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Some research have shown that the combination of plant extracts and probiotics may be a better way to treat
type 2 diabetes mellitus (T2DM) than a single intervention. However, there are still relatively few relevant
reports in this aspect. Therefore, this study aims to investigate whether the treatment of Polygonatum sibiricum
saponin (PSS) and lactic acid bacteria (LAB) combination can better manage T2DM. And the anti-diabetes
mechanism of the combination was studied from the perspectives of glucose metabolism, microbiome and
metabolome. The results showed that PSS + LAB could better improve fasting blood glucose level, insulin
sensitivity, lipid metabolism disorder, and liver function. Protein analysis showed that PSS + LAB treatment
significantly increased the expression of phosphorylated-phosphatidylinositol 3 kinase (p-PI3K)/PI3K,
phosphorylated-protein kinase B (p-AKT)/AKT, glucose transporter 2 (GLUT2), insulin receptor substrate 2
(IRS2), and glycogen synthase kinase 33 (GSK-3p) in the liver of T2DM mice, while inhibiting the expression
of forkhead box protein O1 (FoxO1). This combination positively regulated the composition and abundance of
the gut microbiota. Metabolomic analysis showed that the combination treatment exhibited more changes in
gut microbiota metabolites compared to PSS treatment alone. The alteration of gut microbiota by LAB + PSS
led to significant changes in alanine, aspartate and glucose metabolism pathways. This study may provide a
theoretical basis for the combined application of plant extracts and probiotics for the management of T2DM.
© 2025 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

the insulin, thereby reducing the ability of glucose metabolism and

In recent years, people’s living standards have gradually
improved, and more and more people suffer from diabetes due to the
intake of high salt and sugar and the reduction of exercise'"’. According
to the prediction of International Diabetes Federation (IDF),
by 2030, the number of diabetics will increase to 643 million. More
than 90% of these patients belong to type 2 diabetes (T2DM)™?!,
Insulin resistance is the main characteristic of T2DM. When insulin
resistance occurs, peripheral tissues such as liver is not sensitive to
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glycogen synthesis'. Although traditional hypoglycemic drugs can
effectively reduce blood glucose, they have dependence and side
effects. Therefore, more and more attention has been paid to the
research of natural plant active compounds that can improve diabetes
without side effects.

Modern researches have proved that gut microbiota may
be closely related to the pathogenesis of T2DM. When the gut
microbiota is dysbiosis, its intestinal barrier function is disrupted
and intestinal mucosal permeability increases” *. Endotoxins can
then enter the blood and trigger an inflammatory response in the
body. Inflammatory factors cause damage to pancreatic islet cells
and contribute to the development of T2DM. The composition and
structure of gut microbiota in diabetics and healthy people were
statistically different. Studies have shown that the Firmicutes and
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Proteobacteria abundance in the intestine of diabetics increases,
while the abundance of Bacteroides decreases'”. After transferring
fecal microbiota from healthy donors to T2DM patients through fecal
microbiota transplantation experiment, the donor microbiota was
effectively colonized in patients within 4 weeks. The fasting blood
glucose (FBG) was decreased significantly, insulin sensitivity was
increased, and insulin resistance of patients was greatly improved™.
This indicated that it might be an effective strategy to treat T2DM by
regulating gut microbiota.

The Food and Agriculture Organization (FAO)/World Health
Organization (WHO) in 2002 had defined probiotics a “live
microorganisms that, when administered in adequate amounts, confer
a health benefit on the host™™. Taking probiotics can regulate gut
microbiota, enhance intestinal barrier and maintain the integrity of
intestinal epithelial cells. Probiotics have beneficial effects on metabolic
diseases and immune diseases"*"". Cabello-Olmo et al."” found
that fermented food containing Lactobacillus is beneficial to help
diabetes rats with glucose metabolism and maintain health. Yan et al."”
suggested that Lactobacillus acidophilus can regulate glucose
metabolism in T2DM mice by regulating glycogen synthase kinase 3.
The study of Lee et al."* showed that Lactobacillus plantarum could
protect islet cells and restore gut microbiota in mice with T2DM.
Through the meta-analysis of randomized controlled trials, Wang et al."””
found that probiotics can help regulate blood lipid abnormalities in
T2DM patients, and found that compound probiotics may be more
effective than single probiotics. In addition, Zhao et al."® found that
the extracellular polysaccharides of L. plantarum can promote the
secretion of intestinal hormone peptides and glucagon-like peptide 1.
Although the anti-diabetic effect of probiotics has been demonstrated,
the anti-diabetic effect and mechanism of probiotics varies from strain
to strain due to the strain specificity of their function. Therefore, it is
necessary to explore in depth the effects and potential mechanisms
of different probiotic strains or combinations with hypoglycemic
functions. Then relevant therapeutic drugs or functional foods will be
developed according to the different characteristics.

