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Abstract

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterized by insulin
resistance and inadequate insulin secretion. Prolonged hyperglycemia is associated with
disruption of gut microbiota (GM) homeostasis. Although bioactive compounds in Chaga
mushroom, such as polysaccharides, have hypoglycemic effects, research on its polysac-
charide preparation by-product, the supernatant of water extraction—ethanol precipitation
of Chaga mushroom (SWEPC), remains limited. In this study, we investigated the effects of
SWEPC on GM composition and its therapeutic potential in alleviating hyperglycemia in
T2DM mice. After four weeks of SWEPC intervention (300 mg/kg/day), T2DM mice ex-
hibited significant improvements: fasting blood glucose (FBG) decreased by 52.29% (p <
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1. Introduction

Type 2 diabetes mellitus (T2DM) is a multifactorial disease influenced by genetic pre-
disposition, epigenetic regulation, early-life programming, and environmental factors [1].
Among these factors, dietary patterns play a particularly prominent role. With the accel-
erated pace of modern life, the consumption of high-salt, high-sugar, and high-fat diets
has increased substantially, contributing to the increasing prevalence of chronic metabolic
disorders [2]. According to the most recent International Diabetes Federation Diabetes At-
las (11th edition, 2025), an estimated 589 million adults aged 20-79 years had diabetes in
2025, with projections predicting an increase to 853 million by 2050 [3]. The 11th edition
also refined the classification of diabetes, formally recognizing malnutrition-related dia-
betes mellitus as type 5 diabetes mellitus, in addition to type 1 diabetes mellitus, T2DM,
gestational diabetes, and other specific types [4]. T2DM remains the predominant form,
accounting for over 90% of all diabetes cases [5]. Importantly, T2DM is a heterogeneous
disease; emerging evidence has delineated distinct subtypes exhibiting varied clinical tra-
jectories and differential responses to treatment [6]. The pathogenesis of T2DM primarily
involves insulin resistance and/or impaired pancreatic 3-cell function [7]. Current hypo-
glycemic agents include biguanides, sulfonylureas, glinides, and a-glucosidase inhibitors
[8]. While these medications effectively control blood glucose levels, long-term use is often
accompanied by adverse effects in clinical practice [9]. For example, biguanides may in-
duce gastrointestinal disturbances such as nausea, vomiting, and diarrhea [10], whereas
sulfonylureas, including glimepiride and glibenclamide, can precipitate severe hypogly-
cemia or exacerbate pancreatic $-cell dysfunction [11]. Consequently, the identification of
alternative or adjunctive therapeutic strategies for T2DM has become a pressing research
priority. Natural-product-derived bioactive compounds offer potential advantages, in-
cluding reduced side effects and multi-target regulatory effects; however, systematic
standardization is required to ensure reproducibility and precise dosing [12-14]. In recent
years, these compounds have attracted considerable attention for their capacity to amelio-
rate T2DM, which is often accompanied by changes in the gut microbiota (GM). In T2DM,
GM dysbiosis is typically characterized by an increased Bacillota/Bacteroidota ratio, re-
duced abundance of short-chain fatty acid (SCFA)-producing bacteria (e.g., Alistipes, Ak-
kermansia), and overgrowth of opportunistic pathogens such as Anaeroplasma [15]. These
alterations have been linked to insulin resistance and hyperglycemia through multiple
mechanisms, including impaired SCFAs production, disruptions in bile acid metabolism,
and increased endotoxemia [16].

Chaga mushroom is an edible fungus that primarily grows on birch trees in northern
regions between latitudes of 40° and 60° N. It contains a diverse array of bioactive constit-
uents, including polysaccharides, phenolic compounds (e.g., hispidin, hispidin analogs,
protocatechuic acid), triterpenoids (e.g., betulinic acid, betulin), and melanin. These com-
pounds exhibit varying biological activities, such as immunomodulatory, anti-inflamma-
tory, antioxidant, hypoglycemic, and hypolipidemic effects [17]. However, most prior
studies have focused on Chaga mushroom polysaccharides, obtained from the precipitate
after water extraction-ethanol precipitation, which have demonstrated notable hypogly-
cemic effects [18]. In contrast, the corresponding supernatant, the by-product of this pro-
cess, referred to as the supernatant of water extraction-ethanol precipitation of Chaga
mushroom (SWEPC), has received limited attention. This by-product fraction is enriched
in low-molecular-weight compounds (e.g., phenols, coumarins, carboxylic acids) that may
possess bioactivity, and investigating it could enhance the comprehensive utilization of
Chaga mushroom [19-21]. The chemical composition of crude extracts may vary due to fac-
tors such as the sources of raw materials, harvest time, and extraction procedures, inher-
ently limiting batch-to-batch consistency. In this study, we used a single batch of Chaga
mushroom and prepared SWEPC under strictly controlled conditions. Preliminary chemi-

https://doi.org/10.3390/foods15132383



Foods 2026, 15, 2383

3 of 20

cal characterization of SWEPC was performed using UPLC-QTOF-MS/MS, identifying
hundreds of compounds and clarifying their major categories. Nevertheless, these find-
ings represent only preliminary chemical profiles, and future studies on standardized cul-
tivation, extraction optimization, and quality control systems remain necessary. In this
study, we aimed to investigate the potential anti-hyperglycemic effects of SWEPC and its
association with changes in the GM. Given the presence of multiple bioactive components,
including low-molecular-weight phenols, coumarins, and possibly residual oligosaccha-
rides, we focused on assessing the holistic effects of SWEPC on hyperglycemia and GM,
rather than isolating a single mechanism.

