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A B S T R A C T

This study aimed to evaluate the effects of gastrointestinal digestion on the physicochemical properties and 
hypoglycemic activity of extracellular polysaccharides from Morchella esculenta (MEPS). The results showed that 
the MEPS digestibility was 22.57 % after saliva-gastrointestinal digestion and only partial degradation had 
occurred. Contrarily, after 48 h of fecal fermentation, its molecular weight and molar ratios of the mono
saccharide composition varied significantly due to being utilized by human gut microbiota, and the final 
fermentation rate was 76.89 %. Furthermore, the MEPS-I, the final product of saliva-gastrointestinal digestion 
still retained significant hypoglycemic activity, it alleviated insulin resistance and increased the IR cells glucose 
consumption by activating PI3K/AKT signaling pathway. MEPS-I treatment reduced the proportion of Firmicutes 
to Bacteroidetes, and the relative abundance of beneficial bacteria that enhanced insulin sensitivity and glucose 
uptake was promoted. This research can provide a theoretical basis for the further development of Morchella 
esculenta as a health functional food.

1. Introduction

Edible fungi have gradually become an important part of people's 
daily diet due to their rich nutrients and significant medicinal properties 
(Zhang et al., 2021). Recently, a large number of researchers have 
extracted, characterized and analyzed the bioactive components in 
various edible fungi, such as polysaccharides, peptides and phenols 
(Wang, Wang, Xu, & Ding, 2017). Among them, polysaccharides have 
attracted much attention due to their great therapeutic potential and 
have been proven to possess a variety of biological activities such as 
immunoregulation, anti-tumor and hypoglycemic properties (Ma et al., 
2022). Polysaccharides from edible fungi are generally divided into 
fruiting polysaccharides, as well as intracellular and extracellular 
polysaccharides by submerged fermentation. There are some differences 
in chemical structure and active functions of polysaccharides from 
different sources (Wu et al., 2023).

As a complex metabolic disease, diabetes mellitus (DM) is charac
terized by abnormal insulin metabolism, hyperglycemia and dyslipide
mia, and is accompanied by some complications (Wang et al., 2017). 

Insulin is a pivotal hormone in the regulation of blood glucose, but in
sulin resistance hinders insulin's function of maintaining glucose and 
lipid homeostasis, which is closely associated with all stages of DM, 
including prediabetes, diabetes and its complications (Khalid, Alkaabi, 
Khan, & Adem, 2021; Zhao et al., 2023). Due to the side effects of 
various oral drugs used to treat diabetes, researchers have focused the 
development of drugs to improve IR and lower blood glucose using 
natural active ingredients with lower side effects (Xu, Li, Dai, & Peng, 
2018). Studies found that biologically active polysaccharides from 
edible mushrooms could effectively prevent and control the develop
ment of diabetes and its complications by inhibiting cell oxidative stress, 
alleviating IR, regulating glucose and glycogen metabolism (Cai et al., 
2020; Liu et al., 2020; Xiang, Sun-Waterhouse, & Cui, 2021). Research 
has also shown that polysaccharides from Ganoderma lucidum, Cordyceps 
militaris, Lentinula edodes and Poria cocos can alleviate and improve 
diabetes by regulating gut microbiota (Yu, Luo, Liu, & Peng, 2023).

Generally, the bioavailability of polysaccharides depends not only on 
their physicochemical properties and structural characteristics, but also 
on their absorption and utilization by the human digestive system. 
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Owing to the special structure of polysaccharides, their degradation 
ability showed significant differences at different digestion processes in 
the human body. Previous studies have shown that the pH, bile salts, and 
digestive enzymes in the mimic digestive juice may change the physi
cochemical properties and active function of polysaccharides (Chen 
et al., 2016).

But for a few polysaccharides from Lycium barbarum and Gracilaria 
lemaneiformis, it has been found that their physicochemical properties 
did not change (Ding et al., 2019; Han et al., 2020).Previous studies in 
our laboratory have found that the extracellular polysaccharide from 
Morchella esculenta by submerged fermentation (MEPS) showed strong 
starch digestive enzyme inhibition and has a potential hypoglycemic 
effect (Guo et al., 2024). However, the digestion and fecal fermentation 
behavior of MEPS and the hypoglycemic mechanism are still unclear. 
Hence, this study intends to evaluate the changes in physicochemical 
properties and hypoglycemic activity of MEPS through the simulated 
digestion in vitro. More importantly, based on the IR-HepG2 cell model 
and the fecal fermentation model, its hypoglycemic mechanism was 
further revealed from the gene level and gut microbiota perspective 
using the qRT-PCR method and 16S rRNA sequencing techniques.

2. Materials and methods

2.1. Materials and reagents

The Morchella esculenta strain (No. CICC14033) was purchased from 
China Center of Industrial Culture Collection, Beijing, China. Dulbecco's 
modified eagle medium (DMEM) and fetal bovine serum (FBS) were 
acquired from Gibco, CA, USA. Pepsin, pancreatin, trypsin and L- 
cysteine hydrochloride were purchased from Beijing Solarbio Science & 
Technology Co. Ltd., Beijing, China. Acarbose, α-amylase, α-glucosidase, 
pig bile salt, hemin, vitamin k1, insulin and metformin were acquired 
from Shanghai Yuanye Bio-Technology Co. Ltd., Shanghai, China. All 
other chemicals and reagents used in this study were of analytical grade.

2.2. Preparation of the MEPS

The preparation of extracellular polysaccharides from Morchella 
esculenta by submerged fermentation is shown in Fig. 1. The Morchella 
esculenta strain was activated on potato dextrose agar (PDA) medium. 
Four pieces of mycelia cakes were inoculated in potato dextrose broth 
(PDB) medium (25 ◦C, 4 days) to prepare seed liquid. Then, the extra
cellular polysaccharide fermentation process was carried out in a 5 L 
automatic fermenter for five days. The fermentation fluid was concen
trated to 1/10 of the original volume under reduced pressure 
(0.07–0.08 MPa), then 3× the volume of 95 % ethanol was added and 
the polysaccharide precipitate was isolated after overnight storage in the 

refrigerator at 4 ◦C.
Then, the polysaccharide precipitate was dissolved in distilled water, 

mixed with one-quarter volume of Sevag reagent (chloroform: n- 
butanol, 4:1 v/v) to remove protein, and this process was repeated until 
no white precipitate appeared. Then, the resulting liquid was dialyzed 
and lyophilized to obtain the crude polysaccharide.

