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Schisandrin B alleviates metabolic
associated fatty liver disease by
regulating the PPARYy signaling
pathway and gut microbiota in
mice

Jiuchen Wan, Chenjian Lang, Meng Gao, Feilong Liu, Xiyuan Feng,
He Li, Chunmei Wang and Jinghui Sun*

School of Pharmacy, Beihua University, Jilin, China

Objective: The aim of this study was to investigate the improving effect of
Schisandrin B (Sch B) on metabolic associated fatty liver disease (MAFLD) by
regulating the PPARYy signaling pathway and gut microbiota, and its mechanism
in mice.

Methods: Male C57BL/6 mice were fed with a high-fat diet (HFD) continuously for
16 weeks to establish a MAFLD model. The levels of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), triglycerides (TG), total cholesterol (TC),
low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol
(HDL-C), tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), interleukin-10 (IL-
10), and lipopolysaccharide (LPS) in serum, as well as the level of malondialdehyde
(MDA), and the activities of glutathione peroxidase (GSH-Px) and superoxide
dismutase (SOD) in the liver tissue were measured. Changes in the gut microbiota
of mice was analyzed by 16S rRNA sequencing technology. The expression levels
of PPARy, Plin2, Pckl, Acsl4, and Fadsl proteins, as well as those of zonula
occludins 1 (ZO-1) and Occludin proteins in the colon tissue were detected by
Western Blot.

Results: The results showed that Sch B could alleviate the structure disorder,
ballooning degeneration, inflammatory cell infiltration, liver lipid droplets, and
fibrosis in liver tissue, lower the levels of AST, ALT, TG, TC, LDL-C, and LPS,
increase the level of HDL-C and lower the levels of TNF-a and IL-6 in serum,
increase the level of IL-10, and lower the level of MDA and increase the activities
of SOD and GSH-Px in liver tissue in MAFLD mice. Sch B could increase the
expression levels of PPARy, Pckl, and Fadsl proteins, but decrease Plin2 and Acsl4
proteins in liver tissue. Sch B could improve the diversity and abundance of the
gut microbiota, restore the normal composition of the gut microbiota at the
phylum and genus levels, alleviate the disruption of the gut barrier caused by HFD,
and enhance the expression of ZO-1 and Occludin proteins in colon tissue in
MAFLD mice.
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Conclusion: This study showed Sch B can improve HFD-induced MAFLD, and the
mechanism may be through regulating the PPARy, Plin2, PCk1, Acsl4 and Fadsl
signaling pathway, restoring the diversity of gut microbiota, and improving the gut
barrier to delay the progression of MAFLD.

Schisandrin B (Sch B), metabolic associated fatty liver disease (MAFLD), gut microbiota, gut

barrier, PPARy

Introduction

Metabolic associated fatty liver disease (MAFLD), formerly
known as non-alcoholic fatty liver disease (NAFLD), refers to
a type of chronic liver disease in which the hepatic cell
steatosis and fat accumulation in the liver are induced by
some metabolic disorders (Pipitone et al., 2023). MAFLD has
become the most common chronic liver disease worldwide
nowadays, and it can not only further transform into
steatohepatitis, cirrhosis and even hepatocellular carcinoma,
but also increase the mortality rate of liver-related diseases
(Eslam et al., 2020). Schisandra chinensis (Turcz.) Baill.
[Magnoliaceae] is the source of Schisandrae (chinensis)
fructus - the mature and dried fruits and previousl weexlored
whether preparations from the fruit can alleviate NAFLD was
explored in our previous studies. The research results confirmed
that lignans in Schisandra chinensis could alleviate glucose and
lipid metabolism disorders, liver inflammation and lipid
peroxidation, mitigate the liver lipid deposition, delay the
progression of NAFLD and regulate the LXRa/SREBP-1c/
FAS/ACC and SREBP2/HMGCR signaling pathways to affect
the metabolism and transport of cholesterol and fatty acid in
NAFLD animal models, and it was also speculated that
peroxisome proliferators-activated receptors (PPARs) might
be a potential target for Schisandra chinensis lignans to
alleviate  NAFLD (Liu et al, 2016; Sun et al., 2017).
Schisandrin B (Sch B) was screened by molecular docking
technology as a key component in Schisandra chinensis to
alleviate MAFLD by regulating PPARy in our previous works
(Sun et al., 2022).

On the other hand, in recent years, the important impact of
gut microbiota on human health has been widely recognized,
and it has been found to directly or indirectly participate in
many physiological processes (Wu et al., 2023), which makes gut
microbiota a highly anticipated field in the research and
potential treatment of MAFLD. Current research generally
suggests that the specific impact of gut microbiota on
MAFLD may involve impaired intestinal barrier function,
LPS-induced
translocation of gut bacteria and their harmful metabolites,

inflammation and immune dysregulation,
and gut microbiota-mediated bile acid dysregulation (Lian
et al., 2020; Ji et al., 2020).

