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Purpose: Type 2 diabetes mellitus (T2DM) is a complex genetic disease associated with genetic and environmental factors. Previous
studies have shown that changes in the gut microbiota may affect the development of host metabolic diseases and promote the progression
of T2DM. Tang-ping-san (TPS) decoction can effectively treat T2DM. However, its specific mechanisms must be evaluated.

Patients and Methods: In the present study, we established an animal model of T2DM using a high-fat diet (HFD) with
intraperitoneal injection streptozotocin injection.

Results: The therapeutic effect of TPS decoction on T2DM in mice was initially evaluated. TPS decoction was found to improve
hyperglycemia, hyperlipidemia, insulin resistance, and pathological liver, pancreatic, and colon changes. Moreover, it reduced the pro-
inflammatory cytokine levels. Based on 16SrRNA sequencing, TPS decoction reduced the Firmicutes/Bacteroidetes ratio at the
phylum level. At the genus level, it increased the relative abundances of Akkermansia, Muribaculaceae, and the Eubacterium
coprostanoligenes group and decreased the relative abundance of Fusobacterium, Escherichia coli, Dubosiella, and Helicobacter.
Conclusion: TPS decoction improves T2DM and liver function and reduces the risk of hyperglycemia, hyperlipidemia, insulin
resistance, pathological organ changes, and inflammatory reactions. The mechanism of TPS decoction in T2DM can be correlated with
the reversal of gut microbiota dysfunction and repair of the intestinal mucosal barrier.
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Introduction
Type 2 diabetes (T2DM) is a complex endocrine disease associated with several environmental and genetic factors. The final
endpoint of this condition is pancreatic islet failure or insufficient insulin (INS) action causing high blood glucose levels.'
T2DM poses global burdens and the number of patients with T2DM can reach up to 642 million in 2040.% Nevertheless, the
causes of T2DM have not been completely elucidated. The lack of effective treatments is a significant challenge worldwide.

As the second genome in humans, the gut microbiota (GM) has a close relationship with immunity, intestinal
inflammation, and mental and metabolic diseases.’> Previous studies have shown that GM is involved in glucose
metabolism disorders and insulin resistance (IR). Patients with T2DM can develop GM imbalance.®

The human intestine is a complex micro-ecosystem. Several bacteria participate in host metabolism. Under physiological
conditions, the GM maintains glycolipid metabolism stability by digesting and absorbing food and by generating metabolites.”
Unbhealthy eating habits can disrupt intestinal bacteria, which alters host metabolism leading to T2DM. Compared with healthy
people, patients with T2DM had a lower abundance of Lactobacillus and Akkermansia in the gut and a higher abundance of
harmful bacteria such as Enterobacteriaceae.® Abnormal metabolite levels secondary to intestinal flora disorders are
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associated with inflammation, IR, and glucose and lipid metabolism disorders.” Probiotics such as Roseburia, Bacteroides,
Akkermansia, and Lactobacillus can help treat glucose metabolism disorders and restore INS sensitivity.'® Metformin alters
the abundance of Bacteroidetes, Escherichia, and other bacteria to maintain the intestinal barrier and promote the production
of short-chain fatty acids (SCFAs). These mechanisms alter bile acid metabolism and decrease blood glucose levels.'!
High-fat and high-sugar diets change the GM and cause intestinal inflammation by destroying tight junctions,

increasing intestinal tract permeability,'*"?

producing lipopolysaccharide (LPS), altering the bacterial composition, and
allowing the entry of intestinal flora into the circulation. These phenomena result in chronic metabolic inflammation, IR,
and T2DM exacerbation.'*

Elevated serum LPS levels are referred to as metabolic endotoxemia, and the primary mechanisms are alteration of the
intestinal flora and destruction of intestinal mucosal barrier function. Metabolic endotoxemia is believed to be associated
with the development of T2DM,'® obesity, and INS resistance.'® These findings suggest that modifying intestinal flora and
maintaining the integrity of the intestinal mucosal barrier might be beneficial for patients with T2DM."

For several thousands of years, traditional Chinese medicine has been used for treating diabetes. A meta-analysis
showed that traditional Chinese medicine could decrease the risk of T2DM development and could restore normal blood
glucose levels.!” The mechanisms of traditional Chinese medicine in T2DM treatment should be elucidated as they can
provide a basis for the research and development of novel medicines.

Modifying intestinal flora is an essential target of traditional Chinese medicine for treating T2DM. Berberine can decrease
the abundance of pathogenic bacteria and can increases the abundance of Blautia and Allobaculum in the intestinal tract of
HFD rats. SCFAs are important signaling molecules that regulate energy in the human body, which can inhibit the growth of
harmful bacteria, enhance intestinal mucosal barrier function, reduce inflammation, and improve insulin resistance.'®
Curcumin can significantly improve INS resistance and reduce blood glucose levels in T2DM mice.' In a previous study,
Rehmannia glutinosa stachyose was used to treat T2DM rats. Results showed that the treatment group had significantly lower
blood glucose levels and higher INS levels than the model group. This phenomenon improved the intestinal micro ecological
environment of T2DM rats. From the perspective of intestinal flora, Rehmannia glutinosa stachyose is effective against
T2DM.? Polygonatum sibiricum polysaccharide improved impaired glucose tolerance and decreased fasting blood glucose
levels and glycosylated hemoglobin levels in T2DM mice.?' Polygonatum sibiricum polysaccharide regulated intestinal flora
disorders in T2DM mice, which then significantly decreased the abundance of pathogenic bacteria, including the rumen cocci
of Firmicutes, and increased the abundance of beneficial bacteria such as Bacteroidetes, which mediate the bidirectional
regulation of blood glucose levels and intestinal flora.”? A high number of Parabacteroides, Blautia, and Akkermansia
decreases the abundance of Aerococcus, Staphylococcus, and Corynebacterium microbiota. Huang-Lian-Jie-Du decoction
improved lipid and bile acid metabolism and IR in T2DM mice.>

