all four groups. Among the 11 genera and 7 species that showed 
statistical differences in this study, F. prausnitzii were negatively associated with T2DM.18 Two previous case-control 
studies found few fecal bacilli in this disease group.19,20 Moreover, this genus was reduced after treatment with different 
glucose-reducing regimens, such as metformin21 and bariatric surgery.22 Furthermore, F. prausnitzii was frequently 
detected at the species level during studies on this genus, and it was found to be negatively associated with T2DM in four 
out of five human case-control studies.23–27 Based on our analysis, our study yielded results consistent with these prior 
studies, namely, F. prausnitzii dominated the gut microbiota of healthy participants in the control group, but the richness 
of F. prausnitzii was statistically significantly lower in the gut microbiota of patients treated with metformin alone. These 
findings suggest that metformin monotherapy did not normalize gut microbiota in patients with T2DM. The gut 
microbiota richness of F. prausnitzii in patients with T2DM who were treated with metformin combined with benaglutide 

Figure 6 Heat map of differential metabolites in stool.
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was relatively lower than in the control group. However, this difference was not statistically significant. These findings 
suggest that benaglutide could normalize the diversity of gut microbiota in patients with T2DM. In general, a decrease in 
the number of Freund’s adjuvant is associated with the production of short-chain fatty acids (SCFAs) by the gut 

Figure 7 Compound expressions in cluster 1 of differential metabolites in stool.
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microbiota,28 whereas an increase in SCFAs is clearly associated with obesity.29,30 In conclusion, the effectiveness of 
benaglutide on glycemic and weight control should be partly attributed to its ability to specifically alter gut microbiota 
diversity in patients with T2DM, including its effects on F. prausnitzii.

At present, association between T2DM and inflammation is well-established.31 Many inflammatory index may be 
useful in predicting the development and control levels of T2DM.32,33 Significant advances have been made in under-
standing the composition and functional capabilities of the gut microbiota and its roles in T2DM. Accumulating evidence 
suggests that gut microbiota and its metabolites, and the ensuing inflammation contributes to T2DM initiation and T2DM 
progression.34 SCFAs, which are bacterial products that balance redox status and can act as signaling molecules that 
participate in the activation of key enzymes involved in cholesterol, lipid, and glucose metabolism, were found to be 
involved in the development of diabetes and obesity.35,36 Furthermore, gut microbiota were able to regulate incretin 
production, such as GLP-1 and gastrointestinal kinins [peptide YY (PYY)] through SCFAs and their binding to free fatty 
acid receptor 2 (FFAR2).37 GLP-1RAs showed beneficial effects on mortality and major cardiovascular adverse events 
(MACE) compared to other types of hypoglycemic drugs.38

Figure 8 Compound expressions in cluster 2 of differential metabolites in stool.
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Figure 9 Compound expressions in cluster 3 of differential metabolites in stool.

Figure 10 Compound expressions in cluster 4 of differential metabolites in stool.
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Metagenomic sequencing analysis in this study suggested that dominant ORFs can stimulate some metabolic pathways. 
Therefore, differences in metabolites in stools were identified using PCA and OPLS-DA analysis to determine whether 
benaglutide treatment altered fecal metabolomic profiles in patients with T2DM. Based on our data, it was confirmed that 
OPLS-DA analysis can detect changes in fecal metabolites between the four groups. In this study, 32 different metabolites were 
identified in fecal metabolomics, and fecal metabolites differed between the control group and patients with T2DM. To confirm 
that benaglutide could affect fecal metabolites in patients with T2DM, we examined how metabolites in patients with T2DM 
correlated with 16S ribosomal RNA gene sequencing and metagenomic sequencing data. Based on the data, 20 different fecal 

Figure 11 Correlation between metabolites and S16S between group B and group C. *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 12 Correlation between metabolites and metagenomic analysis between group B and group C. *P < 0.05; **P < 0.01; ***P < 0.001.
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metabolites were associated with 51 gut microbiota including F. prausnitzii, between patients treated with metformin alone and 
patients treated with metformin combined with benaglutide. Among these 20 fecal metabolites, the T2DM population was 
associated with F. prausnitzii in 4-pyridoxic acid, vanillin, digoxin, 2- (8- [3] -ladderane octyl) -sn-glycero-3-phosphocholine, 
2-methylguanosine, ascorbic acid-2-sulfate, N-acetylamino lactose, N2-acetyl-L-aminoadipic acid, and calaba flavonoid. 
KEGG enrichment analysis was used to explore the pathways underlying these metabolite differences. This study revealed 
the biosynthesis of phenylpropanoids, taurine and hypotaurine metabolism, sulfur metabolism, primary bile acid biosynthesis, 
vitamin B6 metabolism, neuroactive ligand-receptor interaction, and flavonoid biosynthesis. Whether these pathways are 
associated with the glucose-lowering and weight-lowering effects of benaglutide needs to be further investigated.

Conclusion
In conclusion, benaglutide can normalize the diversity of gut microbiota in patients with T2DM, particularly the 
abundance of F. prausnitzii.39 The hypoglycemic and weight-lowering effects of benaglutide may be mediated by 
specific gut metabolites; however, the precise mechanism requires further investigation.
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