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A B S T R A C T

Polysaccharide, a chain of sugars bound by glycosidic bonds, have a wide range of physiological activities, 
including hypoglycemic activity. In present study, we established T2DM mice models to explore the effects and 
mechanism of Trichosanthes kirilowii Maxim polysaccharide (TMSP1) on high-fat diet/streptozotocin (HF-STZ) 
induced diabetes mice. The results showed that high-fat diet significantly increased the oral glucose tolerance 
test (OGTT), viscera index, oxidative stress, impaired glucose tolerance, decreased body weight, immune 
response and short-chain fatty acid (SCFAs) content, and disrupted the balance of intestinal flora structure. 
However, after 6 weeks of TMSP1 intervention decreased lipid accumulation, ameliorated gut microbiota dys-
biosis by increasing SCFAs-producing bacteria and mitigated intestinal inflammation and oxidative stress. 
Moreover, TMSP1 significantly restored the integrity of the intestinal epithelial barrier and mucus barrier. The 
results of fecal microbiota transplantation confirmed that TMSP1 exerted hypoglycemic effect through regulating 
intestinal flora to a certain extent. Collectively, the findings revealed TMSP1 intervention inhibits hyperglycemia 
by improving gut microbiota disorder, lipid metabolism, and inflammation. Hence, TMSP1 may be an effective 
measure to ameliorate HF-STZ induced diabetes.

1. Introduction

Trichosanthes kirilowii Maxim. has received more and more attention 
from scholars due to its significant medical value (Liang et al., 2009). On 
April 16, 2010, Anyang Trichosanthes kirilowii Maxim was approved by 
the Ministry of Agriculture of the People’s Republic of China as a 
geographical indication registration protection product for agricultural 
products, and the approval number is Announcement No. 1374 of the 
Ministry of Agriculture. In 2022, the Health Commission of the People’s 
Republic of China approved the seed of Trichosanthes Kirilowii as a new 
food raw material. Modern medical studies have confirmed that Tri-
chosanthes kirilowii Maxim. Rich in nutrients such as unsaturated fatty 
acids, protein, amino acids (Abbou et al., 2019). Therefore, Trichosanthes 
kirilowii Maxim., known as “drug homologous food”, have been used 
widely to cure various diseases, such as diabetes, cancer and heart dis-
ease. At present, the research on Trichosanthes kirilowii Maxim. mainly 
focused on flavonoids, essential oils, proteins (Wang et al., 2009; Rah-
man and Moon, 2007; Moon et al., 2008; Shu et al., 2009). In the 
meantime, the researches on Trichosanthes kirilowii Maxim poly-
saccharide mainly focused on the peel and seeds. Jing and his 

collaborators have shown that polysaccharide from the peel of Tricho-
santhes kirilowii Maxim presented anti-hyperlipidemia activity (Jing 
et al., 2024). Hu’s research showed the immunomodulatory activity on 
RAW264.7 cells of polysaccharides from Trichosanthes kirilowii Maxim 
seeds (Hu et al., 2020).

Polysaccharides are extensive chains of monosaccharide units 
interconnected by glycosidic bonds, comprising at least ten such units 
(Liu et al., 2021a). These compounds are widely recognized in nature for 
their crucial physiological functions, which include bacteriostatic 
properties, hypoglycemic effects, reduction of blood pressure, and 
anti-tumor activities (Liu et al., 2021b; Barbosa and Junior, 2021; Wang 
et al., 2022a).

Type 2 diabetes mellitus (T2DM) is a metabolic disorder defined by 
elevated blood glucose levels, which arise from either inadequate 
secretion of insulin or the development of insulin resistance (Moheet 
et al., 2015). Diabetes mellitus is widely recognized as a condition 
characterized by intricate metabolic disorder mechanisms, encompass-
ing disturbances in carbohydrate, lipid, and protein metabolism (Guan 
et al., 2016). The International Diabetes Federation (IDF) has released a 
report from the International Diabetes Program, forecasting that by 
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2040, approximately 642 million individuals worldwide will be living 
with diabetes, with China projected to have the highest prevalence. This 
indicates a substantial increase in global cases over a relatively brief 
period when compared to previous evaluations of diabetes prevalence 
(Li et al., 2019). It is alarming that diabetes can result in a range of 
long-term complications, such as diabetic nephropathy, hepatitis, hy-
pertension. As diabetes advances, the complexities it introduces can 
become progressively more difficult to manage. Consequently, prompt 
identification and proactive interventions are essential for mitigating 
and potentially treating the condition. Simultaneously, excessive fat 
accumulation in patients with T2DM can trigger inflammatory and 
oxidative stress responses, leading to pathological alterations in the 
liver. Furthermore, diabetes induces renal damage through abnormal 
hemodynamic changes and metabolic dysregulation (Miao et al., 2019).

It is generally accepted that the interaction between lipid levels and 
type 2 diabetes is complex. First, when blood lipid concentrations are 
elevated, especially low density lipoprotein (LDL) and total cholesterol, 
this leads to narrowing and stiffness of blood vessels. In contrast, dia-
betes can have an adverse effect on blood lipids (Wang et al., 2015). 
Impaired insulin secretion and action will cause diabetes. And diabetes 
is linked with dyslipidemia as well. When insulin is insufficient or 
dysfunctional, the balance between fat production and lipolysis is dis-
rupted, potentially leading to elevated lipid levels. Therefore, there is a 
significant causal relationship between lipid levels and diabetes (Li 
et al., 2021). For people with diabetes, controlling lipid levels is espe-
cially important to reduce the risk of cardiovascular disease.

The composition and functionality of intestinal microflora, along 
with its bioactive metabolites, are crucial for sustaining human intesti-
nal health (Zhang et al., 2020a). They supplied essential nutrients and 
energy to the host by fermenting indigestible dietary components within 
the large intestine, thereby promoting metabolic equilibrium and 
enhancing immune system balance in the host (Brian K et al., 2005). 
Research indicates that the composition of intestinal microbiota exhibits 
fluctuations within a specific range, influenced by various factors 
including environmental conditions, age, physiological status, and di-
etary habits (Wang et al., 2007). The dysbiosis of intestinal microbiota 
not only precipitates infections and inflammation within the gastroin-
testinal tract but also significantly elevates the risk of chronic conditions 
such as diabetes, obesity, and gastrointestinal cancers (Giuliano et al., 
2015). As individuals age, the equilibrium of intestinal microbiota is 
disrupted, leading to a decline in beneficial bacteria, particularly those 
dominated by Gram-positive species such as Bifidobacterium, while 
harmful bacteria proliferate (Bao et al., 2014). Meanwhile, several 
scholars had posited that intestinal microbiota played a crucial role in 
various metabolic processes within the human body, including nutrient 
absorption, energy homeostasis, and glucose and lipid metabolism. 
Furthermore, dysbiosis of the intestinal microbiota was closely associ-
ated with the onset, progression, and outcomes of metabolic disorders 
such as type 2 diabetes (Kyrgiou et al., 2017). Qin Junjie demonstrated 
that individuals with type 2 diabetes exhibited a moderate dysbiosis of 
the intestinal microbiota, primarily characterized by a reduction in 
beneficial bacterial populations within the gut, such as 
butyrate-producing bacteria, while there was a significant increase in 
various opportunistic pathogenic bacteria (Qin et al., 2012). Further-
more, in the pathological condition of diabetes, the excessive production 
of endotoxins was released into the bloodstream, triggering a systemic 
non-specific inflammatory response that promotes insulin resistance and 
exacerbates abnormal glucose metabolism (Plovier et al., 2016).

Consequently, this study aimed to investigate the hypoglycemic ef-
fects of Trichosanthes kirilowii Maxim. polysaccharide in high-fat/STZ- 
induced C57BL/6J diabetic mice. Additionally, the underlying mecha-
nisms of the hypoglycemic action of the polysaccharide were elucidated 
through an analysis of lipid metabolism and intestinal microbiota, 
thereby providing theoretical support for the therapeutic application of 
Trichosanthes kirilowii Maxim.