Tang-ping-san (TPS) decoction is a formula used to treat T2DM. It comprises Astragalus mongholicus, the root of the
kudzu vine, the rhizome of Chinese goldthread, parched hawthorn fruit, stir-baked semen Raphani, Polygonatum
sibiricum Delar, Lycii radices cortex, Eucommia ulmoides Oliver, and fried Anemarrhena. Our previous study found
that patients with T2DM treated with TPS decoction had lower fasting blood glucose (FBG) levels and postprandial
blood glucose levels than those treated with metformin. Moreover, their clinical symptoms were relieved. Nevertheless,
the mechanisms of action of TPS decoction in T2DM are unclear. Therefore, the effects of TPS decoction were evaluated
using an experimental T2DM model to determine the associated mechanisms.

Materials and Methods
T2DM Animal Experiment

The T2DM mouse model was established by destroying pancreatic B cells and promoting INS resistance by adopting
high-fat diet feeding and by administering streptozotocin intraperitoneally (Sigma, the USA). In total, 46 SPF grade C57/
BL6 male mice (weight: 16 + 2 g, SBF Biotechnology Co., Ltd., Beijing) received adaptive feeding for 1 week, and 40
mice were randomly selected for high-fat diet feeding for 6 weeks (D12492, Research Diets, the USA) (Supplementary
Material: Table S1). The streptozotocin solution with a pH of 4.5 was prepared using 0.01 mol/L of sodium citrate buffer

and was administered intraperitoneally at a dose of 100 mg/kg. After 72 h, the blood glucose level in the tail vein samples
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was assessed. Results showed that the FGB level was > 11.1 mmol/L, which remained stable for 7 days. Finally, the
T2DM mouse model was established successfully. Six mice that were fed with basal diet were included in the control
group (M10110C2, Moldiets, China) (Supplementary Material: Table S2). Mice that successfully developed T2DM were
randomly divided into the model and tang-ping-san low-, medium-, and high-dose groups (TPS-L, TPS-M, and TPS-H,

respectively). The decoction was administered at '% of the clinical equivalent dose for 1 and 2 times. The control and
model groups received physiological saline at corresponding volumes. Then, the animals received oral administration at
a specific time per day for 28 days. In the experimental period, the appetite, hair, stool, weight, behavior, and overall
status of all the groups were evaluated, and the data were recorded. After the oral administration was completed, all mice
were subjected to fasting overnight, and they were anesthetized via the intraperitoneal administration of chloral hydrate.
Blood samples were collected from the eyeball, liver, pancreas, and proximal colon and were stored at —80°C. All
experimental protocols were approved by the Animal Care and Use Committee of Yunnan University of Traditional
Chinese Medicine. All procedures were conducted based on the Care and Use of Laboratory Animals published by the
US National Institute of Health.

Morphological Examination

The tissue was fixed in 4% paraformaldehyde (Beyotime, China), dehydrated, and embedded in paraffin. Paraffin-
embedded tissues were then sectioned and morphological changes were evaluated under a light microscope after
hematoxylin and eosin (H&E) or oil red staining.

Assessment of Weight, Blood Glucose Levels, and Glucose Tolerance

The body weight of mice was measured at 10 am every Sunday, and the FBG levels at the tail tip were evaluated to assess
changes in blood glucose levels. After the final treatment, the mice were subjected to fasting for 12 h. Then, the mice in
each group received glucose treatment at a dose of 2 g/kg. The blood glucose levels were evaluated at 0, 30, 60, and 120
min using a portable blood glucose monitor using the blood samples collected from the tail vein. The curve of blood
glucose concentrations was drawn along with time changes. Next, the area under the curve was calculated.

Evaluation of Insulin Resistance and Sensitivity Indexes

The mice fasted for 12 h, and they were anesthetized with 4% chloral hydrate. Then, blood samples were collected from
the eyeball, and the serum was obtained via centrifugation at 3500 rpm/min for 15 min. Next, the INS levels were
assessed using enzyme-linked immunoassay (ELISA). The detailed procedures were conducted based on the instructions
of the kit (Jiangsu Meibiao Biotechnology Co., Ltd.). The Homeostatic Model Assessment for Insulin Resistance
(HOMA-IR) score was calculated as (FBG level % fasting insulin [FINS] level)/22.5.

