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Background: Fecal microbiota transplantation (FMT) has emerged as a new therapy targeting gastrointestinal microbiota for the
treatment of a growing number of diseases in recent years. Previous studies have suggested that FMT may be a potential therapy for
type 2 diabetes (T2D), but the underlying mechanism remains unclear. Therefore, in the present study, we aimed to investigate the role
of FMT in T2D and its underlying mechanisms.

Methods: To induce T2D, mice were fed a high-fat diet and injected with low-dose streptozotocin (STZ) for four weeks. The mice
were then randomly divided into four groups: control group (n = 7), T2D group (n = 7), metformin (MET)-treated group (n = 7), and
FMT group (n = 7). The MET group was orally administered 0.2 g/kg MET, the FMT group was orally administered 0.3 mL of
bacterial solution, and the other two groups were orally administered the same volume of saline for four weeks. Serum and fecal
samples were collected for non-targeted metabolomics, biochemical indicators, and 16S rRNA sequencing, respectively.

Results: Our results demonstrated that FMT had a curative effect on T2D by ameliorating hyperlipidemia and hyperglycemia. Using
16S rRNA sequencing and serum untargeted metabolomic analysis, we found that FMT could restore the disorders of gastrointestinal
microbiota in T2D mice. Moreover, corticosterone, progesterone, L-urobilin, and other molecules were identified as biomarkers after
FMT treatment. Our bioinformatics analysis suggested that steroid hormone biosynthesis, arginine, proline metabolism, and unsatu-
rated fatty acid biosynthesis could be potential regulatory mechanisms of FMT.

Conclusion: In summary, our study provides comprehensive evidence for the role of FMT in the treatment of T2D. FMT has the
potential to become a promising strategy for the treatment of metabolic disorders, T2D, and diabetes-related complications.
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Background

The prevalence of type 2 diabetes (T2D) is rapidly increasing worldwide, with an estimated global prevalence of
approximately 552 million by 2030." Long-term hyperglycemia in T2D patients can lead to vascular endothelial damage,
which includes microvascular disease such as diabetic retinopathy and nephropathy, neuropathy, and macrovascular
disease including peripheral vascular disease and cardiovascular and cerebrovascular disease).” The incidence of chronic
complications of T2D is on the rise, and it is characterized by insidious onset, high incidence, low patient awareness, low
diagnosis, and treatment rates, and significant harm.” Genetic factors, hyperlipidemia, high-energy diets, and a sedentary
lifestyle are the primary causes of T2D.*> Of these, diet is one of the important factors affecting gastrointestinal
microbiota. A previous study found that diet accounts for 57% of the mutations of the gastrointestinal microbiota,
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while gene mutation accounts for only 12%.° Gastrointestinal dysbiosis is one of the factors causing the rapid progression
of insulin resistance in T2D’ by changing the host gut barrier function and metabolic signaling pathways.*

The gastrointestinal tract is not only responsible for digestion and absorption but also serves as the largest
immunologic organ, which plays a vital role in maintaining normal immune defense. It is populated by approximately
1x10' microorganisms,l’8 including bacteria, fungi, viruses, etc., collectively referred to as the gastrointestinal micro-
biota. The gastrointestinal microbiota contains 105 dominant species,” primarily belonging to five phyla: Firmicutes,
Bacteroidetes, Actinomyces, Proteobacteria, and Verrucomicrobia.'® The gastrointestinal microbiota provides diverse
metabolic energy and plays a crucial role in regulating host health, particularly in energy metabolism, immune home-
ostasis, and xenobiotic metabolism.!! Both animal and human studies have revealed that there are differences in the
gastrointestinal microbial composition between healthy individuals and T2D patients.*> T2D patients have a higher
Firmicutes/Bacteroides ratio compared to healthy individuals.® Gastrointestinal microbes from healthy populations could
improve insulin sensitivity and reduce fasting blood glucose (FBG) levels in T2D patients. The enrichment of
Bifidobacterium, Lactobacillus, and Actinobacteria in the gastrointestinal tract of healthy individuals is beneficial for
improving metabolic disorders. Gastrointestinal microbial dysbiosis is closely related to the occurrence and development
of various diseases. Specifically, in T2D patients, abnormal composition and function of the gastrointestinal microbial
can result in metabolic disorders, including the desensitizing effects of insulin on adipose tissue, skeletal muscle, and
liver metabolism.'?