The 10 mg/mL crude polysaccharide solution was prepared and 
loaded in DEAE-52 cellulose column (2.5 × 50 cm) after the impurities 
were removed by 0.45 μm filters (Solarbio Science & Technology Co., 
Ltd., Beijing, China). Distilled water and NaCl solutions (0.1–0.5 M) 
were used as elution solutions. 0.1 M NaCl elution fraction were 
collected, concentrated, and loaded on a Sephadex G-75 gel permeation 
column (2.5 × 50 cm), distilled water was used as elution solution. And 
then the polysaccharide fractions were detected, dialyzed and lyophi
lized. The final purified product was named MEPS.

2.3. Simulated saliva-gastrointestinal digestion

Pre-preparation of the simulated salivary (SS), simulated gastric (SG) 
and simulated intestinal (SI) electrolyte solutions were prepared ac
cording to the previous method with minor modifications (Ma et al., 
2022).

2.3.1. Salivary digestion
α-Amylase (0.5 g) was dissolved in in 100 mL SS to prepare the 

salivary digestion model. Then, the MEPS solution (10 mg/mL) was 
mixed with the salivary model that was preincubated at 37 ◦C (1:2, v/v) 
in a thermostatic shaker (Shanghai Yiheng Technology Co., Ltd., 
Shanghai, China). Afterwards, the obtained salivary digestive mixture 
was incubated at 37 ◦C for 2 min.

2.3.2. Gastric digestion
Pepsin (0.035 g) was dissolved in 100 mL SG to prepare the gastric 

digestion model, then 100 mL of simulated gastric solution was mixed 
with an equal volume of salivary digestive mixture, and this mixture was 
cultured at 37 ◦C for 2 h.

2.3.3. Intestinal digestion
Trypsin (0.015 g) and pig bile salt (0.40 g) were dissolved in 100 mL 

SI to prepare the simulated intestinal fluid digestion model, then mixed 
with the simulated gastric digestion mixture (3:10, v/v). The mixture 
was then cultured at 37 ◦C for 2 h.

2.3.4. Treatment of saliva-gastrointestinal digestion products
The above digestive mixture of the salivary, gastric and intestinal 

stages was boiled in a 100 ◦C hot water for 5 min to deactivate the 
enzyme. The supernatant was obtained by centrifugation at room 

Fig. 1. Preparation of MEPS via submerged fermentation.
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temperature (8000 rpm, 5 min) to measure the reducing sugar concen
tration using the DNS method. Furthermore, the residual supernatant 
after dialysis and lyophilization was used for subsequent analysis of the 
physicochemical properties and activity. In the blank group, distilled 
water was used instead of polysaccharides, and the salivary, gastric and 
intestinal digestive products were named MEPS-S, MEPS-G and MEPS-I, 
respectively.

2.4. In vitro fecal fermentation of MEPS

The basal nutrient medium was prepared according to the previous 
method with slight modifications (Tian et al., 2023b), the MEPS-I that 
could not be digested was further employed for in vitro fecal fermenta
tion. Eight healthy volunteers (four females and four males) aged 20–25 
years who had not taken any antibiotics within the last six months 
provided fecal samples. Basal medium (9.0 mL) containing 100.0 mg 
polysaccharide was mixed with fecal slurry (1.0 mL) to initiate simu
lated large intestine fermentation. Under the same conditions, the me
dium containing fructo-oligosaccharides (FOS) was used as positive 
control. Samples were collected after 6 h, 12 h, 24 h and 48 h of fecal 
fermentation and labeled as MEPS-I-F6, MEPS-I-F12, MEPS-I-F24 and 
MEPS-I-F48, respectively. Then, the above samples were stored at 
− 80 ◦C in a freezer for subsequent experiments and each treatment was 
repeated three times.

2.5. Physicochemical properties analyses

2.5.1. Analysis of the chemical components
Total carbohydrate content was assessed using the phenol‑sulfuric 

acid method with D-glucose as the standard (Yuan et al., 2020). Protein 
content was determined by the Coomassie brilliant blue method with 
bovine serum albumin (BSA) as the standard. The uronic acid (UA) 
content was measured with D-galacturonic acid as standard 
(Blumenkrantz & Asboe-Hansen, 1973). The reducing sugar content was 
determined by the 3,5-dinitrosalicylic acid (DNS) method with D- 
glucose as standard.

2.5.2. Determination of the monosaccharide composition
The method of high-performance anion-exchange chromatography 

(HPAEC) was used to measure the monosaccharide composition. Poly
saccharide samples were hydrolyzed with trifluoroacetic acid (2 M), 
after drying by nitrogen and washing 2–3 times with methanol. The 
residue was dissolved in deionized water (1 mL) and filtered through a 
0.22 μm microporous membrane for subsequent analysis.

2.5.3. Determination of the molecular weight
The polysaccharide sample with a concentration of 1 mg/mL was 

prepared with a mixture of 0.02 % sodium azide (NaN3) and 0.1 m so
dium nitrate (NaNO3), and filtered through a 0.45 μm pore size filter 
membrane. The SEC-MALLS-RI liquid phase system U3000 and Optilab 
T-rEX differential detector (Thermo Fisher Scientific) were used for the 
determination.

2.5.4. Evaluation of bioactivities
The inhibitory activity of different polysaccharide samples against 

α-amylase and α-glucosidase were determined according to previous 
reports (Cao, Huang, Zhang, Li, & Fu, 2018; Ren et al., 2017). According 
to the previous method, the concentration of polysaccharide sample was 
determined to be 8 mg/mL (Dou, Chen, & Fu, 2019).

2.6. Analysis of the hypoglycemic mechanism

2.6.1. Cell culture and cytotoxicity assay
Cells were transferred to a T25 cell culture flask containing DMEM 

complete medium and placed in a carbon dioxide incubator (5 % CO2, 
37 ◦C) for culture. The viability of the HepG2 cells was detected by the 

CCK-8 kit (Biosharp, Beijing, China). After treatment with different 
concentrations of MEPS-I (2 mg/mL - 10 mg/mL) samples for 24 h and 
48 h, viability was determined as a percentage of the untreated control 
group. The group without the HepG2 cell system served as the blank 
control. Under normal conditions, the medium was changed daily and 
when the cell density reached 80 % - 90 %, cell passage and other ex
periments were performed.