Biochemical Analyses

Blood and serum samples were collected, as described in Section 2.6. The lipopolysaccharide (LPS), tumor necrosis
factor-alpha (TNF-a), interleukin (IL)-4, IL-10, IL-1B, and IL-6 levels were assessed using enzyme-linked immunoassay
(Jiangsu Meibiao Biotechnology Co., Ltd). The total cholesterol (TC), total glyceride (TG), low-density lipoprotein
cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), aspartate aminotransferase (AST), and alanine
transaminase (ALT) levels were investigated using the microplate test (Jiancheng Bioengineering Institute, Nanjing,
China). All procedures were conducted based on the instructions of each kit.

Assessment of Liver Glycogen Levels

Approximate volumes of liver tissue samples were collected from the mice. Then, a specific volume of phosphate-buffered
saline (pH 7.4) was added. The samples were placed into a homogenizer and were centrifuged at 3000 rpm/min for 20 min
after complete homogenization to collect the supernatants. The glycogen concentrations of mice were evaluated using
ELISA. The surgery was performed using the instructions of each kit (Jiangsu Meibiao Biotechnology Co., Ltd.).
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Detection of Tight Junction Protein Expression in the Intestinal Tissues

The protein expression levels of ZO-1, claudin 1, and occludin in the intestinal tissues of mice were assessed via Western blotting.
The total protein in each intestinal tissue was evaluated. Then, the samples were added with 6 x loading buffer and were boiled for
6 min. Next, 12% and 10% separating gel and 5% concentrated gel were prepared, and 50 pg of protein was loaded into each well.
The total proteins were separated via polyacrylamide gel electrophoresis, and it was transferred to a PVDF film using the wet
method. Seal milk powder with 5% skimmed for 2 hours. After dilution with ZO-1 (BIOSS, bs-1329R), claudin 1 (Servicebio,
GB112543), and occludin (Servicebio, GB111401) based on the manufacturer’s instructions, add them to the PVDF film to ensure
that the film is completely covered. The samples were incubated overnight in a shaker at a temperature of 4 °C. After rinsing with
Tris buffered saline + Tween 20 on the second day, the dilution was added (Biosharp, BLO03A), incubated at room temperature for
2 h, and ECL reagent was added after rinsing was completed. Next, the gray value on the strip was read using the Image J software.

Assessment of Intestinal Flora in Mice
Fresh feces were collected in a sterile cryopreservation tube, and intestinal flora was analyzed. polymerase chain reaction
and high-throughput sequencing were completed by Shanghai Biotree Biomedical Biotechnology Co., Ltd.

Drug Preparation and Analysis

According to the formula of the equivalent dose ratio calculated based on the human and animal body surface area, the
equivalent dose was calculated. The following components were used to prepare TPS decoction: astragalus propinquus
schischkin, the root of kudzu vine, the rhizome of Chinese goldthread, parched hawthorn fruit, stir-baked semen Raphani,
Polygonatum sibiricum Delar, Lycii radices cortex, Eucommia ulmoides Oliver, and fried Anemarrhena (Yunnan Zongshun
Biotechnology Co., Ltd.). Quality of the medicinal materials: the volume of the water =1:8. The volume of water was added,
and the mixture was boiled for 30 min. Next, it was grouped into three doses according to specific concentrations, which were
as follows: 0.8 g of crude drug/mL (TPS-L group), 1.6 g of crude drug/mL (TPS-M group), and 3.2 g of crude drug/mL (TPS-
H group). In total, 2 mL of 1.6 g of crude drug/mL liquid medicine was collected, and the sample was sent to Shanghai Biotree
Biomedical Biotechnology Co., Ltd., for liquid chromatography with tandem mass spectrometry.

The procedures were performed using the UHPLC system (Vanquish, Thermo Fisher Scientific), and UPLC BEH C18
chromatographic column (1.7 pm 2.1 *100 mm) was utilized to perform liquid chromatography with tandem mass spectrometry.
The elution gradients were as follows: 0-3.5 min, 95%—85% A; 3.5—6 min, 85%—70% A; 6-6.5 min, 70%—70% A; 6.5-12
min, 70%-30% A; 12-12.5 min, 30%—-30% A; 12.5-18 min, 30%—0% A; 18-25 min, 0%—0% A; 25-26 min, 0%-95% A; and
26-30 min, 95%-95%. The flow speed was set at 0.4 mL/min and the injection volume at 5 pL. The mobile phase comprised
0.1% formic acid aqueous solution (A) and 0.1% formic acid acetonitrile solution (B).

Using information-dependent acquisition, the mass spectrometry (MS) and MS/MS data were obtained using Orbitrap
Exploris 120 and Xcalibur. In all acquisition periods, the mass number ranged from 100 to 1500. The first four numbers
were selected in each cycle to obtain the corresponding MS/MS data. The sheath gas velocity was 30 Arb; the auxiliary
gas flow rate, 10 Arb; the ion transfer tube temperature, 350°C; the evaporator temperature, 350 °C; the full millisecond
resolution, 60,000; the MS/MS resolution, 15,000; the collision energy, 42 in the mode of 16/38/ NCE; and the spraying
voltage, 5.5 kV (positive) or —4 kV (negative).

Statistical Analysis

The Statistical Package for the Social Sciences software version 21.0 was used in statistical analyses. Experimental data
were presented as mean + standard deviation ("x £ s) using analysis of variance and the #-test. A P value 0f<0.05 was
considered statistically significant.

