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Abstract: Diabetes mellitus (DM), a major cause of mortality, is characterized by insulin resistance
and β-cell dysfunction. The increasing prevalence of DM is linked to lifestyle changes and there
is a need for alternative approaches to conventional oral hypoglycemic agents. Polysaccharides,
particularly non-starch polysaccharides (NSPs), have been identified as promising hypoglycemic
agents. Cereals, especially wheat, are key sources of dietary polysaccharides, with NSPs derived
from wheat beer attracting significant interest. This study aimed to investigate the hypoglycemic
and hypolipidemic effects of NSPs extracted from wheat beer in STZ-induced diabetic C57BL/6J
male mice. The results showed that NSPs extract positively influenced blood glucose regulation,
lipid profiles, and liver and kidney functions, by attenuating liver AST and kidney CRE levels in a
dose-dependent manner. The NSPs demonstrated anti-oxidative and anti-inflammatory properties,
potentially providing significant benefits in managing diabetes and its complications. Moreover,
the study revealed the histoprotective effects of NSPs on the liver and pancreas, reducing lipid
deposition, necrosis, and inflammation. These findings highlight the multifaceted advantages of
NSPs and suggest their potential as effective agents in diabetes management. This study supports the
need for further research into the therapeutic potential of NSPs and their application in developing
innovative treatments for diabetes and its associated complications.

Keywords: diabetes; dietary polysaccharide; non-starch polysaccharide; insulin resistance;
high-sugar diet

1. Introduction

Diabetes mellitus (DM), characterized by insulin resistance and β-cell dysfunction,
manifests as a consequence of disrupted blood glucose homeostasis [1]. Diabetes stands
prominently in the global health landscape, often securing the position of the fifth leading
cause of mortality in high-income nations. By 2021, approximately 537 million adults
worldwide were living with diabetes, resulting in around 6.7 million deaths annually, or
one death every 5 s [2]. The rising global incidence of diabetes is believed to be linked to
shifts in lifestyle and dietary patterns, particularly the increased consumption of rapidly
digestible carbohydrates. Additionally, nourishment during pregnancy plays a crucial
role in fetal programming, significantly impacting the child’s long-term health outcomes.
These factors combined contribute to the growing prevalence of diabetes and its associated
complications. Obesity is also believed to be closely linked to diabetes. Elevated levels of
saturated fatty acids, particularly palmitic acid (C16:0) and stearic acid (C18:0), found dur-
ing obesity, are highly associated with impaired insulin secretion and glucose intolerance.
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These fatty acids adversely affect β-cell function, a phenomenon known as glucolipotoxic-
ity [3]. DM is linked to elevated risks of nephropathy, neuropathy, cardiovascular diseases,
as well as retinopathy [4]. Oral hypoglycemic agents like biguanides, thiazolidinediones,
and sulfonylureas effectively control hyperglycemia. However, they come with notable side
effects, including hypoglycemia and gastrointestinal issues [5]. Hence, there is a pressing
need for viable alternatives to mitigate diabetes complications while minimizing side effects.
In recent years, there has been significant interest in exploring alternative medications to
address diabetes. Polysaccharides, among dietary bioactive compounds, have been iden-
tified as promising hypoglycemic agents [6–8]. Plant non-starch polysaccharides (NSPs)
have been shown to enhance insulin levels and promote hepatic glycogen accumulation,
leading to a reduction in blood glucose levels in streptozotocin (STZ)-induced diabetic
rats [9]. Additionally, they maintained islet structure by inhibiting β-cell apoptosis [10]
and increased the cells’ insulin content [11]. NSPs have also been shown to downregulate
diabetes-induced pro-inflammatory cytokines secretion in diabetic mice [12]. Moreover,
they prevent liver fibrosis by inhibiting liver lipid synthesis [13] and reduce serum hepatic
markers such as aspartate transaminase (AST) and alanine transaminase (ALT) [14]. NSPs
can also inhibit the development of type 2 diabetes mellitus (T2DM) by decreasing oxidative
stress, as evidenced by decreased levels of malondialdehyde (MDA) [15].

Dietary polysaccharides can be categorized into starch and NSPs, also known as
dietary fiber. NSPs are a complex of numerous monosaccharide units, distinct from starch,
linked together through glycosidic bonds. The primary constituents of NSPs are the
polysaccharides found in plant cell walls, including cellulose, hemicellulose, and pectin.
Additionally, NSPs encompass plant gums, mucilages, and hydrocolloids [16] and usually
represent less than 10% of the grain’s weight. Cereals constitute the primary source of
dietary polysaccharides for humans, contributing 50% of the total intake [17]. Wheat,
among cereals, is particularly abundant in NSPs, predominantly located in the bran [18].

The creation of cost-effective and potent alternatives to oral hypoglycemic agents,
ensuring efficient glycemic control, safeguarding the functionality of β-cells, exhibiting
weight neutrality or facilitating weight loss, with reduced side effects, holds practical
significance for both the pharmaceutical and nutrition industries. The present study aims
to investigate the hypoglycemic and hypolipidemic effects of NSPs extracted from wheat
beer at various concentrations both in vitro and in vivo. In vitro, the study will focus on
evaluating the inhibitory effects of NSPs on α-amylase and pancreatic lipase enzymes, as
well as assessing the fat-binding capacity. In vivo, the study will investigate the effects
of NSPs on serum lipid, glucose, and insulin levels, as well as serum markers of liver
and kidney functions, in diabetic C57BL/6J male mice. Additionally, the study aims
to evaluate the potential antioxidant and anti-inflammatory properties of NSPs. Liver
lipid accumulation will be assessed, supported by histopathological staining of liver and
pancreas tissues to identify any associated morphological changes, inflammation, and
pancreatic β-cell arrangement in the different experimental groups.

2. Material and Methods
2.1. Reagents and Kits

The following reagents were used: absolute ethanol (Beijing Yili Fine Chemicals Co.,
Ltd., Beijing, China), trifluoroacetic acid (TFA) (Sangon Bioengineering, Shanghai, Co.,
Ltd., Shanghai, China), monosaccharides standards (Borealis Biologicals, Vienna, Austria),
α-amylase (porcine pancreas), pancreatic lipase (porcine pancreas), dinitrosalicylic acid
and p-nitrophenyl butyrate (Shanghai Yuanye Biotechnology Co., Ltd., Shanghai, China),
streptozotocin (STZ) (USP grade, Shanghai Biyuntian Biotechnology Co., Ltd., Shanghai,
China). The assay kits for total cholesterol (TC), triglyceride (TG), high-density lipoprotein
cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), alanine aminotransferase
(ALT), aspartate aminotransferase (AST), creatinine (CRE), blood urea nitrogen (BUN),
glycogen, and malondialdehyde (MDA) were all purchased from (Nanjing Jiancheng
Institute of Bioengineering Co., Ltd., Nanjing, China). Enzyme-linked immunosorbent
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assay kits (ELISA) for mouse insulin (INS), mouse glucagon-like peptide 1 (GLP-1), mouse
glucagon, mouse interleukin-1β (IL-1β), mouse interleukin-6 (IL-6), and mouse tumor
necrosis factor α (TNF-α), were all purchased from (Wuhan Hualianke Biotechnology Co.,
Ltd., Wuhan, China).

2.2. Extraction of NSPs

This study used the method described by Song et al. [19], with slight modification.
The beer sample was subjected to precipitation and separation in absolute ethanol (1:4 v/v)
at 4 ◦C for 12 h. Subsequently, the mixture was centrifuged at 10,000× g for 10 min, and
the supernatant was discarded. The resulting pellet was dissolved in 4.8 mL of sodium
acetate buffer (100 mM, pH 5.0). A reaction with (0.1%, W/W) amyloglucosidase was
conducted in a water bath at 50 ◦C for 30 min, followed by incubation with equal volumes of
(10%, W/W) trichloroacetic acid solution for 12 h. The solution was then heated in a boiling
water bath for 10 min and centrifuged at 10,000× g for 10 min. Absolute ethanol was added
to the supernatant (1:2 v/v), and after standing for 30 min, the mixture was subjected to
centrifugation at 10,000× g for 10 min. The resulting precipitate was washed twice with
ethanol (95%, V/V), and NSPs were obtained through natural air-drying.

2.3. Characterization of NSPs

Sixteen monosaccharides standards (fucose, rhamnose, arabinose, galactose, glu-
cose, xylose, mannose, fructose, ribose, galacturonic acid, glucuronide, aminogalactose
hydrochloride, glucosamine hydrochloride, N-acetyl-D-glucosamine, guluronic acid, man-
nuronic acid) were weighed in precise amounts, and configured as a standardized concen-
tration solution to be used as a mixed standard. According to the absolute quantification
method, the mass of different monosaccharides was determined and the molar ratio was
calculated based on the molar mass of monosaccharides. An amount of 5 mg non-starch
polysaccharide extract was weighed in an ampoule, followed by the addition of 2 mL of
3M TFA for hydrolysis at 120°C for 3 h. The acid hydrolysis solution was then accurately
pipetted into a tube and dried with nitrogen. Subsequently, 5 mL of deionized water was
added, and the mixture was well mixed and 100 µL of the solution was pipetted and mixed
with 900 µL of deionized water. After centrifugation for 5 min at 12,000× g, the supernatant
was taken for analysis by ion chromatography (IC).

The chromatographic conditions were as follows: column: Dionex CarbopacTM PA20
(3 × 150 mm); mobile phases: A: H2O; B: 15 mM NaOH; C: 15 mM NaOH, 100 mM NaAc;
flow rate: 0.3 mL/min; injection volume: 25 µL; column temperature: 30 ◦C; detector:
electrochemical detector

2.4. Enzymatic Assays
2.4.1. α-Amylase Inhibition

The inhibiting capacity of NSPs of α-amylase was conducted according to the method
used by Cardullo et al. [20], with slight modification. NSPs extract was prepared at
concentrations of 0.1, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 mg/mL. Then 0.5 mL of NSPs sample
was mixed with 0.5 mL of α-amylase solution (10 U/mL, 0.1M PBS, pH 7.0) and incubated
at 37 ◦C for 10 min. Subsequently, 0.5 mL of starch solution with a mass concentration of
0.1% was added, and the mixture was incubated at 37 ◦C for 20 min. Afterward, 100 µL
of dinitrosalicylic acid was added, and the solution was boiled in a water bath for 5 min.
Following cooling, the absorbance value was measured at 540 nm. The inhibition rate of
α-amylase activity was calculated using Formula (1) as follows:

Inhibition rate = [1 − (Aa − Ab)/(Ac − Ad)] × 100% (1)

where Aa is the absorbance of mixture enzyme/substrate in the presence of tested com-
pound; Ab is the absorbance of the sample background group (equal volume of enzyme
solution is replaced by buffer); Ac is the absorbance of the control group (equal volume
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of the sample solution is replaced by buffer); and Ad is the absorbance of the control
background group (equal volume sample and enzyme solution is replaced by buffer).