Therefore, this study was aimed to investigate the effects of
Sch B on MAFLD mice and further analyze whether it could exert
its effects via the PPARy signaling pathway and by regulating gut
microbiota, which was also expected to provide a basic data
support for the subsequent development and utilization of

Schisandra chinensis.
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Materials and methods
Chemicals and reagents

Sch B (analytical reagent, purity >99.00%) was purchased from
Chengdu Pufei De Biotech Co., Ltd. (Chengdu, China). Pioglitazone
hydrochloride tablets were purchased from Chengdu Dikang
Pharmaceutical Co., Ltd. (Chengdu, China). The basic feed and
high-fat feed for mice were purchased from Changchun Yisi
Experimental Animal Technology Co., Ltd. (Changchun, China), in
which the components of the high-fat feed were as follows: lard (15%),
sucrose (20%), cholesterol (1.2%), sodium cholate (0.2%), casein (10%),
calcium hydrogen phosphate (0.6%), and basic feed (53%) (Feng et al.,
2021). Alanine aminotransferase (ALT), aspartate aminotransferase
(AST), total triglycerides (TG), total cholesterol TC, low-density
lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol
(HDL-C), malondialdehyde (MDA), glutathione peroxidase (GSH-Px),
and superoxide dismutase (SOD) biochemical kits were purchased from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Protein
interleukin-6  (IL-6), interleukin-10  (IL-10),
lipopolysaccharide (LPS), and tumor necrosis factor alpha (TNF-a)

extraction  kit,

assay kits were purchased from Shanghai Enzyme Linked
Biotechnology Co., Ltd. (Shanghai, China). HRP-Goat Anti-Rabbit
IgG (H + L), PPAR-y, Pckl, Fadsl, Acsl4, Plin2, Occludin and
GAPDH antibodies were all purchased from ABclonal Technology
Co., Ltd. (Wuhan, China). ZO-1 antibody was purchased from
(Wuhan, China).
reagent was purchased from Meilunbio® (Dalian, China).

Proteintech Group, Inc. Chemiluminescence

Animal grouping and administration

C57BL/6 male mice, weighing 18-22 g, were purchased from
Changchun Yisi Experimental Animal Technology Co., Ltd.
(Changchun, China), with the license number of SCXK (Ji) 2023-
0002. Mice were kept in a sterile feeding room with a temperature
controlled at 18°C-23°C and a humidity maintained at 40%-60%,
and in an alternating light cycle for 12 h. The animal experiment was
approved by the Experimental Animal Ethics Committee of Beihua
University (Jilin, China; No. BULAEC-2023121202), and all
experimental procedures were strictly carried out in accordance
with the “Guide for the Care and Use of Laboratory Animals”.

After the adaptive feeding for 1 week, 48 mice were randomly divided
into 6 groups: control group (CON), model group (MOD), pioglitazone
group (40 mg/kg, PIO), Sch B-low dose (Sch B-L, 2 mg/kg) group, Sch
B-middle dose (Sch B-M, 4 mg/kg) group, Sch B-high dose (Sch B-H,
8 mg/kg) group, 8 mice in each group. Mice in CON group were given
the standard feed, and those in all other groups were fed with a high-fat
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FIGURE 1

Grouping and administration of mice and experimental process

diet (HED) for 16 consecutive weeks. During the entire experiment, mice
in all groups were free to eat feed and drink water. Mice in the CON
group and MOD group were intragastrically given corresponding
volumes of 0.5% carboxymethyl cellulose sodium (CMC-Na) solution,
and those in the other groups were administered intragastrically with the
corresponding doses of agents described as above from the 10th week.
The mice were administered once a day continuously for 6 weeks. The
weight of mice was recorded once weekly. After the last administration
on the 16th week, fecal samples of mice were collected through the anus
of mice using sterile EP tubes, and then stored in liquid nitrogen
immediately. After fasting for 12 h, mice were anesthetized by
intraperitoneally injecting pentobarbital sodium (100 mg/kg), and
serum samples, liver tissue, and colon tissue were collected. Serum
samples and some liver and colon tissue samples were stored
at —80°C (Figure 1).

Detection of serum and liver biochemical
indicators

The levels of AST, ALT, TG, TC, LDL-C, and HDL-C in serum
were determined using a microplate assay. The levels of SOD in liver
tissue were determined using the WST-1 method, MDA levels were
determined using the thiobarbituric acid (TBA) method, and GSH-
PX levels were determined using an enzymatic assay.

