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Gut microbiota from Mori fructus
(Morus alba L.) polyphenols and
polysaccharides-dosed mice
activates the PPARo/PGC-1a
signaling pathway to mitigate
HFD-induced metabolic syndrome
In mice

Meixia Wan%2"?, Qing Li?, Yudie Xiao?, Dan Zhou?, Qianya Lei? & Shu Wang?

Mori Fructus, rich in polysaccharides and polyphenols, has long been used in East Asia as a functional
food and medicinal agent. In traditional Chinese medicine, it is used to treat various ailments like
wasting-thirst syndrome and constipation. Studies suggest its extract fractions may alleviate
metabolic syndrome symptoms by affecting gut microbiota. To explore this, fecal microbiota
transplantation (FMT) was used in an experiment. Pseudo-germ-free mice were created with
antibiotics and given a high-fat, high-sugar diet (HFD) to induce metabolic syndrome. Then, fecal
bacterial infusions were transplanted. Results showed significant improvement in metabolic syndrome
parameters in the FMT-MFPS(fecal microbiota transplantation-Mori Fructus polyphenols plus
polysaccharides) group. Dyslipidemia, liver, and kidney injuries were modulated in treated mice. The
PPARo/PGC-1a signaling pathway was activated. These findings indicate Mori Fructus extract fractions
prevent metabolic syndrome via gut microbiota modulation, with effects sustained through FMT,
providing a reference for prevention.

Keywords Mori fructus (Morus Alba L.), Metabolic syndrome, Fecal microbiota transplantation, PPARa/
PGC-1a signaling pathway

Abbreviations

FMT Fecal microbiota transplantation

HFD High-fat and high-sugar diet

MFP Mori Fructus polyphenol-rich fraction

MES Mori Fructus polysaccharide-rich fraction
MFPS Mori Fructus polyphenols plus polysaccharides
NCD Normal chow diet

FMT-MFP FMT from mice treated with MFP
FMT-MFS FMT from mice treated with MFS
FMT-MFPS FMT from mice treated with MFPS

AST Aspartate aminotransferase

ALT Alanine amino transferase

ELISA Enzyme linked immunosorbent assay
MDA Malondialdehyde

SOD Superoxide dismutase

GSH-Px Glutathione peroxidase
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H&E Hematoxylin and eosin

TC Total cholesterol

TG Triglyceride

LDL-C Low density lipoprotein-cholesterol
HDL-C High density lipoprotein-cholesterol
NAFLD Nonalcoholic fatty liver disease

SCr Serum creatinine

SUA Serum uric acid

BUN Blood urea nitrogen

IL-1B Interleukin-1p

IL-6 Interleukin-6

TNF-a Tumor necrosis factor-a

OGTT Oral glucose tolerance test

AUC Area under the curve

HOMA-IR Homeostasis model assessment of insulin resistance
BCAAs Branched chain amino acids
ANOVA Analysis of variance

Metabolic syndrome in humans is a multifaceted condition characterised by multiple cardiovascular stressors,
including overweight, insulin resistance, dyslipidemia, and hypertension'. Furthermore, it represents a
serious global health challenge, with increasing prevalence observed worldwide?. Metabolic syndrome may
lead to cardiovascular diseases such as atherosclerosis due to dysregulation of glucose and lipid metabolism®.
Additionally, the presence of metabolic syndrome has been associated with Parkinson’s disease, obstructive
sleep apnea, renal carcinoma, colorectal cancer, or bladder cancer, severely impacting overall health®*. Current
treatments for metabolic syndrome focus primarily on lifestyle changes, including regular physical activity and
dietary changes, supplemented by pharmacological interventions and surgery®.