2. Materials and Methods
2.1. SWEPC Preparation

The dried fruiting bodies of Chaga mushroom used in this study were obtained from a
single batch, purchased from Bethune Herbs Enterprise Inc., Richmond Hill, ON, Canada,
in October 2023. The extraction and preparation procedure was conducted as follows: The
fruiting bodies were finely ground and sieved through a 40-mesh screen. A total of 100 g
(dry weight) of the powder was mixed with distilled water at a ratio of 1:50 (g/mL) in a 10
L flat-bottomed flask equipped with a reflux condenser. The mixture was extracted under
reflux at 60 °C for 6 h with magnetic stirring. The resulting extract was filtered through
double-layered filter paper and concentrated under reduced pressure at 60 °C using a ro-
tary evaporator (Shanghai Airang Instrument Co., Ltd., Shanghai, China) to one-fifth of
the original volume (1 L). Subsequently, 3 L of anhydrous ethanol (Sinopharm Group,
Beijing, China) was gradually added with stirring, and the mixture was allowed to pre-
cipitate overnight at 4 °C. The suspension was centrifuged at 4500 rpm for 15 min at 4 °C,
and the supernatant was collected. The supernatant was then further concentrated under
reduced pressure until dry, re-dissolved in 100 mL of distilled water, and subjected to
lyophilization for 48 h to obtain SWEPC powder (4.31 g, 4.31% yield). The chemical com-
position of SWEPC was characterized via UPLC-QTOF-MS/MS, and the powder was
stored in a desiccator protected from light until use.

2.2. Animal Experiment

Figure 1 outlines the experimental timeline for the animal study. Twenty-five healthy
male ICR mice (SPF grade, 4 weeks old, body weight [BW] 20 + 3 g) were procured from
the Medical College of Yangzhou University. The mice were housed in a climate-con-
trolled environment (23 + 2 °C, controlled humidity) under a 12-h light/dark cycle, with
ad libitum access to food and water. Following a one-week acclimation period, five mice
were randomly assigned to the Normal group and fed a standard diet. The remaining
mice were provided a high-sugar and high-fat (HSHF) diet consisting of 58.8% standard
feed, 15% sucrose, 15% lard, 1% cholesterol, 0.2% cholate, and 10% egg yolk; the diet com-
position percentages were based on weight/weight (w/w). The HSHF diet had an esti-
mated caloric density of 4.5 kcal/g (fat ~35% of total energy), whereas the standard diet
provided 3.85 kcal/g (fat ~10%). After four weeks on their respective diets, the HSHF-fed
mice (n = 20) received intraperitoneal injections of streptozotocin (Sinopharm Group, Bei-
jing, China) (45 mg/kg) on alternating days. Fasting blood glucose (FBG) levels were meas-
ured from tail vein blood 48 h after the third injection. Mice exhibiting FBG > 11.1 mmol/L
were considered successfully modeled for T2DM. These T2DM mice were randomly di-
vided into four groups: Model (n = 5), SWEPC-L (100 mg/kg/day, n = 5), SWEPC-H (300
mg/kg/day, n = 5), and metformin hydrochloride (MET, 100 mg/kg/day, n = 5). Mice re-
ceived their respective treatments via oral gavage daily for four weeks. Mice in the Nor-
mal and Model groups received an equivalent volume of deionized water. During the
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SWEPC-L Group
(100 mg/kg-d)

SWEPC-H Group
(300 mg/kg-d)

MET Group
(Metformin 100 mg/kg-d)

Time

treatment period, the Model, SWEPC-L, SWEPC-H, and MET groups continued to receive
the HSHF diet. Daily observations were conducted to monitor the mice’s fur condition,
activity levels, and overall health, while daily food intake was recorded. BW measure-
ments were performed following a 12-h fasting period at weeks 0, 2, and 4 during the
intragastric administration period, with FBG levels assessed from tail-tip blood samples.
At the conclusion of week 4, all mice underwent a 12-h fast prior to baseline blood glucose
measurement (Gon). Subsequently, mice received a glucose solution (2 g/kg) via oral ga-
vage for the oral glucose tolerance test (OGTT), with blood glucose levels recorded at 0.5
h (Gost), 1 h (Gin), and 2 h (Gzn). The overall glucose excursion during OGTT was quanti-
fied by calculating the area under the curve (AUC) using the following formula:

AUC of OGTT = 0.25 x (Gon+ Gosh) + 0.25 x (Gosh+ Gin) + 0.5 x (Gin+ Gan).

Intragastric Administration (i.g.)

25 male ICR mice

Adaptation S N3t et fas 2 et
Chow Die! Citrate Buffe! d
(1week) Normal Chow Diet “how Diet + Citrate Buffer i.g. Deionized Water (100 mg/kg-d)
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Adaptation .
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Adaptation .
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( ) ). ),
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(Adaptation) (Induction Period) (Challenge Period) (Treatment Period / 0—4 Week Study)

Figure 1. The experimental timeline for the animal study.

Prior to dissection, mice underwent overnight fasting. Anesthesia was induced via
the intraperitoneal administration of Sutai (Sinopharm Group, Beijing, China) (55 mg/kg)
in combination with serazine hydrochloride (Sinopharm Group, Beijing, China) (5 mg/kg).
Blood was then collected via eyeball extraction, followed by euthanasia through cervical
dislocation. Liver, pancreatic, and cecal tissues were fixed in 4% paraformaldehyde, while
remaining hepatic and cecal specimens were rapidly flash-frozen in liquid nitrogen and
stored in an ultra-low-temperature freezer for subsequent analyses. All animal procedures
adhered to the “Guidelines for the Care and Use of Laboratory Animals” published by the
National Academy of Sciences of the National Institutes of Health (Publication No. 85-23,
Revised Edition, 1985). Ethical approval for the experimental protocol was granted by the
Laboratory Animal Ethics Committee of Jiangsu Medical Vocational College (Approval
No.: SYLL-2024-711).

2.3. Serum Preparation

Blood samples were allowed to clot at room temperature for 2 h and subsequently
centrifuged at 3000 rpm for 15 min at 4 °C. The resulting serum supernatant was collected
and stored at -80 °C until analysis.