Results
|dentification of Primary Compounds in TPS Decoction via UPLC-OE-MS

Aqueous extracts were analyzed to establish the fingerprint of TPS decoction, as shown in Table 1. These include palmatine,
jatrorrhizine, epiberberine, kukoamine B, berberine, daidzein, dehydrocorydaline, 5-hydroxymethylfurfural, isoleucine,
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Table | Identification of Com Components of TPS Extract by UPLC-OE-MS Analysis

MSI Name MSI ppm Electric mzmed rtmed Peak Area

Palmatine 0.703170130980552 H+ 352.1527524 438.4285 31,823,314,934
Jatrorrhizine 0.66400268501 1516 H+ 338.1372245 401.701 26,417,882,930
Epiberberine 1.33820426497269 H+ 336.1215502 401.726 21,282,272,190
Kukoamine B 0.261215400541998 H+ 531.3161388 166.778 4,278,527,068
Berberine 2.53290470287551 H+ 336.1228514 558.227 2,375,185,701

Daidzein 1.4253750187749 H+ 255.0643636 296.449 1,733,917,843
Dehydrocorydaline 1.33897459777084 H+ 366.1685097 469.97 1,670,435,885
5-Hydroxymethylfurfural 3.65572183958117 H+ 127.0385356 88.8264 1,427,779,382
Sinapine 1.06217977937478 H+ 310.1643295 282.599 1,367,697,038
Betaine 0.489560373818142 H+ 118.0859422 41.5526 1,097,279,250
Daidzein-8-C-glucoside 2.53787141428088 H- 415.1029465 246.553 11,105,673,074
Citric acid 0.962689912236009 H- 191.0198161 50.3625 4,587,451,588
Fumaric acid 0.624736712531404 H- 115.0039282 42.7037 1,489,378,318
7-Hydroxycoumarin 3.25589164408393 H- 161.0244757 323.598 548,748,283.3
Salicylic acid 1.46049667788747 H- 137.0247999 388.105 495,325,048.5
5-OXO-D-PROLINE 3.20951387801906 H- 128.0355891 45.2847 415,802,281.7
Quercetin-3-O-galactoside 2.20345789820404 H- 463.0900204 3455175 165,472,244.2
Caffeic Acid 2.3313629843369 H- 179.0354174 209.969 158,906,891.1

Soyasapogenol B base + O-HexA-Pen-dHex | 1.46097317994316 H- 911.5053317 629.063 97,385,622.65
Protocatechualdehyde 1.67503122397748 H- 137.0247705 163.827 157,810,920.6

sinapine, betaine, daidzein-8-C-glucoside, citric acid, fumaric acid, 7-hydroxycoumarin, salicylic acid, 5-OXO-D-PROLINE,
quercetin-3-O-galactoside, caffeic acid, soyasapogenol B base + O-HexA-Pen-dHex, and protocatechualdehyde. One or more
of these substances might be the primary active components of TPS decoction (Figures 1 and 2).

Effects of TPS Decoction on Weight, Glucose Homeostasis, and Pathological
Manifestations in T2DM Mice

The weights of the control group increased physiologically. On the first day of TPS decoction treatment, there was no
significant difference in terms of weight between the model and all treatment groups (P > 0.05). The weight of the treatment
group was lower than that of the control (P <0.01). On the 28th day, the weights of all treatment groups were higher than those
of the model group, particularly the TPS-H group (P < 0.01, Figure 3A). Body weight changes during modeling, which we
show in Supplementary Material: Figure S1.

To determine whether TPS decoction improves glucose homeostasis in T2DM mice, the serum FBG and FINS levels and
HOMA-IR scores were evaluated. The model group had significantly higher FBG and FINS levels and HOMA-IR scores than
the control group. Nevertheless, these indicators decreased after TPS decoction treatment (Figures 3B-D). The FBG and oral
glucose tolerance levels were evaluated using blood samples collected from the tail vein. The FBG levels of the model group
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Figure | UPLC-OE-MS Analysis base peak intensity chromatograms of TPS extract in positive mode.

increased significantly. Meanwhile, the TPS decoction group had a significantly lower FBG level than the model group. The
area under the curve of oral glucose tolerance levels in the model group was higher than that in the control group, and this
relationship reversed significantly with TPS decoction treatment (Figures 3E-F).
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Figure 2 UPLC-OE-MS Analysis base peak intensity chromatograms of TPS extract in negative mode.

The control group had a significantly higher liver glycogen level than the model group (P < 0.01). The liver
glycogen levels of the TPS-L, TPS-M, and TPS-H groups were significantly higher than those of the model group

(P < 0.01, Figure 3G).
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Figure 3 Effects of TPS on weight, glucose homeostasis in T2DM mice. (A)TPS treatment improves weight loss in T2DM mice; (B-D) Levels of FINS FBG and HOMA-IR
after TPS treatment; (E and F) The AUC of OGTT was decreased in T2DM mice after TPS treatment; (G) TPS treatment increased hepatic glycogen content in T2DM mice.
Control, Model, TPS-L, TPS-M and TPS-H (n = 6 per group) groups. Data are presented as the mean + SD. **P < 0.01.

Abbreviation: NS, non-significant.

Based on the H&E staining results, the control group had a regular islet morphology with clear boundaries
(Figure 4A). The islet cells were distributed uniformly with consistent size, rich cytoplasm, and light staining. By
contrast, the model group had an irregular islet morphology with unclear boundaries. Most islets were atrophied and the
remaining pancreatic structure was damaged.