Enzyme-linked immunosorbent assay
The levels of LPS, IL-6, IL-10, and TNF-a in plasma were

determined using an Enzyme-linked
(ELISA) method.

immunosorbent assay
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Histopathological analysis

Liver and colon tissues were fixed in 10% formalin solution at
room temperature for 24 h, then dehydrated with gradient ethanol,
embedded in paraffin, stained with hematoxylin & eosin, and the
slides were mounted with neutral gum. The frozen liver tissue was
embedded in optimal cutting temperature compound, and sliced
using a cryoslicer (10 pm). The slices were stained by oil red O
staining for evaluating the lipid accumulation in the liver.

Western blot

The total protein from liver and colon tissues was extracted
using a whole protein extraction kit, and the protein content was
determined by BCA method. For PPAR-y, Pckl, Fadsl, Acsl4,
Plin2, and Occludin, the percentages for the resolving gel and
stacking gel, and the transmembrane transfer time were all 8%,
5%, and 90 min, respectively. However, for ZO-1, these values
were 6%, 5%, and 150 min, respectively. The proteins were
denatured and transferred to PVDF membranes by sodium
dodecyl sulfate polyacrylamide gel electrophoresis, and 5%
skimmed milk powder was used to block the non-specific
binding sites at room temperature for 2 h. Then the
membranes were washed three times with TBST, 10 min each
time. The primary antibodies PPARy (1:800), Pckl (1:800), Fadsl
(1:800), Acsl4 (1:3,000), Plin2 (1:800), Occludin (1:800), and ZO-
1 (1:2000) were added onto the membranes, incubated at 4 °C
overnight. Twenty-four hours later, the membranes were washed
with TBST three times, 10 min each time. Then the universal
secondary antibody (1:5,000) was incubated with the membranes
at room temperature for 1 h, and then the membranes were
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FIGURE 2

Effects of Sch B on the liver function of MAFLD mice. (A): Body weight; (B): Liver weight; (C): Liver index; (D): 16th week body weight; (E): ALT; (F):
AST; (G): H&E staining of liver. All the values were expressed as means + standard deviation; compared with CON group, #*#p < 0.01; compared with MOD
group, *p < 0.05, **p < 0.01; compared with PIO group, °p < 0.05, ®*p < 0.01.

washed three times with TBST, 10 min each time. Subsequently,
an enhanced chemiluminescence reagent was added onto the
membranes for color development and detection, and the images
were photographed with a gel imager [Analytik Jena Instrument
(Beijing)Co., Ltd. (Beijing, China)]. With GAPDH (1:50,000) as

Frontiers in Pharmacology

an internal reference, grayscale values of the bands were
measured using an Image] image analysis software (veision
1.8.0), and the ratio of each grayscale value to GAPDH
grayscale value was used to express the relative expression
level of the proteins.
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TABLE 1 Effects of Sch B on the liver function of MAFLD mice.

10.3389/fphar.2025.1583307

1st week body weight (g) 21.10 £ 1.97 23.60 £ 0.92 21.90 + 1.04 22.40 £ 143 22.50 £ 0.92 22.40 £ 1.02
16th week body weight (g) 25.00 £ 2.40 34.20 + 3.65" 27.70 + 2.79** 30.90 +2.33 & 31.30 + 2.83 & 30.10 + 1.45*
Liver weight (g) 0.91 £ 0.05 1.14 + 0.07% 0.82 + 0.06** 0.94 + 0.08* & 0.95 + 0.08* % 0.88 + 0.09**
Liver index (%) 2.77 £ 0.30 3.63 + 0.26™ 2.90 + 0.34** 3.19 £ 0.38 3.19 £0.39 2.97 + 0.33*
ALT (U/L) 136.99 + 2.58 171.64 + 12.90" 154.37 + 8.46* 155.70 + 3.16* 151.44 + 4.36* 147.40 + 4.04**
AST (U/L) 44.64 + 1.81 61.62 + 10.417 4391 + 5.58* 43.81 + 7.1* 43.85 + 6.28* 42.32 + 4.24*
TC (mmol/L) 1.30 + 0.11 251 +0.17% 1.67 + 0.53* 1.67 + 0.22* 1.65 + 0.49* 1.46 + 0.12**
TG (mmol/L) 0.51 £ 0.13 1.74 + 043" 1.00 + 0.32* 1.12 + 0.19* 0.99 + 0.12* 0.93 + 0.09**
LDL-C (mmol/L) 1.16 + 0.09 2.52 + 0.33" 1.85 + 0.28* 2.01 + 0.46* 1.95 + 0.19* 1.73 + 0.29**
HDL-C (mmol/L) 4.90 + 0.53 249 +0.55" 3.40 + 0.62* 3.81 £ 0.49* 3.94 + 0.46* 412 +0.32% &
SOD (U/mgprot) 50.42 £ 5.71 28.71 + 9.28% 46.72 £ 10.72** 45.66 + 4.30* 45.78 + 2.98* 47.60 = 3.86**
MDA (nmol/mgprot) 1.32 £ 0.08 2.15 + 0.347 1.49 + 0.12%* 1.51 + 0.16* 1.50 + 0.30* 1.46 + 0.24**
GSH-PX (pmol/mgprot) 43.36 + 3.34 24.73 + 3.72% 36.54 = 1.96* 32.85 £ 4.24 38.07 + 11.15* 39.04 + 4.35%*
LPS (EU/L) 592.95 + 40.66 697.49 + 21.52% 634.06 + 52.85* 648.89 + 14.27 628.90 + 23.86* 613.13 £ 29.87*
IL-6 (pg/mL) 4191 +0.83 47.01 £ 30" 41.55 = 1.91** 42,59 + 1.62* 42.46 + 2.79* 41.96 = 1.34**
IL-10 (pg/mL) 41.13 + 1.87 33.34 + 2.03" 39.18 £ 0.66™* 35.83 +2.84 & 35.85 +2.13 & 37.84 + 1.54*
TNF-a (pg/mL) 313.6 £ 74.72 398.40 + 11.94% 327.61 + 22.15* 347.21 + 22.88 334.71 + 19.6* 32539 + 19.29*