2. Materials and methods

2.1. Strain and reagents

The Trichosanthes kirilowii Maxim. used in this study was provided by 
the College of Biotechnology and Food Science at Anyang Institute of 
Technology. Chloroform, n-butanol, Sephadex-150, phenol, sulfuric 
acid, and streptozotocin were purchased from Sigma Chemical Co. (St. 
Louis, MO, USA). Acarbose was sourced from Bayer. ELISA kits for 
glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), malon-
dialdehyde (MDA), fasting serum insulin (FINS), total bilirubin (TBIL), 
fasting insulin (FIns), insulin C-peptide (C-P of INS), glycosylated he-
moglobin (GHb1Ac), glycogen, free fatty acids (FFA), phosphoenolpyr-
uvate carboxykinase (PEPCK), hexokinase (HK), glucose-6-phosphatase 
(G-6-Pase), tumor necrosis factor α (TNF-α), interleukin-6 (IL-6), 
interleukin-10 (IL-10) and interleukin − 12 (IL -12) were obtained from 
Nanjing Jiancheng Biotechnology Co., LTD. All other chemicals used in 
this research were of analytical grade.

Healthy male C57BL/6J mice (5 weeks old, weighing 20 ± 2 g) were 
obtained from Sibeifu Biotechnology Co., Ltd. (Beijing, China). All ani-
mal care and experimental procedures followed the guidelines of the US 
National Institutes of Health (NIH Publication No. 85–23, revised 1996). 
No human subjects were involved in any of the experiments. The 
research was approved by the Institute of Radiation Medicine, Chinese 
Academy of Medical Science under approval number IRM-DWLL- 
2022250.

2.2. Preparation of polysaccharide

The study utilized polysaccharides extracted from Trichosanthes kir-
ilowii Maxim. through a process of water extraction and subsequent 
alcohol precipitation (Li and Huang, 2021). The dried Trichosanthes 
kirilowii Maxim. powder (1 g) was added into the distilled water (30 mL) 
to extract polysaccharides at 80 ◦C for 2 h. Subsequently, the superna-
tant was precipitated using 80% ethanol. Following this, the Sevag re-
agent (Chloroform: n-butanol = 4:1) was employed to eliminate proteins 
from the sample, thereby yielding crude polysaccharide (C-TMSP). 
Finally, homogeneous polysaccharide (TMSP1) was isolated utilizing a 
Sephadex-150 column (40 cm × 1.6 cm) (Zhou et al., 2021). The mo-
lecular weight of TMSP1 was determined to be 690.239 kDa. Moreover, 
TMSP-1 was composed of six sugar alcohol derivatives: 
→3)-D-Galp-(1→, D-Glcp-(1→, →4)-D-Manp-(1→, →6)-D-Galp-(1→, 
→4)-D-Galp-(1→, and →4,6)-D-Manp-(1 → . The chemical structure and 
chemical formula of TMSP1 was shown in Fig. 1(A) and (B). Addition-
ally, the sugar content of TMSP1 was quantified using the 
Phenol-sulfuric acid method (Yan et al., 2019).

2.3. Animal experiment 1

To examine the impact of TMSP1 on blood glucose homeostasis in 
mice, a total of 20 mice were allocated into two groups: the normal 
group (NG, n = 10) and the experimental group (EG, n = 10). The NG 
group of mice was administered a normal diet and sterile water freely for 
10 weeks. In contrast, the EG group of mice received a normal diet and 
underwent intragastric administration of TMSP1 at the same dosage 
(100 mg/kg/day) daily for 10 weeks (SFig. 1). Throughout the experi-
ment, the body weight and fasting blood glucose (FBG) levels of the mice 
were assessed on a weekly basis. Following a 10-week feeding period, 
serum samples from each group of mice were collected for the analysis of 
serum metabolic indices (Li et al., 2023).

2.4. Animal experiment 2

All C57BL/6J mice were acclimatized for one week prior to the onset 
of type 2 diabetes. The parameters for adaptive feeding include: hu-
midity levels maintained at 45–55%, temperature regulated between 23 
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Fig. 1. The chemical structure of TMSP1. The chemical formula of TMSP1 was C42H72O36. (TMSP1: Trichosanthes kirilowii Maxim. homogeneous polysaccharide).

Fig. 2. Schematic representation of the modeling and treatment protocols in animal experimentation. (TMSP1: Trichosanthes kirilowii Maxim. homogeneous poly-
saccharide, NG: normal group, MG: mellitus control group, PG: Positive Control Group, L-TMSP1: low dose TMSP1, M-TMSP1: middle dose TMSP1, H-TMSP1: high 
dose TMSP1, SCFAs:short-chain fatty acid, HF: high-fat diet, STZ: streptozotocin, FBG: fasting blood glucose).
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and 25 ◦C, and light-dark cycles of 12 h each (Goyal et al., 2016). 
Following the adaptive feeding phase, mice in the normal group (NG 
group, n = 10) were provided with a basal diet every day, whereas mice 
in the other groups received a high-sugar and high-fat diet every day for 
two weeks, comprising 40% fat, 42% carbohydrates, and 18% protein 
for a duration of two weeks. Subsequently, a daily intraperitoneal in-
jection of 40 mg/kg/d STZ (dissolved in citrate buffer at pH 4.2–4.4) was 
administered to C57BL/6J mice, excluding the NG group, for a duration 
of one week. The diabetic mouse model can be deemed successfully 
established if the fasting blood glucose (FBG) levels exceed 16.7 mmol/L 
(Liang et al., 2020). The diabetic mice were randomly divided into 5 
groups: diabetes mellitus control group (MG, administration of 1 mL/kg 
citric acid buffer solution), Positive Control Group (PG, High-sugar, 
high-fat diet +0.03 % Acarbose (300 mg/kg), n = 10), low dose 
TMSP1 (L-TMSP1, administration of High-sugar, high-fat diet +100 
mg/kg TMSP1, n = 10) group, middle dose TMSP1 (M-TMSP1, admin-
istration of High-sugar, high-fat diet +200 mg/kg TMSP1, n = 10) group 
and high dose TMSP1 (H-TMSP1, administration of High-sugar, high-fat 
diet +300 mg/kg TMSP1, n = 10) group (Fig. 2) (Wang et al., 2017; Lang 
et al., 2020). The TMSP1 was delivered by intragastric administration 
once a day. During the feeding period, the body weight and fasting blood 
glucose (FBG) levels of the mice were recorded every seven days. 
Following six weeks of treatment, the mice underwent a 12-h fasting 
period. Subsequently, 1 h post-administration, each group of mice was 
administered a glucose solution at a dosage of 2.0 g/kg by intragastric 
administration. Blood was collected by tail tip sampling, and blood 
glucose levels were then measured at intervals of 20 min, 40 min, 60 
min, 80 min, 100 min and 120 min, respectively. Following 28 days of 
administration, the mice were anesthetized via intraperitoneal injection 
of 2% pentobarbital sodium and subsequently euthanized through spinal 
dislocation. Serum was obtained by excising the eyeballs. The liver, 
kidneys, and cecum were harvested post-dissection, and organ indices 
were measured (Wu et al., 2022a).

2.5. Animal experiment 3

Prior to the fecal microbiota transplantation (FMT) experiment, all 
mice were accommodated for one week and subsequently administered 
antibiotics (rifaximin, 150 mg/kg/day) for an additional daily for 2 
weeks. Subsequently, the mice were randomly allocated into two 
distinct groups: H-TMSP1-FMT (n = 5) group and MG-FMT group (n =
5). 40 mg/kg/d of STZ (dissolved in citrate buffer, pH 4.2–4.4) was 
injected intraperitoneally to the mice daily, until the FBG of mice 
determined with a fingertip glucose meter (G3-A, Dexcom) exceeded 
16.7 mmol/L. Fecal samples from the MG group and H-TMSP1 group 
were collected separately and subsequently dissolved in 5 mL of normal 
saline. Subsequently, the mixture was subjected to centrifugation at 
4000 rpm for 10 min to isolate the supernatant. The isolated supernatant 
was administered to recipient mice once daily for 8 weeks. At the same 
time, FBG levels of mice were assessed weekly. Subsequently, the mice 
in each group were euthanized, and then the cardiac blood biochemical 
indexes were collected for detection (SFig. 2).