The pancreatic status of the TPS-H group significantly improved. Moreover, the islets were more regular with rare
shrunken morphologies. There was less vacuolar degeneration and the number of islet cells increased. The islet size and
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Figure 4 (A) Pathological changes of pancreas of mice in each group by HE staining (50um). Effects of TPS on dyslipidemia and liver function in T2DM mice: (B-E) Changes
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Abbreviation: NS, non-significant.
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morphology are associated with function. Thus, TPS decoction can improve body weight and glucose homeostasis in
T2DM mice.

Effects of TPS Decoction on Dyslipidemia, Liver Lipid Deposition, and Liver Function

in T2DM Mice

To determine whether TPS decoction improves dyslipidemia in T2DM mice, the TG, TC, LDL-C, and HDL-C levels
were measured. Compared with the control group, the model group had significantly higher TG and TC levels and
significantly lower HDL-C levels. This finding was consistent with the notion that T2DM causes dyslipidemia. By
contrast, TPS decoction treatment significantly reduced the TG, TC, and LDL-C levels and increased the HDL-C levels
(Figures 4B-E).

ALT and AST are sensitive markers of liver function. If hepatocytes are damaged, these transaminases are released
into the circulation due to increased cell membrane permeability. Hence, the ALT and AST levels were measured, and the
results showed that the model group had higher ALT and AST levels than the control group. Nevertheless, this
relationship was reversed by TPS decoction treatment (Figures 4F-G).

H&E staining revealed that the model group had a high number of hepatocyte vacuoles and that the TPS-L, TPS-M,
and TPS-H groups had a significantly low number of hepatocyte vacuoles (Figure 4H). Oil Red O staining showed that
the model group had a significantly stronger lipid deposition than the control group and a significantly weaker lipid
deposition than the TPS-L, TPS-M, and TPS-H groups (Figure 4I). Hence, TPS decoction can prevent dyslipidemia and
reduce lipid deposition in T2DM mice.

Effects of TPS Decoction on Inflammatory Factors in T2DM Mice

The model group had significantly higher serum TNF-q, IL-1pB, and IL-6 levels than the control group. However, the
TPS-L, TPS-M, and TPS-H groups had significantly low TNF-o, IL-1B, and IL-6 levels (Figures SA-C). The model
group had significantly lower IL-4 and IL-10 levels than the control group. The TPS-L, TPS-M, and TPS-H groups had
significantly higher serum anti-inflammatory factor levels than the model group (Figures 5D-E). Therefore, TPS
decoction inhibits inflammation in T2DM mice.

Effects of TPS Decoction on the Intestinal Microbiota of T2DM Mice

The model group had a lower expression of ZO-1, claudin 1, and occludin than the control group (Figures 5G-J).
However, the TPS-L, TPS-M, and TPS-H groups had a high expression of ZO-1, claudin 1, and occludin. The model
group had a significantly higher LPS level than the control group and a lower LPS level than the TPS-L, TPS-M, and
TPS-H groups (Figure 5F).

In addition, to further assess pathobiological intestinal changes, H&E staining of intestinal tissues was conducted. In
the model group, the colonic epithelial cells were damaged, and the cell arrangements were incomplete with inflamma-
tory cell infiltration (Figure 5K). TPS decoction prevented these changes. Hence, it can repair the intestinal mucosal
barrier and reduce the entry of LPS into the circulation in T2DM mice.

Effects of TPS Decoction on the Intestinal Microbiota of T2DM Mice

We performed 16S rRNA sequencing to assess changes in the GM in the intestinal tract of T2DM mice after TPS
decoction treatment. Beta diversity analysis was conducted to identify differences in the GM structure between samples
(R ranging from —1 to 1). If R was higher than 0, the difference between groups was significant, and P-values indicated
the reliability of the statistical analysis. As shown in Table 2, the GM structure of the control and model groups
significantly differed. This finding was similar between the TPS-H and model groups (Figure 6B). Principal coordinates
analysis revealed that there were differences in the sample notes of the model and control groups. By contrast, the sample
notes of the TPS-H and control groups were extremely close (Figure 6A). The model group had lower Chaol and
Shannon indexes than the control group. These indicators were higher in the TPS-H group than in the model group
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Figure 5 Effects of TPS on inflammatory factors in T2DM Mice. (A-C) TPS treatment decreased the levels of pro-inflammatory cytokines in serum; (D and E) TPS
treatment reduced serum levels of anti-inflammatory cytokines; (F) TPS treatment reduced the level of LPS in serum; (G-J) Levels of tight junction proteins ZO-1, OCLN
and Claudin|; (K) Pathological changes of colon of mice in each group by HE staining (50um). Control, Model, TPS-L, TPS-M and TPS-H (n = 6 per group) groups. Data are

presented as the mean * SD. *P < 0.05 and **P < 0.01.