2.4. Homeostasis Model Assessment (HOMA) of Insulin-Related Indices

Fasting insulin (FINS) concentrations were determined using a commercial ELISA kit
(Catalog No. CD21914, Purity Biotechnology Co., Ltd., Wuhan, China) according to the
manufacturer’s instructions. In brief, 50 uL of standards or samples were added to wells
coated with anti-insulin antibody and incubated at 37 °C for 30 min. After five washes
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with wash buffer, 50 uL of HRP-conjugated detection antibody was added and incubated
for 30 min at 37 °C. Subsequently, 50 uL of chromogen solution was added and incubated
in the dark at 37 °C for 15 min, followed by the addition of 50 LL of stop solution. Absorb-
ance was measured at 450 nm within 15 min. Homeostatic model assessment (HOMA)
indices were calculated based on FINS and FBG concentrations as follows:
HOMA -pancreatic islet (3-cell function (HOMA-3) = 20 x FINs/(FBG-3.5);
HOMA-insulin resistance (HOMA-IR) = FINs x FBG/22.5; and HOMA-insu-
lin sensitivity (HOMA-IS) = 1/(FINs x FBG).

2.5. Biochemical Indicator Analysis in Serum and Liver

Approximately 100 mg of liver tissue was excised, rinsed with ice-cold 0.9% normal
saline, blotted dry, and weighed. The tissue was homogenized in nine volumes (w/v) of
ice-cold 0.9% normal saline using a motor-driven tissue homogenizer (JZQ-8, Shaoxing
Supo Instrument Co., Ltd., Shaoxing, China) at 10,000 rpm for 30 s, repeated three times
with 30-s intervals on ice. The homogenate was centrifuged at 4000 rpm for 15 min at 4 °C,
and the supernatant was carefully collected and stored at —80 °C until further analysis.
Serum and liver levels of low-density lipoprotein cholesterol (LDL-c), high-density lipo-
protein cholesterol (HDL-c), glycated serum protein (GSP), total cholesterol (TC), and tri-
glycerides (TG) were determined using commercial kits (Nanjing Jiancheng Institute of
Bioengineering, Nanjing, China) according to the manufacturer’s instructions.

2.6. Analysis of gPCR

For RNA analysis, total RNA was extracted from 20 mg of liver tissue using 600 pL
of TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s protocol.
cDNA synthesis was performed using the RevertAid First Strand cDNA Synthesis Kit
(Takara, Kusatsu City, Japan). Quantitative PCR (qPCR) was conducted via SYBR® Premix
Ex Taq™ II (Takara, Japan) using an ABI 7500 fluorescence qPCR instrument (Applied
Biosystems, Waltham, MA, USA), with five replicates per sample. All primers were syn-
thesized by Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, China), and the primer se-
quences are provided in Table 1. The qPCR program consisted of an initial denaturation
at 95 °C for 5 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 60 s, concluding
with a final extension at 60 °C for 5 min. Relative mRNA expression levels were calculated
using the 2-24¢t method.

Table 1. A list of all primers used for qPCR.

Primer Name Forward Primer (5’-3') Reverse Primer (5'-3')
B-actin TGTCCACCTTCCAGCAGATGT AGCTCATAACAGTCCGCCTAGA
Aktl ACTCATTCCAGACCCACGAC CCGGTACACCACGTTCTTCT
Glut2 TACGGCAATGGCTTTATC CCTCCTGCAACTTCTCAAT

2.7. Microbiota Structure Analysis

Genomic DNA was extracted from intestinal contents using the cetyltrimethylammo-
nium bromide (CTAB) method. The V3-V4 region of the 165 rRNA gene was amplified
using primers 341F (5-CCTAYGGGRBGCASCAG-3") and 806R (5'-GGACTACNNGGG-
TATCTAAT-3'), synthesized by Sangon Biotech (Shanghai) Co., Ltd. Thermal cycling con-
ditions included an initial denaturation at 98 °C for 1 min, followed by 30 cycles of 98 °C
for 10 s, 50 °C for 30 s, and 72 °C for 30 s, with a final extension at 72 °C for 5 min. PCR
products were mixed with an equal volume of 1x TAE buffer and visualized on a 2% aga-
rose gel. Amplicons were combined in equimolar ratios and purified using the Universal
DNA Purification Kit (DP214-02, TianGen Biotech, Beijing, China). Sequencing libraries
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were constructed using the NEB Next® Ultra DNA Library Prep Kit (Illumina, San Diego,
CA, USA) following the manufacturer’s protocol, with index codes added. Library quality
was evaluated using an Agilent 5400 system (Agilent Technologies, Santa Clara, CA, USA),
and sequencing was performed on an Illumina platform, generating 250 bp paired-end
reads. Taxonomic annotation was performed via comparison with the Greengenes data-
base.

2.8. Assessment of SCFAs in the Cecum

Acetic acid (AA), propionic acid (PA), and butyric acid (BA) standards were obtained
from Anhui Zesun Technology Co., Ltd. (Hefei, China). A mixed standard solution at con-
centrations of 0.1, 0.5, 1, 5, 10, and 50 mmol/L was prepared to construct the calibration
curve. For sample preparation, 200 mg of cecal contents was homogenized with deionized
water, vortexed with 0.5 mL phosphoric acid for 2 min, and centrifuged at 4000 rpm for
20 min. The extraction was repeated by adding 1 mL of anhydrous ether to the superna-
tant. The supernatants were filtered through a 0.22 um nylon membrane before analysis.

SCFAs were analyzed using a gas chromatograph (GC-2010Plus, Shimadzu, Kyoto,
Japan) equipped with an HP-INNOWAX capillary column (30 m x 0.25 mm x 0.25 um,
Agilent Technologies, USA). The column flow rate was maintained at 1 mL/min using
nitrogen as the carrier gas. The injection port was held at 260 °C, and 1 pL of sample was
injected at a split ratio of 10:1. The oven temperature program was set as follows: an initial
temperature of 100 °C for 1 min, ramped at 5 °C/min to 200 °C, and held for 2 min. Ana-
lytes were identified based on retention times, and quantification was performed using
the external standard method.