2.6.2. Establishment of the IR-HepG2 cell model
HepG2 cells were seeded in 96-well plates at a density of 1 × 105 

cells/well, and the cells grew on the wall. When the cells grew to 80 % - 
90 % confluence, the experiment was performed. DMEM with different 
concentrations of insulin (10–5 mol/L, 10–6 mol/L, 10–7 mol/L, 10–8 
mol/L) replaced the old medium to induce culture for 12 h, 24 h, 36 h, 
48 h, and 60 h, respectively. Then, the glucose content in the superna
tant of the sample was determined using a glucose kit (Nanjing Jian
cheng Institute of Biological Engineering, Nanjing, China). The 
significant difference in glucose content was considered to be a suc
cessful IR model.

2.6.3. Glucose uptake assay
After inoculation and modeling according to the methods of 2.6.1 

and 2.6.2, the old medium was replaced with fresh medium containing 
different concentrations of MEPS-I. Then, the glucose content in the 
supernatant was determined after 24 h of culture. The positive control 
was metformin (MET) (4 mg/mL) as the carbon source, the blank group 
only contained medium and the negative control group was normal 
growth of HepG2 cells.

2.6.4. Quantitative real-time PCR (RT-PCR) analysis
QRT-PCR analyses were performed with reference to previous 

methods and in conjunction with the kit instructions (Sun et al., 2024). 
Total RNA of the treatment groups was isolated using Trizol reagent 
(Tiangen Biotech Co. Ltd., Beijing, China), and reverse transcription was 
performed using the cDNA reverse transcription kit (Tiangen Biotech Co. 
Ltd., Beijing, China). All primers were designed by Primer 5.0 software 
and synthesized by Beijing Qingke Biotechnology Co. Ltd., Beijing, 
China. SYBR ® GREEN Pro Taq HS qPCR Kit (Accurate Biotechnology 
Co. Ltd., Hunan, China) was used for the RT-PCR analysis. The primer 
sequences of phosphatidylinositol 3-kinase (PI3K), glucose transporter 4 
(GLUT4), adenosine 5′-monophosphate (AMP)-activated protein kinase 
(AMPK), protein kinase B (AKT) are shown in supplementary informa
tion Table s1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
was used as the internal standard, the relative gene expression was 
calculated using the 2-ΔΔCt method.

2.6.5. Analysis of pH, SCFAs during in vitro fermentation
The pH value of the fermentation samples at different fermentation 

times was determined by a pH meter (Inase Scientific Instrument Co., 
Ltd., Shanghai, China).

Single and total SCFA content at different fermentation times was 
determined by Shimadzu GCMS-QP2020 NX (Shimadzu, Kyoto, Japan), 
using 2-methylvaleric acid as the internal standard. In brief, after adding 
0.2 mL H2SO4 (50 %, v/v) and 0.1 mL internal standard (0.79 mM) to 2 
mL of fermentation broth, the mixture was vortexed for 5 min and then 
placed at 4 ◦C for 1 h. Then, 2 mL ethyl acetate was added. After 
centrifugation (8000 rpm, 10 min), the upper organic phase was taken 
for GC/MS analysis. An OV-1701 capillary column (30 mm × 0.25 mm 
× 0.50 μm) was used. The injection volume was 1 μL, and the injection 
port temperature was 250 ◦C. The heating procedure was as follows; 
Temperature: 40 ◦C for 3 min, 4 ◦C/min to 230 ◦C, hold for 2 min. Each 
sample was detected three times independently.

2.6.6. Analysis of gut microbiota
After 48 h fermentation, the total bacterial DNA was extracted using 

MagBeads FastDNA Kit for Soil kit (116564384) (MP Biomedicals, CA, 
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USA), and the V3-V4 region of the bacterial 16S rDNA was sequenced 
and analyzed by Shanghai Pasenuo Biotechnology Co. Ltd., Shanghai, 
China. All results were based on sequenced reads and Amplicon 
Sequence Variants (ASVs).

2.7. Statistical analysis

All measurements were carried out in triplicate and the results are 
presented as the mean ± standard deviation (SD). ANOVA in accordance 
with Duncan's multiple comparisons was carried out using the IBM SPSS 
Statistics 27. P < 0.05 indicated statistical significance. Origin 2021 
software (OriginLab Corporation, USA) was used for drawing. The re
sults of the microbial diversity analysis data were plotted using tools 
such as QIIME2 (2019.4), R language, python language, ggplot2 pack
ages, scikit-bio packages and Venn diagram packages.

3. Results and discussion

3.1. Variations in physicochemical characteristics and hypoglycemic 
activity of MEPS during in vitro digestion and fermentation

3.1.1. Changes in reducing sugar (RS) contents of MEPS
Variation in reducing sugar content during in vitro digestion and 

fermentation process can reflect the degree of damage to the glycosidic 
bond in polysaccharides by digestive enzymes. Fig. 2 shows the Changes 

in RS contents of MEPS in vitro digestion and fermentation process. The 
RS content in MEPS did not change obviously during salivary digestion, 
the content of RS was only about 0.07 mg/mL, which shows that MEPS is 
not easily degraded during saliva digestion. Whereas the content of RS 
significantly increased to 0.217 mg/mL ± 0.001 mg/mL within gastro
intestinal digestion compared with saliva digestion, indicating that 
MEPS underwent slight hydrolysis during digestion due to the acidic 
environment. In general, some parts of the non-starch cell wall, such as 
polysaccharides, cannot be catalyzed by digestive enzymes, but lower 
pH can promote slight polysaccharide hydrolysis (Li et al., 2018). After 
48 h of fecal fermentation, the RS content in MEPS was 0.313 mg/mL ±
0.003 mg/mL, which was considerably higher than that in MEPS-I 
(0.217 mg/mL ± 0.001 mg/mL).