At present, although there are numerous treatments available for T2D, there are still plagued by problems such as
insufficient efficacy and adverse reactions. For example, the application of sulfonylureas or insulin is highly associated
with an increased risk of cardiovascular disease, hypoglycemia, and diabetic ketoacidosis.'> As a new therapeutic
approach, fecal microbiota transplantation (FMT) has been used in recent years to target various diseases. FMT can
improve disease conditions by altering the gastrointestinal microbial diversity and community structure to alter
metabolites.

In this study, we aimed to analyze the effects of FMT on metabolic regulation and gastrointestinal microbiota changes
in T2D mice. Using 16S rRNA sequencing and untargeted metabolomics analysis, we developed a classification model
that can facilitate the diagnosis of T2D and the discovery of T2D-related biomarkers.

Materials and Methods

Animal Model and Ethical Approval

Forty male-specific pathogen-free (SPF) grade C57BL/6J mice were purchased from Changzhou Cavens Laboratory
Animal Co., Ltd. and acclimatized for one week. The mice were kept in a controlled environment with a temperature of
21 °C, humidity of 60%, and a 12 h light/dark cycle.

The mice were randomly divided into two groups: the normal control (NC) group, consisting of 10 mice fed with
regular food, and the T2D model group, consisting of 30 mice. For the T2D model group, the mice were fed a high-fat
diet for six weeks, fasted for 12 hours (with free access to water), and then injected intraperitoneally with 100 mg/kg
Streptozotocin (STZ) (pH=4.3). After the injection, the mice were fed a high-fat diet for another two weeks. Fasting
blood was collected by tail cutting. A successful T2D model was validated by FBG > 11.1 mmol/L and accompanied by

increased food and water intake, frequent urination, and weight loss.

Preparation of Bacterial Liquid

Non-obese mice with blood glucose levels below 7.1 mmol/l, good mental state, glossy hair, and soft stool were selected
as donors and NC group. To collect feces, the anus of the mice was stimulated using cotton swabs. The collected stool
was placed in 1.5mL EP tubes. 400mg of feces were dissolved in 4 mL of distilled water and centrifuged at 1000 rpm for
5 min to remove the fecal residue. The resulting supernatant was diluted with 4 mL of distilled water and centrifuged at
4500 rpm for 5 min to remove any remaining precipitate After repeating this washing step three times, the solution was
mixed well and stored at —80° until use.
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The successfully established T2D mice were randomly divided into the T2D group, T2D + FMT group, and T2D +
metformin (MET) group. Mice fed with regular food were used as the control group. The mice in the FMT group were
orally administered 0.3 mL of fresh fecal suspension. The MET group was orally administrated 0.2 g/kg MET dissolved
in 0.3 mL distilled water. The control group and T2D group were orally administered the same volume of distilled water.
Oral administration was performed once daily for 4 weeks.

(5) During oral administration, the condition of the mice in each group was observed, and their body weight and FBG
were recorded weekly. After 4 weeks of oral administration, cotton swabs were used to stimulate the anus of the mice to
promote defecation, and 4-5 pellets of the stool were collected in a 1.5mL EP tube and stored at —80° until use. Animals
were sacrificed by anesthesia with 4% chloral hydrate, and blood was collected from the eyeballs, followed by
centrifugation at 3500 rpm for 5 min. The separated serum was stored at —80° until use. All experimental protocols
were pre-approved by the Animal Ethics Committee of Anhui Medical University (approval No: PJ-YX2021-021; Anhui,

China), and Animal experiments were performed in compliance with national guidelines and regulations.

Biochemical and Immunological Detection
1. High-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), total cholesterol
(TC), and triglyceride (TG) were detected using an automatic biochemical analyzer (SIEMENS XPT1).
2. Inflammatory cytokines.

Inflammatory cytokines were detected using the LEGENDplex™ Mouse Inflammation Panel kit (BioLegend, San Diego,
USA) according to the manufacturer’s protocol. The serum was diluted twice, and 25 pL of the diluted serum was mixed
with 25 pL of magnetic beads. The mixture was shaken at 800 rpm for 2 h at room temperature, followed by
centrifugation at 1050 rpm (250 g) for 5 min. The supernatant was immediately discarded after centrifugation, and
200 pL of wash buffer was added to each tube. The samples were mixed by shaking at 800 rpm for 1 min and then
centrifuged again to remove the supernatant. Next, 25 pL of antibody solution was added, and the mixture was shaken at
800 rpm for 1 h. Subsequently, 25 uL of SA-PE was added to each tube, and the tubes were shaken at 800 rpm for 30 min
and centrifuged. The supernatant was collected, and 150 pL of wash buffer was added before analysis using a flow
cytometer (Mindray, BriCyte E6, Shen Zhen, China).