Mori Fructus is naturally rich in polyphenols and polysaccharides, of which the main polyphenols are
anthocyanins, rutin and chlorogenic acid’. These polyphenolic compounds act as natural reducing agents in
the human body, exerting regulatory effects such as scavenging free radicals, anti-inflammatory, weight loss,
anti-tumor, and prevention of metabolic disorders®. Plant polysaccharides as natural macromolecules have
various benefits, including immune regulation, antioxidant activity, anti-inflammatory, anti-neoplastic, and
antihyperglycemic effects’. The previous animal experiment has revealed that Mori Fructus extract fractions
(Mori Fructus polyphenol-rich fraction, MFP; Mori Fructus polysaccharide-rich fraction, MFS; Mori Fructus
polyphenols plus polysaccharides, MFPS) effectively alleviate metabolic syndrome and result in beneficial
changes to gut ecology and profiles of faecal metabolites in mice®.

FMT, which entails transferring fecal microbiota from a healthy donor to a recipient, has attracted attention
as a promising therapeutic strategy for a range of conditions, including metabolic syndrome®!°. Currently,
FMT treatment is recognised as one of the most straightforward and effective methods for reconstituting gut
microbiota. Moreover, FMT treatment has been extensively approved in Clostridioides difficile infection!!. Since
2014, various diseases have been studied by FMT treatment globally, focusing on diseases such as Clostridioides
difficile infection, irritable bowel syndrome, excess body weight, metabolic syndrome, hyperglycemic conditions,
inflammatory intestinal disorders, ulcerative colitis, mood disorders, and hepatic dysfunctionslz. Recently, it
has been noted that Chinese medicine possesses probiotic or prebiotic-like properties, which illustrates multi-
component and polypharmacological effects of these therapeutic interventions, as viewed through the lens of
intestinal microbial dynamics®.

Previous studies have revealed that probiotic-like regulation of gut microbiota was observed through the
intervention of Mori Fructus extract fractions®!%, but these effects have yet to be validated. The aim of this
study was to investigate the mechanism of action of Mori Fructus extract fractions MFP, MFS, and MFPS in
the amelioration of metabolic syndrome. Broad-spectrum antibiotic cocktail treatment was used to establish
pseudo-germ-free mice, then a metabolic syndrome model in mice was induced by HFD. Simultaneously, faecal
material from mice treated with MFP, MFES, and MEPS® was orally administered to pseudo-germ-free mice,
respectively'®.

Materials and methods

Reagents

Ampicillin trihydrate (Lot#: C10752327), Vancomycin hydrochloride (Lot#: C10791656), and Streptomycin
sulfate (Lot#: C12036834) were sourced from Macklin Biotechnology (Shanghai, China). Gentamycin sulfate
(Product Number: G100391) was obtained from Aladdin Biotechnology (Shanghai, China).

Mori fructus extract fractions preparations
MFP, MFS, MPFS were prepared and characterized in the previous study®.

Design of experiments
Male C57BL/6] mice, weighing between 18 and 20 g, were procured from Dossy experimental animals technology
in Chengdu, China, under the protocol designation SCXK (Chuan) 2020-030. Before the experiment began,
mice were acclimated to specified pathogen-free conditions for eight days, housed in an environment with a
temperature range of 22 +2 C and a humidity level of 50 + 5%.

The ethical clearance for all animal-based research was granted by Sichuan University Ethics Committee,
situated in Chengdu, China, with the assigned protocol number SYXK (Chuan) 2018-113. The experimental
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protocols were strictly in accordance with the European Community directives (86/609/EEC) concerning
treatment and utilization of experimental animals.All methods are reported in accordance with ARRIVE
guidelines.

Donor mice

Donor mice, preparing the fecal bacterial infusion solutions, were from the previous study®. Fecal samples
were collected daily between 3:00 and 5:00 p.m. during the 14th experimental week. To minimize microbial
contamination, all procedures were performed in a UV-sterilized laminar flow hood. Mice were gently restrained
by pinching the back of the neck while stabilizing the tail, and slight abdominal pressure was applied to induce
defecation. Fresh feces were immediately transferred to sterile cryopreservation tubes and flash-frozen in liquid
nitrogen.

The preparation method for fecal bacterial infusion was optimised based on previous studies. Feces were
homogenised in phosphate-buffered saline solution at a dilution ratio of 1:10 (weight to volume). The mixture
was then subjected to centrifugation at 4 °C at a rotational speed of 3000 for 5 min. Supernatants were used as
fecal bacterial infusion solutions, which were prepared for fresh daily use.