Note: All the values were expressed as means + standard deviation; compared with CON, group.

“p < 0.01; compared with MOD, group, *p < 0.05, **p < 0.01; compared with PIO, group.
&p < 0.05.
&&p < 0.01.

16S rRNA gene sequencing and analysis

The collected fecal samples were stored at —80°C. The 16S
rRNA analysis was performed by Novogene Co., Ltd. In Beijing,
and total microbial genomic DNA was extracted from mouse
fecal samples using a magnetic soil and stool DNA kit (TianGen,
China, DP712). The quality and purity of DNA were detected by
1% agarose electrophoresis, and an appropriate amount of
sample DNA was put into a centrifuge tube, and diluted with
sterile water to 1 ng/uL. The primers 338F (5'-
CCTAYGGGRBGCASCAG-3) and 806R (5'-
GACTACNNGGGTATCTAAT-3') were used to amplify the
V3-V4 regions of bacterial 16s rRNA. The PCR amplification
system included a 10 ng genomic DNA template, 0.2 uM forward
and reverse primers, and 15 L Phusion” High-Fidelity PCR
Master Mix (New England Biolabs). The reaction conditions were
the first denaturation at 98°C for 1 min, denaturation at 98°C for
10 s, annealing at 50°C for 30 s, and extension at 72°C for 30 s,
with a total of 30 cycles, and finally the samples were stored at
72°C for 5 min. The mixed product was purified by using a
universal DNA purification kit (TianGen, China, DP214), and
the PCR products were detected by 2% agarose gel
electrophoresis. NEB Next ® Ultra ™ II FS DNA PCR free
Library Prep Kit (NewEngland Biolabs) was used for library
construction. The constructed library was quantified by Qubit
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and Q-PCR, and NovaSeq 6,000 was used for the sequencing on
the PE 250 machine after the library was confirmed to
be qualified.

Statistical analysis

The experimental data results were expressed as mean =+
standard deviation (mean + SD). One-way ANOVA analysis was
used for statistical comparison between multiple groups of the data,
Bonferroni method was used to correct for multiple testing, and
post-hoc analysis of the means were conducted with the least
significant defference (LSD) test, p < 0.05 indicated a significant
difference in statistics, and GraphPad Prism 9.5.1 was used
for plotting.

Results

Effects of Sch B on the liver function of
MAFLD mice

As shown in Figure 2 and Table 1, mice fed with HFD showed a
significant increase in the body weight, liver weight, and liver index
in the other groups in comparison with those fed with the standard
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Effects of Sch B on lipid metabolism in MAFLD mice. (A): TC; (B): TG; (C): LDL-C; (D): HDL-C; (E): oil red O staining of liver. All the values were
expressed as means + standard deviation; compared with CON group, ##p < 0.01; compared with MOD group, *p < 0.05, **p < 0.01; compared with PIO

group, °p < 0.05.

feed in the CON group (p < 0.05), while the body weight, liver
weight, and liver index were significantly reduced in mice treated
with Sch B in comparison with the MOD group (p < 0.05), indicating
that Sch B could effectively inhibit the weight gain and liver
enlargement induced by HED, but its effect was not as good as
pioglitazone (p < 0.05). Compared with those in the CON group, the
levels of ALT and AST in the serum of mice in the MOD group were
significantly increased (p < 0.05), while the levels of ALT and AST in
the serum showed varying degrees of decrease after the intervention
with Sch B (p < 0.05), and its function was similar to that of
pioglitazone (p > 0.05). The H&E staining results showed that the
liver lobule structure of mice was regular, without fat accumulation
or inflammatory cell infiltration in the liver cells in the CON group,
and there were varying degrees of fat vacuoles in the liver tissue, with
some hepatocyte necrosis and infiltration of inflammatory cells in
the MOD group, while the accumulation of liver fat and infiltration
of inflammatory cells in mice were significantly alleviated after the
administration of Sch B, indicating that Sch B could alleviate the
liver injury caused by HFD.