2.9. Statistical Analysis

Each analysis was performed with a minimum of three technical replicates. Data are
presented as mean + standard deviation (SD) for n = 5 mice per group. Statistical signifi-
cance was determined using one-way analysis of variance followed by Tukey’s post hoc
test for multiple comparisons. When the assumptions of normality or homogeneity of var-
iances were not met, the non-parametric Kruskal-Wallis test was applied. A p-value <0.05
was considered statistically significant, with exact p-values reported in the results. All sta-
tistical analyses were conducted using SPSS 24.0 (IBM, New York, NY, USA) and
GraphPad Prism 9.0 (GraphPad Software Inc., San Diego, CA, USA).

3. Results
3.1. Composition of SWEPC

The chemical composition of SWEPC was characterized using UPLC-QTOF-MS/MS
(Table S1). A total of 495 compounds were identified, including 278 in positive ion mode
(ESI*) and 217 in negative ion mode (ESI"). The predominant bioactive constituents com-
prised phenols (59 compounds), carboxylic acids and derivatives (30), coumarins and de-
rivatives (48), and indoles and derivatives (53). Semi-quantitative analysis revealed that
among coumarins, isofraxidin exhibited a peak area of 7.27 x 108, scopoletin exhibited a
peak area of 6.26 x 108, esculetin exhibited a peak area of 1.73 x 107, and fraxetin exhibited
a peak area of 5.39 x 108. Within the phenol/phenol ether class, eugenol (7.96 x 107), co-
niferyl aldehyde (1.67 x 108), and syringaldehyde (4.49 x 108) were highly abundant. No-
tably, the carboxylic acid derivatives betaine (6.90 x 10°) and stachydrine (4.00 x 10°) were
the most abundant ions detected. Additionally, indole derivatives such as tryptamine
(4.97 x 107) and 5-hydroxytryptophol (1.27 x 108) were identified.
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OGTT (mmol/L)

3.2. The Effects of SWEPC on Glycemic Parameters

As shown in Figure 2A, at week 0, BW declined markedly across all groups, except
the Normal group. Following two weeks of SWEPC intervention, mice in the SWEPC-H
group exhibited significantly higher BW compared with the Model group (p = 0.016). At
week 4, BW in the SWEPC-H and SWEPC-L groups was substantially greater than that
observed in the Model and MET groups, with the SWEPC-H group demonstrating signif-
icantly superior weight gain relative to the SWEPC-L group (p = 0.002).
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Figure 2. The effects of SWEPC treatment during the experimental period: (A) body weight, (B) FBG,
(C) OGTT, (D) AUC of OGTT, and (E) serum GSP. SWEPC refers to the supernatant of water extrac-
tion—ethanol precipitation in Chaga mushroom, and T2DM indicates type 2 diabetes mellitus. WK
stands for week. Data are presented as mean + SD (n = 5 per group). Different superscript letters

represent statistically significant differences between groups (p <0.05).

Changes in FBG levels during SWEPC administration are presented in Figure 2B. At
week 0, FBG levels in all groups, except the Normal group, were significantly elevated (p
< 0.001). After two and four weeks of intervention, FBG levels in the SWEPC-treated
groups were markedly lower than those in the Model group. Among them, the SWEPC-
H group exhibited significantly reduced FBG compared with the SWEPC-L (p <0.001) and
MET (p = 0.004) groups, while the MET group displayed a significantly lower FBG than
the SWEPC-L group (p = 0.041).

As depicted in Figure 2C, blood glucose peaked at 0.5 h following oral glucose ad-
ministration and subsequently declined gradually. Glucose tolerance was quantitatively
assessed by calculating the AUC of the OGTT (Figure 2D). Relative to the Model group,
the AUC of OGTT decreased by 19.61%, 37.72%, and 29.27% in the SWEPC-L, SWEPC-H,
and MET groups, respectively (p < 0.001). Serum GSP levels are shown in Figure 2E. The
Model group exhibited significantly higher GSP levels compared with all other groups (p
< 0.001). Furthermore, GSP levels in the SWEPC-H and MET groups were significantly
lower than those in the SWEPC-L group (p < 0.001).
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3.3. The Effects of SWEPC on Serum/Liver Indicators

Figure 3 illustrates the effects of SWEPC on serum lipid profiles. Compared with the
Model group, the serum concentrations of TC, TG, LDL-c, and the LDL-c/HDL-c ratio
were significantly reduced across all treated groups, whereas HDL-c levels were mark-
edly increased (p <0.001). Notably, serum HDL-c in the SWEPC-H group was significantly
higher than those in the SWEPC-L (p = 0.003) and MET (p = 0.007) groups (Figure 3D), and
the serum LDL-c/HDL-c ratio in the SWEPC-H group was significantly lower than that in
the MET group (p = 0.033) (Figure 3E).
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Figure 3. The effects of SWEPC intervention on serum biochemical indicators in mice. (A) TC, (B)
TG, (C) LDL-¢, (D) HDL-c, and (E) LDL-c/HDL-c sera. Data are presented as mean + SD (n =5 per

group). Different superscript letters represent statistically significant differences between groups (p
<0.05).

As shown in Figure 4A, hepatic TC levels in the Normal (p <0.001) and SWEPC-H (p
= 0.008) groups were significantly lower than that in the Model group. Figure 4B,C,E
demonstrated that hepatic TG, LDL-c, and LDL-c/HDL-c levels were markedly decreased
in all treated groups relative to the Model group (p <0.001). Importantly, the hepatic LDL-
¢/HDL-c ratio in the SWEPC-H group was significantly lower than those in the SWEPC-L
and MET groups (p < 0.001), whereas the SWEPC-L group exhibited a lower ratio com-
pared with the MET group (p < 0.001). As depicted in Figure 4D, hepatic HDL-c levels
were significantly elevated in the SWEPC-L and SWEPC-H groups relative to the Model
and MET groups, with the SWEPC-H group showing the greatest increase compared with
the SWEPC-L group (p = 0.004). Figure 5A,B depict the effects of SWEPC on hepatic gene
expression of Protein Kinase B (Akt1) and Glucose transporter-2 (Glut2). Compared with
the Model group, the Normal, SWEPC-L, SWEPC-H, and MET groups exhibited signifi-
cant upregulation of Akt and Glut2 mRNA levels.
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Figure 4. The effects of SWEPC intervention on liver biochemical indicators. The levels of TC (A),
TG (B), LDL-c (C), HDL-c (D), and LDL-c/HDL-c (E) in the liver. Data are presented as mean + SD

(n =5 per group). Different superscript letters represent statistically significant differences between

groups (p <0.05).
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Figure 5. The effects of SWEPC on mRNA transcription in (A) Akt1 and (B) Glut2. Data are presented
as mean = SD (n =5 per group). Different superscript letters represent statistically significant differ-

ences between groups (p < 0.05).