Enzyme-Linked Immunosorbent Assay (ELISA)
Serum insulin and glucagon-like peptide-1 (GLP-1) were measured using mouse ELISA kits (Nanjing Jiancheng Co.,
Ltd., Nanjing, China) according to the manufacturer’s instructions.

16S rRNA Sequencing and Untargeted Metabolic Analysis

16S rRNA sequencing and untargeted metabolic analysis were carried out by Shenzhen Wekemo Biotechnology Co. Ltd.

Biological Information Analyses

16S rRNA Sequencing

To ensure the accuracy of OTU (Operational Taxonomic Units) clustering and subsequent analysis, the original
sequencing data were processed and filtered to obtain valid data. Species abundance profiles of OTU and other species’
taxonomic levels were calculated based on OTU clustering/denoising and species taxonomic analysis. The OTU
abundance and diversity index were analyzed based on the normalized OTU species abundance profiles. The community
structure at each taxonomic level was statistically analyzed for species annotation. In addition, to the above analysis,
cluster analysis and statistical comparison analysis based on OTU and species composition can be performed to study the
differences in species composition among the samples. The correlation of environmental and clinical factors was

analyzed to predict significantly associated species communities and their functions.
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Untargeted Metabolic Analysis
The metabolic analysis workflow was based on the MetaboAnalystR package, and the data analysis process involved the
following steps:

. Quality control and batch correction of the data

. Data standardization

. Calculation of metabolite content (column chart, heat map)

. Unsupervised dimensionality reduction analysis (Principal Component Analysis, PCA)

oW N =

. Screening of characteristic metabolites (biomarker) (Partial Least Squares Discriminant Analysis, PLSDA),
Orthogonal Partial Least Squares Discriminant Analysis, OPLSDA), univariate analysis, volcano plot, machine
learning)

6. Correlation analysis

7. Pathway analysis of characteristic metabolites (enrichment analysis, topology analysis, pathway map).

Statistical Analysis

All data were presented as SD + SEM and analyzed using SPSS 23.0. For normally distributed data, differences among
groups were analyzed by one-way analysis of variance (ANOVA). For non-normally distributed data, a Kruskal-Wallis
analysis was performed. Correlation analysis was performed using Spearman correlation coefficient. P < 0.05 was
considered statistically significant.

Results

The Effect of FMT on Fasting Blood Glucose in Mice

In the animal study, we selected MET, a conventional hypoglycemic drug, as the positive control. The FBG of the T2D
group increased significantly compared to the NC group, indicating the successful establishment of the T2D model. The
FBG in the FMT group decreased compared to the T2D group, but the difference was not statistically significant (P >
0.05) (Table 1).

Inflammatory Cytokines in Glucose and Lipid Metabolism

As shown in Table 2, the TC content in the T2D group, MET group, and FMT group was significantly increased
compared to the NC group. After FMT treatment, HDL in the FMT group significantly decreased, and LDL in the MET
group significantly decreased compared to the control group. Additionally, the levels of LDL in the FMT group were
significantly decreased compared to those in the T2D group, indicating that FMT could significantly improve lipid
metabolic disorders in T2D mice. The differences in TG, IL-1a, IFN-y, IL-12, insulin, TNF-a, and GLP-1 among the
groups were not statistically significant (P>0.05).