Previous studies have shown that gut microbiota can encode 
carbohydrate-active enzymes (CAZymes) that can degrade poly
saccharides, Among them，glycoside hydrolases are the largest and best 
studied class of CAZymes responsible for carbohydrate degradation, it 
can destroy glycosidic bonds in polysaccharides causing hydrolysis of 
polysaccharides and resulting in a significant increase in reducing sugar 
content (Porter & Martens, 2017; Wardman, Bains, Rahfeld, & Withers, 
2022).

3.1.2. Variation in chemical composition of MEPS
Determining the chemical composition of polysaccharides in the 

gastrointestinal tract is of great significance for evaluating their bio
logical activity and determining their bioavailability. The Changes in 
digestibility, fermentability and chemical composition of MEPS at 
different in vitro simulated digestion and fermentation stages are shown 
in Table 1. It can be seen that the total carbohydrate content in MEPS 
was 74.88 % ± 1.28 %, while the protein and uronic acids contents were 
6.38 % ± 0.47 % and 2.48 % ± 0.06 %, respectively, indicating that 
MEPS contains a large number of polysaccharides. Due to the MEPS 
being degraded by bile, enzymes and pH of the gastrointestinal digestive 
system during the digestion process (Wang et al., 2019), accompanied 
by a gradual decrease in polysaccharide and uronic acids contents, its 
final digestibility was 22.57 %. After 48 h of in vitro fecal fermentation, 
the fermentability of MEPS gradually increased to 76.89 %, the uronic 
acids and total carbohydrate contents decreased by 51.21 % and 22.43 
%, respectively, corresponding to the changes in reducing sugar content 
in Fig. 2 above. This further indicated that the indigestible MEPS can be 
degraded and utilized by gut microbiota.

To further analyze the digestion and fermentation characteristics of 
MEPS, and to evaluate its biological activity, the final saliva- 
gastrointestinal digestion product, MEPS-I, and fermentation product, 
MEPS-I-F48, selected to determine the changes in physicochemical 
properties, hypoglycemic activity and intestinal regulatory function.

3.1.3. Changes in monosaccharide composition, molecular weight and 
hypoglycemic activity of MEPS

The changes in monosaccharide composition and molecular weight 

Fig. 2. Changes in RS contents of MEPS in vitro digestion and fermenta
tion process.

Table 1 
Changes in digestibility, fermentability and chemical composition of MEPS at different in vitro simulated digestion and fermentation stages.

In vitro digestion of MEPS In vitro fecal fermentation of MEPS-I

Index (%) MEPS MEPS-S MEPS-G MEPS-I MEPS-I-F6 MEPS-I-F12 MEPS-I-F24 MEPS- 
I-F48

Digestibility/ 
fermentability _ 9.62 15.27 22.57 38.78 42.30 53.51 76.89

Total carbohydrate 74.88 ± 1.28a 73.81± 71.37± 69.60± 66.75± 64.02± 60.36± 58.83±
2.62ab 1.66bc 2.83cd 1.25de 0.78e 2.0f 1.60f

Total uronic acids 2.48±
0.06a

2.27± 2.19± 2.09± 2.02± 1.84± 1.76± 1.21±
0.05b 0.06bc 0.08bc 0.30cd 0.07de 0.07e 0.13f

Proteins
6.38±
0.47a

5.41± 5.23± 6.78± 6.91± 6.32± 5.45± 6.89±
1.04a 2.56a 4.64a 0.17a 0.42a 0.42a 1.28a

Notes: MEPS-S, MEPS-G and MEPS-I, MEPS digested by salivary digestion, saliva-gastric digestion and saliva-gastrointestinal digestion, respectively; MEPS-I-F6, MEPS- 
I-F12, MEPS-I-F24 and MEPS-I-F48, MEPS-I after in vitro fermentation for 6 h, 12 h, 24 h and 48 h, respectively.
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of MEPS can intuitively reflect its degradation and utilization grade by 
enzymes and gut microbiota in the digestive system. From Fig. 3A and 
Table 2, the monosaccharide composition profiles of MEPS, MEPS-I and 
MEPS-I-F48 were similar, which were composed of Fuc, Gal, Glc, Man 
and Glc-UA with different molar ratios. After digestion and fermentation 
in vitro, the MEPS molecular weight decreased from 121.168 kDa to 
50.772 kDa. We presumed that these results may be due to the 
involvement of different digestive enzymes and the pH environment 
during different digestion stages, as well as the involvement of gut mi
crobes at the fecal fermentation stage, which disrupt the internal MEPS 
glycosidic bonds, alter its degree of branching and lead to the release of 
monosaccharides from some branched chains into the digestive and 
fermentation fluid (Geng et al., 2023). Wang et al. (2018) also found that 
polysaccharides from Inonotus obliquus underwent aggregate destruction 

0

20
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80

100

Fig. 3. Changes in the characteristics and activity of MEPS during in vitro digestion and fermentation. (A) HPAEC chromatograms of changes in monosaccharide 
composition of polysaccharide during in vitro digestion and fermentation; (B) Inhibitory effects on α-amylase and α-glucosidase.

Table 2 
Effects of in vitro digestion and fermentation on molecular weight (Mw) and 
constituent monosaccharides of MEPS.

MEPS MEPS-I MEPS-I-F48

Mw (kDa) 121.168 71.513 50.772

Constituent monosaccharide and molar ratios (%)
Fucose (Fuc) 2.97 1.57 5.95
Galactose (Gal) 30.07 22.33 38.76
Glucose (Glc) 14.57 41.61 23.54
Mannose (Man) 44.47 27.79 27.06
Glc-Uronic Acid (Glc-UA) 7.92 6.70 4.70

Fig. 4. The establishment of the IR HepG2 cell model and effect of MEPS-I on HepG2 cell viability and glucose consumption. (A) Effect of MEPS-I on IR-HepG2 cell 
viability; (B) Effect of different insulin concentrations on glucose consumption of cells under 36 h treatment conditions; (C) Effect of different incubation times on 
glucose consumption of HepG2 cells at 10− 7 M insulin concentration; (D) Effect of MEPS-I on HepG2 cell glucose consumption.
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and glycosidic bond breakdown during simulated gastrointestinal 
digestion, resulting in the degradation of polysaccharides.