Polygonatum sibiricum is a plant of the family Asparaceae,
widely distributed in the north temperate zone with a long history of
consumption based on its edible and medicinal characteristics' .
P. sibiricum has been listed by the National Health Commission of
the People’s Republic of China as “the list of items that are both
food and medicine”. At present, P. sibiricum has many commercial
food products, including solid drinks, wine, crisps, etc. P. sibiricum
has a variety of bioactive compounds, including polysaccharides,
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saponins and flavonoids"**”. Among them, saponin is an important

bioactive component. P. sibiricum saponin (PSS) has been proven
to have antioxidant, hypolipidemic and anti-tumour properties™".
Our previous studies had demonstrated the hypoglycemic properties
of PSS™. At present, the application of natural plant compounds in
combination with probiotics to intervene in T2DM has attracted the
attention of researchers.

Therefore, this study aimed to explore the hypoglycemic
ability of lactic acid bacteria (LAB) combined with PSS. Then,
the potential mechanism of LAB combined with PSS to improve
the hyperglycemia in T2DM mice from the perspective of gut
microbiota and metabolome was explored. The ability of LAB + PSS
combination to improve glucose metabolism was investigated.
Pathological analysis was conducted on the liver, pancreas, and colon.

We also explored the function of intestinal barrier. Finally, the gut
microbiota and metabolome of mouse feces were analyzed to reveal
the potential mechanism.

2. Materials and methods
2.1 Preparation of saponins

As our previous research, ultrasonic assisted extraction
method was used to extract saponins from P. sibiricum. And AB-8
macroporous resin was used to purify the saponins, 70% and
80% ethanol fraction were collected™. After the fractions were
concentrated and dried, PSS is obtained. Collected and combined 70%
and 80% ethanol fractions, and then concentrated and freeze dried
to obtain PSS powder. It was stored at =20 °C until use. The saponin
compositions of PSS were detected by LC-MS, and the specific
composition was shown in the Table S1.

2.2 Bacteria and culture conditions

Lactobacillus casei BYgIABOL and Lactobacillus bulgaricus
BYbjADO1 were obtained from the Key Laboratory of Forest Food
Resources Utilization of Heilongjiang Province in China (Harbin, China).
Before the experiment, the strains were cultured in MRS broth at 37 °C
for 18 h. In animal experiments, the bacteria were centrifuged and
resuspended in normal saline for subsequent experiments.

2.3 High-fat diet/streptozotocin (STZ)-induced T2DM mice
model and experimental design

Four-week-old male ICR mice were obtained from Qingdao
Daren Fortune Animal Technology Co., Ltd. (Animal license number:
SCXK (Lu) 2014-0007). All animal experiments were approved by
Northeast Forestry University Ethical Committee for Research on
Laboratory Animals (Harbin, China). The animals were fed under
the following conditions: a 12-h light/dark cycle, (23 + 2) °C, and
(50 £ 10)% humidity. Subsequently, mice were randomly divided
into a normal control group and a diabetes group. Normal mice were
fed with basic diet (50% cornmeal, 15% white flour, 20% soybean
cake, 10% bran, 0.3% multivitamin and 0.2% salt), while diabetes
mice were fed with high-sugar and high-fat diet (15% yolk, 10% lard,
15% sucrose, 2% cholesterol, 0.2% sodium cholate and 57.8% basic
diet). Four weeks later, the mice in the diabetes group were fasted for
12 h and then injected 1% STZ solution (50 mg/kg BW). After 72 h, the
FBG of mice was detected. Mice with a level of FBG > 11.1 mmol/L
were regarded as T2DM mice™.

Diabetic mice were randomly divided into 5 groups (n = 10):
(i) Diabetes control (DC) group with normal saline; (ii) Metformin
control (MC) group with metformin with a dose of 500 mg/kg;
(iii) PSS treatment group with PSS with a dose of 1 000 mg/kg;
(iv) Lactic acid bacteria treatment group (LAB) with L. casei BY glABO1
(1 x 10" CFU/mL) and L. bulgaricus BYbjADO1 (1 x 10" CFU/mL)
V1V = 2:1, 0.1 mL/day); (v) PSS and compound LAB treatment
group (the LAB concentration was 1 x 10" CFU/mL, 0.1 mL/day).
The compound probiotics are L. casei BYglABO1 and
L. bulgaricus BYbjADOI in a ratio of 2:1. All mice were intervened
for 4 weeks, and their body weight and FBG were tested weekly.
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2.4 Oral glucose tolerance test (OGTT)

The OGTT was measured as described above after treatment™.
Mice were given glucose (2.5 g/lkg BW) by gavage after fasting
overnight. Then, the blood glucose was determined at 0, 30, 60, 120 h.
The result of OGTT was presented by the area under the curve (AUC).
AUC was calculated using the following formula:

AUC = (0.5 % Gy, + Gys, + Gy, + 0.5 X Gy, ) X 30

Where G, represents the blood glucose level (mmol/L) at time t (h).

2.5 Measurement of biochemical parameters

Blood samples were centrifuged to obtain serum (3 000 x g,
10 min). The fasting serum insulin was measured with an ELISA
kit (Andy gene Technology Co., Ltd., Beijing, China). Quantitative
insulin sensitivity check index (QUICKI) was calculated as
previously described”®. High-density lipoprotein cholesterol
(HDL-C), triacylglycerols (TG), low-density lipoprotein cholesterol
(LDL-C), total cholesterol (TC), alanine aminotransferase (ALT),
and aspartate aminotransfer (AST), glucagon-like peptide 1 (GLP-1),
peptide YY (PYY), glycosylated hemoglobin Alc (HbAlc),
C peptide, lipopolysaccharide (LPS) and D-lactic acid (D-LA)
in serum were measured with commercial reagent kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).