Frontiers in Pharmacology

Effects of Sch B on lipid metabolism in
MAFLD mice

The levels of TC, TG, and LDL-C in the serum of mice were
significantly increased (p < 0.05), while the level of HDL-C was
significantly decreased in the MOD group compared with in the
CON group (p < 0.05), and the levels of TG, TC, and LDL-C in the
serum of mice were significantly decreased (p < 0.05), while the level of
HDL-C was significantly increased in each Sch B group compared with
the MOD group (p < 0.05) (Figures 3A-D; Table 1). The oil red O
staining showed that there was no significant lipid deposition in the liver
tissue of mice in the CON group, while there was a large amount of lipid
deposition, with fat droplets occupying most of the liver in the MOD
group, and the pathological changes mentioned above were alleviated to
varying degrees after the intervention with Sch B (Figure 3E). The above
results indicated that the HFD-induced MAFLD model was successfully
established, and Sch B could reduce lipid metabolism disorders and liver
injury in mice, especially its regulatory effect on HDL-C was even better
than that of pioglitazone (Sch B-H vs PIO, p < 0.05).
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Effects of Sch B on indicators related to oxidative stress and inflammation. (A):

SOD; (B): MDA; (C): GSH-Px; (D): LPS; (E): IL-6; (F): IL-10; (G): TNF-a.

All the values were expressed as means + standard deviation; compared with CON group, *#p < 0.01; compared with MOD group, *p < 0.05, **p < 0.01;

compared with PIO group, p < 0.05.

Effects of Sch B on indicators related to
oxidative stress and inflammation

Compared with those in the CON group, the contents of MDA
in the liver and LPS, TNF-a and IL-6 in the serum of mice were
significantly increased (p < 0.05), while the activities of SOD and
GSH-Px in the liver and the content of IL-10 in the serum were
significantly decreased in the MOD group (p < 0.05); The activities
of SOD and GSH-Px and the content of IL-10 were significantly
increased (p < 0.05) and the content of MDA was significantly
decreased in the liver (p < 0.05), and the levels of LPS, TNF-a, and
IL-6 in the serum were significantly reduced (p < 0.05) in each Sch
B-treated group compared with the MOD group (Figure 4; Table 1),
indicating that Sch B could alleviate oxidative stress and
inflammatory reactions induced by HFD.

Effects of Sch B on the expression of lipid
metabolism-related proteins

As shown in Figure 5, compared with those in the CON group,
the expression levels of Acsl4 and Plin2 proteins were significantly
upregulated in the liver tissue of mice (p < 0.05), while the protein
expression levels of PPARy, Fadsl, and Pckl were significantly
decreased (p < 0.05) in the MOD group; Compared with those in
the MOD group, the expression levels of Acsl4 and Plin2 proteins
were significantly decreased (p < 0.05), while the protein expression
levels of PPARy, Fadsl, and Pckl increased (p < 0.05) in Sch
B-treated groups, especially in terms of the regulatory effects on
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PPARy and Acsl4,
relationship (p < 0.05).

there is a clear dose-response

Effects of Sch B on the diversity of gut
microbiota in MAFLD mice

In this study, the a-diversity of gut microbiota was evaluated
with Chaol and Shannon indices. Compared with those in the CON
group, Chaol and Shannon indices of the gut microbiota decreased
in the MOD group, indicating that MAFLD can reduce the diversity
of gut microbiota in mice. Compared with those in the MOD group,
the chaol and Shannon indices increased in Sch B-treated groups
(Figures 6A,B), suggesting that Sch B can effectively improve the
richness and evenness of gut microbiota in MAFLD mice.

The principal coordinate analysis (PCoA) of B-diversity was
used to further analyze differences in gut microbiota. The results
showed that the sample points in the CON group and the MOD
group were significantly separated, and almost all sample points in
the different Sch B-treated groups were closer to those in the CON
group (Figure 6C), indicating that their species community
composition was more similar. This observation was further
supported by boxplot of inter-group B-diversity
dissimilarity (Figure 6D). Collectively, these findings suggest that

analysis

Sch B restores p-diversity of the gut microbiota in MAFLD mice.