2.6. Determination of serum indicators

Blood samples from the mice were collected prior to their sacrifice. 
Subsequently, serum was obtained by centrifugation at 2000 rpm for 20 
min at 4 ◦C. The levels of aspartate aminotransferase (AST), albumin 
(ALB), blood urea nitrogen (BUN) and creatinine (CRE) were operated 
by using an automated biochemical analyzer (BK-400) respectively. The 
FINS, TBIL, FIns, C-P of INS, GHb1Ac, glycogen and FFA levels in each 
group were obtained by using the insulin ELISA kit (Wuhan Elabscience 
Company) (Wu et al., 2022b).

2.7. Oxidative stress analysis

The serum from each group was collected following the sacrifice of 
the mice. The enzyme activity of glutathione peroxidase (GSH-Px), su-
peroxide dismutase (SOD) and the content of malondialdehyde (MDA) 
were measured by using the insulin ELISA kit (Cardullo et al., 2020a).

2.8. Detection of enzyme activity related to blood glucose metabolism

The enzyme activities of phosphoenolpyruvate carboxykinase 
(PEPCK), hexokinase (HK) and glucose-6-phosphatase (G-6-Pase) were 
assessed using specific Enzyme-Linked Immunosorbent Assay (ELISA) 
kits sourced from Nanjing Jiancheng, China (Wu et al., 2019; Chiang, 
2009; Li et al., 2011).

2.9. Detection of serum immune indexes

The levels of Tumor Necrosis Factor-α (TNF-α), Interleukin-6 (IL-6), 
Interleukin-10 (IL-10), and Interleukin-12 (IL-12) were quantified using 
ELISA kits which was purchased from Biotechnology Inc. (Shanghai, 
China) (Fan et al., 2017a).

2.10. Determination of contents of SCFAs

Following the experiment, the chyme from the terminal segment of 
the cecum was collected and preserved at − 80 ◦C. Short chain fatty acids 
(SCFAs) were analyzed using gas chromatography-mass spectrometry. 
The standard curves for each short-chain fatty acid were constructed 
using the internal standard method. A mixture of 300 μL of 50% sulfuric 
acid and 0.2 g of chyme was introduced into a solution containing the 
internal standard, cyclohexanone (500 mg/L, 100 μL), and subsequently 
centrifuged at 12,000 rpm for 10 min. The supernatant was then 
collected for the analysis of SCFAs content. The chromatographic sep-
aration was performed using an Agilent DB-WAX capillary column (30 
m × 0.25 mm × 0.25 μm). Carrier gas: high purity helium (purity 
≥99.999%); Carrier gas flow rate: 1.0 mL/min; Inlet temperature: 
220 ◦C; Injection size: 1 μL, no shunt injection; The heating procedure is: 
60 ◦C for 1 min, rise to 210 ◦C at 30 ◦C/min for 3 min. Ion source: EI, ion 
source temperature 230 ◦C, interface temperature 220 ◦C (Hu et al., 
2019; Chen et al., 2020a).

2.11. Histopathological analysis

The pancreas, colon, liver and kidney of the mice were preserved in 
10% paraformaldehyde quickly after the mice sacrificed. Then, the 
sample were dehydrated by using a range of different concentrations of 
ethanol. After that, the above sample were sliced with a slicer after 
waxdiped and embedded. In addition, hematoxylin and eosin (H&E) 
staining method was operated whereafter. The microscope was used for 
observation of the histopathological ultimately (Tong et al., 2006). The 
pathological scores of liver were measured by Schmidt Pathology Scale. 
The score was based on the degree of tissue edema, necrotic area, 
bleeding and inflammatory cell infiltration. Otherwise, the renal H&E 
stained slides were scored based on the following criteria: (a) no tubular 
injury = 0, (b) minor injury (damaged renal tubules accounted for less 
than 5% of total renal tubules) = 1, (c) mild injury (damaged renal tu-
bules accounted for 5%–25% of total renal tubules) = 2, (d) Moderate 
injury (damaged renal tubules accounted for 25%–75% of the total renal 
tubules) = 3, (e) severe injury (damaged renal tubules accounted for 
>5% of the total renal tubules) = 4 points. The higher the score, the 
more severe the damage.

2.12. Immunofluorescence staining

Paraffin sections of colon tissue were taken from each group of mice, 
dewaxed with xylene, fixed with acetone for 10 min, washed with 
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phosphate buffered saline (PBS). Subsequently, goat serum was sealed 
and incubated in a room temperature wet box in dark for 30 min. The 
primary antibody (dilution 1:100) was added and incubated overnight 
in a humidified chamber at 4 ◦C in dark. Subsequently, following a wash 
with PBS, a fluorescent secondary antibody was introduced and incu-
bated in a humidified chamber at 37 ◦C for 1 h in dark. Following a 
subsequent wash with PBS, the nucleus was stained with 2-(4-Amidi-
nophenyl)-6-indolecarbamidine dihydrochloride (DAPI) for 5–10 min, 
and the slide was then sealed.

2.13. Intestinal microbiota analysis

The cecum was collected after the mice sacrificed. The nucleic acid 
extraction and purification reagent DNA kit (Omega Bio-tek, Norcross, 
GA, U.S) was used for DNA extraction, and determined the quantity and 
quality of DNA (Caporaso et al., 2010; Gill et al., 2006). In addition, 
specific primers were used to amplify genes in different regions. The 
primer sequence used in this study were shown in Stable1. The QIIME 
software was employed to compute the OTU levels and assess alpha 
diversity indices, including Chao1, ACE, PD_whole_tree, Shannon, 
Simpson index. Beta diversity analysis was conducted by calculating the 
UniFrac distance measure using Qimme software, followed by the gen-
eration of PCA, PCoA, and NMDS diagrams (Rognes et al., 2016).

2.14. Statistics assay

The data were presented as the mean ± SD using Excel 2022. 
Experimental data are expressed as mean ± standard deviation. Differ-
ences between groups of rats were analyzed by one-way ANOVA using 
SPSS 27.0 software. Differences at P < 0.05 were considered significant. 
The 16S rRNA sequencing data were analyzed using the Wilcoxon rank- 
sum test to detect significant differences among groups.

3. Result and discussion

3.1. Preparation of polysaccharide

In this study, the crud polysaccharide obtained from Trichosanthes 
kirilowii Maxim. was purified with column of Sephadex 150 to obtain the 
homogeneous polysaccharide (TMSP1). As illustrated in Fig. 3, a single 

symmetrical peak was observed, indicating the homogeneity of TMSP1. 
The result of Phenol-sulfuric acid method showed that the sugar content 
of TMSP1 was 96.58%, thereby confirming its suitability for subsequent 
experimental applications.

3.2. Effect of TMSP1 on glucose homeostasis in C57BL/6J mice

To assess the impact of TMSP1 on blood glucose levels in mice, we 
initially conducted a 10-week oral administration of TMSP1 in normal 
C57BL/6J mice. The level of body weigth, FBG levels of mice weekly 
during the experiment, oral glucose tolerance test (OGTT), Hemoglobin 
A1c (HbA1C) and FBG in NG group and EG group were shown in Fig. 4. 
No significant differences were observed among these five parameters 
following 10 weeks of TMSP1 treatment. At the same time, the area 
under curves (AUC) of blood glucose showed no difference between NG 
and EG groups, indicating that long-term consumption of TMSP1 does 
not exert a notable impact on the blood glucose homeostasis in mice.