The physicochemical properties of polysaccharides are associated 
with their active functions such as anti-diabetic, anti-obesity, antioxi
dant, anti-inflammatory, anti-cancer and anti-aging functions (Zhang 
et al., 2024). To evaluate the hypoglycemic activity of polysaccharide in 
vitro simulated digestion and fermentation stages, the inhibitory effects 
of 8 mg/mL MEPS, MEPS-I and MEPS-I-F48 solutions on α-amylase and 
α-glucosidase were measured. Fig. 3B shows the changes in the inhibi
tory effect of MEPS on α-amylase and α-glucosidase activities during 
digestion and fermentation in vitro, the MEPS-I inhibition rate on 
α-amylase decreased by only 3.8 % when compared to MEPS, while the 
MEPS-I-F48 inhibition rate decreased by 13.19 %. The MEPS-I and 
MEPS-I-F48 inhibition rates on α-glucosidase were 5.76 % and 14.85 % 
lower than that of MEPS, respectively. This indicated that MEPS can 
maintain high digestive enzyme inhibitory activity during in vitro 
digestion and fermentation, especially its inhibitory effect on α-amylase, 
and can enter the intestine to exert its activity. However, it has been 
reported that the α-glucosidase and α-amylase inhibitory activities of 
Tea polysaccharides (TPS) and Opilia amentacea fruit polysaccharides 
(OAFP) were significantly enhanced after gastrointestinal digestion 
(Kasipandi et al., 2019; Li, Wang, Yuan, Pan, & Chen, 2018). This dif
ference may be related to the degree of glycosidic bond breakdown and 
the different types of monosaccharides produced after partial hydrolysis 
of polysaccharides.

3.2. Analysis of the hypoglycemic mechanism of MEPS-I

3.2.1. Effect of MEPS-I on HepG2 cell viability and glucose consumption
Insulin resistance can damage the liver, muscle and other peripheral 

tissues involved in blood glucose metabolism, causing blood glucose 
metabolism disorders in the body and increasing blood glucose con
centration (Nolan, Ruderman, Kahn, Pedersen, & Prentki, 2015). HepG2 
cells have the morphology and metabolic function of normal liver cells 
and maintain most liver functions, it is an ideal cell model for studying 

and developing potential hypoglycemic drugs and exploring hypogly
cemic mechanisms in vitro. In this study, the IR-HepG2 cell model was 
established to evaluate the hypoglycemic activity and mechanism of 
MEPS-I at the molecular level. Fig. 4A shows the effect of MEPS-I on IR- 
HepG2 cell viability. When the concentration of MEPS-I was 4 mg/mL, 6 
mg/mL and 8 mg/mL, there was no significant difference in the prolif
eration rate of the HepG2 cells when compared with the control group. 
Therefore, 4 mg/mL, 6 mg/mL and 8 mg/mL doses were used for sub
sequent experiments, which were named MEPS-I-LD, MEPS-I-MD and 
MEPS-I-HD, respectively.

The results of the IR-HepG2 cell model establishment are shown in 
Fig. 4B and C. The sensitivity of HepG2 to insulin was weakened and 
glucose could not be effectively absorbed and utilized, resulting in in
sulin resistance when HepG2 cell is cultured at 10–7 M insulin con
centration for 24 h. Therefore, the subsequent experiments were 
conducted to construct an IR HepG2 cell model by incubating HepG2 
cells with insulin at a concentration of 10− 7 mol/L for 24 h.

The MEPS-I effect on glucose uptake in IR HepG2 cells is shown in 
Fig. 4D. The glucose uptake of IR-HepG2 cells was 5.54 mM in the model 
group, which was much lower than that of normal HepG2 cells (14.28 
mM), indicating that the model was successfully established. After being 
treated with MEPS-I-LD, MEPS-I-MD and MEPS-I-HD for 24 h, compared 
to the model group, glucose uptake in the IR-HepG2 cells was signifi
cantly increased in a dose-dependent manner by 44.57 %, 68.74 %, and 
132.13 %, respectively, but lower than that of the positive control 
(141.34 %). The results indicated that MEPS-I can improve insulin 
resistance, regulate glucose metabolism, and increase glucose utilization 
in HepG2 cells. The potential mechanism may be related to the activa
tion of insulin signaling pathway and the increased expression of glucose 
transporters. For example, Xie et al. (2022) found that Polysaccharides 
from Enteromorpha prolifera improves insulin sensitivity in diet-induced 
obese mice associated with activation of PGC-1α-FNDC5/irisin pathway. 
Ganoderma lucidum polysaccharides significantly upregulated the 
mRNA and protein levels of GLUT4 and GS, thereby promoting glucose 
uptake and glycogen synthesis (Liu, Li, Zhang, Sun, & Zhang, 2019).

Fig. 5. Effect of MEPS-I on the activation of PI3K/AKT signaling pathways in IR-HepG2 cells. (A) PI3K mRNA; (B) GLUT4 mRNA; (C) AMPK mRNA; (D) AKT mRNA.
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3.2.2. Effect of MEPS-I on the PI3K/AKT signaling pathways of glycolipid 
metabolism pathway

Enhancing the biological effects of insulin is considered to be an 
effective way to treat IR, mainly through the transduction of insulin 
receptor activation, insulin receptor substrate phosphorylation, and 
other signaling pathways (Su, Tang, Luo, Xu, & Ouyang, 2023). At 
present, the research on the mechanism of IR is mostly focused on the 
level of insulin receptor, especially the PI3K/AKT signaling pathway, 
which are the main pathways to regulate glycolipid metabolism in ad
ipose tissue and plays a critical role in insulin signal perception and 
transduction (Feng, Liu, Xing, Zhong, & Zhou, 2021; Liu et al., 2023).