The Venn diagram showed significant differences in the number
of OTUs among the groups: 1,133 in the CON group, 1,011 in the
MOD group, 1,269 in the Sch B-L group, 1,414 in the Sch B-M
group, and 1,033 in the Sch B-H group, with 364 in all groups
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FIGURE 5

Effects of Sch B on the expression of lipid metabolism-related proteins. (A): Image of PPARy, Plin2, Pckl, Acsl4, Fadsl and GAPDH protein
electrophoresis (Western blot); (B—F): Statistical results of the protein expression. All the values were expressed as means + standard deviation; compared
with CON group, *#p < 0.01; compared with MOD group, *p < 0.05, **p < 0.01; compared with Sch B 2 mg/kg group, ®p < 0.05.

(Figure 6E), indicating that Sch B can improve the gut microbiota
disorder caused by HFD in MAFLD mice.

Effects of Sch B on gut microbiota at phylum
and genus levels in MAFLD mice

The effect of Sch B on the composition of gut microbiota in
MAFLD mice was analyzed using 16S rRNA technology. The
the phylum level that
Bacteroidetes, Desulfobacterota, Verrucomicrobiota,
Actinobacteriota were the dominant bacteria. Compared with that
in the CON group, the composition of gut microbiota changed in
mice in the MOD group, with an increase in the relative abundance

analysis  at showed Firmicutes,

and

of Desulfobacterota and Firmicutes, and a decrease in the relative
abundance of Bacteroidetes, while this trend was effectively reversed
in the different Sch B-treated groups (Figure 7A).

The analysis at the genus level showed that Alloprevotella,
Dubosiella, — Helicobacter, — Bacteroides, and  Lachnospiraceae_
NK4A136_group were the main dominant bacteria. The abundance
of Helicobacter, Bacteroides, Mucispirillum, and UCG-005 was higher,
while  the of  AlloPrevotella, Dubosiella,
Lachnospiraceae_NK4A136_group was lower in the MOD group
compared with the CON group. The abundance of two beneficial
AlloPrevotella  and  Lachnospiraceae_NK4A136_group,

abundance and

bacteria,
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increased, while the abundance of harmful bacteria, Helicobacter,
decreased in the Sch B-treated groups compared with the MOD
group. The above results indicate that Sch B can improve the gut
microbiota of MAFLD mice fed with HFD (Figure 7B).

LEfSe was used for the differential analysis at all levels
simultaneously, and a LDA value of 4 was used to screen iconic
species with significantly differences among groups. The results
showed that a total of 22 significantly iconic species were selected
from these 5 groups, among which there were 4 in the CON group,
4 in the MOD group, 1 in the Sch B-L group, 11 in the Sch B-M
group, and 2 in the Sch B-H group (Figures 7C,D).

Pathway enrichment analysis of the gut microbiota data was
performed using the KEGG database. The prediction revealed that
the secondary functional classifications were predominantly
centered on Amino Acid Metabolism, Carbohydrate Metabolism,
Replication and Repair, and Membrane Transport (Figure 8A). To
further investigate the impact of Sch B on the gut microbiota,
functional prediction of the samples was conducted using
PICRUSt2 based on the KEGG Pathway database. The prediction
results demonstrated significant differences in metabolic pathways
between the control group and the model group. Notably, the Sch B
treatment groups exhibited a shift toward the pattern observed in the

control group. Specifically, the correlation for PWY-5104
(L-isoleucine  biosynthesis IV) and PWY-7111 (pyruvate
fermentation to isobutanol) was significantly increased.
08 frontiersin.org
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Conversely, the correlation for PWY-7208 (superpathway of
pyrimidine nucleobases salvage) and PWY-7229 (superpathway
of adenosine nucleotides de novo biosynthesis I) was significantly
decreased (Figure 8B).

Effects of Sch B on the intestinal
homeostasis in MAFLD mice

A HFD can induce lipopolysaccharide translocation, leading to
intestinal inflammation and damage to the gut barrier. The HE
staining results showed that the colon villi of the MOD group mice
were sparse and shortened, the glandular hyperplasia was inactive,
and the intrinsic muscle layer became thinner, indicating that the
HFD could cause a severe damage to the gut barrier, while Sch B
could significantly alleviate the above changes. The Western blot
results showed that the expression levels of tight junction proteins
Z0-1 and Occludin were significantly reduced in the MOD group
(p < 0.05), while those of the two proteins were significantly
upregulated in the Sch B-treated groups (p < 0.05), especially in
terms of the regulatory effects on Occludin, there is a clear dose-
response relationship (p < 0.05) (Figure 9), suggesting that Sch B
may maintain and repair the integrity of gut barrier function by
restoring the level of tight junction proteins.