3.3. Ameliorative effect of TMSP1 on diabetic symptoms in T2DM rats

The data presented in Fig. 5(A) indicated that the administration of 
TMSP1 did not result in statistically significant changes in body weight 
among diabetic mice after a two-week treatment period (p > 0.05). 
From the third week of polysaccharide intervention, a significant 
decrease in the weight of mice in the MG group was observed, demon-
strating a noticeable difference compared to the other groups (p < 0.05). 
Weight loss is commonly observed in individuals with type 2 diabetes, 
indicating the successful development of a diabetic mouse model (Chen 
et al., 2020b). In addition, the mice in the PG group exhibited a signif-
icant increase in body weight compared to those in the MG group (p <
0.05). Furthermore, weekly blood glucose levels of the mice in each 
group were monitored during polysaccharide treatment. As illustrated in 
Fig. 5 (B), the blood glucose levels of mice in the NG group consistently 
remained within the range of 7–8, indicating that these mice maintained 
euglycemia. Three weeks prior to the initiation of polysaccharide 
treatment, there were no significant differences in blood glucose levels 
among the MG, PG, L-TMSP1, M-TMSP1 and H-TMSP1 groups. How-
ever, starting from the fourth week of polysaccharide treatment, the 
blood glucose levels of mice in the PG, L-TMSP1, M-TMSP1 and 
H-TMSP1 groups exhibited a decrease compared to those in the MG 

Fig. 3. The weight-average molecular weight (Mw) of TMSP1. The single symmetrical peak indicated the homogeneity of TMSP1. (TMSP1: Trichosanthes kirilowii 
Maxim. homogeneous polysaccharide).
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group (p < 0.05). Additionally, mice in the MG group consistently dis-
played elevated blood sugar levels. In addition, compared with MG 
group (2093.3 mmol/L⋅min), AUC of blood glucose was significantly 
decreased in L-TMSP1 (2052.9 mmol/L⋅min), M-TMSP1 (1887.3 
mmol/L⋅min) and H-TMSP1 (1756 mmol/L⋅min) groups.

The liver and kidney index results for the mice in each group were 
presented in Fig. 5(C). It is apparent from the figure that the organ index 
of mice in the MG group showed a statistically significant increase 
compared to the other groups (p < 0.05). The elevation of blood sugar 
levels disrupted the metabolism of sugar and lipids, leading to increased 
hepatic fat accumulation (Fu et al., 2021). Moreover, diabetic mice 
displayed kidney edema, resulting in a significant increase in kidney 
index (Zeng et al., 2023). After the TMSP1 intervention, there was a 
significant decrease in the organ index of the three sample groups 
compared to the MG group (p < 0.05). However, there was still a notable 
difference with the NG group (p < 0.05), while no significant variance in 
organ index was observed between the PG group and NG group (p >
0.05).

The regulation effect of Trichosanthes kirilowii Maxim. Poly-
saccharide on blood glucose level suggested its potential to ameliorate 
pancreatic pathology. In the NG group, as depicted in Fig. 5(D), the 
pancreatic tissue exhibited completeness, with a full islet structure and 
closely arranged intact β cells. The boundary between islets and exocrine 
glands was clearly defined. In the MG group, the islet structure exhibited 
incompleteness, nearly damaged beta cells, and abnormal cell 
morphology. Additionally, non-uniform islet boundaries and vacuolar 
infiltration in the interior were observed. The relatively intact islets also 
displayed a trend of atrophy, indicating that a high-sugar and high-fat 
diet imposed a significant burden on and caused damage to the 
pancreas of diabetic mice. After polysaccharide intervention, the path-
ological morphology of pancreatic tissue showed a significant reduction, 
with intact islets closely resembling those of the control group. The β 
cells within the islets were relatively densely arranged. Additionally, 
there was an improvement in internal cavity infiltration phenomenon, 

resulting in clearer islet morphology and a plumper structure compared 
to the MG group. The findings suggested that Trichosanthes kirilowii 
Maxim. Polysaccharide has the potential to ameliorate the pancreatic 
pathological conditions induced by a high sugar and high fat diet in rats, 
thereby alleviating pancreatic burden and preventing islet atrophy.

The level of serum insulin during fasting, known as FIns, primarily 
reflects the normal basal insulin level required to maintain fasting blood 
glucose. Elevated FIns levels may indicate impaired islet cell function or 
insulin resistance. C-peptide is a peptide fragment cleaved from 
endogenous insulin, serving as an indicator of endogenous islet function. 
In cases of insulin resistance or decreased insulin sensitivity, excessive C- 
peptide secretion occurs in order to lower blood sugar levels, leading to 
elevated C-peptide levels. HbA1c is a compound formed by the binding 
of glucose to hemoglobin in human blood, serving as a crucial indicator 
for diagnosing diabetes. Simultaneously, elevated HbA1c levels indicate 
high blood sugar levels (Almugadam et al., 2021). FFAs are a type of fat 
found in the body that play important physiological roles, such as 
providing energy and contributing to the formation of cell membranes. 
Elevated levels of free fatty acids may be indicative of obesity or 
metabolic syndrome (Chen et al., 2023a). The serum levels of FIns, C-P 
of INS, GHbA1c and FFA were found to be significantly higher in T2DM 
mice compared to the NC groups, as shown in Fig. 5(E–H). After 6 weeks 
of intervention with TMSP1, a significant reduction in FIns, C-P of INS, 
GHbA1c and FFA levels was observed (p < 0.05). Prior research has also 
suggested that Hericium erinaceus polysaccharides can enhance insulin 
sensitivity, which is consistent with our current findings (Zhou et al., 
2022a). These results indicated that TMSP1 could effectively enhanced 
insulin sensitivity in diabetic mice. Overall, these results indicated that 
TMSP1 exhibited the ability of hypoglycemic and repairing organ 
damage.

3.4. TMSP1 improved the content of liver glycogen and the liver function

In order to investigate the effect of TMSP1 on the level of glycogen 

Fig. 4. There were no significant differences in (A) body weight and (B) FBG levels of mice weekly during the experiment among the groups each week. After feeding 
for 10 weeks, there was no significant difference in (C) blood glucose and (D) HbA1C. NG group mice were given normal diet and sterile water at a dose of 100 mg/ 
kg/day, and EG group mice were given normal diet and gavage the same dose of TMSP1 (100 mg/kg/day) every day for 10 weeks. Data are presented as means ±
SEM (n = 10). Values denoted by different letters indicate significant differences (P < 0.05). (TMSP1: Trichosanthes kirilowii Maxim. homogeneous polysaccharide, 
NG: normal group, EG: experimental group, FBG: fasting blood glucose, HbA1C:Hemoglobin A1c).
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Fig. 5. Effect of TMSP1on (A) the body weight, (B) OGTT and (C) viscera index, viscera index = (organ weight/mouse weight) × 100, (D) histomorphological 
changes in the pancreas by H&E staining (E) FIns, (F) C-P of INS (G) GHbA1c and (H) FFA of the MG group, NG group, PG group, M-TMSP1 group, L-TMSP1 group 
and H-TMSP1 group, (E&H) insulin sensitivity of diabetic mice. Each group of mice was given TMSP1 for 6 weeks. Data are expressed as the means ± SEM (n = 10). 
Values with different letters are significantly different (P < 0.05). (TMSP1: Trichosanthes kirilowii Maxim. homogeneous polysaccharide, OGTT: oral glucose tolerance 
test, NG: normal group, MG: mellitus control group, PG: Positive Control Group, L-TMSP1: low dose TMSP1, M-TMSP1: middle dose TMSP1, H-TMSP1: high dose 
TMSP1, FIns: fasting insulin, C-P of INS: insulin C-peptide, GHbA1c: Glycosylated hemoglobin A1c, FFA: Free Fatty Acids).
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secretion in mice, we measured the level of serum glycogen in mice of 
each group. In the MG group, we observed that mice with type 2 diabetes 
exhibited the lowest glycogen levels, which were significantly different 
from those in the other groups (P < 0.05). This can be attributed to 
inadequate insulin secretion in diabetic mice, leading to impaired 
glycogen synthesis (Zhan et al., 2023). After 6 weeks of TMSP1 inter-
vention, there was a significant increase in the serum glycogen content 
of mice. It was observed that as the polysaccharide concentration 
increased, there was a corresponding increase in glycogen content, 
indicating a clear dose-dependent effect (Fig. 6(A)). Surprisingly, no 
significant difference was found in serum glycogen content among the 
M-TMSP1, H-TMSP1 and NG groups, which indicated that TMSP1 has 
the potential to promote glycogen secretion. ALB is an essential protein 
found in human plasma, playing a vital role in regulating body nutrition 
and osmotic pressure. Abnormal levels of ALB may indicate irregular-
ities in liver metabolism. AST an important indicator in liver function 
test, mainly exists in liver cells. The AST level may increase in the 
presence of necrotic liver cells, and the metabolic balance of bilirubin is 
crucial for liver health. Elevated TBIL levels can serve as an important 
indicator of liver function, suggesting potential liver injury. The levels of 
ALB, AST and TBIL were depicted in Fig. 6(B–D), respectively. 
Compared to the NG group, the MG group exhibited a significant in-
crease in ALB, AST and TBIL levels, indicating that the high-fat and 
high-sugar diet combined with STZ resulted in some degree of hepatic 
injury in diabetic mice. After 6 weeks of polysaccharide therapy, there 
was a significant decrease in ALB, AST and TBIL levels (p < 0.05). The 
liver plays a crucial role in blood sugar regulation through the storage of 
liver glycogen, glucose metabolism, gluconeogenesis, and bile produc-
tion (Lu et al., 2019). Impaired liver function can result in abnormal 
blood sugar metabolism, making it essential to maintain a healthy liver 
for normal blood sugar levels. In our study, lower levels of liver glycogen 
and higher levels of ALB, AST, and TBIL indicated liver damage in mice. 
Following TMSP1 intervention, these levels were restored, suggesting 