Abbreviation: NS, non-significant.
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Table 2 Beta Diversity Profiling

Group | Group 2 R p-value
Control Model 0.583333 0.0199
Model TPS-H 0.979167 0.054726

Abbreviations: T2DM, type 2 diabetes mellitus; HFD, high-fat diets; STZ, streptozotocin; IR, insulin
resistance; GM, gut microbiota; SCFAs, short-chain fatty acids; FBG, fasting blood glucose; OGTT, oral
glucose tolerance test; AUC, area under the curve; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol;
LDL-C, low-density lipoprotein cholesterol; FINS, fasting insulin; HOMA-IR, homeostasis model assess-
ment of insulin resistance; LPS, Lipopolysaccharide.

(Figures 6C and D). Similarly, clustering analysis showed that the structure and composition of the GM in T2DM mice
changed. These alterations more likely occurred in the TPS-H group (Figure 6F).

The composition changes in the top ten dominant microbiota are shown in the phylum level of each sample
(Figure 6G). The phylum-level species relative abundance table is presented in Supplementary Material: Table S3.

Firmicutes and Bacteroidetes were the dominant bacteria. The Firmicutes/Bacteroidetes (F/B) ratio of the model group
was higher than that of the control group. However, it was significantly lower in the TPS-H group than in the model
group (Figure 6E). At the genus level, compared with the control group, the model group had significantly lower
abundances of Akkermansia, Muribaculaceae, Bacteroides, Fusobacterium, and Dubosiella and significantly higher
abundances of Colidextribacter and Helicobacter (Figures 7A and B). Compared with the model group, the TPS-H
group had significantly higher abundances of Akkermansia, Muribaculaceae (P < 0.05), Bacteroides (P < 0.01), and the
Eubacterium coprostanoligenes group and lower abundances of Fusobacterium, Colidextribacter (P < 0.05), Dubosiella
(P <0.01), and Helicobacter (P < 0.05).

Differences in bacteria abundances between the groups were analyzed using LefSe (Figure 7C). Each transverse
cylinder represents one species. The length of the cylinder represents the LDA value. If the LDA value was higher, the
difference was greater. Different cylinder colors represented the biomarkers of the corresponding group. The biomarkers
indicate a higher abundance in the specific group. The candidate biomarkers in the control group were Muribaculaceae,
Akkermansia, Akkermansiaceae, Verrucomicrobiota, Verrucomicrobiales, Verrucomicrobia, and Dubosiella. The candidate
biomarkers in the model group were Firmicutes, Clostridia, Oscillospiraceae, Lachnospiraceae, Lachnospirales, Bacilli,
Erysipelotrichaceae, Erysipelotrichales, Colidextribacter, Desulfovibrionales, Desulfovibrionaceae, Desulfovibrionia,
Desulfobacterota, Faecalibaculum, Lactobacillales, Lactobacillaceae, and Lactobacillus. The candidate biomarkers in
the TPS-H group were Bacteroidota, Bacteroidia, Bacteroidales, Bacteroidaceae, Bacteroides, the Eubacterium copros-
tanoligenes group, Fusobacterium, Fusobacteriales, Fusobacteriaceae, Fusobacteriia, Fusobacteriota, Dorea spp.,
Actinobacteria, Corynebacteriaceae, Corynebacteriales, Corynebacterium, and Corynebacterium stationis.

The cladogram corresponds to different classified levels from the inside to the outside (Figure 7D). The connection
lines between levels represent the ownership relationship. Each circle node represents one species. The yellow note
indicated that the differences between groups were not significant. The other colors showed that this species was
a biomarker of the group corresponding to that color (significant increase in abundance in this group). The colored fan-
shaped area marks the subordinate classification interval of a specific microorganism.

The DADA2 method reduces noise, equal to clustering with 100% similarity.?* After noise reduction using the
DADA?2 method, every genemiceed de-duplication sequence is referred to as amplicon sequence variants (ASVs) or
signature sequence (corresponding to the Operational Taxonomic Unit [out] sequence). The DADA2 method is more
sensitive and specific than the traditional OTU method and can determine the real biological variation missed by the
OTU method. False-positive sequences are delivered less often at the same interval.>> The replacement of ASVs for OTU
significantly improves the accuracy, comprehensiveness, and repeatability of gene data analysis.”® The unique ASVs
between groups or common ASVs were analyzed, and Venn diagrams were drawn to express the similarity and overlap of
the composition of intestinal flora in each sample group (Figure 7E). The sequencing quality control sheets for all
samples is in Supplementary Material: Table S4.
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Figure 6 TPS treatment affected the gut microbiota community in T2DM mice. (A) PCoA indicated more similar beta diversity between TPS high-dose and Control groups
than that between the Model and Control groups; (B) At the phylum level, differences in species abundance between groups; (C and D) Shannon and Simpson indexes were
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Abbreviation: NS, non-significant.
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Abbreviation: NS, non-significant.
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Discussion

Previous studies have shown that GM participates in the pathophysiology of T2DM. As the second genome in humans,?’
the GM provides an opportunity to evaluate the pathogenesis of T2DM. Several studies reported changes in the structural
composition of GM in patients with T2DM.”*3? The GM may affect the type, quantity, and proportion of flora by
producing different metabolites, thereby causing endotoxemia and long-term chronic low-grade inflammatory reactions
and destroying the integrity of the intestinal epithelial barrier.*

Oral hypoglycemic agents and INS are currently used as the primary medications for T2DM. Their mechanisms of action
focus on increasing INS release and INS sensitivity and inhibiting the intestinal absorption of glucose. However, their curative
effects have advantages and disadvantages. The treatment of T2DM remains an issue worldwide, and research on T2DM
medications with a low risk of toxicity and side effects is extensive.