Discussion

A HFD can lead to an excessive fat accumulation in the liver and
other tissues, and then induce obesity and metabolic diseases,
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accompanied by the occurrence of MAFLD (Lian et al, 2020).
Our research results showed that the treatment with Sch B could
not only significantly reduce the body weight and liver weight, but
also alleviate the steatosis and inflammatory infiltration in the liver
of MAFLD mice. In addition, Sch B showed significant effects in
modulating blood lipid levels, and alleviating the oxidative stress and
inflammatory reactions in MAFLD mice.

PPARYy, as a key factor regulating lipid metabolism, forms an
active heterodimer when paired with nuclear retinoid X receptors
(RXRs), plays
differentiation, adipogenesis, and glucose metabolism (Zhu et al.,

an important role in regulating adipocyte
1993; Samuel and Shulman, 2018). Plin2 is a protein associated with
intracellular lipid droplet metabolism, playing a critical role in fatty
acid uptake, lipid droplet formation, and lipid storage (Conte et al.,
2016). It has been shown that the normal expression of Plin2 leads to
increased obesity, while the deletion of Plin2 gene induces an obesity
resistance phenotype in wild-type (WT) mice fed with a HFD to
prevent the weight gain caused by the HFD (McManaman et al.,
2013). Pckl is a regulator of the energy metabolism and
gluconeogenesis in the liver, and its imbalance is related to
diabetes,
resistance, while there is also a certain correlation between
PPARy and Pckl (Beale et al,, 2007; Tuo et al.,, 2019). Silencing

gene Pckl in the liver can lower the blood glucose, and alleviate the

metabolic diseases, such as obesity and insulin

insulin sensitivity and dyslipidemia in db/db mice (Goémez-Valadés
2008).
polyunsaturated fatty acids, localized in peroxisomes and the

et al, ACSL4 is a key metabolic isoenzyme for

endoplasmic reticulum. As an essential metabolic enzyme
mediating fatty acid activation, it can enhance or suppress fatty
acid activation through transcriptional

regulation, thereby
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promoting or alleviating hepatic steatosis (Kan et al., 2015; Sui et al,
2024; Doll et al, 2020; Wurst et al, 2017). Fadsl, also known as
§ -5 desaturase (D5D), is one of rate-limiting enzymes in the pathway
of polyunsaturated fatty acid desaturation (Athinarayanan et al., 2020).
The decreased expression of Fadsl is associated with the increased total
lipid content in the liver, as well as obesity, MAFLD, and other
metabolic disorders (Araya et al, 2010; Wang et al, 2015
Murakami et al, 2008). In this study, it was found that the
upregulation of PPARy induced by the administration of Sch B
could upregulate the expression of downstream proteins Pckl and
Fadsl, and downregulate the expression of Plin2 and Acsl4, and the
administration of Sch B could alleviate the MAFLD induced by HED by
regulating lipid metabolism, enhancing energy metabolism, and
regulating lipid droplet degradation. These findings indicate that Sch
B can regulate lipid metabolism and lipid droplet degradation by
PPARy, Plin2, Pckl, ACSL4 and Fadsl signaling pathway, while
improving insulin resistance, thereby alleviating hepatic lipid
accumulation caused by MAFLD.

Changes in the gut microbiota environment play an important
role in the progression of MAFLD. Both beneficial and harmful gut
microbiota metabolites can be transported directly to the liver
through the portal vein, where they participate in many
biological processes including the production of energy,
detoxification and synthesis (Barber et al., 2023; Alghamdi et al.,
2024; Abenavoli et al,, 2023). The 16S rRNA sequencing results in
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this study showed that Sch B could improve the diversity of gut
microbiota in MAFLD mice and also alter the composition of the
microbiota by increasing the abundance of beneficial bacteria and
reducing the growth of harmful bacteria. Studies have shown that an
increased Firmicutes-to-Bacteroidetes (F/B) ratio is closely associated
with obesity. Since both Firmicutes and Bacteroidetes are involved in
energy harvest, an imbalance in their proportions may lead to
excessive energy absorption (Fontané et al, 2018; Tenorio-
Jiménez et al, 2020). It was found in this study that the
composition of the gut microbiota was significantly altered in
mice feed with HFD, with an increase in the abundance of
Firmicutes and a decrease in the abundance of Bacteroidetes,
resulting in an increase in the F/B ratio, while the F/B ratio
showed a decreasing trend after the treatment with Sch B. The
composition of gut microbiota in MAFLD mice also changed at the
genus level, including changes in both beneficial and harmful
bacteria, and these changes in microbiota may also be the key to
the treatment of MAFLD.