2.4.2. Lipase Inhibition

The inhibiting capacity of NSPs of pancreatic lipase was conducted according to the
method described by Franco et al. [21], with slight modification. A solution of pancreatic
lipase at a concentration of 2.5 mg/mL in PBS (20 mM, pH 7.3) was prepared. It was then
centrifuged at 10,000× g for 5 min, and 0.1 mL of the resulting supernatant was mixed
with 0.3 mL of NSPs samples prepared at concentrations of 0.1, 0.5, 1.0, 1.5, 2.0, 2.5, and
3.0 mg/mL. The mixture was thoroughly mixed and incubated for 15 min at 37 ◦C. Then
0.5 mL of butyrate solution was added to the mixture, thoroughly mixed, and incubated at
37 ◦C for 15 min. The absorbance value was measured at 405 nm. The inhibition rate of
lipase activity was calculated using Formula (2) as follows:

Inhibition rate = [1 − (Aa − Ab)/(Ac − Ad)] × 100% (2)

where Aa is the absorbance of mixture enzyme/substrate in the presence of tested com-
pound; Ab is the absorbance of the sample background group (equal volume of enzyme
solution is replaced by buffer); Ac is the absorbance of the control group (equal volume
of the sample solution is replaced by buffer); and Ad is the absorbance of the control
background group (equal volume sample and enzyme solution is replaced by buffer).

2.4.3. Determination of Fat-Binding Capacity

The fat-binding capacity of NSPs was assessed using a method adapted from
Sangnark et al. [22]. In the modified protocol, 2 mL of peanut oil was mixed with 40 mg of
NSPs extract and stirred at 200 r/min for 2 h at 37 ◦C. The mixture was then centrifuged at
2500× g for 20 min, and the oil layer was carefully decanted. The remaining mixture
was dried under vacuum at 40 ◦C. The amount of fat bound was quantified as mg of fat
bound/10 mg of sample.

2.4.4. Determination of Cholesterol-Binding Capacity Assay

The method described by Song et al. [19] was used. Fresh egg yolk was diluted with
deionized water (1:5, V/V). Subsequently, a mixture of 4 mL of egg yolk and 40 mg of
NSPs extract was mixed and stirred at 200 r/min for 2 h at 37 ◦C. Afterward, the mixture
underwent centrifugation at 2500× g for 20 min. The cholesterol content in the resulting
supernatant was determined using a free cholesterol content assay kit. The result was
expressed as mg bound cholesterol/g sample.

2.5. Animal Experimental Design

Fifty male 8-week-old clean-grade C57BL/6J mice were housed in a clean and hy-
gienic environment (room temperature 24 ± 2 ◦C, relative humidity 50% ± 5%, with
a 12-h dark/light cycle) and had free access to food and water. After 1 week of adap-
tive feeding, nine mice were selected as the control group, and fed with a normal diet.
Forty-one mice were fed an imported high-sugar and high-fat (HSHF) diet (66.5% basic
diet, 10% lard, 20% sucrose, 2.5% cholesterol, 1% sodium cholate) as the experimental
group. After 8 weeks, the mice in the experimental group were fasted for 12 h, and then
injected STZ solution intraperitoneally at a dose of 50 mg/kg for 3 consecutive days (1%
STZ in 0.1M citric acid–sodium citrate buffer, pH 4.2~4.5). The mice in the control group
were fasted for 12 h and injected with the same dose of citric acid–sodium citrate buffer.
One week later, the fasting blood glucose (FBG) of the mice was measured. Mice in the
experimental group were considered successfully modeled for type II diabetes when their
FBG levels exceeded 11.1 mmol/L twice consecutively.

The type II diabetic mice were then randomly divided into four groups (n = 6):
model group, low-dose group (L-NSPs, 100 mg/kg bw), medium-dose group (M-NSPs,
200 mg/kg bw), and high-dose group (H-NSPs, 400 mg/kg bw). NSPs were dissolved in
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ultrapure water and gavaged once daily. The control group and the model group were
given the same dose of ultrapure water by gavage every day. During treatment, body
weight and fasting blood glucose were measured once a week. An oral glucose tolerance
test (OGTT) and insulin tolerance test (ITT) were performed at the end of the experiment.
After 4 weeks of treatment, all mice were fasted for 12 h and whole blood samples were
collected, serum was isolated by centrifugation, and aliquots were stored at −80 ◦C for later
analysis. Following the sacrifice of the mice, the pancreas, liver, spleen, kidneys, gastroc-
nemius muscle, and adipose tissues (including epididymal, subcutaneous, perirenal, and
subrenal fat) were immediately collected and weighed separately. A portion of the pancreas
and liver was placed in 10% formalin solution for fixation and subsequent hematoxylin and
eosin (H&E) staining. Part of the liver was frozen in liquid nitrogen before being transferred
to −80 ◦C for oil red O staining, while the remaining liver was also cryopreserved
at −80 ◦C for biomarker analysis. All animal experimental procedures in this research fol-
lowed the National Institutes of Health’s guidelines for the treatment and use of laboratory
animals. All animal procedures were conducted in accordance with the guidelines set by
the Animal Ethics Committee of the Beijing Key Laboratory of Functional Food from Plant
Resources (Permit Number: A330-2023-8, issued on 1 August 2023).

2.6. Oral Glucose Tolerance Test (OGTT) and Insulin Tolerance Test (ITT)

An OGTT was conducted at the end of the treatment. After 12 h of fasting, the OGTT
was performed by giving glucose at 2 g/kg. Blood glucose was measured at 0, 30, 60,
90, and 120 min. An ITT was carried out by injecting all mice with insulin (0.75 U/kg)
intraperitoneally after 4 h fasting. Orbital blood was taken before and after 30, 60, 90,
and 120 min, and glucose level was measured. All experimental data were evaluated by
calculating the area under the blood glucose curve (AUC).

2.7. Serum Biochemical Analysis

Fasting blood glucose (FBG) levels in the mice were systematically monitored on a
weekly basis over a 4-week treatment period following a fasting duration of 12 h. TC, TG,
HDL-C, LDL-C, AST, ALT, CRE, BUN, and MDA were measured using commercially avail-
able kits according to the manufacturer’s instructions. Insulin, glucagon, GLP-1, TNF-α,
IL-6, and IL-1βwere measured using ELISA kits according to the manufacturer’s instructions.

2.8. Determination of Liver Lipid and Glycogen Content
2.8.1. Lipid Content in Liver Tissue

Liver TC and TG content was determined using commercially available kits according
to the manufacturer’s instructions. Briefly, weighed liver tissue was homogenized with the
lipid extracting solution provided in the kit, placed in an ice bath, and then centrifuged
at 13,000× g for 10 min at 4 ◦C. Afterwards, the supernatant was used for measurement.

2.8.2. Glycogen Content in Liver Tissue

Liver glycogen was determined using commercially available kits according to the
manufacturer’s instructions. Briefly, weighed liver tissue was added to the extraction
solution provided in the kit and placed in a boiling water bath for 20 min. Once all
tissues were dissolved, the volume was adjusted to 5 mL with distilled water. The mixture
was centrifuged at 8000× g at room temperature for 10 min and the supernatant was
used for measurement.

2.9. Histological Analysis

Histological evaluation of liver and pancreas changes was conducted using H&E
staining under a light microscope. Liver and pancreas tissues were fixed in 10% formalin at
room temperature for 24 h. The fixed tissues were then embedded in paraffin and mounted
on glass microscope slides. These sections were stained with hematoxylin and eosin (H&E)
and examined under light microscopy at a magnification of 100×.
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For the evaluation of fat deposition, liver sections with a thickness of 5–8 µm were
embedded in OCT medium, mounted on glass slides, and stained with Oil Red O. These sec-
tions were examined at a magnification of 200×. The digital images were then analyzed us-
ing ImageJ (1.46r), where the lipid-positive areas (stained red) were identified and measured.
The quantification was based on calculating the average optical density of the lipid-positive
area ratios across multiple fields of view for each sample. These ratios were then used to
determine the extent of lipid droplet deposition in the different experimental groups.

2.10. Statistical Analysis

SPSS 17.0 software was used to compare the means of all group pairs using one-way
ANOVA, multivariate repeated measures ANOVA, and Tukey’s test for further analysis
of the differences between the groups. All statistical tests were two-tailed, with p < 0.05
indicating a significant difference. GraphPad prism 8 software was used for plotting.

3. Results
3.1. Monosaccharides Composition of Extracted NSPs

NSPs were obtained using the anhydrous ethanol precipitation method, the pu-
rity of the extract was estimated at 89.96%, and the monosaccharides composition of
NSPs was identified by comparing the retention time with standards. As shown in
Figure 1, NSPs, a heteropolysaccharide, consisted of five monosaccharides including xy-
lose, mannose, glucose, galactose, and arabinose at 332.4, 171.72, 146.64, 136.96, and
30.05 µg/g extract, respectively.
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3.2. Enzyme Activity Inhibition Effect of NSPs

The inhibitory effects of NSPs extract at different concentrations on the activities of
α-amylase and pancreatic lipase are summarized in Table 1.

As the concentration of NSPs increased, there was a corresponding rise in the inhibition
rate of α-amylase activity. The most noticeable change in α-amylase inhibition occurred
within the concentration range of 1.5 mg/mL to 2.0 mg/mL, with the inhibition rate
increasing significantly from 43.18% ± 0.27% to 70.45% ± 0.52%. Beyond 2.0 mg/mL, the
rate of inhibition slowed down, reaching a maximum of 81.82% ± 0.85%. Simultaneously,
NSPs extract demonstrated an inhibitory effect on pancreatic lipase activity, with the
inhibition rate exhibiting a positive correlation with sample concentration. The fastest
increase in pancreatic lipase inhibition occurred between 1.5 mg/mL and 2.0 mg/mL,
reaching a stabilization point and culminating in a 45.73% ± 1.01% inhibition rate at a
concentration of 3.0 mg/mL.
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Table 1. Inhibition rate of α-amylase and pancreatic lipase by NSPs.

Sample Concentration (mg/mL) 0.1 0.5 1.0 1.5 2.0 3.0

α-amylase inhibition rate (%) 11.36 ± 0.18 22.73 ± 0.22 27.27 ± 0.30 43.18 ± 0.27 70.45 ± 0.52 81.82 ± 0.85
Pancreatic lipase inhibition rate (%) 12.63 ± 0.11 17.79 ± 0.08 24.82 ± 0.27 27.04 ± 0.33 44.35 ± 1.05 45.73 ± 1.01

3.3. Lipid-Binding Capacity of NSPs Extract

The fat-binding capacity test demonstrated that NSPs extract exhibited a binding
ability of 5.92 mg/10 mg. Additionally, the cholesterol-binding test, employing the egg
yolk method, revealed that NSPs displayed a binding capacity of 3.75 mg/g.