2.6 Histopathological analysis

The livers, pancreas and colon were washed with normal saline.
The tissue was fixed in 4% paraformaldehyde solution and then
embedded in paraffin wax. Part of the liver tissue, pancreas tissue and
colon tissue were stained with hematoxylin-eosin (H&E). Another
part of the liver tissue was stained with periodic acid-Schiff (PAS).
Images were captured with a light microscope (Moticam 3000).

2.7  Western blotting analysis

Total proteins from liver tissue were extracted by RIPA
lysis buffer (containing protease inhibitor-phenylmethanesulfonyl
fluoride). Proteins (60 pg) were separated by 15% SDS-PAGE and
transferred onto polyvinylidene fluoride membranes. The membranes
were incubated with 5% skimmed milk for 2 h and incubated with
primary antibodies (S-actin, phosphatidylinositol 3 kinase (PI3K),
protein kinase B (AKT), insulin receptor substrate 2 (IRS2), glycogen
synthase kinase 3p (GSK-3f) and forkhead box protein O1 (FoxOl1),
glucose transporter 2 (GLUT?2)) overnight at 4 °C. The membranes
were incubated with secondary antibodies for 1 h at room temperature
after washing with TBST for 3 times™”. Finally, protein bands were
observed through enhanced chemiluminescence.

2.8 mRNA expression analysis by real time quantitative
polymerase chain reaction (RT-qPCR)

Total RNA was extracted from the colon using TRIzol
and reverse transcribed into ¢cDNA using PrimeScript RT
premix”*. RT-qPCR was performed with a real-time fluorescence
quantitative gene amplification instrument (QTOWER3G,

Analytick Jena AG, Germany) using SYBR Premix Ex Tagq.
The primers for the target gene were synthesized by synthesized
by Shanghai Shenggong Technology Co., Ltd. (Shanghai, China).
GADPH: F: 5'-ACGGCAAATTCAACGGCACAG-3"; R:
5'"-AGACTCCACGACATACTCAGCAC-3". Claudin-1:
F: 5'-GGGGACAACATCGTGACCG-3"; R: 5'-AGGAGTC
GAAGACTTTGCACT-3". Occludin: F: 5'-CTGGATCTA
TGTACGGCTCACA-3"; R: 5"-TCCACGTAG
AGACCAGTACCT-3". ZO-1: F: 5'-GCCGCTAAGAGC
ACAGCAA-3"; R: 5"-TCCCCACTCTGAAAATGAGGA-3".
TLR2: F: 5"-TTTGCTCCTGCGAACTCC-3"; R: 5'-GCCACGCCC
ACATCATTC-3". MUC2: F: 5'-GCCCACCTCACAAGCAGTAT-3";
R: 5'-GTCATAGCCAGGGGCAAACT-3". MUCH4: F:
5'-TCCTCACCAGCACATTGACC-3"; R: 5'-TTGAGACA
TGCTGGGTGTCC-3".

2.9  Analysis of gut microbiota

Colon content was obtained from all mice in the colon after the
end of the experiment. The genomic DNA of the sample was extracted
using the E.Z.N.A.® Stool DNA Kit (D4015, Omega Inc., USA).
The V3-V4 region of the 16S rDNA gene was amplified with
specific primers (343F: 5'-TACGGRAGGCAGCAG-3" and
798R: 5'-AGGGTATCTAATCCT-3"), and then the purity and
concentration of DNA were detected by agarose gel electrophoresis.
The quality of the amplicons was visualized by gel electrophoresis
and purified using AMPure XP beads (Agencourt) for further
PCR amplification. After a second purification using AMPure XP
beads, the final amplicons were quantified using the Qubit dsDNA
detection kit (12642ES76, Yeasen Biotechnology Co., Ltd., China).
Equal amounts of purified amplicons were combined and used for
subsequent sequencing.

The original data is in FASTQ format. Cutadapt software cuts
the primer sequence from the raw data sequence. Then, DADA?2 is used
to conduct quality control analysis for the qualified double-ended raw
data in the previous step according to the default parameters of QIIME 2
to obtain the representative sequence and amplicon sequence variant
(ASV) abundance table. QIIME2 calculated a- and f-diversity, and
the indices they included reflected the complexity and diversity of the
microbiota. The representative read of each ASV was selected using
the QIIME2 package™'. All representative reads were annotated and
blasted against Silva database Version 138 using q2-feature-classifier.

2.10 Metabolomics profiling of fecal samples

The metabolomics analysis of fecal samples was performed using
gas chromatography-mass spectrometry (GC-MS) (7890A-5975C,
Agilent, USA). Place 60 mg of fecal sample into a 1.5 mL centrifuge
tube and add 600 puL methanol aqueous solution (V:V = 4:1)
(L-2-chlorophenylalanine, 0.3 mg/mL, soluble in methanol). Use a
homogenizer (60 Hz, 2 min) to homogenize the sample. Then, the
sample was ultrasonically extracted for 10 min and left to stand at
—20 °C for 30 min. Afterwards, centrifuge the sample at 13 000 r/min
and 4 °C for 15 min, 400 pL supernatant was added into a glass vial
and was evaporated using a centrifugal concentration dryer. Then, 80 pL
of methoxylamine hydrochloride pyridine solution (15 mg/mL)
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was subjected to vortex shaking for 2 min and then subjected to
oximation reaction in a shaking incubator at 37 °C for 60 min. The
sample was removed, 50 pL of BSTFA derivatization reagent was
added, 20 pL of hexane was vortex shaken for 2 min, and the reaction
was carried out at 70 °C for 60 min. After removing the sample, it
was placed at room temperature for 30 min for GC-MS metabolomics
analysis.

