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Purpose: The purpose of this study was to investigate the regulatory effect of salidroside on the intestinal flora of mice with type 2
diabetes (T2DM) and its protective effect in the body.

Patients and Methods: We acclimated 8-week-old mice for 7 days, divided them into 4 groups, and continued dosing for 8 weeks.
We recorded weekly blood glucose levels and body weight for each mouse. After the completion of the feeding cycle, the 16S rRNA
of the intestinal flora in the mice was sequenced, and the insulin and C-peptide levels in each group of mice were measured. Four
samples were taken from each group for liver and kidney section staining.

Results: Our results showed that gut microbiota diversity and function were significantly different between the diabetic mice and
healthy mice and that insulin levels, body weight, and blood glucose levels could significantly influence gut microbiota changes at the
genus level. The gut microbiota diversity and function of db/db mice were also altered after salidroside administration. Salidroside
could attenuate inflammatory damage, lipid accumulation and inflammatory changes in the diabetic liver, as well as diabetic kidney
damage. Candidatus arthromitus and Odoribacter are important species of the microbiota during diabetes and may serve as potential
therapeutic targets.

Conclusion: Our investigation of the associated pathological conditions and fecal microbiota in db/db mice provides new insights
into the pathogenesis of T2DM and provides implications for the diagnosis and treatment of T2DM.
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Introduction

Type 2 diabetes mellitus (T2DM) is the most common endocrine and metabolic disorder on the planet T2DM can be
driven by genetic components and environmental elements.' The prevalence of diabetes mellitus in China was 11.2% in
2020.” Modern medical technology has not yet been able to completely cure T2DM. Consequently, it is imperative that
an effective diabetes therapy is discovered. Salidroside (SAL) is a potent compound obtained from Rhodiola rosea,
which has been utilized throughout generations in traditional Chinese medicine.® It can help to prevent cardiovascular
disease,® and promote pharmacological effects® including immunity, antitumor responses, and defense mechanisms
against different types of radiation; it can also reduce blood glucose levels, improve insulin resistance, and induce
mitochondrial biogenesis.® Studies have shown that SAL has an effect on oxidative stress, nervous system damage,’
diabetes-induced cardiac dysfunction,® liver inflammation,” and kidney damage'® that results in significant improvement
of these conditions; SAL can also regulate gastrointestinal function, increase probiotic levels and regulate the intestinal
flora."" Numerous studies have also demonstrated the association between the gut microbiota and disease diagnosis,
treatment, and prognosis. Metabolic diseases,'? including obesity,"® and diabetes,'* are associated with changes in the gut
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microbiota. Changes in gut microbial composition and lower microbial diversity in obese subjects were associated with
higher levels of inflammatory stress.'” Hyperglycemia directly drives intestinal barrier permeability through Glut2-
dependent reprogramming of intestinal epithelial cells, leading to intestinal barrier dysfunction and risk of intestinal
infection.'® Patients with T2DM are characterized by moderate intestinal microbe dysfunction, decreased abundance of
some common butyrate-producing bacteria, increased abundance of opportunistic pathogens, and the overactivation of
processes that occur in other microorganisms that result in sulfate reduction and oxidative stress resistance.'” The
continuous abnormal increase in blood sugar levels affects the intestinal cells, indirectly changes the growth environment
of the intestinal microbiota in the patient’s body, and alters the necessary nutrients required for the proliferation of
intestinal microbes. SAL may improve the living environment of the intestinal microbiota, increase the proportion of
beneficial bacteria and achieve the purpose of treating diseases.'® This study mainly investigated the role and mechanism
of SAL in regulating the intestinal microbiota, blood sugar and other physiological indexes of diabetic mice and the
influence of SAL on the structure and function of the intestinal microbiota in diabetic mice, and identified the unique
microbiota. The results can offer a new perspective on the future of the targeted and precise regulation of microbiota to
treat diabetes mellitus.