that TMSP1 could repair glycogen disorders and diabetes-induced liver 
damage.

3.5. TMSP1 restored enzyme activity related to blood glucose metabolism

As is commonly understood, insulin resistance often results in 
decreased glucose utilization and reduced expression of liver glycolytic 
enzymes, including HK. HK serves as the primary enzyme in glycolysis 
and acts as the initial rate-limiting enzyme in glucose glycogen forma-
tion (Xia et al., 2021). In Fig. 7(A), the serum HK activity was signifi-
cantly lower in the DM group compared to the other groups (P < 0.05), 
indicating insulin resistance in the DM group. However, TMSP1 had a 
substantial effect on increasing HK activity compared to the DM group. 
G-6-Pase and PEPCK are two pivotal metabolic enzymes in the gluco-
neogenesis pathway, both of which play crucial roles in glucose meta-
bolism (Shen et al., 2015). As shown in Fig. 7(B–C), the activities of 
G-6-Pase and PEPCK were remarkably elevated compared to the NC 
group (P < 0.05). However, supplementation with TMSP1 led to a sig-
nificant reduction in enzyme activity. The G-6-Pase and PEPCK activities 
in the Met, M-TMSP1, and H-TMSP1 groups were all markedly decreased 
compared to the DM group (p < 0.05), with decrease ratios of 12.36% 
and 16.95%, respectively. Recent studies have demonstrated that 
pumpkin polysaccharides can mitigate hyperglycemic symptoms in mice 
by reducing the activity of PEPCK (Huang et al., 2023), which is in line 
with our findings. The findings suggested that TMSP1 may mitigate 
hepatocyte insulin resistance by promoting glucose metabolism within 
the hepatocytes.

3.6. Effect of TMSP1 on serum immune indexes

High blood sugar can have a significant impact on the immune sys-
tem, leading to changes in immune indicators. Specifically, it can impair 
the function of immune cells and reduce defense against pathogens. 

Fig. 6. TMSP1 improved the content of (A) liver glycogen and the liver function, (B) ALB, (C) AST, (D) TBIL. Each group of mice was given the corresponding dose of 
TMSP1 for 6 weeks. Data are expressed as the means ± SEM (n = 10). Values with different letters are significantly different (P < 0.05). (TMSP1: Trichosanthes 
kirilowii Maxim. homogeneous polysaccharide, ALB: albumin, AST: aspartate aminotransferase, TBIL:Total Bilirubin, NG: normal group, MG: mellitus control group, 
PG: Positive Control Group, L-TMSP1: low dose TMSP1, M-TMSP1: middle dose TMSP1, H-TMSP1: high dose TMSP1).
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Fig. 7. Effect of TMSP1 on enzyme activity of (A) HK, (B) G-6-Pase, (C) PEPCK. Each group of mice was given the corresponding dose of TMSP1 for 6 weeks. Data are 
expressed as the means ± SEM (n = 10). Values with different letters are significantly different (P < 0.05). (TMSP1: Trichosanthes kirilowii Maxim. homogeneous 
polysaccharide, NG: normal group, MG: mellitus control group, PG: Positive Control Group, L-TMSP1: low dose TMSP1, M-TMSP1: middle dose TMSP1, H-TMSP1: 
high dose TMSP1, PEPCK: phosphoenolpyruvate carboxykinase, HK: hexokinase, G-6-Pase: glucose-6-phosphatase).

Fig. 8. Effect of TMSP1 on insulin sensitivity and serum immune indexes. (A) TNF-α, (B) IL-6, (C) IL-10, (D) IL-12. Each group of mice was given the corresponding 
dose of TMSP1 for 6 weeks. Data are expressed as the means ± SEM (n = 10). Values with different letters are significantly different (P < 0.05). (TMSP1: Tricho-
santhes kirilowii Maxim. homogeneous polysaccharide, NG: normal group, MG: mellitus control group, PG: Positive Control Group, L-TMSP1: low dose TMSP1, M- 
TMSP1: middle dose TMSP1, H-TMSP1: high dose TMSP1, TNF-α: Tumor Necrosis Factor-α, IL-6: Interleukin-6, IL-10: Interleukin-10, and IL-12: Interleukin-12).
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Additionally, it can result in abnormal levels of immune factors, char-
acterized by increased TNF-α, IL-6 and IL-12, as well as decreased IL-10 
(Fan et al., 2017b). As shown in Fig. 8(A–D), the serum levels of TNF-α, 
IL-6 and IL-12 were significantly elevated in mice from the MG group, 
while the level of IL-10 expression was notably reduced compared to the 
NG group (p < 0.05). As expected, supplementation with TMSP1 
effectively suppressed the changes in TNF-α, IL-6, IL-12 and IL-10 
expression levels (p < 0.05). Similarly to a previous study, Phyllanthus 
emblica polysaccharide also improved blood sugar levels by restoring the 
expression of inflammatory factor (Habib et al., 2017). A recent study 
showed that Momordica charantia polysaccharide has the potential to 
protect against early-stage diabetic by modulating cytokines (Liu et al., 
2023). In another study, polysaccharide from Inonotus obliquus could 
reduced serum TNF-α and IL-6 levels to exhibit hypoglycaemic effects 
(Su et al., 2022). These findings were consistent with present result. In 
conclusion, the TMSP1 intervention demonstrated the potential to 
restore immune response in mice with type 2 diabetes.