The raw GC-MS data obtained is imported into the software
MS-DIAL, which performs peak detection, peak identification,
characterisation, peak alignment, wave filtering and interpolation of
missing values. Metabolite characterisation was based on the untarget
database of GC-MS from Lumingbio. In each sample, all peak signal
intensities were segmented and normalised according to a filtered
internal standard with an relative standard deviation (RSD) greater
than 0.3. After data normalisation, redundancy removal and peak
merging were performed to obtain a data matrix. The matrix was
imported into R package for principal component analysis (PCA)
to observe the overall distribution between samples and the
stability of the overall analysis process. Orthogonal partial least
squares discriminant analysis (OPLS-DA) and partial least squares
discriminant (PLS-DA) were used to differentiate metabolites that
differed between groups. Variable projection importance (VIP) values
obtained from the OPLS-DA model were used to rank the overall
contribution of each variable to group discrimination. Differential
metabolites with VIP values > 1.0 and P-values < 0.05 were selected.

2.11 Statistical analysis

All experiments were conducted in parallel at least three times.
Data are presented as mean + standard deviation (SD) and analyzed
using SPSS 22.0 software (Chicago, USA). For statistical comparisons
between all groups, one-way analysis of variance (ANOVA) and
Tukey’s test for statistical comparisons were used, with P < 0.05
considered significant. Correlations between gut microbiota (genus level)
and other serum parameters were visualized with Spearman’s
correlation.

3. Results

3.1 Effects on serum parameters of T2DM mice

As shown in Fig. 1A, after successful modeling, the FBG of the
DC group increased from 15.35 to 25.80 mmol/L. The FBG in the
NC group was stable and maintained at a low level. The FBG of
other groups of mice decreased gradually. In the 4-week, the FBG of
the MC, PSS, LAB, and PSS + LAB groups decreased by 33.65%,
20.57%, 17.90%, and 26.10%, respectively, compared with that of the
0-week. Meanwhile, the MC group had the fastest drop in FBG after
the mice were given glucose, followed by the PSS + LAB, LAB, and
PSS groups. However, there was no significant difference in OGTT
results among these 3 groups (Fig. 1B). The changes in HbAlc also
reflected similar results (Fig. 1C).
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Fig. 1  Effects on the hyperglycemia, glucose tolerance, and insulin resistance in mice (n = 10). (A) FBG, (B) AUC of OGTT, (C) HbAlc level, (D) insulin,

(E) C-peptide level, (F) QUICKI, (G) GLP-1 level, (H) PYY level, (I) TC level, (J) TG level, (K) LDL-C level, and (L) HDL-C level. Different lowercase letters
mean significant difference (P < 0.05).
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Fig. 1 (Continued)

As shown in Fig. 1D, the insulin level of the DC group is
significantly higher than that of other groups. The insulin level in
the PSS + LAB group was the lowest in T2DM mice, 48.19% lower
than that of DC group. After treatment, the level of C-peptide was
also significantly decreased. After taking PSS + LAB, the level of
C-peptide was approached that of normal group and positive control
group taking metformin (Fig. 1E). The QUICKI was calculated
according to the FBG and insulin values. The QUICKI value of the
DC group was 83% of the NC group. This indicated that T2DM mice
had low insulin sensitivity and they have apparent insulin resistance.
After the treatment, the QUICKI values of mice were significantly
higher than that of the DC group, indicating that the insulin resistance
of T2DM mice was relieved. The above results showed that
metformin, PSS, and LAB could positively regulate blood glucose and
insulin secretion in T2DM mice, especially the combination of PSS
and LAB. This combination has the best intervention effect on insulin
resistance in mice. The levels of gastrointestinal hormones GLP-1
and PYY were also affected, but there was no significant difference in
PYY levels among the 4 treatment groups (Figs. 1G and H).

In addition, the blood lipid levels of mice were also affected.
Compared with the NC group, the serum levels of TC, TG, and
LDL-C in the DC group increased significantly, the level of HDL-C
decreased significantly (P < 0.05). TC, TG, and LDL-C levels
were significantly decreased, and HDL-C levels were significantly
increased in other 4 groups (P < 0.05). The results showed that
although metformin and PSS have regulatory effects on dyslipidemia
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in mice, LAB and the combination of LAB and PSS have more
significant positive effects on lipid metabolism.