16S rRNA

To investigate the effect of FMT on the gastrointestinal microbiota of T2D mice, we performed 16 rDNA sequencing and
analyzed changes in the gastrointestinal microbiota. We assessed the differences in the community structure of the
gastrointestinal microbiota using principal coordinate analysis (PCoA) based on weighted UniFrac distances. As shown

Table | FMT and Metformin Improve FBG in T2D Mice to Some Extent

Day 0 (mmol/L)

Day 7 (mmol/L)

Day 14 (mmol/L)

Day 21 (mmol/L)

Day 28 (mmol/L)

NC 6.49+0.94 6.8+0.94 7.27+0.92 6.93+1.2 6.94+1.06
T2D 22.07+5.79* 22.00+5.96* 22.04+6.15* 22.44+6.25* 22.56+6.14*
MET 22.56+9.23 22.29+8.73 21.1+7.67 19.91+7.33 18.73£6.2
FMT 22.96+8.44 21.14+9.34 19.26+8.71 19.03+8.4 17.94+6.31

Notes: *Indicates significant difference compared with the NC group.
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Table 2 The Content of Metabolic and Inflammatory Markers

NC T2D T2D+MET | T2D+FMT
TG 0.84+0.10 0.89+0.52 0.69%0.16 0.73%0.26
TC 2.68+0.25 5.78+0.47* 5.29+0.46* 5.17+0.58*
LDL-C 0.17+0.02 0.48+0.09 0.37£0.08" 0.34£0.6"
HDL-C 1.61+0.14 2.49+0.16 2.34+0.1 2.27+0.13
IL-la 15.48+11.28 15.2+17.09 16.92+8.28 12.83+10.75
IFN-y 4.18+1.99 8.13+4.26 5.61%+2.6 6.66x1.55
TNF-a 10.55+3.12 17.52+9.9 17.91+8.5 15.13+£3.22
IL-12 2.47%1.1 3.61£1.51 6.24+3.14 3.37%14
IL-1B 7.68+5.84 24.88+14.65 11.88+£8.38 | 22.27+9.74*
IL-6 7.05%3.59 23.59+13.28* 15.97£9.0 18.11£11.67
IL-10 34.02+17.97 10.28+5.92 7.54+5.16* 8.47+6.64%
IL-17 2.84%1.11 6.0215.16 7.47+7.1 5.86+2.56
Insulin 7.23x1.4 5.04+1.94 4.85+2.51 5.44+2.36
GLP-I 0.98+0.71 0.97+0.73 0.91+0.77 1.21+0.5

Notes: *Indicates a significant difference compared with the NC group, “Indicates
a significant difference compared with the T2D group (P < 0.05).
Abbreviations: HDL-C, high density lipoprotein cholesterol; LDL-C, low density
lipoprotein cholesterol; TC, total cholesterol; TG, triglyceride; IL-1a, interleukin la;
IFN-y, interferon-y; TNF-a, tumor necrosis factor-o; IL-12, interleukin-12; IL-1B, inter-
leukin-1B; IL-6, interleukin-6; IL-10, interleukin-10; IL-17, interleukin-17; GLP-1, gluca-
gon-like peptide-1.

in Figure 1, the community structure of the gastrointestinal microbiota in the NC group significantly differed from the

other three groups, indicating significant changes in the community structure of the gastrointestinal microbiota in T2D

mice after induction with a high-fat diet and STZ. Additionally, we observed a significant difference in the community

structure between the T2D group and FMT groups (P<0.05), suggesting that FMT significantly altered the community

structure of the gastrointestinal microbiota in T2D mice.
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We clustered the data into OTUs (Operational Taxonomic Units) based on 97% similarity. The Venn diagram in
Figure 2a shows that 457 OTUs were identified across all groups. The number of unique OTUs in the NC group, T2D
group, MET group, and FMT group was 1089, 696, 981, and 742, respectively. In addition, 563 OTUs were identified in
both the NC group and T2D groups (Figure 2b), 657 OTUs were commonly identified in the T2D group and FMT groups
(Figure 2c¢), and 645 OTUs were present in both the T2D and tMET groups (Figure 2d). These findings indicate that T2D
mice have less diverse gastrointestinal microbiota than NC mice and that interventions can increase the diversity of
gastrointestinal microbiota in T2D mice.

We investigated the composition characteristics of the gastrointestinal microbiota at the phylum level (Figure 3). We
found that the microbial community structure was primarily composed of Firmicutes, Bacteroidetes, Proteobacteria, and
Deferriobacteria. Compared with the NC group, the abundance of Bacteroidetes decreased in the T2D group, while the
abundance of Firmicutes, Proteobacteria, and Deferrobacterium increased. In the FMT group, Bacteroidetes and
Proteobacteria increased, while Firmicutes and Deferrobacterium decreased compared to the T2D group. The MET
group showed an increase in Firmicutes and Proteobacteria, while Deferriobacteria and Bacteroidetes decreased com-
pared to the T2D group.