Several natural medicines and proprietary Chinese medicines have protective effects on islet f cells. Traditional Chinese
medicines have large compound prescriptions, significant effects, multiple targets, and few side effects and are cost-effective. The
influence of GM on the development of T2DM is an area in traditional Chinese medicine that is comprehensively evaluated.

TPS decoction is effective against T2DM. Modern pharmacological studies have shown that astragaloside (a primary
component of Astragalus membranaceus) increased the number of Bifidobacterium and Lactobacillus in the intestinal
tract of mice, inhibited the proliferation of Enterobacter, and improved metabolic disorders.** Astragaloside IV regulated
the disordered GM in T2DM mice fed a high-sugar and high-fat diet.>> Pueraria lobata extract improved glucose and
lipid metabolism and inflammation by regulating GM and treating T2DM.*®* HAW1-2 in hawthorn directly altered the
intestinal microflora (particularly Bacteroides) and produced SCFAs.*’” Eucommia ulmoides balanced the structure and
composition of intestinal microflora and improved intestinal tissue morphology.*® Berberine directly inhibited the growth
of Escherichia coli in the intestinal tract, changed the structure of the GM, and controlled blood glucose levels.>’

We performed 16S rRNA high-throughput sequencing to compare the composition of the GM between the control,
model, and TPS-H groups to explore the association between GM and T2DM. Gut microbiota alpha diversity refers to
the diversity of flora in a specific region or ecosystem. It is a comprehensive index reflecting the richness and
homogeneity of flora. The Shannon and Simpson indexes of T2DM mice increased significantly, thereby indicating
that the diversity of the GM o in T2DM mice increased. TPS decoction treatment reduced the a diversity of intestinal
microbiota. The B diversity of the mouse GM was analyzed via PCoA and cluster analysis. Results showed that the
overall composition of the GM in T2DM mice changed significantly. TPS decoction prevented damage to the structure of
intestinal bacteria in T2DM mice. Thus, T2DM alters the aand B diversities.

Firmicutes and Bacteroidetes are the two primary phyla in the GM, and the F/B ratio is a marker of metabolic
diseases. The ratio between these phyla is associated with several diseases; it is significantly increased in several models,
including T2DM, nonalcoholic fatty liver, and depression.**** Several data have shown that diabetes mellitus and
obesity can increase the F/B ratio in humans and animals.*> Lowering the F/B ratio can alleviate metabolic disorders and
inflammatory reactions.** Some studies revealed that the F/B ratio affects the production of SCFAs, and it is associated
with carbohydrate metabolism. In colon tissues, carbohydrates are metabolized into SCFAs with the participation of GM.
SCFAs can reduce fat deposition in the liver and activate receptors in the liver and pancreas to improve glucose and lipid
metabolism, relieve INS resistance, and combine with G-protein coupling receptor GPR43 to reduce inflammation.
Therefore, TPS decoction reduces the F/B ratio caused by T2DM.

In the T2DM mouse model, the abundances of Akkermansia, Muribaculaceae, Bacteroides, Fusobacterium, and Dubosiella
decreased, and the abundances of Colidextribacter and Helicobacter increased. TPS decoction increased the abundance of
Akkermansia, Muribaculaceae, and the FEubacterium coprostanoligenes group and decreased the abundance of Fusobacterium,
Colidextribacter, Dubosiella, and Helicobacter. Decreases in the intestinal probiotic Bacteroides were associated with abnormal
glucose tolerance, which affects glucose and lipid metabolism in vivo and leads to obesity and diabetes mellitus.*

Another study showed that these processes are associated with the production of SCFAs produced by the decomposition of
oligosaccharides, polysaccharides, peptides, proteins, and glycoproteins by the GM. These, in turn, directly regulate the number
and function of pancreatic B cells, thereby participating in hepatic glycogen metabolism.*® The Eubacterium coprostanoligenes
group is a cholesterol-lowering microorganism that negatively correlates with body weight and TG.*” The relative abundance of
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the Eubacterium coprostanoligenes group was higher in the TPS-H group than in the model group, thereby suggesting that TPS
decoction treatment is effective. Previous studies found that the abundance of butyrate-producing bacteria (eg, Fusobacterium) in
the GM of patients with T2DM was significantly lower than that of patients without T2DM.*® This result is consistent with that of
the current study, and it indicates that Fusobacterium improves T2DM.