3.2 Effects on liver and pancreas pathological changes

The liver and pancreas of mice were observed by H&E staining.
In the NC group, the hepatocytes were regularly aligned, the
cytoplasm and nucleus were clearly stained, and no inflammatory cell
infiltration was observed. However, in the DC group, the liver cells
were disorderly arranged, and many steatosis vacuoles were found.
In addition, it was observed that inflammatory cells clustered together.
After the supplement of metformin, PSS, LAB, and PSS + LAB, the
liver abnormalities in the DC group were alleviated. Especially in
the PSS group and PSS + LAB group, the steatosis in the liver tissue
was obviously mitigated (Fig. 2A). Similar results were obtained in
the determination of liver function indicators in mice. Compared with
the NC group, serum AST and ALT activities in the DC group were
significantly higher than those in the NC group (Fig. 2B and C). This
indicated that the liver of T2DM mice was damaged. After 4 weeks
of treatment with metformin, PSS, and LAB, activities of AST and
ALT were significantly reduced, indicating that the hepatic function
of mice was significantly improved. In particular, the serum AST
activity of the MC group and the serum ALT activity of the PSS +
LAB group were close to those of the NC group.

The distribution of glycogen in the liver was observed by PAS
staining (Fig. 2A). The glycogen in the liver of the NC group was

PSS+LAB

PXL S

Fig.2 Pathological changes in liver and pancreas and of mice (n = 10). (A) Hlstologlcal observation, (B) level of AST in the liver, (C) level of ALT in the liver.
Different lowercase letters mean significant difference (P < 0.05).
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Fig. 2 (Continued)

purplish-red and evenly stained, indicating that there was a large
amount of glycogen stored in the liver. The glycogen accumulation
in the DC group was reduced, indicating that glycogen synthesis
might be inhibited. After the intervention, the glycogen amount of
T2DM mice was observed to increase, indicating that the glucose
conversion rate to glycogen might increase. The pathological changes
in the pancreas were also evaluated (Fig. 2A). The pancreas tissue in
T2DM mice had cytoplasmic porosity and cavitation, accompanied
by hyperemia and a decrease in islet cells. The treatment significantly
alleviated the injury of the pancreas and partially restored the islet
morphology.

3.3 Effect on IRS2/PI3K/AKT signaling pathways in liver

The expression levels of related proteins in PI3K/AKT signaling
pathway were detected by Western blot analysis. Compared
with the NC group, PI3K and AKT expression in the DC group
were significantly inhibited by 40.64% and 31.46%, respectively
(P < 0.05, Figs. 3A and D). Meanwhile, the expression of GLUT?2,
IRS2 was also significantly decreased 55.65% and 77.12%,
respectively (Figs. 3H and I, P < 0.05). Metformin, PSS, LAB,
and PSS + LAB could effectively reverse these changes. PSS has
a more significant effect on the expression of FoxO1. However,
the expression of IRS2 in the LAB and PSS + LAB groups was
significantly higher than that in the PSS group, especially the
expression of IRS2 in the PSS + LAB group was 9.33, 3.02,

1
o]

and 1.57 times of the DC, MC, and PSS groups, respectively
(Figs. 31 and J). The ratio of p-PI3K/PI3K and p-AKT/AKT also
significantly increased after PSS + LAB treatment (Figs. B-C, E-F and K).

3.4  Effect on gut barrier function

The H&E staining results of the intestine were shown in Fig. 4A.
Compared with the normal group, the DC group showed significant
damage to the mucosal and muscular layers. The intestinal villi and
crypts were significantly damaged, and the arrangement of glands
is disordered. It indicating that T2DM can cause damage to the
colon tissue in mice and damage to the integrity of the intestine.
After administration of LAB to mice, the intestinal condition was
significantly improved. In LAB group and PSS + LAB group, the
mice colon crypt was complete, the glands were arranged neatly, and
the goblet cell were complete, which was similar to the morphology
of the normal group colon. The intestinal tissue status of mice treated
with PSS only also improved, but the intervention effect was weaker
than that of the LAB group and PSS + LAB group.

Subsequently, the effects of tight junction proteins (Claudin-1,
Occludin, ZO-1), TLR2, and mucin (MUC2, MUC4) mRNA expression
in mice were detected. As shown in Figs. 4B-G, compared with the
DC group, the mRNA expression of Claudin-1, Occludin, ZO-1,
TLR2, MUC2, and MUC4 were significantly increased in all treatment
groups. In the LAB group, the mRNA expression levels of Claudin-1
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Fig. 3  Effects on the expression of key proteins in the IRS2/PI3K/AKT signaling pathways in the liver of mice (n = 10). Levels of (A) PI3K, (B) p-PI3K,
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significant difference (P < 0.05).
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Fig. 3 (Continued)

and MUC2 were higher than those in other treatment groups,
while in the PSS + LAB group, the expression levels of Occludin
and MUC4 were higher than other groups. In addition, a significant
increase in the levels of D-LA and LPS in the blood of DC group
mice was detected, indicating impaired intestinal barrier function in
the mice. After treatment, the levels of D-LA and LPS significantly
decreased, especially in the LAB and PSS + LAB groups, which were
close to the NC group. All of the above indicated that PSS and LAB
could repair the intestinal barrier function in T2DM mice.