Materials and Methods

Animal Experiments

All animal experiments were carried out in accordance with the approval of the ethics committee of the Hospital of
Chengdu Office of People’s Government of Tibetan Autonomous Region (2019—63). All animal experimental proce-
dures were performed in accordance with the guidelines of the Regulation for the Administration of Affairs Concerning
Experimental Animals (Ministry of Science and Technology, China, 1988, revised in march 2017). Eight-weeks-old
BKS - db/db mice and C57BL/KSJ wild-type (WT) mice were purchased from Jiangsu Jicui Yaokang Biotechnology
Co., Ltd. A db/db mouse with a tail-tip vein blood glucose level > 13 mmol/L was described as a diabetic mouse. After 7
days of adaptive feeding, the mice were divided into four groups: (1) the NC group, which included normal healthy
individuals as control (n = 10); (2) the MD group, which included untreated db/db mice (n = 10); (3) the SAL group,
which included db/db mice treated with SAL (n = 10); (4) the MET group, which included db/db mice treated with
metformin (MET). SAL was purchased from Chengdu Refines Biotechnology Co., Ltd., and MET hydrochloride was
purchased from China-US Shanghai Squibb Pharmaceutical Co., Ltd. Intragastric administration was performed
each day with 400 mg/kg of MET in the MET group. Intragastric administration of 200 mg/kg SAL was applied to
the SAL group in the same way. To minimize the influence of gastric perfusion, mice in the healthy control group and the
untreated db/db group were given the same volume of normal saline. Drug intervention lasted for eight weeks. During
the observation period, the blood glucose levels in the mice were detected by a blood glucose meter (ACCU-CHEK)
every week, and the weight of the mice was monitored using a weigh scale (Lucky). At the end of the 8th week, four
groups (SAL, MET, NC, MD) of fecal specimens were collected and stored at —80°C. At the end of the observation
period, all animals were anesthetized with sodium pentobarbital and bled. GraphPad Prism 8.3.0 and R 4.1.3 were used
for graphing and statistical analysis. One-way analysis of variance (ANOVA) was used to test for differences between
groups of continuous variables.

Enzyme-Linked Immunosorbent Assay (ELISA)

The mouse blood was placed in an ultralow temperature centrifuge for 2000 r for 10 min, and the supernatant was
removed and placed in a refrigerator at 4°C. The mouse insulin (INS) enzyme-linked immunosorbent assay kit
(Elabscience) and the mouse C-peptide (C-P) enzyme- linked immunosorbent assay kit (Elabscience) were utilized to
detect the concentrations of INS and C-P in the serum of mice. The actual absorption value of the standard protein and
the sample to be tested in each well (that is, the absorption value of the standard product - the average absorption value of
the blank) were calculated, and then the average absorption value of the multiple wells was calculated. A standard protein
curve was drawn and the standard curve regression formula was used to calculate the protein concentration of the tested
sample.
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H&E Staining

The liver and kidney were removed from the fat and connective tissue around the organs. After washing with standard
saline, the tissues were stabilized with 10% formaldehyde, and then dehydrated sequentially by an ethanol concentration
gradient method. The dehydrated tissues were then soaked in xylene. When the tissues were open, the xylene soak was
stopped. Subsequently, the tissue was embedded, sliced and dried. After dewaxing with xylene, the sections were washed
with the ethanol gradient method. After H&E staining, the sections were dehydrated with ethanol and transparent xylene,
and finally wrapped with neutral resin.

Sequencing of Intestinal Microbiota

Sequencing Process

Sample gDNA was purified by the Zymo Research BioMICS DNA Microprep Kit (Cat# D4301). The integrity of gDNA was
examined by 0.8% agarose electrophoresis, and then the nucleic acid concentration was detected by a Tecan F200. According
to the sequence region, this method is used to synthesize specific primers with index sequences and amplify the 16S rDNA V4
region in the sample. Each sample was submitted to polymerase chain reaction (PCR) analysis three times, and the products of
linear phase polymerase chain reaction were mixed evenly for subsequent library construction. The PCR product was mixed
with 6-fold loading buffer, and then a 2% agarose gel was used for electrophoresis detection of the target fragment. Qualified
samples were retrieved from the target strips, and the Zymoclean Gel Recovery Kit (D4008) was used for recovery; a Qubit@
2.0 Fluorometer (Thermo Scientific) was used for quantification; finally, an equimolar amount of the mixture was added The
library was constructed by the NEBNext Ultra Il DNA Library Prep Kit for [llumina (NEB#E7645 L) from NEW ENGLAND
BioLabs. The PE250 sequence method was adopted, and the sequence kit utilized was Illmina’s HiSeq Rapid SBS Kit v2 (FC-
402-4023 500 Cycle).