PI3K is a lipid kinase that mediates insulin metabolism. AKT is 
generally considered one of the main factors that initiate cellular 
signaling in the PI3K signaling pathway. GLUT4 is one of the important 
glucose transporters downstream of the PI3K/AKT signaling pathway. It 
can not only transport glucose to fat and muscle cells, but also uptake 
glucose to insulin reaction sites, thereby promoting cells uptake and 
utilization of glucose (Liu et al., 2020; Xiao et al., 2018). The activity, 
translocation and expression of GLUT4 are the key causes of insulin 
resistance in adipose tissue and IR caused by insulin signal blocking. In 
addition, AMPK, another important energy-sensing and metabolic 
regulator, is a serine/threonine kinase that initiates the PI3K/AKT 
signaling pathway and enhances insulin sensitivity (Zhou et al., 2021). 
The AMPK signaling pathway has been considered as a potential ther
apeutic target for the treatment of various diseases. Li et al. (2020) found 
that sesquiterpene glycosides (SGs) enhanced glucose metabolism and 
uptake in IR-HepG2 cells by stimulating AMPK signaling. In addition, 
AMPK can also affect renal inflammation, reduce renal cell apoptosis 
and increase GLUT4 expression by regulating the PI3K/AKT pathway, 
leading to a significant increase in glucose uptake (Entezari et al., 2022). 
Fig. 5 shows the changes in mRNA expression of PI3K, GLUT4, AMPK 
and AKT genes of IR-HepG2 cells after MEPS-I intervention. The mRNA 
expression of the four genes in the model group were significantly 
decreased compared to those of the blank group (p < 0.05), showing that 
the model was successful. However, the expression levels of PI3K, 
GLUT4, AMPK and AKT in IR-HepG2 cells were significantly increased 
compared to the model group after MEPS-I induction. In summary, the 

Fig. 6. The schematic of MEPS ameliorated insulin resistance by regulating the PI3K/AKT/ GLUT4/AMPK insulin signaling pathway.

Table 3 
Changes in pH and the contents of SCFAs at different time points of 
fermentation.

Treatment Time pH Short-chain fatty acids (mmol/L)

(h) Acetic 
acid

Propionic 
acid

Butyric 
acid

Total

BLANK 0
7.12 ±
0.3a, A

2.64 ±
1.75d, A

0.09 ±
0.05c, A

0.12 ±
0.11b, A

2.86 ±
1.60d, A

6
7.02 ±
0.11ab, A

4.34 ±
3.12cd, B

0.46 ±
0.06b, A

0.18 ±
0.01b, A

4.98 ±
3.17cd, B

12 6.86 ±
0.14bc, A

9.93 ±
1.48bc, B

0.94 ±
0.24a, A

0.18 ±
0.03b, B

11.05 ±
1.71bc, B

24
6.79 ±
0.13bc, A

14.19 ±
5.88b, B

0.97 ±
0.16a, A

0.22 ±
15.39b, 

A

15.39 ±
6.00b, B

48
6.70 ±
0.19c, A

21.09 ±
4.50a, C

1.14 ±
0.14a, B

0.52 ±
0.07a, A

22.75 ±
4.68a, C

FOS 0
7.02 ±
0.22a, A

5.09 ±
2.21d, A

0.24 ±
0.21c, A

0.11 ±
0.10b, A

5.44 ±
2.33d, A

6 5.41 ±
0.2b, C

12.34 ±
3.84cd, A

0.38 ±
0.03c, A

0.20 ±
0.06b, A

12.91 ±
3.94d, A

12
4.52 ±
0.13c, C

20.13 ±
4.22c, A

1.65 ±
0.60b, A

0.28 ±
0.02b, B

22.06 ±
4.77c, A

24
3.93 ±
0.02d, C

28.60 ±
6.01b, A

1.78 ±
0.73b, A

2.68 ±
0.81ab, A

33.07 ±
7.21b, A

48 3.78 ±
0.13d, B

45.03 ±
6.46a, A

6.30 ±
1.35a, A

4.84 ±
3.15a, A

56.17 ±
4.76a, A

MEPS-I 0 6.95 ±
0.19a, A

2.51 ±
1.21e, A

0.09 ±
0.01b, A

0.15 ±
0.01b, A

2.75 ±
1.23e, A

6
5.76 ±
0.14b, B

10.29 ±
2.33d, AB

0.41 ±
0.40b, A

0.80 ±
0.68ab, A

11.50 ±
1.88d, A

12
4.87 ±
0.11c, B

16.05 ±
4.32c, AB

0.97 ±
0.18b, A

1.64 ±
0.35ab, A

18.66 ±
4.82c, AB

24 4.11 ±
0.06d, B

25.88 ±
1.81b, A

1.00 ±
0.22b, A

2.84 ±
3.22ab, A

29.72 ±
5.08b, A

48
3.82 ±
0.11e, B

32.16 ±
1.95a, B

6.05 ±
6.20a, A

2.89 
±3.29a, 

A

45.56 ±
5.79a, B

Notes: Different capital letters (A-C) indicate significant differences among 
different groups (p < 0.05) at the same fermentation time point, while different 
lowercase letters (a-e) represent significant differences among different 
fermentation times (p < 0.05) in the same group.
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IR-HepG2 cell experiments in vitro showed that the extracellular poly
saccharide of Morchella esculenta can alleviate insulin resistance and 
increase glucose consumption of IR cells by activating the PI3K/AKT 
signaling pathway and up-regulating AMPK/GLUT4 mRNA expression 
(Fig. 6).

3.3. In vitro simulated fecal fermentation of MEPS-I

3.3.1. Effects of MEPS-I on pH and SCFAs
The pH values of the MEPS-I and FOS groups decreased steadily 

during the whole fecal fermentation process and it reduced from 6.95 to 
3.82 and from 7.02 to 3.78 after 48 h, respectively (Table 3). Addi
tionally, the pH value in the MEPS-I group decreased rapidly with 
fermentation progression, and lower than that in the blank group at the 
same fermentation time. The differences in the types and quantities of 
gut microbes in the fermentation systems of BLANK and MEPS-I may be 
the main cause of the pH differences. It is well known that mildly acidic 
conditions allow butyrate-producing bacteria to compete against gram- 
negative carbohydrate-utilizing bacteria, such as Bacteroides spp., which 
can maintain the homeostasis of the intestinal microorganisms (Colucci 
et al., 2024). In addition, the proliferation of harmful bacteria such as E. 
coli is inhibited in weak acidic environment (Tian et al., 2023a). 
Furthermore, after 12 h of fermentation, the MEPS-I group and FOS 
group pH values were < 5, that resulted in significant changes in the 
colony composition and metabolism of the intestinal microorganisms 
(Cao et al., 2023).