3.4. Effect of NSPs on Mice Body Weight and Organ Coefficient

As shown in Table 2, after 4 weeks of treatment with NSPs, diabetic mice showed no
significant difference in the final body weight in experimental groups compared to control
and model groups (p > 0.05). No significant difference in food intake was recorded among
groups (p > 0.05). The organ coefficient of the mice was calculated as the ratio of the weight
of an organ to the body weight. In normal circumstances, the organ coefficient remains
constant and organ weight changes are considered as a sensitive indicator of treatment-
related effects [23]. If the organ index increases, it may indicate oedema or inflammation of
the organ, but a drop in the index signals atrophy or damage to the organ. In the present
study, NSPs-treated groups showed no significant difference (p > 0.05) in organ coefficients
of liver, kidney, and gastrocnemius muscle compared with the control and model groups as
illustrated in Figure 2. The analysis of spleen coefficients revealed no statistically significant
differences (p > 0.05) between the different groups. Similarly, there were no significant
differences (p > 0.05) observed between the model group and the various treated groups.
However, the pancreatic coefficient exhibited a statistically significant decrease in both the
model group (p < 0.001) and low-dose group (p < 0.001) when compared to the control
group. Conversely, the medium-dose and high-dose groups demonstrated a significant
elevation in pancreatic coefficient. Notably, the pancreatic coefficient in the high-dose group
was comparable to that of the control group, with no statistically significant difference
observed (p = 0.11). These results suggest that NSPs at a high dose of 400 mg/kg BW
exhibited a positive effect on pancreas organ health. Perirenal, subrenal, and epididymal
fat did not significantly differ (p > 0.05) across the groups, despite some observed variances.
Compared with the model group, the subcutaneous fat coefficient of the control and treated
groups at different doses was significantly lower (p < 0.05). Furthermore, there was a
significant difference (p < 0.05) in the total fat coefficient between the model group and
the middle-dose, high-dose, and control groups. Nonetheless, there was no discernible
variation in the total fat coefficient between the middle-dose and high-dose groups and the
control group (p > 0.05).

Table 2. Mice body weight and food intake. All data are shown as mean ± SD. Labeled means
without a common letter differ significantly (p < 0.05).

Initial Weight (g) Final Weight (g) The Amount of Weight Change (g) Food Intake (g)

Control group 27.5667 ± 0.8595 bc 29.5500 ± 0.6189 a 1.9833 ± 0.5636 a 271.6 ± 67.9 a

Model group 26.6750 ± 0.8958 c 31.1500 ± 2.6211 a 4.4750 ± 2.5889 a 302.35 ± 72.58 a

Low-dose group 26.2000 ± 1.5621 c 30.6000 ± 1.2288 a 4.4000 ± 2.2517 a 270.9 ± 65.72 a

Medium-dose group 28.5000 ± 1.6279 ab 30.7400 ± 2.0070 a 2.2400 ± 2.3713 a 291.9 ± 71.65 a

High-dose group 29.3250 ± 0.4992 a 32.0250 ± 1.6701 a 2.7000 ± 1.7146 a 274.1 ± 67.4 a
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 Figure 2. Organs, fat, and gastrocnemius muscle coefficient of the mice post NSPs treatment. The
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subcutaneous fat (F), epididymal fat (G), total fat (H), and gastrocnemius muscle (I) are shown. All
data are shown as mean ± SD. Labeled means without a common letter differ significantly (p < 0.05).

3.5. The Effect of NSPs on OGTT and ITT in the Diabetic Mice

The OGTT and ITT were conducted at the end of the treatment period, as illustrated
in Figure 3. Following oral administration of 2 g/kg glucose to the mice, the blood glucose
concentrations reached a peak within 30 min. Blood glucose concentrations and the corre-
sponding AUC values, during OGTT and at all time points, were found to be significantly
elevated in both the model group (p < 0.001) and low-dose group compared (p < 0.001)
to the control group. Conversely, the middle-dose group and high-dose group exhibited
decreased blood glucose levels and AUC at all time points, as shown in Figure 3A,B.
The serum concentrations of glucose at 60–120 min were significantly decreased in the
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medium-dose group and high-dose group, reaching 7.5 ± 0.93 and 9.7 ± 1.73 mmol/L,
respectively, compared to the model group which kept higher blood glucose concentration
(12.9 ± 2.95 mmol/L). At the end of the experiment, the low-dose group also reached a
significant decrease to 10.2 ± 3.57 mmol/L.
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As shown in Figure 3C,D, the depiction of blood glucose levels following insulin
treatment along with the area under the curve (AUC) of diabetic mice in both the model
group and low-dose group exhibited a noteworthy elevation compared to the control group
at all time points. Conversely, the middle-dose group and high-dose group demonstrated
reduced blood glucose levels and AUC at all time points. Moreover, within the medium-
dose group, the blood concentrations of glucose exhibited a significant decrease during
the 60–120 min interval, attaining 5.74 ± 1.7, compared to the model group (p = 0.02) and
low-dose group (p = 0.011) where the blood glucose level was reaching higher values
(8.4 ± 0.96; 8.42 ± 2.87 mmol/L).

3.6. The Effect of NSPs on Mice Fasting Blood Glucose

Throughout the 4-week intervention period, FBG levels within the control group
remained consistently stable, maintaining values within the range indicative of control and
low levels (8.9 ± 1.02–4.9 ± 1.05 mmol/L), as illustrated in Figure 4A. Nevertheless, FBG
levels exhibited a gradual and notable increase in both the model group and treated groups,
reaching values significantly higher than those observed in the control group (p < 0.05)
during the first experimental week. After 2 weeks of treatment, the model group, low-dose
group, and medium-dose group maintained elevated FBG levels (11.2 ± 0.8; 11.5 ± 1.2;
11.1 ± 1.04 mmol/L, respectively), in contrast to the high-dose group, which exhibited a
notable decrease in FBG reaching 7.5 ± 0.93 mmol/L. By the third week, the high-dose
group displayed a significant decrease in FBG compared to the model group, reaching
8.8 mmol/L (p = 0.001). At the end of the experiment, both the medium-dose and high-dose
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groups exhibited lower FBG levels compared to the low-dose group (7.5 ± 0.97; 7.7 ± 0.8;
10.6 ± 1.3 mmol/L, respectively), but still not significantly different from model mice group
FBG level (p > 0.05).
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Figure 4. Fasting blood glucose (FBG) levels and serum lipid levels post NSPs treatment.
(A) FBG levels, (B) total cholesterol (TC), (C) triglyceride (TG), (D) high-density lipoprotein choles-
terol (HDL-C), and (E) low-density lipoprotein cholesterol (LDL-C) levels. All data are shown as
mean ± SD. Labeled means without a common letter differ significantly (p < 0.05).

3.7. The Effect of NSPs on Serum Lipid Profile

As shown in Figure 4B–E, the control group exhibited significantly elevated lev-
els of TC, TG, and HDL-C, while displaying lower levels of LDL-C compared to the
model group (p < 0.05). Following a 4-week intervention with NSPs at varying doses,
the low-dose group demonstrated no significant differences in TG and HDL-C levels
when compared to the model group (p > 0.05). TG levels reached significant low levels
(0.5 ± 0.11 mmol/L) in the medium-dose group, distinguishing it from the other exper-
imental groups. HDL-C exhibited a significant increase in both the medium-dose and
high-dose groups (3.92 ± 0.17; 3.72 ± 0.36 mmol/L) compared to the model group and
low-dose group (3.11 ± 0.58; 2.95 ± 0.18 mmol/L) (p < 0.05). Importantly, there was no
significant difference observed between the control group, the medium-dose, and high-
dose groups (p > 0.05). Regarding LDL-C levels, M-NSPs and H-NSPs groups exhibited
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significantly lower levels compared to the model group (p = 0.001; p = 0.003). Regarding
TC levels, the NSPs treatment exhibited no significant differences among the experimental
groups after 4 weeks of treatment, indicating no notable change compared to the model
group (p > 0.05).

3.8. The Effect of NSPs on Hepatic Enzyme Levels

As depicted in Figure 5B, the results after 4 weeks of treatment revealed no substantial
changes in ALT levels among the various groups of mice (p > 0.05). Conversely, there was
a noteworthy increase in AST levels in the model group compared to the control group
(p < 0.001) (Figure 5A). Notably, when comparing the model group to the different treated
groups, it was observed that NSPs induced a significant decrease in AST levels in the
low-dose group, medium-dose group, and high-dose group (231.52 ± 19.72; 210.03 ± 6.06;
281.91 ± 14.28 U/L vs. 353.64 ± 20.35 U/L, respectively).

Foods 2024, 13, x FOR PEER REVIEW  12  of  25 
 

 

compared to the model group (p = 0.001; p = 0.003). Regarding TC levels, the NSPs treat-

ment exhibited no significant differences among the experimental groups after 4 weeks of 

treatment, indicating no notable change compared to the model group (p > 0.05). 

3.8. The Effect of NSPs on Hepatic Enzyme Levels 

As depicted in Figure 5B, the results after 4 weeks of treatment revealed no substan-

tial changes in ALT levels among the various groups of mice (p > 0.05). Conversely, there 

was a noteworthy  increase  in AST  levels  in  the model group  compared  to  the  control 

group (p < 0.001) (Figure 5A). Notably, when comparing the model group to the different 

treated groups, it was observed that NSPs induced a significant decrease in AST levels in 

the low-dose group, medium-dose group, and high-dose group (231.52 ± 19.72; 210.03 ± 

6.06; 281.91 ± 14.28 U/L vs. 353.64 ± 20.35 U/L, respectively). 

 

Figure 5. The effect of NSPs  treatment on serum  levels of aspartate aminotransferase  (AST)  (A), 

alanine aminotransferase (ALT) (B), creatinine (CRE) (C), and blood urea nitrogen (BUN) (D). All 

data are shown as mean ± SD. Labeled means without a common letter differ significantly (p < 0.05). 

3.9. The Effect of NSPs on Renal Enzyme Levels 

As can be seen from Figure 5C, there was a notable and statistically significant in-

crease in CRE levels within the diabetic model group when compared to the control group 

(p < 0.001). Intriguingly, after a 4-week treatment period with NSPs, a significant decrease 

(p < 0.05)  in CRE  levels was observed  in  treated mice as opposed  to  the model group. 

Notably,  the high-dose group exhibited  the most pronounced  reduction  in CRE  levels 

(11.05 ± 6.02 µmol/L) among the treated groups. In terms of BUN serum levels, all diabetic 

mice, both in the model group and the treated groups, exhibited elevated levels of BUN 

Figure 5. The effect of NSPs treatment on serum levels of aspartate aminotransferase (AST) (A),
alanine aminotransferase (ALT) (B), creatinine (CRE) (C), and blood urea nitrogen (BUN) (D). All
data are shown as mean ± SD. Labeled means without a common letter differ significantly (p < 0.05).

3.9. The Effect of NSPs on Renal Enzyme Levels

As can be seen from Figure 5C, there was a notable and statistically significant increase
in CRE levels within the diabetic model group when compared to the control group
(p < 0.001). Intriguingly, after a 4-week treatment period with NSPs, a significant decrease
(p < 0.05) in CRE levels was observed in treated mice as opposed to the model group.
Notably, the high-dose group exhibited the most pronounced reduction in CRE levels
(11.05 ± 6.02 µmol/L) among the treated groups. In terms of BUN serum levels, all diabetic
mice, both in the model group and the treated groups, exhibited elevated levels of BUN
compared to the control group (p < 0.05), with no significant differences observed among
them (p > 0.05).
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3.10. The Effect of NSPs on Serum Levels of Insulin, Glucagon, and Glucagon-like Peptide 1

As shown in Figure 6A, diabetic mice in the model group showed a significant de-
crease in serum insulin compared to the control group (0.71 ± 0.28; 1.33 ± 0.11 mU/L)
(p = 0.01). However, treatment with NSPs demonstrated a significant increase in insulin
levels compared to the model group (p < 0.05) across the low-dose, medium-dose, and
high-dose treated groups (1.21 ± 0.06; 1.34 ± 0.21; 1.55 ± 0.07 mU/L, respectively). Notably,
this increase in insulin levels brought the treated groups to levels comparable to those of
healthy mice, with no significant differences observed (p > 0.05).
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Conversely, glucagon serum levels exhibited a significant increase in the model group
(p = 0.03) and low-dose group when compared to the control group. In contrast, the
medium-dose group and high-dose group demonstrated an effective normalization of
glucagon levels (25.80 ± 2.01; 29.05 ± 2.31 pg/mL, respectively), aligning them with
the levels observed in the control group (27.42 ± 2.11 pg/mL), showing no significant
difference (p > 0.05), as observed in Figure 6B. The GLP-1 results in Figure 6C, revealed that
the medium dose of NSPs brought GLP-1 levels back to the control range comparable to the
levels observed in the control group (p = 0.094). In contrast, GLP-1 levels in the low-dose
and high-dose groups were close to those in the model group (p > 0.05).