Data Analysis
The data that are compatible with the findings of this study are openly available in the NCBI database [https://www.ncbi.
nlm.nih.gov/] using reference number [PRINA 732231].

Usearch (http://drive.com/uparse/) software was used to perform at operational taxonomic unit (OTU) clustering. The
UCLUST classification and SILVA database were used for OTU annotation analysis. PyNAST was used to carry out
multiple alignment on representative sequences.

R software was used for community composition analysis, and the ggplot2 package was used for drawing. Alpha-
diversity analysis was performed using the Hellinger method using in R 3.6.0. (vegan package) to reflect the richness,
evenness and diversity of microbial communities. The R software stats package was used to normalize the principal
component analysis (PCA) and z score results, and the scatterplot3d package was used for plotting to restore the degree
of difference between samples and the law of variation.

The functions of the identified gut microbiota were classified based on SILVA, Kyoto Encyclopedia of Genes and
Genomes (KEGG) and National Center for Biotechnology Information (NCBI) databases using Tax4Fun to enable the
prediction of microbial community function. STAMP and Linear discriminant analysis effect size (LEfSe) (https://
bitbucket.org/biobakery/biobakery/wiki/Home) were used to test the differences in taxa between groups and to identify

potential biomarkers.

Redundancy analysis (RDA) was used to explore the relationship between samples, microbiota and the internal
environment. RDA was obtained by the Spearman correlation and its significance, and using the R software (vegan
package) for mapping.

The R package (random forest) implements the random forest algorithm to identify taxa (biomarkers) that contribute
to large differences between groups. Receiver operating characteristic (ROC) curves and area under the curve (AUC)
values were calculated using the pPROC and ROCR packages in R. Correlations between the abundances of key bacterial
genera and environmental factors were calculated using the Pearson method in R.

The relative abundance of key taxa in diabetes-related diseases was obtained using gutMEGA (http:/gutmega.
omicsbio.info/index.php) and Disbiome (https://disbiome.ugent.be/hom).
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Results
SAL Has a Protective Effect on db/db Mice

To understand the regulatory mechanism of SAL on the gut microbiota in diabetic mice, db/db mice were administered
SAL for 8 weeks to treat their diabetes. The blood glucose levels (Figure 1A), body weight (Figure 1B), insulin (INS)
levels (Figure 1C) and C-peptide (C-P) levels (Figure 1D) in the mice measured. The results showed that the blood
glucose levels and body weight of db/db mice were higher than those of healthy mice and mice administered SAL. Mice
treated with SAL and MET exhibited lower blood glucose levels, CP levels, and body weight than healthy and db/db
mice, as well as differing insulin levels. Salidroside- and metformin- treated db/db mice had significantly lower blood
glucose levels at the end of feeding (8th week) than at the Oth week (SAL group: 23.1833+4.3259 vs 31.6833+1.593, P =
0.0003; MET group:0.15.8667+5.4283 vs 27.8167+4.2879, P =0.0035).

At the same time, SAL reduced diabetic kidney and liver damage. Liver cells in db/db mice showed vesicular
degeneration, steatosis and inflammatory cell infiltration (Figure 1E). The abovementioned pathological indicators in the
two treatment groups were better than in the MD group, especially in the SAL group. This finding indicates that SAL can
alleviate inflammatory injury, lipid accumulation and inflammatory changes in the diabetic liver. In db/db mice,
glomerular damage was severe, renal tubular epithelial cells were shed, the renal tubules became bare basement
membranes, and renal interstitial edema exhibited obvious inflammatory cell infiltration (Figure 1F). In the SAL
group, the pathological changes were weakened, the renal tubules and renal interstitial were damaged, the epithelial
cells of renal tubules were flat and exfoliated, the tubules were expanded in a zigzag shape, and the interstitial edema was
accompanied by inflammatory cell infiltration. In the MET group, the lesion was further weakened; these mice exhibited
mild lesions.