A

3.5 Effect on gut microbiota diversity and composition

As shown in Fig. 5A, the PCA showed that the distribution
of samples within groups was concentrated, and the microbial
composition of the DC group was significantly different from the
other 5 groups. This showed that PSS, L. casei BYglABO1 and
L. bulgaricus BYbjADO!1 could effectively regulate the gut
microbiome structure in T2DM mice. Compared with the NC group,
the microbiome of T2DM mice was changed significantly (Fig. 5SB).
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Fig. 4 Effects on the gut barrier function of mice (n = 10). (A) H&E staining of colon. (B-G) Relative mRNA expression of Claudin-1, Occludin, ZO-1, TLR2,
MUC2, and MUC4. Levels of (H) D-LA and (I) LPS in serum. Different lowercase letters mean significant difference (P < 0.05).
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The abundance of Bacteroidota was decreased significantly,
the abundance of Firmicutes and Proteobacteria was increased
significantly, and the ratio of Firmicutes/Bacteroidota (F/B) was also
increased significantly (P < 0.05; Figs. SC-F). However, these changes
were reversed after the treatment. At the genus level, we also found
changes in specific microbiota in different groups. In the DC group,
Prevotellaceae_UCG-001 and were significantly enriched. After
the treatment of PSS + LAB, the abundance of Lactobacillus and
Odoribacter was 15.12 times and 4.25 times compared with the DC
group, respectively. After the treatment of L. casei BYgIABOI +
L. bulgaricus BYbjADOI, the abundance of Lachnospiracea_ NK4A136
was significantly higher than that of the DC group (P < 0.05), while
there was no significant difference in other groups, although there was
also an increase (Figs. 5G-K). In addition, PSS could significantly
increase the abundance of Corynebacterium in the gut microbiota of
T2DM mice.

In order to study the interaction between gut microbiota and
physiological and biochemical indicators, Spearman correlation
analysis was carried out on different genus microorganisms and
serum indicators. As shown in Fig. 5L, norank_f_Muribaculaceae,
Lactobacillus, Odoribacter are positively correlated with the HDL-C
level and QUICKI but negatively correlated with OGTT, insulin,

FBG, TC and TG. Helicobacter was significantly positively correlated
with OGTT and insulin level (P < 0.05).

Spearman correlation analysis was conducted on 7 key indicators
of intestinal barrier function and the level of gut microbiota genera
to study their relationship (Fig. SM). The results showed that
norank_f_Muribaculaceae and Lactobacillus was positively correlated
with intestine tight junction protein, and Lactobacillus was significantly
positively correlated with the mRNA expression of toll like receptor
and mucin (P < 0.05). Helicobacter and Prevotellaceae_UCG-001
were positively correlated with LPS and D-LA levels. In addition,
Helicobacter was negatively correlated with the expression of
Occludin mRNA expression (P < 0.01).

3.6 Effect on the intestinal metabolites of gut microbiota in
T2DM mice

By using non-targeted metabolomics analysis based on GC-MS, a
total of 342 metabolites were detected. PCA result showed significant
separation between the DC group and other groups (Fig. 6A). There
were significant changes in intestinal metabolites in normal mice and
diabetes mice. After PSS + LAB treatment, a significant callback
effect was observed, close to the NC group. Especially, LAB alone
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Fig. 5 Effects on the gut microbiota in diabetic mice (n = 6). (A) PCA based on weighted UniFrac. (B) Relative abundance at the phylum level. Relative
abundance of (C) Bacteroidota, (D) Firmicutes, (E) F/B, and (F) Proteobacteria. (G) Relative abundance at the genus level. Relative abundance of
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treatment showed significant changes compared to the DC group, but
also separated from the NC group.

Quantitative and qualitative analysis of detected differential
metabolites. Compared to the DC group, all groups had upregulated
and downregulated differential metabolites (Fig. 6B). In terms
of quantity, the LAB and DC groups had the highest number
of differential metabolites, followed by the PSS + LAB group,
indicating that LAB and PSS had a significant impact on intestinal
metabolites. Compared with DC group, 116 metabolites showed
significant changes after PSS treatment alone, 35 fewer metabolites
than PSS + LAB group. Among them, mannose 6-phosphate,
2-aminoheptanedioic acid, quinic acid, D-xylitol, 2-monoolein,
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and propane-1,3-diol were significantly enriched in the DC group,
while gallic acid, glucosamine acid, glucose-6-phosphate, and
a-aminoadipic acid were significantly enriched in the PSS + LAB
group. a-Aminoadipic acid was the key metabolite with the greatest
contribution (Fig. 6C).

Fig. 6D showed the enriched metabolic pathways. The metabolic
pathways related to amino acid metabolism and carbohydrate
metabolism are the most enriched. Among them, alanine, aspartate
and glutamate metabolism, and lysine degradation are the two
pathways with the most significant changes. The correlation between
gut microbiota and its metabolites was analyzed. The results indicated
that norank_f Muribaculaceae, Lactobacillus, Clostridia_ UCG-014
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Fig. 6 Effect on the intestinal metabolites of gut microbiota in T2DM mice (7 = 6). (A) PCA result. (B) Volcano map of differential metabolites between groups.
(C) Cluster heatmap and VIP of metabolites. (D) KEGG enrichment pathway analysis. (E) Heatmap of Spearman’s correlations analysis between the gut
microbiota and metabolites. (F) Correlation network.
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were associated with more metabolites compared to other
generas. Lactobacillus has a significant positive correlation with
glucose-6-phosphate. Corynebacterium was negatively correlated
with 2-aminoheptanedioic acid and mannose 6-phosphate.
Prevotellaceae_ UCG-001 was negatively correlated with gallic acid and
glucosaminic acid.