3.11. The Effect of NSPs on Serum MDA Levels

The results shown in Figure 7 demonstrated a significant reduction in MDA levels
with the administration of NSPs in the medium-dose group (18.75 ± 1.76 nmol/mL;
p = 0.017) compared to the model group (15.83 ± 1.44 nmol/mL). Notably, the medium
dose effectively normalized MDA levels, showing no significant difference from the levels
observed in the control group (p = 0.65). While the high dose of NSPs also contributed to a
decrease in MDA levels, this reduction did not reach statistical significance when compared
to the model group (p = 0.059). This indicates that the NSPs treatment prevented substantial
oxidative stress in diabetic mice.
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Figure 7. The effect of NSPs treatment on serum malondialdehyde (MDA) levels of diabetic mice. All
data are shown as mean ± SD. Labeled means without a common letter differ significantly (p < 0.05).

3.12. The Effect of NSPs on the Inflammatory Response in Diabetic Mice

As can be seen from Figure 8, the serum levels of TNF-α and IL-6 exhibited a significant
down-regulation (p < 0.05) after 4 weeks of NSPs treatment compared to the model group,
effectively returning to normal levels comparable to non-diabetic mice. Conversely, IL-1β
levels did not show a significant decrease when compared to the model group (p > 0.05).
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induced diabetic mice post NSPs treatment. All data are shown as mean ± SD. Labeled means
without a common letter differ significantly (p < 0.05).

3.13. The Effect of NSPs on Liver Lipid Accumulation of Diabetic Mice

As illustrated in Figure 9A,B, the assessment of TC and TG levels in mice liver tissue
highlighted that both the model group and the low-dose group displayed significantly
elevated levels of TC (0.04 ± 0.01, p = 0.01; 0.03 ± 0.01, p = 0.058 mmol/g liver) and TG
(0.11 ± 0.06, p = 0.047; 0.1 ± 0.03, p = 0.03 mmol/g liver) in comparison to the control
group (TC 0.01 ± 0.008; TG 0.07 ± 0.01 mmol/g liver). Conversely, the medium-dose
group and high-dose group exhibited a noteworthy and dose-dependent reduction in liver
lipid content (TC: M-NSPs 0.008 ± 0.006, H-NSPs 0.01 ± 0.003 mmol/g liver; TG: M-NSPs
0.04 ± 0.02, H-NSPs 0.04 ± 0.004 mmol/g liver), ultimately reaching levels similar to those
observed in the control group. This indicates that NSPs could improve lipid accumulation
in the liver tissue, which can prevent future fatty liver diseases.
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Figure 9. Liver total cholesterol (TC) (A), triglyceride (TG) (B), and glycogen (C) content of
STZ-induced diabetic mice post NSPs treatment. All data are shown as mean ± SD. Labeled means
without a common letter differ significantly (p < 0.05).

3.14. The Effect of NSPs on Liver Glycogen Content of Diabetic Mice

Glycogen levels were higher in the treated groups compared to the model group,
although the difference was not statistically significant. Both treated and untreated groups
maintained glycogen levels comparable to those of the control group, with no statistically
significant differences observed (p > 0.05).

3.15. The Effect of NSPs on Liver Histology
3.15.1. H&E Staining

H&E staining of liver sections from diabetic mice as shown in Figure 10, unveiled
pronounced anomalies within the model group. Remarkably, hepatocytes exhibited dis-
arrangement and hyperplasia, accompanied by the conspicuous presence of fat droplets.
Further scrutiny disclosed hepatic lobular degeneration and necrosis, indicative of severe
tissue damage. A marked increase in the inflammatory response contributed to a dis-
cernible presence of inflammatory cells. Additionally, hepatic sinusoidal congestion was
evident, accentuating the perturbations in microcirculation within the liver. These findings
collectively underscore the profound impact of diabetes on liver histology. Furthermore,
in-depth analysis of the impact of different doses of NSPs revealed intriguing outcomes.
The lowest dose of NSPs administered to treated mice did not confer protection against
liver necrosis, inflammation, and the persistence of adipocytes already observed in the
model group, as illustrated in Figure 10B,C. Contrastingly, the administration of medium
and higher doses of NSPs effectively shielded the liver from the aforementioned abnormali-
ties. This is evident in Figure 10D,E, where abundant, normally structured and arranged
hepatocytes are observed. Notably, small amounts of adipocytes and mild inflammation
are observed in discrete areas, reminiscent of the control group presented in Figure 10A.
These findings underscore the potential dose-dependent protective effects of NSPs on liver
histology in diabetes.
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Figure 10. Hematoxylin and eosin (H&E) of liver tissue. (A) control group, (B) model
group, (C) L-NSPs group, (D) M-NSPs group, (E) H-NSPs group. H&E magnification ×100;
scale bar = 100 µm. Black arrow = hepatocytes; red arrow = fat deposition; yellow arrow = inflamma-
tory cells.

3.15.2. Oil Red O Staining

To confirm lipid deposition in the liver of the experimental mice, Oil Red O staining
was employed to quantify fat droplets within hepatocytes (Figure 11). Histological analysis
demonstrated a notable increase in intracellular lipid accumulation in the liver of the model
group compared to the control group as illustrated in Figure 11A,B. This was accompa-
nied by elevated hepatic TC and TG levels (TC: model 0.04 ± 0.01, control 0.01 ± 0.008;
TG: model 0.11 ± 0.06, control 0.07 ± 0.01 mmol/g liver) along with a rise in the positive
area ratio of optical density by 13.139% and 2.426%, respectively. Liver sections from the
low-dose group exhibited fewer lipid droplets, as depicted in Figure 11C. However, there
was no significant difference from the model group, as both groups displayed high levels of
liver TG and TC (TG: L-NSPs 0.1 ± 0.03, model 0.11 ± 0.06; TC: L-NSPs 0.03 ± 0.01, model
0.04 ± 0.01 mmol/g liver). In contrast, liver sections from the medium-dose and high-dose
groups revealed a significant reduction in lipid droplet deposition compared to the model
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group (Figure 11D,E), characterized by a notable decrease in liver TC and TG accumula-
tion (TC: M-NSPs 0.008 ± 0.006, H-NSPs 0.01 ± 0.003; TG: M-NSPs 0.04 ± 0.02, H-NSPs
0.04 ± 0.004 mmol/g liver). The calculated ratio area was 3.71% for the medium-dose
group and 2.862% for the high-dose group. These findings underscore the dose-dependent
efficacy of the administered NSPs in mitigating hepatic lipid accumulation.
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Figure 11. Oil Red O staining of liver tissue. (A) control group, (B) model group, (C) L-NSPs group,
(D) M-NSPs group, (E) H-NSPs group. Lipid drops are judged by red staining. Magnification ×200;
scale bar = 100 µm. Black arrow = fat deposition.

3.16. The Effect of NSPs on Pancreas Histology

To evaluate the histologic alterations in the pancreatic tissues and the possible protec-
tive effect of NSPs on β-cell function in diabetic mice, H&E staining analysis was performed.
A fully intact pancreatic islet structure in the control mice, characterized by the presence
of regularly distributed and abundant pancreatic β-cells, and homogeneous arrangement
with compact intercellular spaces in the pancreas, was observed as shown in Figure 12A.
By contrast, the islets in diabetic model mice and treated mice at low NSPs concentration
exhibited atrophy and severe damage, coupled with a conspicuous reduction in pancreatic
β-cell distribution. Additionally, large inflammatory cell infiltrates were evident, highlight-
ing the pronounced state of inflammation (Figure 12B,C). The pancreatic tissue structure in
both the medium-dose and high-dose groups exhibited overall clarity. The acinar lobules
remained predominantly intact, and the interlobular space appeared essentially normal.
However, there were discernible instances of inflammatory cell infiltration, accompanied
by a minor presence of abnormal pancreatic islet cells (Figure 12D,E). The results suggested
that NSPs effectively improved the damaged islet structure in diabetic mice.
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Figure 12. Hematoxylin and eosin (H&E) of pancreas tissue. (A) control group, (B) model group,
(C) L-NSPs group, (D) M-NSPs group, (E) H-NSPs group. Magnification ×100; scale bar = 100 µm.
Black arrow = islets of Langerhans; red arrow = interlobular space.

4. Discussion

DM, as previously mentioned, is a chronic condition characterized by impaired blood
glucose regulation. It manifests through hyperglycaemia resulting from either target tissue
insulin resistance, insufficient insulin production, or a combination of both [24]. Continu-
ously elevated levels of blood sugar and lipids stand as primary contributors to the deterio-
ration of organ functions in vital human organs, including the liver, eyes, and kidneys [25].
Additionally, dietary polysaccharides from various sources, each with distinct monosaccha-
ride compositions, have been approved for their hypoglycemic properties, underscoring
their potential in managing diabetes and alleviating its complications [26–28]. According
to the chromatographic analysis of extracted NSPs, xylose and mannose were the main
monosaccharides present in the extract. This differs from the monosaccharides composition
of another beer sample, Song et al. [19], which demonstrated a distinct monosaccharides
composition, where xylose and arabinose were the main constituents. This divergence in
composition suggests potential influences from varying malt varieties and formulations
utilized in the brewing process, highlighting the intricate impact of raw materials on the
final product.