3.7. TMSP1 increased the contents of SCFAs of intestinal contents

SCFAs are primarily produced through the anaerobic metabolism of 
bacteria in the colon, with fermentation by intestinal flora resulting in 
the production of acetic acid, propionic acid, butyric acid, and other 
carbohydrates. They are not only important organic acid anions in the 
colon, but also an important source of energy (Chen et al., 2020c). Al-
terations in the SCFAs and the total content were shown in Fig. 9(A–I). 
Compared with NG group, the contents of acetic acid, propionic acid, 
butyric acid, isobutyric acid, valerate acid, isovalerate acid, hexanoic 
acid, isohexanoic acid and total SCFAs in MG group were significant 
decreased (p < 0.05). After the TMSP1 intervention, there was a sig-
nificant increase in the levels of these SCFAs, demonstrating a notable 
elevation compared to the MG group (p < 0.05). Previous research has 
suggested that SCFAs can positively impact the maintenance of blood 
glucose balance (Qu et al., 2018). Acetic acid, as a short-chain fatty acid, 
can enhance glucose homeostasis by promoting insulin secretion and 
sensitivity, showing potential for adjunctive treatment of type 2 

Fig. 9. The effect of TMSP1 on the content of SCFAs in the cecum of T2DM rats. (A) Acetic acid, (B) Propionic acid, (C) Butyric acid, (D) Isobutyric acid, (E) Valerate 
acid, (F) Isovalerate acid, (G) Hexanoic acid, (H) Isohexanoic acid, (I) Total. Each group of mice was given the corresponding dose of TMSP1 for 6 weeks. Data are 
expressed as the means ± SEM (n = 10). Values with different letters are significantly different (P < 0.05). (TMSP1: Trichosanthes kirilowii Maxim. homogeneous 
polysaccharide, NG: normal group, MG: mellitus control group, PG: Positive Control Group, L-TMSP1: low dose TMSP1, M-TMSP1: middle dose TMSP1, H-TMSP1: 
high dose TMSP1).
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diabetes. Propionic acid and butyric acid stimulate gluconeogenesis in 
the gut, converting non-sugar compounds into glucose or glycogen to 
improve insulin sensitivity throughout the body. Meanwhile, isovalerate 
acid may impact blood sugar levels through regulation of the gut 
microbiome (Chen et al., 2021). Liu and his colleagues found that 
polysaccharides from Phellinus linteus could promote SCFAs production 
to attenuate type 2 diabetes mellitus (Liu et al., 2024). Moreover, pre-
vious publication had reported that Ascophyllum nodosum poly-
saccharides had the capacity of hpyerglycemic by increasing the 
contents of acetate acid, propionate acid and butyric acid in mice (Chen 
et al., 2023b), which was also consistent with our results. In summary, 
TMSP1 supplementation altered type 2 diabetes by alleviating various 
short-chain fatty acid disorders and increasing the total amount of 
SCFAs.

3.8. Oxidative stress analysis

Recent studies have established a robust correlation between 
oxidative stress and diabetes, along with its long-term complications 
(Cardullo et al., 2020b). MDA, SOD, and GSH-Px are commonly utilized 
as important reference indicators for assessing oxidative stress damage. 
SOD functions to eliminate superoxide anion free radicals, thereby 
maintaining the body’s oxidation and antioxidant balance and protect-
ing cells from damage. GSH-Px is an enzyme responsible for breaking 
down peroxides in the body, specifically catalyzing the reduction of 
reduced glutathione to hydroperoxide and protecting the structural and 
functional integrity of cell membranes. MDA serves as a representative 
thiobarbituric acid reactant, used as a marker for measuring lipid 
peroxide levels (Wang et al., 2019). In Fig. 10(A–C), the H-TMSP1 group 
demonstrated a significant increase of 9.35% in GSH-Px activity and a 
remarkable increase of 216.35% in SOD activity compared to the MG 
group, while the MDA content decreased significantly by 62.76%. 
Meanwhile, the results indicated that there was no significant difference 
in the activities of GSH-Px and SOD, as well as MDA content, between 
the H-TMSP1 group and PG group. It was speculated that TMSP1 could 
improve the effect of scavenging free radicals by regulating the level of 
relevant enzymes.

3.9. Histopathological analysis

The histopathological examination of the kidney in Fig. 11 demon-
strates normal renal architecture in the NG group, characterized by clear 
glomeruli and renal tubules, with no evidence of inflammatory infil-
tration or urate crystals (Fig. 11(A)). The MG group exhibited atrophic 
glomeruli, dilated renal tubules, and uric acid crystals in the lumen 
compared to the NG group. Additionally, there was obvious swelling and 
necrosis of the epithelial cells of renal tubules, vacuolar degeneration, 
appearance of uric acid crystals in the pericyma, and inflammatory cell 
infiltration in the renal interstitium (Fig. 11B). The PG group exhibited 

no significant glomerular atrophy and reduced dilation of the renal tu-
bule lumen compared to the MG group (Fig. 11F). After 4 weeks of 
polysaccharide administration, the renal tissue in each group showed 
improvement, with glomeruli approaching normal structure, shape and 
size. The wall and lumen size of proximal and distal tubules also 
improved, reducing swelling, although some areas still exhibited a small 
amount of inflammatory cell infiltration (Fig. 11C–E). In addition, the 
renal tubule injury score showed that the intervention of TMSP1 
significantly inhibited the renal tubule injury in mice, and the inhibitory 
effect was enhanced with the increase of dose (Fig. 11 G).

The histopathological examination of the liver was depicted in 
Fig. 12. Under normal physiological conditions, the H&E staining of 
liver tissue revealed a well-organized and regular hepatic architecture. 
Furthermore, the cells exhibited distinct boundaries, compact and uni-
form arrangement, with no evidence of cellular degeneration or ab-
normalities (Fig. 12 A). The hepatic cells of the MG group exhibited 
disorganization, with cytoplasm containing fat vacuoles of varying sizes 
and a significant area occupied by fat droplets, accompanied by mild 
inflammation (Fig. 12 B). Compared to the MG group, the L-TMSP1 and 
M-TMSP1 groups showed a reduction in both the volume and number of 
fat vacuoles in the liver, leading to a certain degree of inhibition of 
steatosis (Fig. 12C–D). However, the L-TMSP1 group still exhibited 
significant fat vacuoles. The liver lipid accumulation of mice in the PC 
and H-TMSP1 groups showed significant improvement, with tissue 
structure approaching normal despite some minor inflammation 
(Fig. 12E–F). Based on the histopathology results, it can be concluded 
that TMSP1 exhibited a specific reparative effect on kidney and liver 
damage in T2DM mice, which was consistent with the decreased histo-
logical injury score (Fig. 12 G).

3.10. TMSP1 mitigated colon histomorphology and promoted ZO-1, 
occludin expression in T2DM mice

Additionally, we postulated that the impact of TMSP1 on alleviating 
hyperglycemia symptoms may be closely associated with the rein-
forcement of the intestinal barrier. As shown in Fig. 13(A), in the NG 
group, the colonic villi were arranged closely and neatly, with a mod-
erate intestinal wall thickness and no apparent injury. In the MG group, 
villi exhibited disorganization and swelling, the intestinal wall showed 
vacuolation and necrosis, and there was increased infiltration of in-
flammatory cells. Following polysaccharide intervention, the damage to 
intestinal tissue and villus lesions in mice were alleviated to varying 
degrees, leading to improved tissue integrity.

The presence of transmembrane proteins is essential for maintaining 
the integrity of the intestinal barrier, thereby preventing harmful sub-
stances such as endotoxins and pathogens from entering the blood-
stream (Chen et al., 2021). The immunofluorescence method was 
utilized to evaluate the expression of ZO-1 and occludin in colon tissues 
(Fig. 13B–D), revealing a significant reduction in their expression in the 

Fig. 10. Effects of TMSP1 on activities of SOD and GSH-Px and the concentrations of MDA. (A) GSH-Px, (B) SOD, (C) MDA. Each group of mice was given the 
corresponding dose of TMSP1 for 6 weeks. Data are expressed as the means ± SEM (n = 10). Values with different letters are significantly different (P < 0.05). 
(TMSP1: Trichosanthes kirilowii Maxim. homogeneous polysaccharide, NG: normal group, MG: mellitus control group, PG: Positive Control Group, L-TMSP1: low dose 
TMSP1, M-TMSP1: middle dose TMSP1, H-TMSP1: high dose TMSP1, GSPx: glutathione peroxidase, SOD: superoxide dismutase, MDA:malondialdehyde).
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MG group. After the administration of polysaccharides, particularly in 
the M-THSP1 and H-TMSP1 groups, there was a significant restoration of 
the STZ-induced decrease in ZO-1 and occludin expression. This suggests 
that supplementation with polysaccharides may enhance the expression 
of tight junction proteins to protect against damage to the intestinal 
mechanical barrier caused by disease. Therefore, Trichosanthes kirilowii 
Maxim. polysaccharide could improve the intestinal barrier function of 
diabetic mice.