The volume of islets in the MD group was enlarged, and they were irregular in shape; acinar cell invasion was
observed in a large number of islets (black arrows) (Figure 1G). The above pathological indicators were better in both
treatment groups than in the MD group. This finding indicates that SAL and MET can reduce the inflammatory injury,
swelling and necrosis associated with diabetic liver; reduce the levels of renal tubular necrosis, renal tubular epithelial
cell degeneration and swelling; improve the volume and morphology of pancreatic islets; and reduce the effect of acinar
invasion.

SAL Alters Gut Microbiota Diversity in db/db Mice

In this study, lllumina MiSeq was used to sequence the V4 variable region of 16S rDNA of the intestinal microbiota.
A total of 8035 OTUs were available from 24 samples for classification analysis.

Alpha diversity was used to characterize the species richness in each group of samples. Alpha diversity indexes such
as Simpson, Shannon, and invsimpson were used in this study for diversity analysis, and box plots were drawn to
illustrate the diversity of communities (Figure 2A). The alpha diversity index in the MD group was lower than that in the
NC group, and the community diversity in the drug-administered (SAL and MET) groups was also lower. To assess the
degree of difference in bacterial community composition between samples. PCA was used. The microbiota composition
in the NC group was significantly different from that in the MD, SAL and MET groups (Figure 2B). There were also
some differences in the microbial composition in the MD group and the SAL and MET groups (Figure 2B). The heatmap
shows the top 50 genera with the most significant differences in abundance across the 4 groups (Figure 2C).

LEfSe is an analysis tool for discovering and interpreting high-latitude data biomarkers (taxa, pathways, genes). We
used LEfSe analysis to identify significant differences between groups, and 68 significantly different bacteria were
identified at linear discriminant analysis (LDA) values >3 (Figure 2D).

STAMP software was used to identify the differential bacterial genera among the four groups. The genera with the
greatest difference between the MD group and NC group were Lachnospiraceae UCG-004, Odoribacter, Rikenella,
Alistipes, Ralstonia, and Rikenellaceae RC9 gut groups (Figure 2E). The genera Mycoplasma, Candidatus arthromi-
tus, and Lachnospiraceae UCG-006 were significantly different between the MD group and SAL groups (Figure 2F).
There were some changes in the microbiota of the SAL group and the MET group with the different administration
times.
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Figure | Different types of drug treatments alter the levels of diabetes-related parameters. (A) Blood glucose curve of mice (***P < 0.001, other group vs MD group based
on one-way ANOVA). (B) Body weight curve of mice (**P < 0.01, ***P < 0.0001, other group vs MD group based on one-way ANOVA). (C) Histogram of mouse insulin
levels (*P < 0.05, other group vs MD group based on one-way ANOVA). (D) Histogram of mouse C-peptide levels. (E) The pathological picture of the liver of mice in the 4
groups (HE x200). Black arrows: Hepatocytes were degenerated, swollen, loose and lightly stained in the cytoplasm; red arrows: necrotic foci were common, and a large
number of hepatocyte nuclei were fragmented and dissolved or fused with surrounding tissues to form unstructured eosinophils; blue arrow: with abundant granulocyte
infiltration. (F) Kidney pathological pictures of mice in the 4 groups (HE x200). Red arrows: with extensive necrosis of renal tubules and collecting ducts, necrosis and
shedding of renal tubular epithelial cells, and necrotic cell debris and granulocytes in the lumen; black arrows: tubular epithelial cells were degenerated and swollen, with
loose and lightly stained cytoplasm; purple arrows: the presence of vacuoles in the cytoplasm was common; Orange arrows: granulocytes rarely infiltrated the glomerulus.
(G) Pancreatic pathological pictures of mice in the 4 groups (HE x200). Black arrow: massive acinar cell invasion.
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The administration of drugs to diabetic mice results in modest changes in gut microbial community metabolism. We
assessed the functional differences between the 4 groups of microbial communities by using Tax4Fun for microbial
community function prediction (Figure 2G). A total of 273 KEGG pathways were compared at level 3, which identified
the top 25 KEGG categories that differed significantly across the 4 groups. The prediction results showed that the
intestinal flora of db/db mice was different from that of healthy mice in terms of metabolism and DNA damage repair.
The abundances of bacterial taxa involved in oxidative phosphorylation (ko00190), bacterial chemotaxis (ko02030), cell
cycle caulobacter (ko04112), and alanine aspartate and glutamate metabolism (ko00250) were lower in the gut of
salidroside-administered mice than in the gut of mice in the MD group. Specifically, this finding suggests that fecal
microbiota functional alterations, especially in metabolism, may play key roles in the pathogenesis and development of
T2DM.