At the genus level (Figure 4), we found that following FMT and MET treatment Lachnospiraceae Clostridium,
Adlercreutzia, Helicobacter, Streptococcus, Lactococcus, Enterococcus, Erysipelotrichaceae Clostridium, Aerococcus,

T2
3 889
c d
800
T2D F T2D

Figure 2 Venn diagram. The number of OTUs shared or unique among different groups. (a) Four groups of NC, T2D, MET and FMT are shown. (b) The NC and T2D
groups. 2.(c) The MET and T2D groups. (d) The FMT and T2D groups.
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Escherichia, Moraxella, Campylobacter, Capnocytophaga, Rothia, Granulicatella, Parvimonas, Odoribacter, and
Anaerotruncus were down-regulated compared to the T2D group, while Oscillospira and Bacteroides were up-
regulated. The decrease in the abundance of these genera was closer to that of the NC group, indicating that MET and
FMT treatments can restore the community structure of gastrointestinal microbiota in T2D mice.

LEfSe analysis (LDA score [logl0] > 2) indicated that the NC group consisted of Lactobacillaceae, Parabacteroides,
Turicibacter, Prevotella, Coprococcus, Clostridium, Paraprevotella, etc. The dominant bacteria in the stool samples from the
T2D group were Deferribacteres, Deferribacter, Myxospira, Lactococcus, Leuconostoc, Clostridium, Streptococcus, and
Enterococcus. The dominant species in the FMT group were Verrucobacterium, Odoribacteraceae, Rikenellaceae,
Ruminococcus, Desulfovibrio, Dorea, Rikenella, and Anaerotruncus. The dominant bacteria in the MET group were
Dehalobacterium, Dehalobacteriaceaco, Coriobacterialesc, Coriobacteriia, Coriobacteriaceae, Adlercreutzia, Ruminococcus,
Oscillospira, and Clostridialesc (Figure 5).
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Untargeted Metabolomic Analysis

Untargeted metabolomics was used to identify potential alterations in key metabolites and metabolic pathways in serum
samples. PCA and OPLS-DA were used to evaluate the differences between the control group, model group, and
intervention group, and to assess the impact of FMT on metabolic patterns. A total of 354 metabolites were identified
in the serum samples, which were mainly involved in the metabolism of steroid hormone biosynthesis, amino acids, and
organic acids.

PCA analysis (Figure 6a) revealed that the NC group differed significantly from the other three groups, indicating that
the metabolic profile can effectively distinguish between difference the disease group and normal mice. Meanwhile, the
metabolic profiles of the T2D, MET, and FMT groups partially overlapped. Figure 6b shows that the metabolites differed
significantly between the T2D group and the FMT group, suggesting that FMT can effectively improve the metabolic
disorder of T2D mice.
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Since the study mainly focused on how FMT treatment altered the metabolism of T2D mice, we compared the
changes in metabolites between the NC group and the T2D group, and between the T2D group and the FMT group.
Compared to the NC group, 29 metabolites were up-regulated and 24 metabolites were down-regulated in the T2D group
(Figure 7a). The expression of Taurodeoxycholic Acid, Dehydrocholic Acid, Stercobilin, and sodium cholate increased,
while the expression of Riboflavin, and GLy-Tyr decreased. In comparison to the T2D group, four metabolites were up-
regulated in the FMT group, including Progesterone, Deoxycorticosterone, Neosaxitoxin, and one down-regulated,
Stercobilin (Figure 7b).

PLS-DA was used to identify potential biomarkers in the FMT group. Twenty-one important metabolites were
selected to show the difference between the T2D group and the FMT group) (VIP > 1, P < 0.05), such as
Corticosterone, Progesterone, L-Urobilin, Neosaxitoxin, L-Kynurenine, Tetrahydrocorticosterone, Ursodeoxycholic
acid, Tetrahydrocorticosterone, etc. (Supplementary File 1), which were mainly related to steroid hormones, amino

acids, and organic acids. All potential biomarkers were included in the pathway analysis, and 10 major metabolic
pathways were identified (Figure 8). The major enrichment pathways included steroid hormone biosynthesis, arginine
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Figure 7 Volcano plot of the fold change. (a) The metabolites on both sides of the area showed significant differences between groups (fold change > 1.5 and p < 0.05). Each
data point represent a metabolite. Red dots indicate higher number of metabolites in the T2D group, green dots indicate higher number of metabolites in the NC group, and
gray dots indicate no difference between groups. (b) The T2D group and FMT group.
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Figure 8 ORA enrichment analysis. The metabolic pathways with significant enrichment of the altered metabolites. The x-axis shows the enrichment ratio. The p value is
color coded by the brightness as shown on the legend.