The gradual breakdown of starch into monosaccharides is facilitated by α-amylase,
promoting the digestion and absorption of starch, and consequently resulting in elevated
blood glucose levels [29]. Polysaccharides can bind to the active center of α-amylase,
inhibiting its activity and reducing starch digestion, thereby contributing to a decrease in
blood glucose levels [30]. Pancreatic lipase promotes the absorption of triglycerides in the
body, and by inhibiting the activity of pancreatic lipase, it can reduce the absorption of
lipid substances and lower blood lipid levels [31]. The activity of α-amylase in digesting
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carbohydrates contributes to elevated postprandial glucose levels in individuals with
diabetes [32]. On the other hand, pancreatic lipase is the main factor responsible for dietary
fat breakdown into smaller molecules of glycerol and fatty acids, facilitating their absorption
by the body and integration into metabolic processes [33]. By inhibiting the function of
these two enzymes, it is possible to effectively manage and control obesity, as well as
postprandial hyperglycaemia, thereby mitigating the risk of diabetes development. In the
present study, the findings revealed significant α-amylase and lipase inhibitory activity of
the NSPs extract in a dose-dependent manner. The α-amylase inhibition reached a rate of
81.82% at a concentration of 3 mg/mL of the extract. This contrasts with the results reported
by Song et al. [19], where the NSPs extract from a different beer brand showed no inhibitory
activity on α-amylase. Additionally, inferior lipase inhibition activity was observed, with
the highest concentration of 1.25 mg/mL demonstrating an inhibitory rate comparable
to the lowest concentration of 0.1 mg/mL in the present extract, as previously detailed
in Table 1. Dietary polysaccharides from C. tinctoria, composed mainly of galactose and
arabinose, exhibited higher α-amylase inhibition rate of 59.24% at 1 mg/mL, compared to
27.27% in the present extract [34]. Conversely, a noteworthy observation is that heightened
α-amylase inhibition activity is consistently linked with a range of adverse effects, including
flatulence, diarrhea, bloating, and abdominal discomfort [35]. In the realm of scientific
inquiry, it is increasingly recognized that a lower inhibitory of α-amylase activity may be
considered more favorable due to its potential to mitigate these undesirable consequences.
These findings underscore the crucial role of diverse monosaccharides composition in
shaping the inhibitory activity of dietary polysaccharides. Dietary fiber extracted from
Kappaphycus alvarezii and Kappaphycus striatus seaweed demonstrated lower inhibitory effect
on pancreatic lipase activity compared to the present beer NSPs extract. At a concentration
of 3.8 mg/mL, the seaweed extracts showed inhibition rates of 36% and 43%, respectively,
compared to 45.73% at 3 mg/mL of NSPs extract [36].

Furthermore, it is noteworthy that compositional variations of NSPs also exert a
significant impact on their effectiveness as hypolipidemic and hypoglycaemic agents. As-
suming that NSPs remains unhydrated during their transit in the intestine by forming
complexes with lipids in the digestive tract, this leads to the formation of large molecules.
Consequently, this process efficiently impedes their absorption by the body, thereby pre-
venting their entry into the systemic circulation [37] and may contribute significantly to
their hypolipidemic effect [38,39]. To delve deeper into the hypolipidemic effects of the ex-
tracted NSPs, a comprehensive assessment was conducted through a lipid-binding capacity
test. The results showed higher fat- and cholesterol-binding capacity (5.92 mg/10 mg and
3.75 mg/g, respectively) compared with the previously mentioned results reported by
Song et al. [19], where NSPs samples showed a binding capacity of 3.30 mg/10 mg and
1.41 mg/mL, respectively. In contrast, NSPs from Passiflora edulis peel showed better
fat-binding capacity of 10.38 g/g and a cholesterol-binding rate of 78.69% [40].

We further evaluated the effect of NSPs, at three different doses, on STZ-induced
diabetic mice over a period of 4 weeks. The results indicated that both the model mice
and those treated with various NSPs doses exhibited no significant differences in average
body weight compared to the control group mice at the experiment’s conclusion, along
with comparable food intake. However, the organ index results revealed that diabetic mice
and those treated with a low dose of NSPs had a lower pancreas index, signifying a smaller
pancreas size. The pancreas, a vital player in glucose metabolism through the regulation of
blood glucose via insulin secretion, may undergo damage during STZ induction, leading to
disturbances in insulin secretion [41]. This aligns with a commonly observed phenomenon
associated with exocrine pancreatopathy in diabetes [42]. Notably, the medium and high
doses of NSPs demonstrated an effective dose-dependent improvement in pancreatic
organ size. This was consistent with previous results, suggesting that Astragalus NSPs
could highly improve pancreatic function by increasing β-cell mass and enhancing insulin
effect [43]. Our findings further demonstrated the significant protective effect of NSPs
on pancreatic tissue overall and specifically on β-cells. This was evident in the H&E
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staining images, where the increase of β-cell mass in treated mice was observed, attributed
to the prevention of apoptosis due oxidative stress relief, and the restoration of their
functionality through increased insulin synthesis, as previously noted in earlier sections.
Similar histophathological observations were reported by Zhu et al. [44], showing that
dietary polysaccharides from G. atrum enhanced β-cell mass, stimulated pancreatic islet
expansion, and protected their structure from damage induced by a high-fat diet and
STZ. Zhang et al. [45] reported comparable findings, demonstrating that mulberry leaf
polysaccharides inhibited pancreatic islet cell apoptosis and improved insulin secretory
capacity in STZ-induced diabetic rats.

The relationship between insulin resistance and obesity underscores the intricate
interplay of metabolic factors that contribute to the pathogenesis of T2DM, highlighting
the significance of addressing both insulin resistance and obesity in the management and
prevention of this metabolic disorder [46]. The OGTT and ITT are also the main indicators
of insulin resistance. Based on the data derived from the OGTT and ITT, it is evident that
the administration of NSPs at a dose of 400 mg/kg effectively prevented the rise in blood
glucose levels observed 30 min after glucose and insulin challenge. These findings strongly
suggest that NSPs possess the capability to enhance peripheral glucose utilization and
insulin sensitivity, indicating a notable hypoglycaemic effect. This aligns with the observed
reduction in FBG starting from the second week of treatment, with this positive effect
persisting throughout the entire experimental period. Similar findings were reported by
Kumar et al. [14], showing that 4 weeks of treatment with gum polysaccharides led to a
significant decrease in blood glucose levels during the OGTT and ITT, as well as a reduction
in fasting FBG. Compelling evidence suggests that short-term increases in plasma free
fatty acid (FFA) levels, commonly observed in individuals with both obesity and T2DM,
lead to insulin resistance [47]. This correlation is commonly observed in tandem with the
development of T2DM, which is often accompanied by dyslipidemia [48].

In the current study, diabetic mice showed a significant increase in TC, LDL-C, and
TG, along with blood glucose elevation. However, NSPs treatment exhibited promising
results in modulating serum lipid profile. Specifically, it effectively elevated HDL-C levels
while concurrently reducing TC, TG, and LDL-C levels. The hypolipidemic effect of the
extracted NSPs parallels that of rice bran polysaccharides, which primarily consist of xylose,
rhamnose, mannose, galactose, arabinose, and glucose. These rice bran polysaccharides
have been shown to regulate dyslipidemia in high-fat diet-induced mice by increasing
HDL-C levels, decreasing LDL-C levels, and reducing liver fat deposition [49]. Addition-
ally, polysaccharides from Pleurotus ostreatus have demonstrated similar effects in rats
with hyperlipidemia induced by fat emulsion [50]. These findings highlight the potential
therapeutic efficacy of NSPs in ameliorating dyslipidemia associated with diabetes.

Insulin resistance-induced lipolysis leads to heightened absorption of fatty acids by
the liver, disrupting hepatic mitochondrial β-oxidation and promoting additional fat in-
filtration [51,52]. In rats fed a high-fat diet (HFD), dysregulated lipid metabolism has
been linked to the activation of oxidative stress and inflammatory pathways in the liver,
which contributes to the progression of non-alcoholic fatty liver disease (NAFLD) [53]. The
results showed that higher doses of NSPs resulted in less fat accumulation in the livers of
diabetic mice compared to the model group. Similar results were reported by [54], where
the protective effect of Ginkgo biloba leaf polysaccharides has been approved on NAFLD
mice by reducing lipid TG accumulation and lipid peroxidation. These findings were
confirmed through H&E and Oil Red O staining analyses, clearly indicating a decrease
in adipocyte size and diminished lipid accumulation. Liver steatosis is believed to sig-
nificantly contribute to liver insulin resistance, leading to elevated gluconeogenesis and
reduced glycogen synthesis, subsequently leading to disturbed glucose homeostasis [55].
Wang et al. [56] have studied the potential antidiabetic effect of Rosa roxburghii Tratt fruit
polysaccharides, and noted an important increase in hepatic glycogen content after 8 weeks
of treatment. Zhang et al. [45] observed a notable rise in liver glycogen levels in diabetic
rats following treatment with mulberry leaf polysaccharides. In the present study, and after
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4 weeks of NSPs administration, the low-dose treated mice expressed slightly higher liver
glycogen levels, compared to the model group, suggesting NSPs as a potential glycogen
synthesis enhancer or glycogen breakdown inhibitor. These findings indicate that NSPs
support proper hepatocellular insulin action by sustaining hepatic glycogenolysis and
promoting glycogenesis.

Elevated serum levels of AST and ALT are commonly associated with liver damage,
serving as biological markers that connect liver disease with diabetes [57–59]. On the other
hand, elevated levels of CRE and BUN are indicators of renal insufficiency, one of the most
common complications of diabetes. This condition is associated with increased morbidity
and mortality rates among diabetic patients. [60,61]. Polysaccharides from Hizikia fusiforme,
mainly composed of fucose and mannose, at 400 mg/kg has demonstrated high efficacy
in regulating blood AST and ALT and improved kidney dysfunction in diabetic mice [62].
The current findings revealed a positive correlation between elevated serum concentrations
of AST, CRE, BUN, and the odds of diabetes. However, following a 4-week treatment
with NSPs, the treated groups exhibited a significant decrease in AST and CRE levels
compared to untreated mice. In addition, the analysis of blood insulin levels, a protein
hormone released by islet β-cells, revealed that diabetic mice exhibited decreased blood
insulin levels alongside elevated glucagon levels, suggesting impaired insulin synthesis
by pancreatic β-cells, which suggests an imbalance in the regulation of blood glucose.
NSPs-treated groups, on the other hand, showed higher blood insulin levels compared
to the model group, along with a decreased level of glucagon and GLP-1, indicating a
normal functioning of pancreatic β-cells by stimulating insulin secretion. Maintaining
a balanced ratio of blood insulin and glucagon is crucial for the regulation of glucose
metabolism, ensuring balanced gluconeogenesis and glycogenolysis, a state known as
glucose homeostasis [63]. Additionally, glucagon action has also been linked to increased
hepatic lipid β-oxidation and decreased de novo lipogenesis, which enhances fatty acid
catabolism, resulting in reduced plasma triacylglycerol levels [64,65]. Similar findings
have shown that polysaccharides extracted from Enteromorpha prolifera effectively lowered
fasting blood glucose while enhancing the insulin sensitivity index in STZ-induced diabetic
rats. Moreover, these polysaccharides significantly increased the number of islet β-cells
and repaired pancreatic tissue damage in diabetic rats [66].