Studies have found that SCFAs are closely related to glucose ho
meostasis which can improve insulin sensitivity, maintain liver glucose 
and energy homeostasis (Gao et al., 2024). Acetic acid, the most com
mon SCFA in peripheral circulation, can improve insulin resistance and 
glucose tolerance in high-fat-fed mice (Saad, Santos, & Prada, 2016). 
Propionic acid is mainly produced by fermentation of mannose and 
glucose, which can inhibit cholesterol synthesis, prevent diet-induced 
obesity and improve insulin sensitivity (Fu et al., 2019). Also, butyric 
acid is the main energy source of colonic epithelial cells, supplementa
tion with it mainly decreases ectopic lipid deposition and inflammation, 
reverses obesity and insulin resistance (McNabney & Henagan, 2017). 
Therefore, this study further evaluated the potential effects of MEPS-I on 
the intestinal microenvironment by measuring the changes in the acetic 
acid, propionic acid and butyric acid contents during fermentation. As 
shown in Table 3, with the prolongation of fermentation time, the single 
and total SCFAs contents in each treatment group increased gradually. 
After 48 h fermentation, the acetic acid, propionic acid, and butyric acid 
contents in the MEPS-I group increased to 32.16 mmol/L ± 1.95 mmol/ 
L, 6.05 mmol/L ± 6.20 mmol/L and 2.89 mmol/L ± 3.29 mmol/L, 
which were 1.52×, 5.31× and 5.56× higher than those in the blank 
group, respectively, and the total SCFAs concentration (45.56 mmol/L 
± 5.79 mmol/L) was twice as high than that of the blank group (22.75 
mmol/L ± 4.68 mmol/L). The results of SCFAs also showed that acetate 
production accounted for the highest proportion of total SCFAs, it can be 
speculated that acetate-producing bacteria should be far more abundant 
than propionate, butyrate-producing bacteria. In addition, the total 
SCFAs in MEPS-I group was significantly higher than that in the Ophi
cordyceps sinensis, Cordyceps militaris and Volvariella volvacea poly
saccharide sample at the same fermentation time (Hu et al., 2023; Ji 
et al., 2020). In general, MEPS-I can be degraded and utilized by in
testinal microorganisms to produce more SCFAs, which has a good 
promoting effect on the proliferation of colonic probiotics.

3.3.2. Effects of MEPS-I on the modulation of gut microbiota
Gut microbial imbalance is also associated with the occurrence and 

progression of type II diabetes (Ma et al., 2019). The high-throughput 
sequencing of bacterial 16S rRNA was used to explore the effects of 
MEPS on human fecal microbiota after 48 h fermentation. The alpha 
diversity index (Chao 1, Observed species, Shannon, and Simpson) re
sults are shown in Table 4. These indices are often used to assess the 

Table 4 
Changes in Alpha diversity of samples between different groups.

Groups Index

Chao1 Observed 
species

Shannon Simpson Coverage

BLANK 427.13 ±
30.94a

399.60 ±
28.98a

3.85 ±
0.81a

0.81 ±
0.04a

0.9989 ±
0.0001b

MEPS- 
I

278.06 ±
14.55b

267.93 ±
9.59b

3.63 ±
0.12a

0.84 ±
0.02a

0.9995 ±
0.0002a

FOS
246.00 ±
35.61b

233.73 ±
38.41b

3.50 ±
0.02a

0.83 ±
0.00a

0.9995 ±
0.0001a

Notes: Different lowercase letters (a, b and c) show significant difference among 
different treatment groups (p < 0.05) in each column by a Tukey test.

Fig. 7. Compositions of gut microbiota using β diversity analysis and Venn diagram analysis among each group. (A) Principal co-ordinates analysis (PCoA); (B)Venn 
diagram analysis of gut microbiota at the ASV level.
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species abundance and diversity of the gut microbiota. The results 
showed that the Chao1 and Observed species indices of MEPS-I and FOS 
fermentation groups were significantly lower than those of the blank 
group (p < 0.05). Moreover, there was no significant difference in 
Shannon and Simpson indices, indicating that MEPS-I could reduce the 
richness of the microorganisms. This is consistent with the impact of 
polysaccharide from Ficus carica Linn on gut community richness (Han 
et al., 2022; Xu et al., 2024), which may be related to the competition of 
dominant flora.

Fig. 7 evaluates the microbial composition differences between 
different groups through β-diversity analysis and Venn diagram analysis. 
As shown in Fig. 7A, it shows that there is a clear clustering between gut 
microbiota composition obtained from the different groups and the 
specimens within each group clustered together. PCo1 and PCo2 

contributed 77.2 % and 14.6 % of the variation, respectively. Those data 
demonstrated that there were significant differences in gut microbiota 
composition between the three groups. Thus, MEPS-I, as a special carbon 
source, played a vital role in regulating the growth and metabolism of 
gut microbiota. Besides, the Venn diagram can directly show the rela
tionship and difference between microbial communities in different 
samples by comparing the similarity and uniqueness of ASV. According 
to the Venn diagram (Fig. 7B), there were 91 shared ASVs in the three 
groups, and the unique ASV counts were 607, 289 and 306 in the Blank, 
MEPS-I and FOS groups, respectively.

Subsequently, Fig. 8A shows the variations in gut microbiota at the 
phylum level. Notably, the four prevailing bacteria in the BLANK group 
are Proteobacteria (52.19 %), Firmicutes (31.50 %), Fusobacteria (9.54 %) 
and Actinobacteria (4.15 %). In comparison with the BLANK sample, the 