4. Discussion

T2DM is a metabolic disease usually characterized by
hyperglycemia caused by insulin insensitivity and insulin resistance.
Drugs that can control blood glucose have been developed clinically,
such as metformin and glimepiride. However, such drugs will have
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negative effects on bodies, such as weight surge, gastrointestinal
discomfort, and dependence™ ", Therefore, it is necessary to develop
functional foods that are safe, non-toxic, and have no side effects.
PSS and probiotics have hypoglycemic activity, and both can be used
as safe and healthy food raw materials or ingredients. Therefore, this
study investigated the hypoglycemic effect and mechanism of PSS
combined with LAB.

Insulin resistance and hyperglycemia are typical characteristics
of T2DM. In our study, compared with normal mice, blood glucose
and serum insulin levels in diabetic mice significantly increased,
and QUICKI values significantly decreased. It indicated that the
mice have serious insulin resistance, islet B-cell dysfunction, and
insulin sensitivity reduction. Pathological observation of pancreatic
islet tissue also confirmed this point. After the intervention of
PSS + LAB, the blood glucose of mice decreased significantly
while the glucose tolerance increased significantly, indicating that
insulin resistance was relieved. The QUICKI is an essential index for
evaluating insulin resistance’”". The insulin level of the PSS + LAB
group is lower than that of the PSS and LAB group, with a higher
QUICKI value, indicating that the hypoglycemic performance has
been improved after combined use. As a metabolic disease, T2DM is
often accompanied by abnormalities in lipid metabolism in addition
to disorders of glucose metabolism™ ™. TC, TG, LDL-C, and HDL-C
are marker metabolites for blood lipid®*. PSS + LAB can reduce the
TC, TG, and LDL-C content and increase the HDL-C level in the
serum. The combination of PSS and composite strains has a more
significant effect on regulating lipid metabolism, especially on the
level of TG and HDL-C. Meanwhile, the histological analysis of the
liver also confirmed that the steatosis significantly decreased after
the intervention. The above results showed that the lipid metabolism
of mice has also been positively affected. In addition to biochemical
indicators, pathological observations also show that the combined use
of PSS + LAB also restored damage to the liver and pancreas.

IRS2/PI3K/AKT/FOXO1 and IRS2/PI3K/AKT/GSK-3 are vital
insulin signaling pathways in T2DM and play a central role in regulating
blood glucose™. Generally, insulin binding with insulin receptors will
activate insulin receptor substrate (IRS) and then activate downstream
signal pathway PI3K/AKT. GSK-3B and FoxO1 are essential
substrates of AKT. Activated AKT can promote glycogen synthesis
and reduce blood glucose by inhibiting the activity of GSK-3B".
Similarly, AKT can inactivate FoxO1 by phosphorylating it,
thereby blocking downstream effector molecules and inhibiting

P71 Cui et al.”® found that insulin-like growth factor 1

gluconeogenesis
(IGF-1) treatment enhanced the viability of STZ-treated islet cells.
IGF-1 treatment reversed the inhibition of STZ on the expression
of IRS1, p-PI3K, p-Akt, and p-FoxO1, and the insulin secretion
of islet cells increased significantly. It is suggested that IGF-1
can inhibit the islet B-cell apoptosis and improve the dysfunction by
activating IRS1/PI3K/AKT/FoxO1 pathway™”. Our study confirmed
that after the administration of PSS and compound strains, the
expression of PI3K and AKT in the liver of diabetic mice increased
significantly, and the expression of FoxO1 and GSK-38 decreased
significantly. PSS has a more substantial pro-expression effect on
PI3K than LAB, while LAB has a stronger pro-expression effect
on IRS2 and an inhibitory effect on GSK-3B. However, combining
the 2 shows a better regulation effect than the single-use. GLUT2 is
the main transport protein for transferring glucose between the liver

and blood™”. When glucose concentration is too high, GLUT2 can
promote glucose absorption, thereby reducing blood glucose™'. We
found that the expression of GLUT?2 protein in the PSS group was
significantly higher than that in the DC group and other treatment
groups, and the expression of GLUT2 protein in the DC group was
the lowest. Therefore, these findings suggest that PSS + LAB reduces
insulin resistance and increases hepatic glycogen storage, which may
depend on the activation of IRS2/PI3K/AKT/FoxO1, IRS2/PI3K/
AKT/GSK-3p pathways, and GLUT?2 protein target.

The intestinal barrier function is crucial for preventing diseases
and maintaining body homeostasis. Intestinal epithelial cells will
secrete mucin and tight junction protein to maintain normal intestinal
permeability. Decreased secretion of mucin and tight junction protein
will increase intestinal permeability™”. Endotoxin LPS is the cell wall
component of Gram-negative bacteria. D-LA is a metabolite mainly
produced by the fermentation of gut bacteria in the human body.
The elevated levels of LPS and D-LA in the blood indicate impaired
intestinal barrier function, and a large amount of LPS entering
the blood can cause systemic inflammation and induce insulin
™ We observed that the combined treatment of LAB
and PSS increased the expression of intestinal tight junction protein
(Claudin-1, Occludin, ZO-1) and mucin (MUC2, MUC4) in T2DM
mice, and decreased the expression of Toll like receptors (7LR2) that

resistance

mediate immune and inflammatory responses, all of which indicated
the recovery of intestinal barrier function. The gut microbiota is an
important part of the intestinal microbiota barrier. The gut microbiota
provides energy for the intestinal epithelial cells through the digestion
and absorption of nutrients, thus affecting the intestinal permeability.
Therefore, next we evaluated the changes of gut microbiota.