Persistent hyperglycemia and dyslipidemia induce the generation of ROS, leading to
oxidative stress. This process is further exacerbated by proinflammatory cytokines released
from adipose tissue and increased circulating FFA associated with obesity, which stimulate
additional ROS production. Consequently, oxidative stress results in cellular and organ
damage, contributing to the development of various complications associated with diabetes
mellitus (DM) [67–69]. MDA, serving as an indicator of oxidative stress, exhibited elevated
levels in diabetic mice according to our results. Conversely, treated mice demonstrated
lower levels, indicating a potential mitigating effect of the treatment. The findings align with
various studies, suggesting the efficacy of the anti-diabetic effect of dietary polysaccharides
and their impact on managing oxidative stress [54,70,71]. Oxidative stress induced by
hyperglycaemia and diabetes chronic dyslipidemia are thought to elevate the levels of
pro-inflammatory cytokines [72]. Infiltrated macrophages release inflammatory cytokines,
contributing to both local and systemic inflammation [73]. These findings are consistent
with our results, demonstrating elevated levels of TNF-α, IL-6, and IL-1β in diabetic mice.
Notably, these parameters showed a significant decrease following NSPs treatment. This
suggests that NSPs have potential anti-inflammatory effects on diabetic mice. Liu et al. [74]
demonstrated similar results, using polysaccharide extracted from Pleurotus citrinipileatus,
that attenuated hepatotoxicity by increasing the IL-10 level and decreasing TNF-α and IL-6
levels. Comparable results were also reported by Wang et al. [12], using polysaccharide
extracted from Gynostemma pentaphyllum herb.
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5. Conclusions

This study underscores the promising impact of NSPs extracted from wheat beer, with
xylose and mannose identified as predominant monosaccharides. Additional components,
including galactose, glucose, and a trace of arabinose, contribute to the complex composi-
tion of these NSPs. Bioactivity analysis revealed a multifaceted positive influence, as NSPs
exhibited inhibitory effects on α-amylase and pancreatic lipase, suggesting a potential to
reduce blood glucose and lipid absorption by impeding enzyme activity. The binding
capacity of NSPs to fat further indicated their potential as agents for lowering blood lipids.
Physiologically, the NSPs extract demonstrated significant effects on various parameters.
Notably, it lowered FBG levels. Furthermore, the extract markedly reduced serum lipid
levels, including TC, TG, and LDL-C, while elevating HDL-C levels in treated groups,
particularly at specific doses. The extract also demonstrated efficacy in mitigating liver
lipid accumulation, contributing to potential preventative measures against fatty liver
diseases. Kidney indexes exhibited improvements, and liver index markers, such as AST,
were positively modulated, suggesting a protective effect on liver function. The study
further highlighted the anti-oxidative properties of NSPs, as evidenced by a reduction in
MDA levels, indicating attenuation of diabetes-induced oxidative stress. Concurrently, the
NSPs extract exhibited anti-inflammatory effects by regulating the levels of TNF-α and IL-6.
Histological analysis reinforced the protective effects observed, revealing improvements
in pancreas structure and integrity, including enhanced β-cells activity. The liver sections
displayed a notable decrease in fat deposition and inflammatory reactions, signifying a
protective influence on liver tissue.

In conclusion, this comprehensive study suggests that NSPs, when administered
at specific doses, positively influence blood sugar regulation, lipid profiles, and liver
function in diabetic conditions. The multifaceted effects observed underscore the potential
therapeutic benefits of NSPs extract, presenting avenues for further exploration in the
management of diabetes and associated complications.

Author Contributions: D.Z.O.: Writing—review and editing, Writing—original draft, Methodology,
Conceptualization. W.L.: Writing—review and editing, Visualization, Supervision, Methodology,
Investigation, Data curation. C.L.: Writing—review and editing, Visualization, Investigation. L.G.:
Writing—review and editing, Visualization, Investigation. X.W.: Writing—review and editing, Visual-
ization, Investigation. L.Z. (Liang Zhao): Writing—review and editing, Supervision, Methodology,
Funding acquisition, Conceptualization. L.Z. (Lei Zhao): Writing—review and editing, Supervision,
Methodology, Funding acquisition, Conceptualization. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the fund of the Cultivation Project of the Double First-
Class Disciplines of Food Science and Engineering, Beijing Technology and Business University
(No. BTBUYXTD202207), Discipline Construction—Food Science and Engineering (No. SPKX-
202204), and the Research Foundation for Youth Scholars of Beijing Technology and Business Univer-
sity (No. QNJJ2022-06).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: Authors Chang Lian, Wen Lin and Liyun Guo were employed by the company
Beijing Key Laboratory of Beer Brewing Technology, Technical Center of Beijing Yanjing Brewery
Co., Ltd. Liyun Guo participated in investigation, methodology, visualization, and writing—review
& editing in the study. Her role of the company was director and senior engineer in Beijing Key
Laboratory of Beer Brewing Technology. Chang Lian participated in data curation, investigation,
visualization, writing—original draft and writing—review & editing in the study. His role of the
company was engineer in Beijing Key Laboratory of Beer Brewing Technology. Wen Lin participated in
Writing—review and editing, Visualization, Supervision, Methodology, Investigation, Data curation.



Foods 2024, 13, 2692 22 of 24

The remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

Abbreviations

DM, Diabetes mellitus; FFA, Free fatty acids; HFD, High-fat diet; HSHF diet; High-sugar and high-fat
diet; NSPs, Non-starch polysaccharides; NAFLD, Non-alcoholic fatty liver disease; T2DM, Type 2
diabetes mellitus.

References
1. Ahmad, L.A.; Crandall, J.P. Type 2 diabetes prevention: A review. Clin. Diabetes 2010, 28, 53–59. [CrossRef]
2. International Diabetes Federation. Diabetes Around the World|2021. Available online: https://idf.org/news/diabetes-now-

affects-one-in-10-adults-worldwide/ (accessed on 6 August 2024).
3. Sobczak, A.I.S.; Blindauer, C.A.; Stewart, A.J. Changes in Plasma Free Fatty Acids Associated with Type-2 Diabetes. Nutrients

2019, 11, 2022. [CrossRef]
4. Xiao, M.; Jia, X.; Wang, N.; Kang, J.; Hu, X.; Goff, H.D.; Cui, S.W.; Ding, H.; Guo, Q. Therapeutic potential of non-starch

polysaccharides on type 2 diabetes: From hypoglycemic mechanism to clinical trials. Crit. Rev. Food Sci. Nutr. 2022, 64, 1177–1210.
[CrossRef]

5. Sukalingam, K.; Ganesan, K.; Ponnusamy, K. Evaluation of antidiabetic activity of polyherbal formulations on type 2 diabetic
patients: A single blinded randomized study. Int. J. Integ. Med. Sci. 2015, 2, 90–98.

6. Ye, M.; Qiu, T.; Peng, W.; Chen, W.X.; Ye, Y.W.; Lin, Y.R. Purification, characterization and hypoglycemic activity of extracellular
polysaccharides from Lachnum calyculiforme. Carbohydr. Polym. 2011, 86, 285–290. [CrossRef]

7. Ma, Y.; Mao, D.; Geng, L.; Wang, Z.; Xu, C. Production, fractionation, characterization of extracellular polysaccharide from a
newly isolated Trametes gibbosa and its hypoglycemic activity. Carbohydr. Polym. 2013, 96, 460–465. [CrossRef]

8. Xu, W.; Zhou, Q.; Yin, J.J.; Yao, Y.; Zhang, J.L. Anti-diabetic effects of polysaccharides from Talinum triangulare in streptozotocin
(STZ)-induced type 2 diabetic male mice. Int. J. Biol. Macromol. 2015, 72, 575–579. [CrossRef]

9. Liu, C.; Song, J.; Teng, M.; Zheng, X.; Li, X.; Tian, Y.; Pan, M.; Li, Y.; Lee, R.J.; Wang, D. Antidiabetic and antinephritic activities of
aqueous extract of Cordyceps militaris fruit body in diet-streptozotocin-induced diabetic Sprague Dawley rats. Oxid. Med. Cell.
Longev. 2016, 2016, 9685257. [CrossRef]

10. Wu, G.J.; Bai, Z.Y.; Wan, Y.J.; Shi, H.F.; Huang, X.J.; Nie, S.P. Antidiabetic effects of polysaccharide from azuki bean (Vigna
angularis) in type 2 diabetic rats via insulin/PI3K/AKT signaling pathway. Food Hydrocoll. 2020, 101, 105456. [CrossRef]

11. Liu, Z.H.; Li, B. Chlorogenic acid and β-glucan from highland barley grain ameliorate β-cell dysfunction via inhibiting apoptosis
and improving cell proliferation. Food Funct. 2021, 12, 10040–10052. [CrossRef]

12. Wang, Z.; Wang, Z.; Huang, W.; Suo, J.; Chen, X.; Ding, K.; Sun, Q.; Zhang, H. Antioxidant and anti-inflammatory activities
of an anti-diabetic polysaccharide extracted from Gynostemma pentaphyllum herb. Int. J. Biol. Macromol. 2020, 145, 484–491.
[CrossRef]

13. Chen, M.; Xu, J.; Wang, Y.; Wang, Z.; Guo, L.; Li, X.; Huang, L. Arctium lappa L. polysaccharide can regulate lipid metabolism in
type 2 diabetic rats through the SREBP-1/SCD-1 axis. Carbohydr. Res. 2020, 494, 108055. [CrossRef]

14. Kumar, B.P.; Singh, R. Antidiabetic activity of Acacia tortilis (Forsk.) Hayne ssp. raddiana polysaccharide on streptozotocin-
nicotinamide induced diabetic rats. BioMed. Res. Int. 2014, 2014, 572013.

15. Kou, L.; Du, M.; Liu, P.; Zhang, B.; Zhang, Y.; Yang, P.; Shang, M.; Wang, X. Anti-diabetic and anti-nephritic activities of Grifola
frondosa mycelium polysaccharides in diet-streptozotocin-induced diabetic rats via modulation on oxidative stress. Appl. Biochem.
Biotechnol. 2018, 187, 310–322. [CrossRef] [PubMed]

16. Cummings, J.H.; Stephen, A.M. Carbohydrate terminology and classification. Eur. J. Clin. Nutr. 2007, 61, S5–S18. [CrossRef]
17. Marcotuli, I.; Colasuonno, P.; Hsieh, Y.S.Y.; Fincher, G.B.; Gadaleta, A. Non-Starch Polysaccharides in Durum Wheat: A Review.

Int. J. Mol. Sci. 2020, 21, 2933. [CrossRef]
18. Sztupecki, W.; Rhazi, L.; Depeint, F.; Aussenac, T. Functional and Nutritional Characteristics of Natural or Modified Wheat Bran

Non-Starch Polysaccharides: A Literature Review. Foods 2023, 12, 2693. [CrossRef]
19. Song, Z.; Li, M.; Du, J.; Zhang, K. Effects of non-starch polysaccharides from pure wheat malt beer on beer quality, in vitro

antioxidant, prebiotics, hypoglycemic and hypolipidemic properties. Food Biosci. 2022, 47, 101780.
20. Cardullo, N.; Muccilli, V.; Pulvirenti, L.; Cornu, A.; Pouységu, L.; Deffieux, D.; Quideau, S.; Tringali, C. C-glucosidic ellagitannins

and galloylated glucoses as potential functional food ingredients with anti-diabetic properties: A study of α-glucosidase and
α-amylase inhibition. Food Chem. 2020, 313, 126099.

21. Franco, R.R.; Mota Alves, V.H.; Ribeiro Zabisky, L.F.; Justino, A.B.; Martins, M.M.; Saraiva, A.L.; Goulart, L.R.; Espindola, F.S.
Antidiabetic potential of Bauhinia forficata Link leaves: A non-cytotoxic source of lipase and glycoside hydrolases inhibitors and
molecules with antioxidant and antiglycation properties. Biomed. Pharmacother. 2020, 123, 109798.