3.4. The Influence of SWEPC on Pancreatic Islet Function Index

As shown in Figure 6A, the HOMA-IS index was significantly increased in the Nor-
mal, SWEPC-H, and MET groups relative to the Model group. Notably, HOMA-IS in the
SWEPC-H group was significantly higher than those in the SWEPC-L (p <0.001) and MET
(p = 0.004) groups. Figure 6B shows that HOMA-IR indices were significantly reduced
across all treated groups compared with the Model group, with the SWEPC-H group dis-
playing a markedly lower HOMA-IR than the SWEPC-L (p = 0.001) and MET (p = 0.022)
groups. As illustrated in Figure 6C, the HOMA-{ index, reflecting pancreatic 3-cell func-
tion, was significantly increased in the SWEPC-H and SWEPC-L groups compared with
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the Model and MET groups, with the SWEPC-H group exhibiting a significantly higher
HOMA-( than the SWEPC-L group (p < 0.001).
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Figure 6. The effects of SWEPC intervention on pancreatic islet function. (A) HOMA-IS, (B) HOMA-
IR, (C) HOMA-B. HOMA-IS: homeostatic model assessment—insulin sensitivity index; HOMA-IR:
homeostatic model assessment—insulin resistance index; HOMA-3: homeostatic model assessment—
pancreatic $-cell function index. Data are presented as mean + SD (1 =5 per group). Different super-

script letters represent statistically significant differences between groups (p < 0.05).

3.5. Changes in GM and SCFAs in the Cecal Contents of Mice Following SWEPC Intervention

In this study, we assessed GM diversity at both the phylum and genus levels. At the
phylum level, Bacillota and Bacteroidota constituted the two dominant bacterial commu-
nities, collectively exceeding 80% relative abundance (Figure 7A). Compared with the
Model group, Bacillota abundance was significantly reduced in the Normal (p < 0.001),
SWEPC-H (p = 0.001), and MET (p = 0.004) groups, whereas Bacteroidota abundance was
markedly increased. As shown in Figure 7B, the Bacillota/Bacteroidota ratio was signifi-
cantly decreased in the Normal (p = 0.001), SWEPC-H (p = 0.015), and MET (p = 0.002)
groups relative to the Model group, with further reductions observed in the SWEPC-H (p
= 0.038) and MET (p = 0.007) groups compared with the SWEPC-L group. At the genus
level, differential bacterial abundances are illustrated in Figure 7C,D. Compared with the
Model group, Turicibacter abundance was markedly increased in the SWEPC-L group,
whereas Ligilactobacillus, Anaeroplasma, and Rikenella levels were significantly decreased
(Figure 7C). In the SWEPC-H group (Figure 7D), Anaerotruncus and Colidextribacter levels
were substantially increased, whereas Christensenellaceae, Anaerofustis, Longibaculum, and
Anaeroplasma levels were significantly reduced relative to the Model group.

Figure 8 A—C depict SCFAs concentrations across the groups. AA levels were signifi-
cantly elevated in the Normal (p <0.001), SWEPC-H (p =0.008), and MET (p =0.018) groups
relative to the Model group (Figure 8A). PA concentrations were markedly increased in
all treated groups (p < 0.001), with the SWEPC-H group exhibiting significantly higher PA
levels than the SWEPC-L (p = 0.048) and MET (p = 0.001) groups (Figure 8B). BA levels
were significantly increased in the Normal, SWEPC-L, SWEPC-H, and MET groups com-
pared with the Model group (p < 0.001) (Figure 8C). Figure 8D illustrates correlations be-
tween GM genera and SCFAs levels. Positive associations with AA were observed for An-
aerotruncus, Harryflintia, Acetivibrio, Clostridium, llebacterium, Negativibacillus, Enterocloster,
Candidatus, and Rikenella, whereas Anaeroplasma, Marvinbryantia, Anaerofustis, Corynebac-
terium, and Faecalimonas were negatively correlated. Similarly, PA levels were positively
associated with Anaerotruncus, Harryflintia, Acetivibrio, Clostridium, Colidextribacter, Oscil-
libacter, Ruminococcus, Desulfovibrio, Acetifactor, Blautia, and Ilebacterium, while PA levels
negatively correlated with Anaeroplasma, Ligilactobacillus, Marvinbryantia, and Anaerofustis.
For BA levels, positive correlations were observed with Anaerotruncus, Harryflintia,
Acetivibrio, Clostridium, Ruminococcus, Desulfovibrio, Acetifactor, Blautia, Ilebacterium, Mono-
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globus, Buturibacter, Ruthenibacterium, Muribaculum, and Roseburia, whereas Anaeroplasma,
Ligilactobacillus, Massiliomicrobiota, Bifidobacterium, and Eubacterium exhibited negative as-
sociations. Notably, Anaerotruncus, Harryflintia, Acetivibrio, Clostridium, and Ilebacterium
were positively correlated with all three SCFAs (AA, PA, BA), while Anaeroplasma exhib-
ited negative correlations with all three. Finally, the Mantel test was performed to evaluate
correlations between blood glucose-related parameters and SCFAs levels (Figure 8E). Sig-
nificant associations were observed between hypoglycemic parameters, including BW,
FBG, AUC of OGTT, serum GSP, serum HDL-c, liver TC, TG, LDL-c, HDL-c, HOMA-IR,
HOMA-$, and levels of AA, PA, and BA.
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Figure 7. Changes in the cecal intestinal microbiota following SWEPC intervention. (A) The diver-
sity of the gut microbiota at the phylum level. (B) The ratio of Bacillota to Bacteroidota. The ex-
panded error bar chart shows significant differences in the horizontal intestinal microbiota between
the two groups: (C) SWEPC-L and Model groups; (D) SWEPC-H and Model groups. Data are pre-
sented as mean + SD (n =5 per group). Different superscript letters represent statistically significant