3.11. Intestinal microbiota analysis

The results of the OTU cluster analysis using the optimized clean tags 
are depicted in Fig. 14(A). It is evident from the figure that there were 74 
unique OTUs in the NC group, 28 OTUs in the MG group, and 23 OTUs in 
the H-TMSP1 group. The dilution curve and Shannon-Winner curve are 
primarily indicative of the sequencing depth and microbial diversity in 
the samples. As random sequencing increases, more OTUs are discov-
ered, causing the dilution curve to rise before reaching a plateau, indi-
cating that the amount of sequencing data was appropriate (Fig. 14 B). 
Shannon-Winner curve (Fig. 14 C) continued to rise and reached a 

Fig. 11. Pathological changes of kidney, and scale bar = 50 μm. (A) NG group, (B) MG group, (C) L-TMSP1 group, (D) M-TMSP1 group, (E) H-TMSP1 group, (F) PG 
group, (G) The renal pathology score of each group. Each group of mice was given the corresponding dose of TMSP1 for 6 weeks. (TMSP1: Trichosanthes kirilowii 
Maxim. homogeneous polysaccharide, NG: normal group, MG: mellitus control group, PG: Positive Control Group, L-TMSP1: low dose TMSP1, M-TMSP1: middle dose 
TMSP1, H-TMSP1: high dose TMSP1).
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plateau, indicating that the sequencing data is adequate for capturing 
the complete diversity of bacterial flora (Wu et al., 2021). The α di-
versity index reflects the richness and diversity of the microbial com-
munity. Moreover, Shannon index reflects microbial richness, while the 
Simpson index and Chao1 index primarily reflect microbial diversity 
(Lunken et al., 2021). The Shannon index of intestinal flora in mice from 
the MG group, as shown in Fig. 14(D), exhibited the highest level, 
indicating a significant difference compared to both the NG group and 
H-TMSP1 group (P < 0.05). This suggests a notable increase in the 
abundance of flora in type 2 diabetes mice induced by a high-fat diet and 
STZ. After 6 weeks of TMSP1 intervention, the abundance of intestinal 
flora in diabetic mice decreased significantly, indicating that TMSP1 
could alleviate the disorder of intestinal flora in mice to a certain extent. 

The Simpson index and Chao1 index of intestinal flora in the MG group 
exhibited the highest values, indicating a significant increase in micro-
bial diversity. Following 6 weeks of polysaccharide treatment, there was 
a notable decrease in the diversity of intestinal flora in diabetic mice. β 
diversity analysis primarily served to illustrate the similarity of intesti-
nal flora composition among different samples (Wang et al., 2022b). 
Principal co-ordinates analysis (PCoA) reflects the similarity or differ-
ence of sample community composition (Wu et al., 2022c). Fig. 14(F) 
clearly demonstrates a distinct separation in the PC2 ordinate dimen-
sion, with the MG group being significantly different from both the NG 
group and H-TMSP1 group, indicating significant differences in com-
munity composition between the MG group and the other groups, while 
showing minimal distinctions between the NG group and H-TMSP1 

Fig. 12. Pathological changes of liver, and scale bar = 50 μm. (A) NG group, (B) MG group, (C) L-TMSP1 group, (D) M-TMSP1 group, (E) H-TMSP1 group, (F) PG 
group, (G) Calculated histological scores. Each group of mice was given the corresponding dose of TMSP1 for 6 weeks. (TMSP1: Trichosanthes kirilowii Maxim. 
homogeneous polysaccharide, NG: normal group, MG: mellitus control group, PG: Positive Control Group, L-TMSP1: low dose TMSP1, M-TMSP1: middle dose 
TMSP1, H-TMSP1: high dose TMSP1).
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group. Fig. 14(E) showed that the MG group was separated from the 
other groups. However, the NG group and H-TMSP1 group distributed in 
the same region of the two-dimensional planar graph composed of PC1 
and PC2. The results showed that the intestinal flora structure of mice in 
H-TMSP1 group was significantly changed compared with that in MG 
group.

To identify the specific bacterial groups within the intestinal 
microbiota of each group, a linear discriminant analysis (LDA) threshold 
of 3 was set. Additionally, the linear discriminant analysis effect size 
(LEfSe) was utilized to analyze differences at all classification levels in 
the intestinal microbiota of mice (Duan et al., 2022). As can be seen from 
Fig. 15(A–B), more dominant flora appeared in NG group at different 
classification levels. At the order level, Burkholderiales, Ocean-
ospirillales, Aeromonadales and Sphingobacteriales were the dominant 
microflora of NG group mice. At the phylum level, Proteobacteria was 
the dominant microflora. Moreover, at the family level, Alcaligenaceae, 
Halomonadaceae, Aeromonadaceae, Sphingobacteriaceae and Pseudo-
manad were the dominant microflora. At the genus level, Halomonas, 
Erysipelothrix, Oceanisphaera and Pseudomonas were the dominant 
microflora. in addition, Rhodospirillales, Hungateiclostridiaceae and 
Clostridia were the dominant microflora in H-TMSP1 group. However, 
only Marinifilaceae was the dominant bacterial in MG group. Bacterial 
abundance was measured at different taxon levels to confirm the 
changes of intestinal microbial structure induced by TMSP1 interven-
tion. As shown in Fig. 15(C), all groups had five dominant phyla 

(Firmicutes, Bacteroidota, Deferribacterota, Desulfobacterota, Desulfo-
bacterota and Campilobacterota). Firmicutes was higher in MG group 
than that in NG group, Bacteroidota was lower in NG group, and sup-
plementation with TMSP1 reversed these changes. Previous study has 
shown that their ratio (Firmicutes/Bacteroidota F/B) was related to in-
testinal absorption capacity (Ribovski et al., 2021). F/B in MG group was 
the highest, and the absorption capacity of MG group mice was the best. 
NG group and H-TMSP1 group had low F/B and weak nutrient absorp-
tion ability, which helped to reduce the blood sugar level of mice. The 
abundance of Deferribacterota and Desulfobacterota in MG group were 
higher than those in NG group and H-TMSP1 groups. After 6 weeks of 
TMSP1 intervention, the abundance of these two phyla decreased in 
mice. It has been reported that hydrogen sulfide is the main product of 
Deferribacterota and Desulfobacterota. High concentration of hydrogen 
sulfide may destroy intestinal cells due to its toxicity, and is genotoxic 
and cytotoxic to animal cells. The generic level composition of bacterial 
types is shown in Fig. 15(D), Muribaculaceae, Mucispirillum, Lachnospir-
aceae_NK4A136_group, Helicobacter and Alistipes account for the majority 
of the total species at the genus level, and belonging to the dominant 
flora at the genus level. The MG group had a higher Muribaculaceae 
abundance and a lower Mucispirillum abundance than the NG group. 
After polysaccharide intervention, the abundance of beneficial bacteria 
Mucispirillum, Lachnospiraceae and Alistipes were increased. Previous 
studies have shown that Mucispirillum is a dominant bacterial group in 
the intestinal tract of mice, which can metabolize and produce SCFAs 

Fig. 13. (A) Histopathological staining in colon, (B–C) Representative fluorescent images of Occludin and ZO-1 in colon tissues, (D) The fluorescence intensity of 
Occludin and ZO-1. Data are expressed as the means ± SEM (n = 10). Each group of mice was given the corresponding dose of TMSP1 for 6 weeks. Values with 
different letters are significantly different (P < 0.05). (TMSP1: Trichosanthes kirilowii Maxim. homogeneous polysaccharide, NG: normal group, MG: mellitus control 
group, PG: Positive Control Group, L-TMSP1: low dose TMSP1, M-TMSP1: middle dose TMSP1, H-TMSP1: high dose TMSP1, ZO-1: zonulaoccluden-1, DAPI: 4′,6- 
Diamidino-2-phenylindole).
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Fig. 14. (A) Venn diagram of the OTUs number in each group,(B) Rarefaction Curve, (C) Shannon-Winner Curve, (D) α diversity analysis, (E) β diversity analysis. 
Each group of mice was given the corresponding dose of TMSP1 for 6 weeks. (TMSP1: Trichosanthes kirilowii Maxim. homogeneous polysaccharide, NG: normal group, 
MG: mellitus control group, H-TMSP1: high dose TMSP1).
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(Zhang et al., 2020b). In addition, Lachnospiraceae, an important pro-
ducer of SCFAs, is able to provide energy and selectively up-regulate the 
expression of tight junction proteins, which can promote the integrity of 
intestinal epithelium (Yi et al., 2020). Alistipes is considered to be a 
genus of intestinal bacteria that can regulate metabolism, improve 

intestinal immunity, and promote the body’s resistance to diseases 
(Cheng et al., 2020). Therefore, the fermentation of TMSP1 can increase 
the beneficial microorganisms and reduce the relative abundance of 
helicogenic bacteria, and regulate the structure of intestinal flora and 
improve intestinal health.