22. Sangnark, A.; Noomhorm, A. Effect of particle sizes on functional properties of dietary fibre prepared from sugarcane bagasse.
Food Chem. 2003, 80, 221–229. [CrossRef]

https://doi.org/10.2337/diaclin.28.2.53
https://idf.org/news/diabetes-now-affects-one-in-10-adults-worldwide/
https://idf.org/news/diabetes-now-affects-one-in-10-adults-worldwide/
https://doi.org/10.3390/nu11092022
https://doi.org/10.1080/10408398.2022.2113366
https://doi.org/10.1016/j.carbpol.2011.04.051
https://doi.org/10.1016/j.carbpol.2013.04.019
https://doi.org/10.1016/j.ijbiomac.2014.09.011
https://doi.org/10.1155/2016/9685257
https://doi.org/10.1016/j.foodhyd.2019.105456
https://doi.org/10.1039/D1FO01532J
https://doi.org/10.1016/j.ijbiomac.2019.12.213
https://doi.org/10.1016/j.carres.2020.108055
https://doi.org/10.1007/s12010-018-2803-6
https://www.ncbi.nlm.nih.gov/pubmed/29943275
https://doi.org/10.1038/sj.ejcn.1602936
https://doi.org/10.3390/ijms21082933
https://doi.org/10.3390/foods12142693
https://doi.org/10.1016/S0308-8146(02)00257-1


Foods 2024, 13, 2692 23 of 24

23. Piao, Y.; Liu, Y.; Xie, X. Change trends of organ weight background data in sprague dawley rats at different ages. J. Toxicol. Pathol.
2013, 26, 29–34. [CrossRef] [PubMed]

24. American Diabetes. Diagnosis and classification of diabetes mellitus. Diabetes Care 2014, 37, 81–90. [CrossRef]
25. Akindele, A.J.; Otuguor, E.; Singh, D.; Ota, D.; Benebo, A.S. Hypoglycemic, antilipidemic and antioxidant effects of valproic acid

in alloxan-induced diabetic rats. Eur. J. Pharmacol. 2015, 762, 174–183. [CrossRef]
26. Zhang, W.N.; Su, R.N.; Gong, L.L.; Yang, W.W.; Chen, J.; Yang, R.; Wang, Y.; Pan, W.J.; Lu, Y.M.; Chen, Y. Structural characterization

and in vitro hypoglycemic activity of a glucan from Euryale ferox Salisb. seeds. Carbohydr. Polym. 2019, 209, 363–371. [CrossRef]
[PubMed]

27. Zhu, Q.; Lin, L.; Zhao, M. Sulfated fucan/fucosylated chondroitin sulfate-dominated polysaccharide fraction from low-edible-
value sea cucumber ameliorates type 2 diabetes in rats: New prospects for sea cucumber polysaccharide based-hypoglycemic
functional food. Int. J. Biol. Macromol. 2020, 159, 34–45. [CrossRef] [PubMed]

28. Li, C.; Liu, Y.; Zhang, X.; Liu, H.; Zhang, H.; Zhang, X.; Zhang, X.; Ma, X.; Wang, B.; Xue, T.; et al. A novel polysaccharide
of Undaria pinnatifida: Structural characterization, carboxymethylation and hypoglycemic activity in vivo. Food Biosci. 2024,
60, 104479. [CrossRef]

29. Avwioroko, O.J.; Anigboro, A.A.; Unachukwu, N.N.; Tonukari, N.J. Isolation, identification and in silico analysis of alpha-amylase
gene of Aspergillus niger strain CSA35 obtained from cassava undergoing spoilage. Biochem. Biophys. Rep. 2018, 14, 35–42.
[CrossRef]

30. Ganesan, K.; Xu, B. Anti-Diabetic Effects and Mechanisms of Dietary Polysaccharides. Molecules 2019, 24, 2556. [CrossRef]
31. Zhu, G.; Fang, Q.; Zhu, F.; Huang, D.; Yang, C. Structure and Function of Pancreatic Lipase-Related Protein 2 and Its Relationship

with Pathological States. Front. Genet. 2021, 12, 693538. [CrossRef]
32. Cheng, F.; Yan, X.; Zhang, M.; Chang, M.; Yun, S.; Meng, J.; Liu, J.; Feng, C.P. Regulation of RAW 264.7 cell-mediated immunity by

polysaccharides from Agaricus blazei Murill via the MAPK signal transduction pathway. Food Funct. 2017, 8, 1475–1480.
33. Park, H.; Bae, S.H.; Park, Y.; Choi, H.S.; Suh, H.J. Lipase-mediated lipid removal from propolis extract and its antiradical and

antimicrobial activity. J. Sci. Food Agric. 2015, 95, 1697–1705. [CrossRef] [PubMed]
34. Zhang, H.; Zhong, J.; Zhang, Q.; Qing, D.; Yan, C. Structural elucidation and bioactivities of a novel arabinogalactan from

Coreopsis tinctoria. Carbohydr. Polym. 2019, 219, 219–228. [CrossRef] [PubMed]
35. Kaur, N.; Kumar, V.; Nayak, S.K.; Wadhwa, P.; Kaur, P.; Sahu, S.K. Alpha-amylase as molecular target for treatment of diabetes

mellitus: A comprehensive review. Chem. Biol. Drug Des. 2021, 98, 539–560. [CrossRef]
36. Balasubramaniam, V.; Mustar, S.; Mustafa Khalid, N.; Rashed, A.A.; Noh, M.F.M.; Wilcox, M.D.; Chater, P.I.; Brownlee, I.A.;

Pearson, J.P. Inhibitory activities of three Malaysian edible seaweeds on lipase and α-amylase. J. Appl. Phycol. 2013, 25, 1405–1412.
[CrossRef]

37. Qin, H.; Huang, L.; Teng, J.; Wei, B.; Xia, N.; Ye, Y. Purification, characterization, and bioactivity of Liupao tea polysaccharides
before and after fermentation. Food Chem. 2021, 353, 129419. [CrossRef] [PubMed]

38. Guo, H.; Lin, S.; Lu, M.; Gong, J.D.B.; Wang, L.; Zhang, Q.; Lin, D.R.; Qin, W.; Wu, D.T. Characterization, in vitro binding
properties, and inhibitory activity on pancreatic lipase of β-glucans from different Qingke (Tibetan hulless barley) cultivars. Int. J.
Biol. Macromol. 2018, 120, 2517–2522. [CrossRef]

39. Sang, H.L.; Jang, G.Y.; Min, Y.K.; Hwang, I.G.; Kim, H.Y.; Woo, K.S.; Mi, J.L.; Kim, T.J.; Lee, J.; Jeong, H.S. Physicochemical and
in vitro binding properties of barley β-glucan treated with hydrogen peroxide. Food Chem. 2016, 192, 729–735.

40. Sun, Y.; Yang, K.; Zhang, X.; Li, L.; Zhang, H.; Zhou, L.; Liang, J.; Li, X. In Vitro Binding Capacities, Physicochemical Properties
and Structural Characteristics of Polysaccharides Fractionated from Passiflora Edulis Peel. Food Biosci. 2022, 50, 102016. [CrossRef]

41. Friesen, N.T.E.; Büchau, A.S.; Schott-Ohly, P.; Lgssiar, A.; Gleichmann, H. Generation of hydrogen peroxide and failure of
antioxidative responses in pancreatic islets of male c57bl/6 mice are associated with diabetes induced by multiple low doses of
streptozotocin. Diabetologia 2004, 47, 676–685.

42. Mohapatra, S.; Majumder, S.; Smyrk, T.C.; Zhang, L.; Matveyenko, A.; Kudva, Y.C.; Chari, S.T. Diabetes Mellitus Is Associated
with an Exocrine Pancreatopathy: Conclusions from a Review of Literature. Pancreas 2016, 45, 1104–1110. [CrossRef] [PubMed]

43. Wei, Z.; Weng, S.; Wang, L.; Mao, Z. Mechanism of Astragalus polysaccharides in attenuating insulin resistance in Rats with type
2 diabetes mellitus via the regulation of liver microRNA-203a-3p. Mol. Med. Rep. 2018, 17, 1617–1624. [CrossRef]

44. Zhu, K.; Nie, S.; Li, C.; Lin, S.; Xing, M.; Li, W.; Gong, D.; Xie, M. A newly identified polysaccharide from Ganoderma atrum
attenuates hyperglycemia and hyperlipidemia. Int. J. Biol. Macromol. 2013, 57, 142–150. [CrossRef] [PubMed]

45. Zhang, Y.; Ren, C.; Lu, G.; Cui, W.; Mu, Z.; Gao, H.; Wang, Y. Purification, characterization and anti-diabetic activity of a
polysaccharide from mulberry leaf. Regul. Toxicol. Pharm. 2014, 70, 687–695. [CrossRef]

46. Wondmkun, Y.T. Obesity, Insulin Resistance, and Type 2 Diabetes: Associations and Therapeutic Implications. Diabetes Metab.
Syndr. Obes. 2020, 13, 3611–3616. [CrossRef]

47. Boden, G. Fatty acid-induced inflammation and insulin resistance in skeletal muscle and liver. Curr. Diab. Rep. 2006, 6, 177–181.
[CrossRef]

48. Huang, M.; Wang, F.Q.; Wang, Y.Z. Hypoglycemic and hypolipidemic properties of polysaccharides from Enterobacter cloacae
Z0206 in KKAy mice. Carbohyd. Polym. 2015, 117, 91–98. [CrossRef]

49. Nie, Y.; Luo, F.; Wang, L.; Yang, T.; Shi, L.; Li, X.; Shen, J.; Xu, W.; Guo, T.; Lin, Q. Anti-Hyperlipidemic Effect of Rice Bran
Polysaccharide and Its Potential Mechanism in High-Fat Diet Mice. Food Funct. 2017, 11, 4028–4041. [CrossRef] [PubMed]

https://doi.org/10.1293/tox.26.29
https://www.ncbi.nlm.nih.gov/pubmed/23723565
https://doi.org/10.2337/dc14-S081
https://doi.org/10.1016/j.ejphar.2015.05.044
https://doi.org/10.1016/j.carbpol.2019.01.044
https://www.ncbi.nlm.nih.gov/pubmed/30732819
https://doi.org/10.1016/j.ijbiomac.2020.05.043
https://www.ncbi.nlm.nih.gov/pubmed/32437815
https://doi.org/10.1016/j.fbio.2024.104479
https://doi.org/10.1016/j.bbrep.2018.03.006
https://doi.org/10.3390/molecules24142556
https://doi.org/10.3389/fgene.2021.693538
https://doi.org/10.1002/jsfa.6874
https://www.ncbi.nlm.nih.gov/pubmed/25123816
https://doi.org/10.1016/j.carbpol.2019.05.019
https://www.ncbi.nlm.nih.gov/pubmed/31151520
https://doi.org/10.1111/cbdd.13909
https://doi.org/10.1007/s10811-012-9964-4
https://doi.org/10.1016/j.foodchem.2021.129419
https://www.ncbi.nlm.nih.gov/pubmed/33740504
https://doi.org/10.1016/j.ijbiomac.2018.09.023
https://doi.org/10.1016/j.fbio.2022.102016
https://doi.org/10.1097/MPA.0000000000000609
https://www.ncbi.nlm.nih.gov/pubmed/26918874
https://doi.org/10.3892/mmr.2017.8084
https://doi.org/10.1016/j.ijbiomac.2013.03.009
https://www.ncbi.nlm.nih.gov/pubmed/23500445
https://doi.org/10.1016/j.yrtph.2014.10.006
https://doi.org/10.2147/DMSO.S275898
https://doi.org/10.1007/s11892-006-0031-x
https://doi.org/10.1016/j.carbpol.2014.09.008
https://doi.org/10.1039/C7FO00654C
https://www.ncbi.nlm.nih.gov/pubmed/28869259