Chevalier et al revealed that the relative abundance of Muribaculaceae increased in an osteopathy model,*” which was
inconsistent with the changes in our model. We believe that Muribaculaceae may play different roles in different diseases. Some
strains of Bacteroides are believed to be probiotics, and they participate in regulating the dynamic balance of GM and in
increasing host immunity.*>>" In the current study, TPS decoction increased the abundance of Bacteroides in T2DM mice. TPS
decoction may promote the recovery of GM dynamic balance by increasing the content of Bacteroides, thereby improving
T2DM symptoms. Nevertheless, the mechanism of Bacteroides and T2DM remains unclear, and further research on this notion is
required. Akkermansia is a phylum that is extensively evaluated. It is associated with immune and metabolic diseases such as
cancer, diabetes mellitus,>> obesity, and atherosclerosis. Increased Akkermansia abundance reduces LPS levels caused by a high-
fat diet, and it is critical for maintaining glucose homeostasis.>® Previous studies showed that this bacterium could reduce the
weight and TC of patients with obesity and improve INS sensitivity, IR, and inflammatory responses.>* Its mechanism may
involve modifying the thickness of the intestinal mucosa and maintaining the integrity of the intestinal barrier.>> A previous study
showed that the abundance of this bacterium decreases in obesity/T2DM, and its prevalence is negatively associated with its
abundance,® which is consistent with the negative correlation between Akkermansia and FINS and the HOMA-IR score in the
current study. Akkermansia was more abundant in the TPS decoction group than in the model group, thereby indicating that TPS
decoction regulates the GM. Hence, it is feasible to relieve T2DM by regulating the GM.

Intestinal mucosal barrier dysfunction is involved in intestinal diseases such as inflammatory bowel disease, Crohn’s
disease, and bacterial diseases. Previous studies have shown that diabetes mellitus is correlated to intentional mucosal
barrier injury. Diabetes mellitus is one of the pathological outcomes of intentional mucosal barrier injury and a factor that
aggravates the dysfunction of the intestinal mucosal barrier.”” The intestinal mucosal barrier possesses the most complex
structure and function among physiological barriers in humans. The mechanical barrier is primarily composed of tight
junction proteins between intestinal epithelial cells. The biochemical barrier primarily comprised intestinal mucosal
immunity. The biological barrier is primarily composed of intestinal symbiotic bacteria. Intestinal intercellular tight
junction proteins include the transmembrane proteins occludin, claudin, junction adhesion molecule, and cytoskeletal
proteins ZO-1 and ZO-2.>® Thus, T2DM is associated with intestinal mucosal barrier injury, increased intestinal
permeability, and LPS shifting from the intestinal flora. Via the mediation of TLR4/CD14, macrophages release
inflammatory factors that exacerbate IR and diabetes mellitus. Wang et al found that a high-energy diet increases the
abundance of gram-negative bacteria in the intestinal tract of obese mice.*” Gram-negative bacteria destroy the intestinal
mucosal barrier and promote the permeability of the intestinal wall, leading to LPS entering the circulation and inducing
inflammatory immune responses. The endpoint is the induction of INS resistance via several reactions.>”**

In the current study, compared with the model group, the TPS decoction group had a significantly higher expression
of tight junction proteins ZO-1, claudin 1, and occludin in the intestinal tissues and significantly lower serum LPS levels.
The thinning of the colonic smooth muscle layer and the decrease of muscle cell numbers were significantly prevented.
Therefore, TPS decoction prevents damage to the intestinal mucosal barrier and reduces LPS release.

The liver is an important metabolic organ for blood glucose level control. Approximately 90% of endogenous glucose
is produced by the liver system, which can maintain blood glucose balance by regulating gluconeogenesis, glycogen-
olysis, and other pathways.®'> Previous studies have shown that the inhibition of hepatic gluconeogenesis can improve
blood glucose levels in patients with T2DM.®* The liver is not only an important organ that is involved not only in the
synthesis, decomposition, and metabolism of carbohydrates in the body to maintain blood glucose stability but also in the
degradation, clearance, and glucose metabolism of INS.%* Long-term hyperglycemia increases free fatty acid metabolism
in the liver, which elevates blood TC and TG levels.®® Based on our findings, the FBG, blood lipid, ALT, and AST levels
of T2DM mice were significantly higher than those of controls. The oral glucose tolerance levels, HOMA-IR score, and
area under the curve of T2DM mice increased, thereby indicating IR in the model mice. Pathological investigation
revealed that the liver cells in the model group mice were disordered and swollen, and there was vacuolar balloon
deformation. Pancreatic islets were sparsely distributed and vacuolated. These findings are consistent with the
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pathological manifestations of T2DM.®*” TPS decoction treatment reduced blood glucose levels and improved
dyslipidemia, IR, and pathological changes in the liver, pancreas, and colon in T2DM mice. Therefore, it has
a therapeutic effect against T2DM. The effect was significant in the TPS-H group.

Inflammation is a critical factor in the pathophysiology of T2DM. The production of local and systemic pro-
inflammatory factors such as IL-6, IL-1p, and TNF-a intensifies the vicious cycle of T2DM by inducing IR.%® IL-6
decreases INS activity by blocking the expression of INS receptor signals, leading to IR development.®” IL-1B helps
increase the secretion of intercellular adhesion molecule-1,”" resulting in the injury and death of islet B cells and further
exacerbating diabetes mellitus. TNF-a induces the phosphorylation of INS receptor substrate-1,”" which disturbs glucose
metabolism. Results showed that TPS decoction decreased the serum TNF-a, IL-1PB, and IL-6 levels and increased IL-4
and IL-10 levels. Therefore, TPS decoction regulates inflammatory responses.

Conclusion

TPS decoction can be effective against T2DM in mice, and its mechanism may be correlated with gut microbiota
regulation, intestinal mucosal barrier repair, downregulation of inflammatory factor expression, and IR improvement. The
current study supports the clinical application of TPS decoction in T2DM and provides insights into the development of
other T2DM medications.
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