Changes in Gut Microbiota are Closely Related to Physiological Parameters in db/db
Mice

Recent studies have shown that different treatments affect the intestinal microbiota of mice, but whether the differences
in the intestinal microbiota of db/db mice in the administration group were related to the changes in these physiological
and biochemical indexes was unknown. In this study, RDA was performed to evaluate the relationship between diabetes-
related physiological and biochemical markers and the gut microbiota. RDA is a combination of correspondence analysis
and multiple regression analysis that is used to evaluate the relationship between environmental factors and the gut
microbiota. According to the length of the connection between the environmental factors and the origin, blood glucose
levels, body weight and insulin levels had the greatest influence on the microbiota structure in diabetic mice (Figure 3).
In addition, there was mutual influence between different environmental factors, and blood glucose levels was negatively
correlated with INS and C-P levels. The RDA analyses suggested that the key functional bacteria associated with T2DM
are actively involved in the regulation of blood glucose and body weight in diabetic mice.

|dentification of Key Bacterial Genera Associated with Diabetes in db/db Mice by the
Random Forest Method

This study has previously demonstrated that SAL modulates the physiological and metabolic balance of diabetic mice
and significantly affects the structure of the microbial community. Different drug treatments resulted in significant
changes in the relative abundances of 69 species of bacteria (Figure 2D). However, it is difficult to distinguish their
importance, so we used a random forest algorithm to identify the characteristic microbiota in response to diabetes, ranked
the microbiota according to MeanDecreaseAccuracy, and selected the top 7 genera with the highest accuracy contribution
as the major bacteria involved in diabetes (Figure 4A). The Pearson method was used to analyze the correlation between
the abundance of 7 genera and diabetes-related indicators (Figure 4B). A predictive model was generated based on their
relative abundances to identify target samples. Characteristic microbiota were identified in this study using ROC curves,
which can be used to classify the performance of biomarker analysis (Figure 4c). The comprehensive results showed that
Staphylococcus (AUC: 0.944), Candidatus arthromitus (AUC: 0.931), and Odoribacter (AUC: 0.833) were the most
critical genera related to diabetes, and the abundances of these three key genera were significantly correlated with the
levels of physiological parameters. Although the AUC value achieved using Staphylococcus abundance was very high,
Staphylococcus abundance had a strong correlation with INS in the correlation analysis, but it did not appear in the
heatmap (Figure 2C) or STAMP (Figure 2E and F), so it was not regarded as a key genus.