Fig. 8. Composition of gut microbiota in different treatments. (A) Bacterial taxonomic profiling at the phylum level; (B) Bacterial taxonomic profiling at the genus 
level; (C) The heat map analysis at genus level.
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abundance of Bacteroidetes in the MEPS-I group was 8 times higher than 
that in the blank group. Bacteroidetes can encode polysaccharide lyases 
and glycosidases genes, which can degrade polysaccharides and pro
mote the metabolism of polysaccharides by other intestinal microor
ganisms to produce metabolites such as short-chain fatty acids and 
amino acids. Additionally, previous studies have demonstrated that the 
abundance of Bacteroides is reduced in diabetic patients (Cheng, Hu, 
Geng, & Nie, 2022; Niu et al., 2024). Proteobacteria can cause a gut 
microbiota imbalance and the increase in its abundance is related to the 
occurrence of colitis (Ren et al., 2021). The proportion of Firmicutes and 
Bacteroides (F/B) in the human gut was inversely associated with the risk 
of insulin resistance and weight gain. The result was found that the 
profusion of Firmicutes and Proteobacteria decreased significantly with 
MEPS-I fermentation and the ratio of Firmicutes/Bacteroidetes decreased 
from 18.89 (BLANK group) to 2.44 (MEPS-I group). Meanwhile, Fuso
bacteria and Desulfobacterota were detected in the blank group, but not in 
the MEPS-I and FOS group. Fusobacterium, a pathogen increased due to 
nutritional deficiencies and was reported to be associated with the 
development of colorectal cancer (CRC), gastric cancer and other can
cers (Park, Han, Oh, Lee, & Eun, 2016). The increase of Desulfobacterota 
abundance may affect the development of some chronic complications 
in the late stage of diabetes (Liu et al., 2022).

The microbial community structure was also evaluated at the genus 
level, and the results are shown in Fig. 8B. The dominant bacteria in the 
BLANK group at the genus level included Escherichia (49.18 %), Phas
colarctobacterium_A (12.67 %), Fusobacterium_A (9.51 %) and Enter
ococcus_B (7.87 %). Some clinical studies have shown that the blooms of 
E. coli and other Enterobacteriaceae can promote the occurrence of in
testinal inflammation, and Enterococcus is also associated with lipid 
metabolism, leading to lipid metabolism disorders by disrupting intes
tinal permeability (Faqerah, Walker, & Gerasimidis, 2023; Liu et al., 
2018). Compared with the BLANK, the relative abundances of Escher
ichia, Fusobacterium_A and Enterococcus_B in MEPS-I and FOS sample 
groups were significantly decreased. Phascolarctoobacter _ A is a poten
tially beneficial bacterium that inhibits obesity and is positively corre
lated with acetic acid content (Sun et al., 2021), and the results showed 
that there was no significant difference in the abundance of Phasco
larctoobacter _ A between the MEPS-I and the BLANK groups, indicating 
that MEPS-I did not inhibit them.

Moreover, MEPS-I and FOS induction can significantly increase the 
abundance of Limosilactobacillus and Bifidobacterium. Limosilactobacillus 
can enhance intestinal barrier function, improve insulin sensitivity and 

glucose homeostasis by producing antibacterial substances such as 
organic acids and reuterin, or other various beneficial metabolites (Di 
Porzio et al., 2023; Wu et al., 2022). Bifidobacterium can hydrolyze 
carbohydrates and produce SCFAs, which reduce blood glucose levels in 
diabetic rats by improving insulin sensitivity and increasing glucose 
uptake (Zhang et al., 2020).

The heatmap analysis in Fig. 8C intuitively demonstrated the dif
ference and similarity of the microbial communities between the 
different groups at the genus level. It showed that the microbial com
munities between the treatment groups were statistically separated. In 
addition, the predominant gut microbiota was not consistent, and the 
same group of samples were clustered together. The representative 
beneficial bacteria genera were Limosilactobacillus, Bacteroides_H and 
Phascolarctobacterium_A in the MEPS-I group. It concluded that MEPS-I 
significantly changed the microbial composition when compared with 
the BLANK group.

LEfSe was used to better display the microbiota with significant 
differences in abundance in each group (Fig. 9). 20 genera were above 
4.0 based on linear discriminant analysis. Among them, there were 13, 2 
and 5 types of ascendent genera in the BLANK, MEPS-I and FOS groups, 
respectively, indicating significant discrepancies in dominant bacteria 
among the groups. Tannerellaceae and Parabacteroides_ B were dominant 
genera in the MEPS-I group, which had anti-inflammatory and epithelial 
barrier enhancement functions. In addition, Tannerellaceae was posi
tively correlated with n-butyric acid (Belles et al., 2022; Wang, Zhang, 
Li, Xu, & Chen, 2022). The proliferation of Tannerellaceae and Para
bacteroides_ B induced by MEPS-I may produce more beneficial metab
olites, which helps to maintain the homeostasis of intestinal function. 
This result was consistent with the results of Portulaca oleracea poly
saccharides (Fu et al., 2022).

Overall, these results suggest that MEPS-I intervention can reduce 
harmful bacteria and promote the growth of beneficial bacteria, which 
play a critical role in alleviating glucose metabolism disorders caused by 
insulin resistance and can prevent the occurrence of diabetes by 
improving the composition of gut microbiota.

4. Conclusions

Herein, the digestion behavior and hypoglycemic activity of extra
cellular polysaccharide from M. esculenta were examined through the in 
vitro simulation and fermentation experiments. The results showed that 
MEPS were gradually hydrolyzed and promoted the production of 

Fig. 9. Effects of MEPS-I on gut microbiota after 48 h fermentation. (A)Linear discriminant analysis (LDA) score for taxa difference; (B) Linear discriminant analysis 
effect size (LEfSe) evolutionary branch graph between the BLANK, MEPS-I and FOS groups.
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SCFAs, especially acetic acid, propionic acid and butyric acid after 48 h 
of fecal fermentation by human fecal microbiota. Meanwhile, the MEPS- 
I, the final product of saliva-gastrointestinal digestion still retained 
higher hypoglycemic activity, it alleviated IR and increased glucose 
consumption of IR cells by activating the PI3K/AKT signaling pathway, a 
key signaling pathway regulating glucose and lipid metabolism in adi
pose tissue. Furthermore, the MEPS-I dramatically reduced the Firmi
cutes/Bacteroidetes ratio, promoted the relative abundance of intestinal 
beneficial bacteria that enhanced insulin sensitivity and increased 
glucose uptake. It also inhibited the growth of harmful bacteria that 
cause lipid metabolism disorders. The result of this study indicated that 
MEPS is a potential functional factor to improve insulin resistance in 
diabetes by activating the PI3K/AKT signaling pathway and modulating 
the composition of the gut microbiota, which can provide a theoretical 
basis for the further development of morel as a health functional food.
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