It has been demonstrated that Alloprevotella is negatively
correlated with body weight, fat weight, serum TG, TC, and
HDL-C. Alloprevotella has been shown to produce various short-
chain fatty acid metabolites (Huang et al., 2023; Zhao et al.,, 2021)
and the short-chain fatty acids produced can increase energy
expenditure, reduce weight, and decrease liver TG accumulation
by activating the PPAR signaling pathway, thereby regulating lipid
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metabolism and improving obesity (Ai et al,, 2022). Moreover,
Alloprevotella is negatively correlated with fasting blood glucose,
insulin resistance index, and area under the GTT curve, which can
enhance satiety and maintain glucose homeostasis by producing
glucagon-like peptide-1 (GLP-1) (Li et al., 2021; Ni et al., 2023). It
has been shown that Bacteroides can effectively reduce the weight
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gain induced by high-fat diet in mice and regulate the expression of
lipid metabolism-related genes in white adipose tissue (Liu et al.,
2017). Bacteroides can significantly improve liver steatosis and TG
accumulation by repairing intestinal barrier function and reducing
2022).
Furthermore, its derived sphingolipids can be directly transferred

lipopolysaccharide translocation (Sangineto et al,
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from the microbiome to the host colon and liver, further alleviating
the diet-induced hepatic steatosis (Le et al., 2022).

The Lachnospiraceae_ZNK4A136_group is recognized as a
probiotic strain capable of producing short-chain fatty acids with
antimicrobial activity against pathogens and an anti-inflammatory
molecule, and the butyric acid transformed from it helps maintain
intestinal barrier integrity in mice, showing a negative correlation
with intestinal permeability; Butyrate is one of the main short chain
fatty acids in the microbiota because it can enhance epithelial barrier
integrity and inhibit inflammation (Breitriick et al., 2021; Wu et al.,
2021). Studies have shown that Dubosiella is a probiotic, and the
increase of its relative abundance has been proved to have potential
benefits for metabolic diseases such as type 2 diabetes mellitus and
steatohepatitis, mainly through enhancing glucose tolerance,
inhibiting inflammation, and improving insulin sensitivity and
blood lipid levels (Li et al., 2022; Zheng et al., 2023). In addition,
Dubosiella is negatively correlated with the mRNA expression levels
of pro-inflammatory cytokines IL-1B, IL-6, and TNF-a. On the
contrary, Dubosiella is positively correlated with IL-10, an anti-
inflammatory factor (Wan et al, 2021). The chronic gastritis
induced by Helicobacter, as a common pathogenic bacterium in
the stomach, can cause a low-grade systemic chronic inflammation,
and the local inflammation of gastric mucosa can lead to the release
of pro-inflammatory factors and then the increase of intestinal
permeability and the production of endotoxins, which then enter
the liver through the portal vein, causing the inflammation and fat
accumulation in the liver (Martin-Nufez et al., 2021; Mavilia-
Scranton et al., 2023; Tang et al., 2022).

The gut barrier function is one of the most fundamental
functions of epithelial cells and the basis for ensuring the
integrity of the cytoskeleton and membrane proteins, and these
cytoskeleton and membrane proteins can form and regulate tight
junction complexes among cells (Hull and Staehelin, 1979).
Lipopolysaccharides (LPS) are an important component of the
intestinal microbiota cell wall. When the intestinal mucosal
barrier is disrupted, LPS from the gut microbiota can be released
into the bloodstream, exacerbating the body’s inflammatory
response (Candido et al, 2018). The destruction of the gut
barrier can lead to an increase in the permeability of the
intestine to bacteria and their derivatives, causing immune
system disorders and inflammatory reactions, all of which can
lead to the progression of MAFLD (Martin-Mateos and Albillos,
2021). ZO-1 and Occludin are both tight junction proteins that play
a crucial role in maintaining the integrity of the gut barrier, and their
elevated expression can reduce the permeability of intestines, restore
the integrity of the gut barrier, and prevent endotoxins or bacteria
from entering the blood circulation, restoring the ecosystem of the
intestinal microbiota. The results of this study indicate that Sch B
can upregulate the expression of tight junction proteins ZO-1 and
Occludin, restoring the intestinal damage caused by LPS and
protecting the integrity of the gut barrier.

Conclusion

Sch B can alleviate the liver injury, the lipid disorders and
hepatic steatosis, and the oxidative stress and inflammatory
response in MAFLD mice fed with HFD. It may alleviate
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MAFLD through the mechanism of regulating the PPARy, Plin2,
Pckl, Acl4 and Fedsl signaling pathway and increasing the
expression of ZO-1 and Occludin proteins to restore the balance
of gut microbiota, increasing the abundance of beneficial bacteria
such as AlloPrevotella and Lachnospiraceae_NK4A136_group to
ameliorate the gut barrier injury and maintain the gut barrier
integrity in MAFLD mice (Figure 10).
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