Changes in the Abundances of Key Bacteria in Disease

To further determine the relationship between key taxa and diabetes, and to evaluate their possible roles and functions in
diabetes treatment, we assessed the abundances of Candidatus arthromitus and Odoribacter in obese and diabetic patients
from the gttMEGA and Disbiome databases (Tables 1 and 2). No disease data related to Candidatus arthromitus and
diabetes were found in the Disbiome database, but the related sequences belonging to Candidatus arthromitus were found
to be highly expressed in obese patients in the gutMEGA database, which was consistent with the results of this study. In
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Figure 2 Drug treatment of diabetic mice significantly altered gut microbiota diversity and microbiota function. The V4 region of the 16S amplicon was sequenced for
bioinformatic analysis to assess gut microbial makeup. (A) Box plots of a-diversity index (observed OTUs, Shannon, Simpson, and invsimpson). (B) PCA 3D plot. (C)
Heatmap shows the abundance of the top 50 genera for each cluster. (D) Taxa with differences in abundance across groups identified using the LEfSe method. The circles
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the NC group. The histogram shows the difference in the abundance of genus between the two groups. The dotted bar graph shows the percentage of all genera of this
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shows the difference in the abundance of genus between the two groups. The dotted bar graph shows the percentage of all genera of this genus in the two groups of
samples, respectively. (G) Heatmap of the most important level 3 KO pathways identified by Tax4Fun analysis in four groups.
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Figure 3 Redundancy analysis (RDA) of relative abundance of bacteria with environmental factors in each group. *Top |0 genera responding to environmental variables.
Notes: The arrows represent the relative positions of different environmental factors on the plane, and the longer the arrow, the greater the effect. The angle between the
arrow and the line connecting the center of the sample represents the relationship between the sample and environmental factors, the acute angle indicates a positive
correlation between the two species classifications, and the obtuse angle is a negative correlation.

both the gutMEGA and Disbiome databases, Odoribacter was found to be in a state of decreased relative abundance in
both obese and diabetic patients, which is consistent with our findings.

Discussion

Type 2 diabetes is the most prevalent of all metabolic disorders. Genetic mutations, obesity, physical inactivity, and
imbalances in the gut microbiome are the underlying causes of type 2 diabetes.'” Factors affecting the structure of the
human gut microbiota include age,”® host genotype,”' environment,?* and antibiotics.>* Factors affecting the structure of
the human gut microbiota include age, host genotype, environment, and antibiotics. The composition and function of the
gut microbiota are altered in patients with type 2 diabetes mellitus (T2DM).>* Disruption of gut microbiota function and
composition may lead to metabolic diseases such as diabetes® and obesity.?® Improving gut microbial metabolism and
function can improve host physiology and reduce diabetes and obesity.?” Studies have proven that SAL can significantly
change the diversity of intestinal microbes,”® and SAL can improve nonalcoholic steatohepatitis through the mycolic
acid-FXR axis in microbes.'® In most cases, the higher the diversity and richness of the intestinal microbiota are, the
more abundant the types of microorganisms, and the dynamic balance that is formed by different components of the
microbiota is the basis for normal metabolism in the host. There are different components of the microbiota between
mice with type 2 diabetes and mice subjected to MET monotherapy, with unique microbial metabolism pathways.?’ The
gut microbiota may play an important role in linking n-6 PUFA metabolism and the etiology of type 2 diabetes.’* SAL
has a protective effect on myocardial apoptosis and ventricular remodeling in diabetic mice,® and liver injury in the
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Figure 4 Identification of the signature gut microbiota, associated with diabetes, by random forest method. (A) The relative abundance of each bacterial genus was analyzed by
random forest method in the 24 samples, ranked according to Mean decrease accuracy. (B) Pearson correlation analysis between the top 7 genera and environmental factors
with the highest mean decrease accuracy value (*P < 0.05; **P < 0.01; **P < 0.001). (C) ROC analysis of the top 7 genera with the highest mean decrease accuracy value.

diabetic mice.” SAL can effectively improve abnormal liver lipids during the progression of atherosclerosis.”' It can
improve diabetic nephropathy in mice,>* but SAL can also alleviate the occurrence of diabetes symptoms by regulating
the structure of intestinal microbiota. We speculate that SAL can restore the balance of intestinal microorganisms,
improve the permeability of the intestinal mucosa and alleviate the occurrence and development of diseases in the
treatment of diabetes.