Foods 2024, 13, 2692 24 of 24

50. Zhang, Y.; Wang, Z.W.; Jin, G.; Yang, X.D.; Zhou, H.L. Regulating dyslipidemia effect of polysaccharides from Pleurotus ostreatus
on fat-emulsion-induced hyperlipidemia rats. Int. J. Biol. Macromol. 2017, 101, 107–116. [CrossRef]

51. Regnell, S.E.; Lernmark, Å. Hepatic steatosis in type 1 diabetes. Rev. Diabet. Stud. 2011, 8, 454–467. [CrossRef]
52. Moscatiello, S.; Manini, R.; Marchesini, G. Diabetes and liver disease: An ominous association. Nutr. Metab. Cardiovasc. Dis. 2007,

17, 63–70. [CrossRef] [PubMed]
53. Basciano, H.; Federico, L.; Adeli, K. Fructose, insulin resistance, and metabolic dyslipidemia. Nutr. Metab. 2005, 2, 5. [CrossRef]
54. Yan, Z.; Fan, R.; Yin, S.; Zhao, X.; Liu, J.; Li, L.; Zhang, W.; Ge, L. Protective effects of Ginkgo biloba leaf polysaccharide on

nonalcoholic fatty liver disease and its mechanisms. Int. J. Biol. Macromol. 2015, 80, 573–580. [CrossRef]
55. Dewidar, B.; Kahl, S.; Pafili, K.; Roden, M. Metabolic liver disease in diabetes—From mechanisms to clinical trials. Metab. Clin.

Exp. 2020, 111S, 154299. [CrossRef] [PubMed]
56. Wang, L.; Li, C.; Huang, Q.; Fu, X. Polysaccharide from Rosa roxburghii Tratt Fruit Attenuates Hyperglycemia and Hyperlipidemia

and Regulates Colon Microbiota in Diabetic db/db Mice. J. Agric. Food Chem. 2020, 68, 147–159. [CrossRef]
57. Noroozi, K.M.; Khalili, P.F.; Ayoobi, F.; Esmaeili-Nadimi, A.; La Vecchia, C.; Jamali, Z. Serum liver enzymes and diabetes from the

Rafsanjan cohort study. BMC Endocr. Disord. 2022, 22, 127.
58. Gaeini, Z.; Bahadoran, Z.; Mirmiran, P.F.; Azizi, F. The Association Between Liver Function Tests and Some Metabolic Outcomes:

Tehran Lipid and Glucose Study. Hepat. Mon. 2020, 20, e98535. [CrossRef]
59. Shibabaw, T.; Dessie, G.; Molla, M.D.; Zerihun, M.F.; Ayelign, B. Assessment of liver marker enzymes and its association with

type 2 diabetes mellitus in Northwest Ethiopia. BMC Res. Notes 2019, 12, 707. [CrossRef]
60. Uchino, S.; Bellomo, R.; Goldsmith, D. The meaning of the blood urea nitrogen/creatinine ratio in acute kidney injury. Clin.

Kidney J. 2012, 5, 187–191. [CrossRef]
61. Samsu, N. Diabetic Nephropathy: Challenges in Pathogenesis, Diagnosis, and Treatment. BioMed Res. Int. 2021, 2021, 1497449.

[CrossRef]
62. Jia, R.B.; Li, Z.R.; Ou, Z.R.; Wu, J.; Sun, B.; Lin, L.; Zhao, M. Physicochemical Characterization of Hizikia fusiforme Polysaccharide

and Its Hypoglycemic Activity via Mediating Insulin-Stimulated Blood Glucose Utilization of Skeletal Muscle in Type 2 Diabetic
Rats. Chem. Biodivers. 2020, 17, e2000367. [CrossRef]

63. Luke, N.; Shannon, C.; Gastaldelli, A.; DeFronzo, R.A. Insulin: The master regulator of glucose metabolism. Metabolism 2022,
129, 155142.

64. Longuet, C.; Sinclair, E.M.; Maida, A.; Baggio, L.L.; Maziarz, M.; Charron, M.J.; Drucker, D.J. The glucagon receptor is required
for the adaptive metabolic response to fasting. Cell Metab. 2008, 8, 359–371. [CrossRef] [PubMed]

65. Lv, S.; Qiu, X.; Li, J.; Liang, J.; Li, W.; Zhang, C.; Zhang, Z.; Luan, B. Glucagon-induced extracellular cAMP regulates hepatic lipid
metabolism. J. Endocrinol. 2017, 234, 73–87. [CrossRef] [PubMed]

66. Lin, W.; Wang, W.; Liao, D.; Chen, D.P.; Zhu, G.; Cai, A. Kiyoshi. Polysaccharides from Enteromorpha prolifera Improve Glucose
Metabolism in Diabetic Rats. J. Diabetes Res. 2015, 2015, 675201. [CrossRef] [PubMed]

67. Jaganjac, M.; Tirosh, O.; Cohen, G.; Sasson, S.; Zarkovic, N. Reactive aldehydes—Second messengers of free radicals in diabetes
mellitus. Free Radic. Res. 2013, 47, 39–48. [CrossRef] [PubMed]

68. Fonseca-Alaniz, M.H.; Takada, J.; Alonso-Vale, M.I.C.; Lima, F.B. Adipose tissue as an endocrine organ: From theory to practice.
J. Pediatr. 2007, 83, 192–203. [CrossRef]

69. Inoguchi, T.; Li, P.; Umeda, F.; Yu, H.Y.; Kakimoto, M.; Imamura, M.; Aoki, T.; Etoh, T.; Hashimoto, T.; Naruse, M.; et al. High
glucose level and free fatty acid stimulate reactive oxygen species production through protein kinase C–dependent activation of
NAD(P)H oxidase in cultured vascular cells. Diabetes 2000, 49, 1939–1945. [CrossRef]

70. Chen, C.; You, L.J.; Huang, Q.; Fu, X.; Zhang, B.; Liu, R.H.; Li, C. Modulation of gut microbiota by mulberry fruit polysaccharide
treatment of obese diabetic db/db mice. Food Funct. 2018, 9, 3732–3742. [CrossRef] [PubMed]

71. Zhang, C.; Li, J.; Hu, C.; Wang, J.; Zhang, J.; Ren, Z.; Song, X.; Jia, L. Antihyperglycaemic and organic protective effects on
pancreas, liver and kidney by polysaccharides from Hericium erinaceus SG-02 in streptozotocin-induced diabetic mice. Sci. Rep.
2017, 7, 1. [CrossRef]

72. Poznyak, A.; Grechko, A.V.; Poggio, P.; Myasoedova, V.A.; Alfieri, V.; Orekhov, A.N. The diabetes mellitus–atherosclerosis
connection: The role of lipid and glucose metabolism and chronic inflammation. Int. J. Mol. Sci. 2020, 21, 1835. [CrossRef]
[PubMed]

73. Wellen, K.E.; Hotamisligil, G.S. Inflammation, stress, and diabetes. J. Clin. Investig. 2005, 115, 1111–1119. [CrossRef] [PubMed]
74. Liu, X.; Pang, H.; Gao, Z.; Zhao, H.; Zhang, J.; Jia, L. Antioxidant and hepatoprotective activities of residue polysaccharides by

Pleurotus citrinipileatus. Int. J. Biol. Macromol. 2019, 131, 315–322. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ijbiomac.2017.03.084
https://doi.org/10.1900/RDS.2011.8.454
https://doi.org/10.1016/j.numecd.2006.08.004
https://www.ncbi.nlm.nih.gov/pubmed/17164082
https://doi.org/10.1186/1743-7075-2-5
https://doi.org/10.1016/j.ijbiomac.2015.05.054
https://doi.org/10.1016/j.metabol.2020.154299
https://www.ncbi.nlm.nih.gov/pubmed/32569680
https://doi.org/10.1021/acs.jafc.9b06247
https://doi.org/10.5812/hepatmon.98535
https://doi.org/10.1186/s13104-019-4742-x
https://doi.org/10.1093/ckj/sfs013
https://doi.org/10.1155/2021/1497449
https://doi.org/10.1002/cbdv.202000367
https://doi.org/10.1016/j.cmet.2008.09.008
https://www.ncbi.nlm.nih.gov/pubmed/19046568
https://doi.org/10.1530/JOE-16-0649
https://www.ncbi.nlm.nih.gov/pubmed/28515141
https://doi.org/10.1155/2015/675201
https://www.ncbi.nlm.nih.gov/pubmed/26347892
https://doi.org/10.3109/10715762.2013.789136
https://www.ncbi.nlm.nih.gov/pubmed/23521622
https://doi.org/10.1590/S0021-75572007000700011
https://doi.org/10.2337/diabetes.49.11.1939
https://doi.org/10.1039/C7FO01346A
https://www.ncbi.nlm.nih.gov/pubmed/29995048
https://doi.org/10.1038/s41598-017-11457-w
https://doi.org/10.3390/ijms21051835
https://www.ncbi.nlm.nih.gov/pubmed/32155866
https://doi.org/10.1172/JCI25102
https://www.ncbi.nlm.nih.gov/pubmed/15864338
https://doi.org/10.1016/j.ijbiomac.2019.03.074
https://www.ncbi.nlm.nih.gov/pubmed/30872051

	Introduction 
	Material and Methods 
	Reagents and Kits 
	Extraction of NSPs 
	Characterization of NSPs 
	Enzymatic Assays 
	-Amylase Inhibition 
	Lipase Inhibition 
	Determination of Fat-Binding Capacity 
	Determination of Cholesterol-Binding Capacity Assay 

	Animal Experimental Design 
	Oral Glucose Tolerance Test (OGTT) and Insulin Tolerance Test (ITT) 
	Serum Biochemical Analysis 
	Determination of Liver Lipid and Glycogen Content 
	Lipid Content in Liver Tissue 
	Glycogen Content in Liver Tissue 

	Histological Analysis 
	Statistical Analysis 

	Results 
	Monosaccharides Composition of Extracted NSPs 
	Enzyme Activity Inhibition Effect of NSPs 
	Lipid-Binding Capacity of NSPs Extract 
	Effect of NSPs on Mice Body Weight and Organ Coefficient 
	The Effect of NSPs on OGTT and ITT in the Diabetic Mice 
	The Effect of NSPs on Mice Fasting Blood Glucose 
	The Effect of NSPs on Serum Lipid Profile 
	The Effect of NSPs on Hepatic Enzyme Levels 
	The Effect of NSPs on Renal Enzyme Levels 
	The Effect of NSPs on Serum Levels of Insulin, Glucagon, and Glucagon-like Peptide 1 
	The Effect of NSPs on Serum MDA Levels 
	The Effect of NSPs on the Inflammatory Response in Diabetic Mice 
	The Effect of NSPs on Liver Lipid Accumulation of Diabetic Mice 
	The Effect of NSPs on Liver Glycogen Content of Diabetic Mice 
	The Effect of NSPs on Liver Histology 
	H&E Staining 
	Oil Red O Staining 

	The Effect of NSPs on Pancreas Histology 

	Discussion 
	Conclusions 
	References