The gut microbiota is closely related to the host’s metabolism,
and its abnormal state is inseparable from metabolic diseases. The
imbalance of gut microbiota is another obvious feature of T2DM
diabetes™!. T2DM patients showed a significant increase in the F/B
ratio, and the F/B ratio was negatively correlated with glucose

"1 Consistent with the above studies, we found that the

homeostasis
DC group has a high abundance of Firmicutes, while the Bacteroidota
has a low abundance. In the PSS + LAB group, the F/B ratio
decreased significantly, accompanied by increased glucose tolerance.
Shin et al.*" reported that harmful metabolism would destroy glucose
homeostasis and lead to the massive reproduction of Proteobacteria™.
In our study, Proteobacteria was enriched in the DC group, but
this situation was reversed after the PSS and composite probiotics
intervention. Smith et al."” found that the population size of
norank_f_Muribaculaceae increased in mice treated with a-glucosidase
inhibitors. And the final products of Muribaculaceae fermentation
include propionic acid which has the function of lipid-lowering and anti-
inflammatory. Therefore, this may be one of the mechanisms of the anti-
diabetes effect of a-glucosidase inhibitors. In our study, we also found
that after the treatment of PSS and composite strains, the abundance of
norank_f Muribaculaceae increased significantly, close to normal mice.
Kameyama et al.* reported that Lachnospiracea might reduce the risk
of T2DM by reducing the ketone body level. Lactobacillus is a typical
probiotic that can effectively regulate glycolipid metabolism. Previous
studies have shown that Lactobacillus may improve hyperglycemia
in diabetes patients through the glucagon signaling pathway'™. In
addition, the study of Park et al.””
Lactobacillus in the gut microbiota is the potential mechanism of the

speculated that the enrichment of
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ability of epigallocatechin gallate to maintain glucose homeostasis.
Similarly, our study also showed similar results. The abundance
of Lactobacillus in the PSS, LAB, and PSS + LAB groups were
significantly higher than that in the DC group. In addition, our study
also found that compared with the single effect, the combination of
PSS and compound strains enriched a large amount of Odoribactor
in the intestine of mice and was significantly higher than that of the
DC and NC group. Odoribactor is believed to have the effect of anti-
colorectal cancer”". Huber-Ruano et al.”” speculated that Odoribacter
is a promising probiotic through the fecal bacteria transplantation
experiment, which can improve the glucose tolerance of mice and the
inflammatory level of obese mice.

Changes in gut microbiota can lead to changes in metabolites.
The results of metabonomics showed that the combination of
LAB and PSS had a more significant effect on the metabolites
of gut microbiota than that of PSS alone. a-Aminoadipic acid is
a metabolite with significant difference between DC group and
LAB + PSS group, which affects the lysine metabolic pathway.
Previous studies have shown that gallic acid can prevent and treat
hepatic and renal oxidative stress injury in diabetic rats, thereby
alleviating the related T2DM complications””. Glucose-6-phosphate
is an important intermediate product in glycolysis. Glycolysis is
a common stage that all organisms must go through for glucose
degradation. Gallic acid and glucose-6-phosphate were significantly
up-regulated in LAB + PSS group. Further analysis of metabolic
pathways revealed that both amino acid metabolism and carbohydrate
metabolism were affected. Among them, alanine, aspartate and
glutamate metabolism pathways and lysine degradation pathways
were significantly affected. Amino acid homeostasis was proved
to be closely related to T2DM. Amino acids can regulate insulin
secretion of islet B-cells”™". Glutamate, alanine and leucine may
affect glucose metabolism by entering the tricarboxylic acid cycle™.
And Spearman correlation analysis showed that Lactobacillus and
norank_f_Muribaculaceae were positively correlated with
aminoadipic acid (amino acid metabolism pathway). The above
results indicate that LAB and PSS can regulate T2DM by interfering
with carbohydrate metabolism and amino acid metabolism (Fig. 7).
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Fig. 7 Schematic of PSS + LAB resistance to the mechanism of T2DM.

4. Conclusion

In conclusion, the combination of PSS and probiotics can improve
FBG, lipid metabolism, and liver function damage in T2DM mice.
The hypoglycemic mechanism of the complex may be related to the
regulation of IRS2/PI3K/AKT/FoxO1 and IRS2/PI3K/AKT/GSK-3f
signal pathway and the regulation of gut microbiota in T2DM mice. In
addition, the gut microbiome was significantly correlated with amino
acid metabolism and carbohydrate metabolism. Our research shows
that the combination of plant extracts and probiotics may be a more
effective way to manage T2DM. The complex of PSS and lactobacilli
can be developed as a functional dietary product.
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