differences between groups (p < 0.05).
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Figure 8. Changes in short-chain fatty acids in the cecal contents of mice following SWEPC inter-
vention: (A) acetic acid; (B) propionic acid; (C) butyric acid. (D) Spearman correlation heatmap be-
tween bacterial genera and short-chain fatty acids. Red indicates a positive correlation, and teal in-
dicates a negative correlation. (E) Mantel test results. Pearson correlation analysis was used to eval-
uate the relationship between blood glucose parameters and specific intestinal metabolites. Data are
presented as mean + SD (1 =5 per group). Different superscript letters represent statistically signif-
icant differences between groups (p < 0.05).* indicates p < 0.05, ** indicates p < 0.01, and *** indicates
p <0.001.

Figure 9A illustrates the links between biochemical markers and bacterial genera.
Anaeroplasma exhibited a positive relationship with serum TC, FBG, AUC of OGTT, serum
GSP, liver TG, HOMA-IR, liver TC, liver LDL-c, serum TG, and serum LDL-c, whereas it
displayed a negative relationship with serum HDL-c, HOMA-IS, BW, liver HDL-c, and
HOMA-B. Ligilactobacillus demonstrated a positive relationship with FBG, AUC of OGTT,
serum GSP, liver TG, HOMA-IR, liver TC, liver LDL-c, and serum TG and a negative re-
lationship with serum HDL-c, HOMA-IS, BW, liver HDL-c, and HOMA-3. Anaerotruncus
exhibited a positive relationship with serum HDL-c, HOMA-IS, BW, liver HDL-c, and
HOMA-{ and a negative relationship with FBG, AUC of OGTT, serum GSP, liver TG,
HOMA-IR, liver TC, liver LDL-c, serum TG, and serum LDL-c. Ruminococcus displayed a
positive relationship with serum HDL-c, BW, liver HDL-c, and HOMA-f and a negative
relationship with FBG, AUC of OGTT, serum GSP, liver TG, HOMA-IR, liver TC, liver
LDL-c, and serum TG. Figure 9B presents parameters with correlation coefficients of Ir| >
0.5. Anaerotruncus was correlated with HOMA-IS (r = 0.772), serum HDL-c (r = 0.707), AA
(r=0.711), serum GSP (r =-0.758), AUC of OGTT (r =-0.788), HOMA-IR (r = —0.724), and
FBG (r = -0.810), whereas Anaeroplasma was correlated with serum LDL-c (r = 0.748) and
PA (r=-0.723).
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Figure 9. A hierarchical clustering analysis (A) and the visualization of the correlation network of
the Spearman correlation analysis between hypoglycemic parameters and representative bacterial
genera. In (A), red and teal, respectively, represent positive and negative correlations, and the depth
of the color indicates the strength of the correlation. In (B), blue, green, and pastel pink, respectively,
represent biochemical indicators, bacterial genera, and short-chain fatty acids. The red solid line
indicates r > 0.5; the purple dotted line indicates r <-0.5.* indicates p < 0.05, ** indicates p < 0.01, and
*** indicates p < 0.001.
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4. Discussion

T2DM represents a chronic metabolic disorder primarily characterized by insulin re-
sistance and impaired insulin secretion. Managing T2DM has emerged as a significant
public health challenge in contemporary society [22]. Recent studies highlight the prom-
ising potential of natural bioactive compounds for the treatment of T2DM and the allevi-
ation of insulin resistance. In this study, the effects of SWEPC on hyperglycemic manifes-
tations in T2DM mice were evaluated. After four weeks, SWEPC treatment significantly
increased BW and reduced FBG compared with the Model group. These results are con-
sistent with the findings of Jiang et al., who reported improvements in BW and FBG levels
in rats that received the petroleum ether extract of Schisandra sphenanthera [23]. These ob-
servations suggest that SWEPC may exert a potential hypoglycemic effect in T2DM mice,
with the SWEPC-H group demonstrating substantially greater improvements in BW and
FBG levels than the SWEPC-L group. The OGTT is a method widely employed for evalu-
ating glucose tolerance that measures blood glucose levels at 0, 0.5, 1.0, and 2.0 h following
glucose administration [24]. In this study, blood glucose peaked 0.5 h after glucose intake.
At the 2-h time point, blood glucose levels in both the SWEPC-H and SWEPC-L groups
were markedly lower than those in the Model group, indicating that SWEPC enhances
glucose tolerance in T2DM mice. These findings are in agreement with Liu’s study, which
demonstrated improvements in OGTT outcomes in T2DM mice treated with chitosan
guanidine [25].