and proline metabolism, tryptophan metabolism, valine, leucine, and isoleucine biosynthesis, vitamin B6 metabolism,
arginine biosynthesis, histidine metabolism, glutathione metabolism, glycine, serine, and threonine metabolism, and
aminoacyl-tRNA biosynthesis.

The Gastrointestinal Microbiota of T2D Mice is Associated with Clinical Metabolic

Markers

To determine the relationships between blood biochemical markers and the gastrointestinal microbiota, we performed
Spearman correlation coefficient tests. Our results (Figure 9) indicated that Bifidobacterium, Parabacteroides, and
Prevotella were negatively correlated with HDL, LDL, and GLU, but positively correlated with the anti-inflammatory
factor IL-10. Conversely, Enterococcus, Ruminococcus, and Streptococcus were positively correlated with HDL, LDL,
and GLU, but negatively correlated with IL-10. Streptococcus and Odoribacter were positively correlated with pro-
inflammatory factors IL-1p and IL-6, while Sutterella, Turicibacter, and Prevotella were negatively correlated with IL-1§
and IL-6.
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Figure 9 Correlation heatmap. Environmental factors are presented on the x-axis, and species of the microbiota are listed on the Y-axis. R-values (rank correlation) and
P-values were obtained by calculation. The R values are color coded as shown in the legend on the right. The color bar on the left indicates the phylum to which the species
belongs. *P < 0.05; **P<0.01; ***P < 0.001.

Discussion
In recent years, fecal microbiota transplantation (FMT) has been increasingly used as a new therapeutic method targeting
the gastrointestinal microbiota for the treatment of various diseases. In this study, we established a T2D model by
combining a high-fat diet with an STZ injection. A high-fat diet induces changes in the gut microbiome that lead to the
activation of pro-inflammatory pathways, while obesity due to overnutrition exacerbates inflammation. As a result, the
levels of inflammatory factors such as IL-6 and IL-1P were increased in each group after a high-fat diet compared to the NC
group. However, after FMT treatment, we observed a downward trend in these levels compared with the T2D group.
Furthermore, FMT treatment was found to reduce FBG in diabetic mice. Dyslipidemia is one of the characteristics of T2D
patients, and it increases the risk of cardiovascular disease.'* After FMT treatment, the LDL level in T2D mice was
significantly decreased, indicating that FMT treatment can reduce the risk of T2D with complicated cardiovascular disease.
16S rRNA sequencing was performed to study the effect of FMT treatment on the gastrointestinal microbiota of T2D mice.
FMT treatment altered the microbial composition, which was evidenced by the microbial community imbalances in T2D mice
compared to the NC group. At the phylum level, the abundance of Bacteroidetes increased after FMT and MET treatments
compared with the T2D group. At the genus level, the FMT group and MET group down-regulated harmful bacteria such as
Lachnospiraceae Clostridium, Helicobacter, and Erysipelotrichaceae Clostridium compared to the T2D group.
Lachnospiraceae_Clostridium is associated with elevated blood sugar and decreased insulin sensitivity;'® Helicobacter is
associated with gastric cancer;'> Erysipelotrichaceae Clostridium is associated with certain diseases such as kidney stones.®
On the other hand, the abundance of beneficial bacteria such as Oscillospira and Bacteroides was up-regulated. Among them,
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Oscillospira is a butyrate-producing bacteria,'” and Bacteroides are intestinal probiotics.'® After FMT treatment, harmful
bacteria could be reduced, and the abundance of beneficial bacteria could be increased, indicating that both MET and FMT
treatments in T2D mice can improve the community structure of gastrointestinal microbiota. According to the LEfSe results,
we found that the dominant bacteria in the FMT group were Odoribacteraceae and Ruminococcus, while the dominant bacteria
in the MET group were Ruminococcus, Oscillospira, and Clostridialesc, all of which were butyrate-producing bacteria.'”"
Gastrointestinal microbes ferment dietary fiber and resistant starch to produce short-chain fatty acids (SCFAs).>® SCFAs
include acetate, propionate, and butyrate, of which butyrate has potential hypoglycemic effects.”’ However, untreated T2D
mice lacked butyrate-producing bacterial species. In our study, FMT therapy improved T2D symptoms, possibly due to the
improvement of the intestinal microenvironment, local intestinal metabolism, local immune response, and intestinal mucosal
barrier. This is due to the large number of beneficial microbiota fixed after whole fecal microbiota transplantation. However,
the underlying mechanisms are not fully understood.