In this study, SAL and MET did have an effect on the gut microbiota of db/db mice. Microbial a-diversity analysis
showed that the community diversity in mice in the MD and drug administration groups was lower than that in healthy
mice, indicating that diabetes alters the diversity of intestinal microbiota in mice. Studies have shown that the intestinal
microbiota diversity of obese patients was significantly lower than that in the normal group.*> Wilmanski et al** found an
association between metabolic disturbances, host metabolites and gut microbiota alpha diversity in extremely obese
individuals. Some previous studies have shown that the intestinal microbiota of women with gestational diabetes mellitus

(GDM) shows low alpha diversity at the species level,*® and the alpha diversity of the gut microbiota of HIV-infected
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Table | Abundance and Disease Data of Candidatus arthromitus and Odoribacter Obtained Through gutMEGA Database

Taxon Condition Log2Ratio | p value | PubMed ID
k__Bacteria; p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales; Obese/Normal —-0.957 <0.001 28628112
f__Odoribacteraceae; g Odoribacter
k__Bacteria; p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales; Type | diabetes/Normal —1.904 NA 22043294
f__Odoribacteraceae; g Odoribacter
k__Bacteria; p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales; Women with previous —0.383 0.468 26279179
f__Odoribacteraceae; g_Odoribacter gestational diabetes/

Normal
k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; Obese/Normal 2.389 0.503 28628112

f__Clostridiaceae; g Candidatus arthromitus; s__Candidatus
arthromitus sp.; n__Candidatus arthromitus sp. SFB-rat-Yit
k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; Obese/Normal 0.595 0.947 28628112

f__Clostridiaceae; g Candidatus arthromitus; s__Candidatus

arthromitus sp.; n__Candidatus arthromitus sp. SFB-mouse

Table 2 Abundance and Disease Data of Odoribacter Obtained Through the Disbiome Database

Experiment Disease Organism Qualitative Control Subject Response Method
ID Outcome Value Value
1553 Type 2 Odoribacter Reduced 0.1 0.03 % 16S rRNA
Diabetes (Abundancy) sequencing
8021 Obesity Odoribacter Reduced NA NA % 16S rRNA
(Abundancy) sequencing

T2DM patients is reduced,*® which is consistent with our results. During the study, the intervention of SAL and MET
both sdecreased the a diversity of intestinal microbiota. Our PCA could be used to distinguish mice with T2DM from
healthy controls, but the drug-treated and model groups could not be completely distinguished, indicating that the
intestinal microbiota profiles of the drug-treated groups were similar. The study by Liu et al’” suggested that changes in
body composition are associated with metabolic abnormalities, and metabolic disorders exist in patients with T2DM.
Differential KO pathway enrichment analysis showed that multiple pathways were related to metabolism, indicating that
diabetes is indeed related to metabolic disorders and suggesting that SAL and MET can alleviate the symptoms of type 2
diabetes by regulating the body’ s metabolism.

Our RDA results indicated that insulin levels, body weight, and blood glucose levels were significantly associated with
changes in gut microbiota at the genus level. Studies have shown that insulin levels,*® body weight*® and blood glucose
levels*® are highly correlated with the development and treatment of diabetes. The ratio of mean blood glucose to fasting blood
glucose levels is associated with insulin resistance in young adults with diabetes.*® A study by Chen et al*' found that waist-to-
hip ratio, body fat percentage, and visceral fat area were key factors associated with the incidence of type 2 diabetes in Chinese
adults. The ratio of fat to muscle is positively associated with metabolic disturbances in T2DM patients.*’ Patients with poor
glycemic control in type 2 diabetes have a greater burden and vulnerability of intracranial atherosclerotic plaques.*

T2DM is also accompanied by a large number of complications and physical damage. Almost all patients with T2DM or
metabolic syndrome (MS) in the study by Masarone et al** had nonalcoholic fatty liver disease (NAFLD). Abnormal liver
function, hepatic steatosis and inflammation have been observed in db/db mice.** Approximately 40% of T2DM patients
have chronic kidney disease.*> DB/DB diabetic mice exhibit renal tubular damage that results in folding and rupture of the
tubular basement membrane.*® In a study by Hu et al*’ it was found that islet integrity in db/db diabetic mice was disrupted
and the border was uneven. In this study, the liver, kidney and pancreas of db/db mice were damaged, which was consistent

2628 e Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Zhao et al

with the results of previous studies. Both SAL and MET have protective and reparative effects on the liver, kidney and
pancreas damage caused by diabetes in db/db mice, and can alleviate and improve the pathological process of diabetes.