While FBG and OGTT provide snapshots of blood glucose at specific time points,
they do not capture long-term glucose fluctuations. Serum GSP levels, in contrast, reflect
glucose variability over the preceding 2-3 weeks and serve as a critical indicator of glucose
homeostasis [26]. Following four weeks of SWEPC administration, serum GSP concentra-
tions in both treatment groups were significantly reduced compared with that in the
Model group, with the SWEPC-H group exhibiting a substantially greater decrease than
the SWEPC-L group. These results are consistent with the findings of Li et al., who re-
ported improvements in GSP levels in T2DM mice treated with pressed degreased walnut
meal extracts [27]. Collectively, these observations suggest that SWEPC exerts a pro-
nounced hypoglycemic effect in T2DM mice, with the SWEPC-H formulation demonstrat-
ing superior efficacy. According to Tang et al., TC, TG, LDL-c, and HDL-c are closely as-
sociated with the dysregulated hepatic metabolism observed in T2DM [28]. In this study,
the serum TC, TG, LDL-c, and LDL-c/HDL-c ratios in the SWEPC-L and SWEPC-H groups
were significantly decreased relative those in to the Model group, whereas HDL-c levels
were markedly increased. Moreover, SWEPC treatment improved hepatic lipid profiles,
with significant improvements observed in the TC, TG, LDL-c, HDL-c, and LDL-c/HDL-c
ratios. Notably, the SWEPC-H group displayed markedly superior improvements in
HDL-c and LDL-¢/HDL-c levels compared with the SWEPC-L group, consistent with Lv
et al.’s study on the effects of Tirzepatide on TG, TC, FBG, and HDL-c in patients with
T2DM [29]. These findings indicate that SWEPC mitigates hepatic lipid metabolism dis-
turbances in T2DM mice.

GLUT2, located in the plasma membrane, is essential for glucose uptake into cells
[30]. The phosphoinositide 3-kinase/AKT1 pathway plays a central role in insulin signal-
ing. Activation of this pathway typically suppresses hepatic gluconeogenesis and im-
proves insulin sensitivity, while also regulating lipid metabolism through downstream
effectors such as sterol regulatory element-binding protein 1c [31]. In this study, SWEPC
administration significantly upregulated Akt1 and Glut2 mRNA transcription in the he-
patic tissue of T2DM mice. Additionally, lipid metabolism disorders can further aggravate
insulin resistance and impair insulin secretion [32]. The HOMA indices are commonly
employed to evaluate pancreatic islet function. Here, insulin sensitivity, insulin resistance,
and pancreatic -cell function were assessed using the HOMA-IS, HOMA-IR, and
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HOMA-( indices. After four weeks of SWEPC treatment, the SWEPC-H group exhibited
substantially better outcomes across the HOMA-IS, HOMA-IR, and HOMA-{ indices rel-
ative to the SWEPC-L group. These results indicate that SWEPC-H more effectively en-
hances islet function in T2DM mice compared with SWEPC-L, aligning with the observa-
tions of Yin et al., in which silymarin improved pancreatic islet function in T2DM mice
[33].

The GM exerts a profound influence on health and disease, mediating complex nu-
tritional interactions with the host [34]. In this study, SWEPC-H significantly reduced the
Bacillota/Bacteroidota ratio at the phylum level in T2DM mice. Yang et al. also reported
that a high-fat diet was associated with a higher Bacillota/Bacteroidota ratio and systemic
inflammation. Moreover, elevated Bacillota and decreased Bacteroides levels were corre-
lated with insulin resistance [35]. At the genus level, SWEPC treatment was associated
with a marked decrease in the relative abundance of Anaeroplasma, and with increased
relative abundances of Anaerotruncus and Turicibacter. These findings are consistent with
those of Liu et al., who found that treatment with medicinal and food homologous plants
was associated with both improved GM composition and reduced Anaeroplasma abun-
dance in T2DM mice [36]. Similarly, Wu et al. found that ethanol extracts of Sargassum
fusiforme were associated with increased Anaerotruncus abundance in T2DM mice [37], and
Xie et al. observed a similar association between metformin treatment and enhanced Tu-
ricibacter abundance in this model [38]. Notably, the functional roles of gut bacterial gen-
era are context-dependent; our interpretations are based on correlations observed within
these specific T2DM mice.

Indigestible dietary carbohydrates, including dietary fiber, resistant starch, and oli-
gosaccharides, are fermented by anaerobic bacteria to produce SCFAs, primarily AA, BA,
and PA [39]. SCFAs have been shown to improve insulin sensitivity by stimulating insulin
secretion and promoting pancreatic 3-cell cluster expansion [40]. In this study, SWEPC-
treated mice had higher intestinal levels of AA, BA, and PA compared with the Model
group, and Anaerotruncus abundance was positively correlated with these SCFAs,
whereas Anaeroplasma showed a negative correlation. Yao et al. reported that Cyclocarya
paliurus polysaccharide was associated with increased levels of AA and BA in the intestine,
and that Anaerotruncus abundance was correlated with these changes. These SCFAs have
also been associated with beneficial effects on obesity, T2DM, allergies, and irritable bowel
syndrome [41]. Although our study did not directly test such a causal relationship, the
observed positive correlation between Anaerotruncus abundance and SCFAs aligns with
those findings. To further explore the relationship between blood glucose-related param-
eters and GM composition, hierarchical clustering analysis was performed. Anaeroplasma
showed strong positive correlations with serum TC, FBG, OGTT AUC, serum GSP, liver
TG, HOMA-IR, liver TC, liver LDL-c, serum TG, and serum LDL-c, as well as strong neg-
ative correlations with serum HDL-c, HOMA-IS, BW, liver HDL-c, and HOMA-3. Zhou
et al. reported that Anaeroplasma was associated with inflammatory responses [42]. In con-
trast, Anaerotruncus exhibited strong positive associations with serum HDL-c, HOMA-IS,
BW, liver HDL-c, and HOMA-3 and negative associations with FBG, OGTT AUC, serum
GSP, liver TG, HOMA-IR, liver TC, liver LDL-c, serum TG, and serum LDL-c; Yang et al.
noted that Anaerotruncus was associated with anti-inflammatory effects [43]. Ruminococcus
was positively correlated with serum HDL-c, BW, liver HDL-c, and HOMA- and nega-
tively correlated with FBG, OGTT AUC, serum GSP, liver TG, HOMA-IR, liver TC, liver
LDL-c, and serum TG. Deng et al. reported that Ruminococcus was associated with FBG
and inflammation [44], while Dai et al. found that increased Ruminococcus abundance in
T2DM rats treated with mulberry leaf polysaccharides was correlated with alleviation of
hyperglycemic symptoms [45]. Furthermore, the strong correlations between the relative
abundances of Anaerotruncus and Amnaeroplasma and blood glucose-related parameters
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suggest that these bacterial genera are associated with T2DM-related metabolic traits. In
addition, chemical profiling of SWEPC revealed the presence of multiple bioactive com-
pounds previously associated with antidiabetic or GM-modulating activities. Among
these, isofraxidin [46] and scopoletin [47] are known to inhibit a-glucosidase and improve
insulin resistance, whereas esculetin [48] and fraxetin [49] exhibit antioxidant and anti-
inflammatory effects. Highly abundant phenolic compounds, including eugenol, coniferyl
aldehyde, and syringaldehyde, have been reported to possess hypoglycemic and anti-in-
flammatory properties [50]. Notably, betaine, the most abundant compound detected, has
been associated with improved insulin sensitivity and increased relative abundance of
Akkermansia [51]. Additionally, indole derivatives have been suggested to be associated
with gut barrier function via aryl hydrocarbon receptor signaling [52]. Collectively, these
findings suggest that SWEPC contains multiple bioactive constituents that may synergis-
tically contribute to the observed improvements in hyperglycemia and alterations in GM
composition, although the specific contributions of each compound warrant further in-
vestigation.