The functional prediction analysis of intestinal bacteria in mice in 
each group was shown in Fig. 16. The enriched KEGG pathways were 
screened, and the pathways with an average value < 0.01% were 
excluded and 9 KEGG Level pathways were mainly enriched. Function 
prediction at level 3 based on KEGG is shown the intestinal flora of MG 
group and H-TMSP1 group were significantly different in terms of 
Typtophan metabolism, Chlorocyclohexane and chlorobenzene degra-
dation, Secondary bile acid biosynthesis, Primary bile acid biosynthesis, 
Chloroalkane and chloroalkene degradation, Ascorbate and aldarate 
metabolism, Caprolactam degradation, Phosphotransferase system and 
Protein processing in endplasmic reticulum (P < 0.05). By comparison, 
it was found that after polysaccharide intervention 6, the metabolism of 
Typtophan in the intestinal flora of mice was enhanced. At the same 
time, the degradation pathways of Chlorocyclohexane, chlorobenzene, 
Chloroalkane, Caprolactam and chloroalkene also increased. in addi-
tion, the intervention of polysaccharide also had promoting effect on 
Phosphotransferase system and Protein processing.

In order to explore the changes of functional genes of mouse intes-
tinal flora in metabolic pathways, STAMP difference analysis was per-
formed on the intestinal flora of mice in each group (Sanna et al., 2019). 
As can be seen from Fig. 17(A), STZ could change the functional abun-
dance of 18 mice intestinal flora, among which 6 functional abundance 
was increased and 12 functional abundance was decreased. Increased 
feature abundance was primarily related to transport and metabolism, 
cell community, signal transduction, synthesis of secondary metabolites, 
environmental adaptation and endocrine and metabolic diseases. In 
addition, the reduced functional abundance is mainly related to 
signaling molecules and interactions, nervous system, membrane 
transport, nucleotide metabolism, lipid metabolism, and so on, which 
indicated that STZ induced changes the metabolic capacity of intestinal 
flora in mice. 6 weeks after polysaccharide intervention, the functional 
abundance of intestinal flora in mice also changed, with a total of 11 
functional abundance changes: 7 functional abundance was significantly 
increased, and 4 functional abundance was significantly decreased. This 
involves metabolic systems such as amino acid metabolism, transport 
and catabolism, lipid metabolism and synthesis of secondary metabo-
lites, as well as major diseases such as endocrine and metabolic diseases, 
immunological diseases (Fig. 17(B)). It can be concluded that after 
metabolism of TMSP1 in mice, the type and abundance of intestinal flora 
was changed, so as to regulating the hypoglycemic ability of mice.

3.12. Serum biochemical detection of recipient mice after FMT 
experiment

With the development of intestinal microbiology, fecal microbiome 
transplantation technology has attracted more and more attention. FTM 
is a kind of technical means to reconstruct intestinal microecosystem by 
transplanting intestinal microbes from healthy donors into the intestines 
of diseased recipients. As shown in Fig. 18(A), compared with the body 
mass of mice in the MG-FMT group, the body weight of mice in the H- 
TMSP1-FMT group increased significantly from 0 to 8 weeks of the 
experiment, with statistical significance (P < 0.05). The results of OGTT 
experiment showed that compared with MG-FMT group, the area under 
OGTT curve of mice in MG-FMT group showed a decreasing trend 
(Fig. 18(B)). The blood glucose of the recipient mice decreased by 
20.81% after transplanting the intestinal microbes of the donor mice 
with Trichosanthes kirilowii Maxim polysaccharide. Zhou’s research 
showed that after receiving Lycium barbarum polysaccharide through 
fecal bacteria transplantation, the blood sugar of the recipient mice 
decreased by 16.34% (Zhou et al., 2022b). At the same time, the result of 
FINS and TBIL concentrations revealed that compared with MG-FMT 

Fig. 15. (A) Branch diagram visualizes LEfSe analysis results, (B) The most 
significant difference in intestinal microbiota was found among the groups after 
LDA, (C–D) compositional changes of gut microbes at the phylum/genus level. 
Each group of mice was given the corresponding dose of TMSP1 for 6 weeks. 
(TMSP1: Trichosanthes kirilowii Maxim. homogeneous polysaccharide, NG: 
normal group, MG: mellitus control group, H-TMSP1: high dose TMSP1, H- 
TMSP1-FMT: microflora of H-TMSP1 group was injected into recipient mice, 
MG-FMT: microflora of MG group was injected into recipient mice).
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group, the FINS and TBIL concentrations in H-TMSP1-FMT group were 
significantly decreased (P < 0.05) (Fig. 18(C)). However, the result of 
glycogen concentrations showed an obviously opposite trend (Fig. 18
(D)). In addition, the AUC of blood glucose curves in H-TMSP1-FMT 
group (1625.4 mmol/L⋅min) decreased by 9.90% compared with 
MG-FMT group (1803.8 mmol/L⋅min), which was consistent with the 
above results. These results suggested that TMSP1 could restore the 
intestinal microbial structure of type 2 diabetic mice, and effectively 
inhibit the disorder of glucose and lipid metabolism of high-fat diet mice 

through FTM.

4. Conclusion

In conclusion, we purified a homogeneous polysaccharide (TMSP1) 
from Trichosanthes kirilowii Maxim, and further confirmed the hypo-
glycemic effects of TMSP1. At the same time, the changes of intestinal 
flora composition and function after TMSP1 treatment were revealed. 
Our results showed that TMSP1 intervention decreased lipid 

Fig. 16. (A) Predictive functional profiling of microbial communities by PICRUSt. (B) Comparison of tryptophan metabolism of each group, (C) Comparison of 
chlorocyclohexane and chlorobenzene degradat of each group, (D) Comparison of chloroalkane and chloroalkene degradation of each group, (E) Comparison of 
Caprolactam degradation of each group, (F) Comparison of Phosphotransferase system (PTs) of each group, (G) Comparison of Protein processing in endoplasmic 
reticulum of each group. Each group of mice was given the corresponding dose of TMSP1 for 6 weeks. (TMSP1: Trichosanthes kirilowii Maxim. homogeneous 
polysaccharide, NG: normal group, MG: mellitus control group, H-TMSP1: high dose TMSP1).
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accumulation, ameliorated gut microbiota dysbiosis by increasing 
SCFAs-producing bacteria and mitigated intestinal inflammation and 
oxidative stress, and restored the integrity of the intestinal epithelial 
barrier and mucus barrier. At rhe same time, TMSP1 exerted hypogly-
cemic effect through regulating intestinal flora to a certain extent. In 
summary, this study provides a new understanding of the hpyerglycemic 
mechanism of polysaccharide, which provides a theoretical basis for the 
development of Trichosanthes kirilowii Maxim as a potential functional 
food. However, there are limitations in our study regarding the 

transformation of SCFA by gut microbiota and the hypoglycemic effects 
of different sources of Trichosanthes kirilowii Maxim polysaccharides. 
This study provided the preliminary work and reference for the devel-
opment of Trichosanthes kirilowii Maxim polysaccharide as a functional 
food for hypoglycemia.
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