In this study, RDA analysis showed that insulin level, body weight and blood glucose level could significantly affect
the changes in gut microbiota at the genus level. It was demonstrated that insulin levels, body weight, and blood glucose
play crucial roles in the separation and aggregation of each group of samples, and these three physiological parameters
are highly correlated with the development and treatment of diabetes. Studies have shown that the insulin level in db/db
mice was higher than that in normal mice. In this study, the blood glucose levels, body weight and insulin levels in db/db
mice treated with SAL were lower than those in MD mice. H&E-stained sections of liver and kidney tissues provided
evidence that SAL had protective and reparative effects on liver and kidney damage caused by diabetes in db/db mice,
and could alleviate and improve the pathological process of diabetes.

Specifically, we found that Candida arthromitus and Odoribacter were the most important taxa of T2DM and thus
could be potential therapeutic targets. The relative abundances of Candidatus arthromitus and Odoribacter showed large
differences among the groups in the differential bacterial heatmap (Figure 2C), LEfSe (Figure 2D) and STAMP
(Figure 2E and F) analyses. Analysis of the correlation between abundance and diabetes-related insulin levels, body
weight and blood sugar levels revealed that Candidatus arthromitus and Odoribacter abundances were significantly
correlated with blood sugar levels and body weight (P < 0.001). When using the ROC curve to discriminate the
characteristic microbiota, the use of the three microbiota components performed equally well (AUCs greater than 0.8).
Odoribacter is a short-chain fatty acid (SCFAs) -producing genus of Bacteroidetes.”® SCFAs influence energy home-
ostasis, glucose homeostasis, and psychiatric disorders through the gut-brain axis or directly through the central
pathway.* The relative abundance of Odoribacter was found to be significantly reduced in the gut microbiota of high-
fat, high-sugar diet-induced obese mice.’® The abundance of Odoribacter was decreased in the MD group in this study,
and the relative abundance of Odoribacter was increased in db/db mice after treatment with SAL and MET. This finding
implies that Odoribacter directly affects the occurrence of T2DM. Candidatus arthromitus is a candidate gut-protective
organism with metabolic and/or immune interactions.”’ The relative abundance of Candidatus arthromitus was found to
be significantly increased in the feces of depressed rats>> and nonobese diabetic (NOD)™ mice. Candidatus arthromitus
abundance was increased in the MD group, which is consistent with previous studies (Tables 1 and 2). After SAL
administration, the abundance of Candidatus arthromitus decreased. This findings suggests that the changes in the genus
Candidatus arthromitus may be caused by T2DM, and that SAL regulates the key microbiota related to diabetes and
improves the disease pathology. These microbiota components are inextricably linked to diabetes mellitus, and correcting
the imbalance in the intestinal microbiota may become a new goal for the prevention and treatment of T2DM. It is worth
mentioning that although this study describes changes in the gut microbiome and physiopathology and the relationship
between the two in db/db mice after SAL and MET treatment, we cannot directly explain their causal relationship. We
hope to investigate further in the future in more in-depth molecular mechanism studies.

Conclusion

Using SAL and MET intervention in diabetic mice, we found that SAL can significantly improve kidney, liver and
pancreatic damage in diabetic mice, thereby playing a protective role. SAL has a certain effect on the structure and
function of the intestinal microbiota of mice. After administration, the structure and function of the intestinal microbiota
of db/db mice changed, and the activation levels of multiple metabolic pathways changed. Candidatus arthromitus and
Odoribacter are highly associated with T2DM and may be potential targets for the treatment of diabetes. Our study can
serve as a new perspective for future diabetes treatment through targeted and precise modulation of the microbiota.
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