Notably, the associations observed between GM composition and blood glucose pa-
rameters are correlative and do not establish causality. This study represents an initial
exploration of SWEPC’s role in modulating GM in T2DM mice. To establish causative re-
lationships, future investigations should employ fecal microbiota transplantation, antibi-
otic-mediated microbial depletion, and comprehensive validation of microbial metabo-
lites beyond SCFAs. Furthermore, the mechanistic analysis in the current study is prelim-
inary, as only two genes (Akt1 and Glut2) were examined. Future research should incor-
porate more comprehensive molecular approaches, such as transcriptomics or proteomics,
to better understand the underlying mechanisms. It is also noteworthy that SWEPC con-
tains phenolic compounds with anti-disaccharidase and anti-lipase activities; thus,
changes in GM may partially result from increased fermentable substrates reaching the
colon rather than a direct prebiotic effect. Measuring residual cecal nutrients (fat, carbo-
hydrate, protein) is recommended in future studies. Additional limitations and future di-
rections include the following: (i) batch-to-batch variability in SWEPC was minimized by
using a single batch with chemical profiling, but future research should focus on isolating
active components and establishing quality control standards; (ii) the HSHF diet may di-
lute protein and micronutrients, potentially confounding observed effects, necessitating
the use of fortified control diets; (iii) SWEPC may contain soluble minerals leached from
the Chaga mushroom, which could contribute to the observed effects, highlighting the need
for mineral profiling and mineral-matched controls; (iv) the fatty acid composition and
endogenous cholesterol content of lard and egg yolk in the HSHF diet were not character-
ized, potentially increasing total dietary cholesterol beyond 1%; (v) gut tissue-specific
markers of microbiota—host interaction should be examined; and (vi) lack of control
groups (HSHF diet + SWEPC, and normal diet + SWEPC) to distinguish SWEPC'’s antidi-
abetic actions from general metabolic effects of the diet or in healthy mice.

5. Conclusions

In this study, we investigated the changes in GM composition in T2DM mice follow-
ing SWEPC intervention and examined the associations between SWEPC administration
and T2DM-related metabolic improvements. The results showed that SWEPC-H treat-
ment was associated with a marked reduction in the Bacillota/Bacteroidota ratio at the
phylum level in T2DM mice. At the genus level, SWEPC-H treatment was associated with
the relative abundances of Anaerotruncus, Turicibacter, and Anaeroplasma. These microbial
shifts were observed alongside changes in hyperglycemic symptoms in T2DM mice. Fur-
thermore, SWEPC treatment significantly improved varied metabolic parameters, includ-
ing BW, FBG, AUC of OGTT, serum GSP, TC, TG, LDL-c, HDL-c, and HOMA indices
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(HOMA-IR, HOMA-IS, and HOMA-f). In the cecal contents, SWEPC increased the levels
of AA, PA, and BA, with PA exhibiting the most pronounced increase in the SWEPC-H
group. Chemical profiling revealed that SWEPC contains bioactive compounds, including
isofraxidin, scopoletin, and betaine, which have previously been associated with antidia-
betic and GM-modulating activities. Notably, Anaeroplasma, Anaerotruncus, and Rumino-
coccus displayed correlations with multiple blood glucose-related parameters, suggesting
that these genera may be of interest for future mechanistic studies on T2DM pathogenesis
and disease progression. These findings suggest that SWEPC treatment is associated with
mitigation of hyperglycemic symptoms in T2DM mice, and this effect is closely associated
with changes in GM composition. In this study, we provide preliminary experimental ev-
idence supporting the potential role of SWEPC in alleviating hyperglycemia in T2DM
mice; however, further validation in larger cohorts, over longer durations, and using
standardized extracts is required before translational applications can be considered.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/foods15132383/s1, Table S1: The chemical composition of
SWEPC.
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Abbreviations

The following abbreviations are used in this manuscript:
T2DM type 2 diabetes mellitus

FBG fasting blood glucose

GM gut microbiota
SCFAs short-chain fatty acids
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AA acetic acid

BA butyric acid

PA propionic acid

SWEPC  the supernatant of water extraction—ethanol precipitation of Chaga mushroom
BW body weight

MET metformin hydrochloride

OGTT oral glucose tolerance test

AUC area under the curve

FINS fasting insulin

HOMA-B HOMA-pancreatic islet B-cell function
HOMA-IR HOMA-insulin resistance

HOMA-IS HOMA-insulin sensitivity

LDL-c low-density lipoprotein cholesterol
HDL-c high-density lipoprotein cholesterol

GSP glycated serum protein
TC total cholesterol

TG triglycerides

Akt1 protein kinase B

Glut2 glucose transporter-2

HOMA homeostasis model assessment
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