The pathogenesis of T2D is known to be related to metabolic disorders. In recent years, metabolomics has emerged as
an effective method for diagnosing and monitoring disease progression or therapeutic intervention. In our study, 21
potential metabolic biomarkers FMT-related were identified. To investigate the underlying mechanism of FMT, we
analyzed the altered metabolites using the KEGG database for metabolic pathways. We found that the major metabolic
pathway associated with FMT treatment was steroid hormone biosynthesis. The biomarker involved in steroid hormone
biosynthesis that caught our attention was corticosterone. In humans and most mammals, cortisol is the predominant
glucocorticoid, whereas, in rodents, corticosterone is the predominant glucocorticoid.?> Notably, corticosterone levels
were significantly elevated in the FMT group compared with the T2D group. Previous studies have suggested that
cortisol or cortisol levels were persistently elevated in T2D patients and animal models.?® For example, in 509 subjects in
Mysore, India, fasting serum cortisol and fasting blood glucose concentrations were positively correlated with insulin
resistance.”* Sarita Devi et al also observed elevated fasting plasma cortisol levels in T2D and T2D nephropathy
groups.”> Elevated corticosterone levels have also been shown to disrupt glucose metabolism, impairing the support
and maintenance of the rat hippocampus.*® The elevated corticosterone and steroid hormone activation in this study may
be due to the high plasma cholesterol level, which is metabolically converted into steroid hormones. Future studies will
focus on evaluating the utility of corticosterone as a T2D biomarker. In addition, we also found other key pathways in the
plasma, including arginine and proline metabolism, vitamin B6 metabolism, riboflavin metabolism, unsaturated fatty acid
biosynthesis, etc.

Numerous studies have demonstrated that the metabolic profile of T2D subjects is significantly influenced by their
gastrointestinal microbiota.”” In our study, we found that several characteristic metabolic markers and gastrointestinal
microbiota were highly correlated with the beneficial outcomes of FMT. Specifically, we discovered that 25 bacterial
species were significantly associated with 8 metabolic markers. Numerous studies have reported the beneficial effects of
using probiotics to modulate gastrointestinal microbiota for the treatment of metabolic diseases. For example, in HFD-
and STZ-induced diabetic mice, Bifidobacterium longum DD98 and selenium-enriched Bifidobacterium longum DD98
were shown to reduce FBG and HbAlc levels, as well as improve glucose tolerance.”® In our study, we observed
a negative correlation between FBG levels and Bifidobacterium content. Additionally, Prevotella was found to be
associated with the improvement of dietary fiber-induced glucose tolerance,”® which is consistent with our findings
that Prevotella and FBG content were negatively correlated. These findings suggest that the modulation of gastrointest-
inal microbiota is closely related to the improvement of T2D.

In this study, we examined the effects of FMT and MET treatments on blood glucose levels in diabetic mice. Our
results indicate that neither treatment significantly altered blood glucose levels. Two potential explanations for these
findings are insufficient treatment duration and suboptimal drug doses. In future studies, the effects of longer treatment
durations and higher drug dosages will be investigated.

Conclusions

Our findings suggest that FMT can modulate gastrointestinal microbiota and host metabolites, potentially improving
dyslipidemia. Our comprehensive serum metabolomic and microbiome analysis provides insight into the therapeutic
mechanisms of FMT. Specifically, FMT treatment improved multiple metabolic pathways and gastrointestinal
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microbiota, supporting its potential as an alternative strategy for treating T2D and its associated complications. The
observed changes in metabolic pathways and gastrointestinal microbiota following FMT treatment may be a key
mechanism underlying its therapeutic effects. However, our study has limitations, and further research is needed to
establish the direct relationship between gastrointestinal microbiota and host metabolism.
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