Recipient mice

The animal experiment protocol is shown in Fig. 1. Following an 8-day acclimatisation period, pseudo-germ-
free mice were established. Mice were provided with drinking water supplemented with a combination of broad-
spectrum antibiotics, including ampicillin trihydrate (0.5 mg/mL), streptomycin sulfate (1 mg/mL), vancomycin
hydrochloride (0.5 mg/mL), and gentamicin sulfate (1 mg/mL). The antibiotic water was refreshed every two
days, and mice were allowed to drink freely for 14 days.

A total of 30 pseudo-germ-free mice were grouped into five sets (6 mice per set, 3 mice for each cage):
normal chow diet (NCD) group (received pure water, 0.2 mL/mouse), HFD group (received pure water, 0.2 mL/
mouse), FMT-MFP group (FMT from mice treated with MFP, 0.2 mL/mouse), FMT-MFES group (FMT from
mice treated with MFS, 0.2 mL/mouse), and FMT-MFPS group (FMT from mice treated with MFPS, 0.2 mL/
mouse). Mice in the HFD and FMT intervention groups consumed a diet that was high in fat, comprising 45%
of total caloric intake, which was obtained from Biotech Health Products Co., Ltd., Beijing, China. Additionally,
the drinking water was supplemented with 4.2% fructose. Meanwhile, mice were provided with a diet that
derived 15% of caloric content from fat in NCD group, obtained from Chengdu Dorsey Laboratory Animal Co.
Ltd., Sichuan, China. They were also provided with purified drinking water. Fecal bacterial infusion solutions
were administered by gavage between 9:00 a.m. and 11:00 a.m. every two days for 14 weeks, and body weights of
mice were measured weekly.The changes in general conditions of mice in the whole experiment were observed,
including mental status, diet, and hair.

Oral glucose tolerance test

On the 14th weekend of FMT treatment, mice were subjected to a 12 - hour continuous fast (from 21:00 h to
09:00 h), during which they consumed water uninterruptedly. Subsequently, mice were gavaged with glucose at
a dosage of 2 g-kg™!. Then, blood samples were obtained from caudal vein at five time-points after gavage (0, 30,
60, 90 and 120 min) and the glycaemic levels were monitored with an ACCU-CHEK' Performa Glucometer.

Sample collection

Euthanasia was performed in accordance with the guidelines established by the Institutional Animal Care and
Use Committee (IACUC) and the American Veterinary Medical Association (AVMA). Mice were anesthetized
using an intraperitoneal injection of a ketamine-xylazine mixture (100 mg/kg ketamine and 10 mg/kg xylazine).
Following the induction of deep anesthesia, as confirmed by the absence of a pedal reflex, euthanasia was carried
out by cervical dislocation. All efforts were made to minimize animal suffering during the procedure. Blood
samples were obtained from orbital sinus of mice under anesthesia and subsequently subjected to centrifugation
at 3000 rpm for 10 min at 4 °C to prepare for serum samples. Livers, kidneys, epididymal adipose tissue, and
colons were rapidly excised, and the length of the colon was determined. Livers were homogenised with normal
saline at a ratio of 1:10 (w/v) and the supernatants were separated by centrifugation. After the above steps, liver
homogenates were obtained.

Biochemistry assays

Serum levels of AST, ALT, TC, TG, LDL-C, HDL-C, SCr, SUA and BUN were determined by the auto-biochemical
analyser (Olympus AU400, Tokyo, Japan). Serum levels of insulin, IL-1pB, IL-6 and TNF-a were detected by
ELISA kits (Thermo Fisher Scientific, Wilmington, DE, USA). Levels of MDA, SOD and GSH-Px in livers were
quantified by commercially available assay kits (Nanjing Jiancheng Biotechnology, China).

Histological examination

Hepatic tissues, left renal lobes, proximal segments of colon, and epididymal adipose depots were preserved
in a 4% paraformaldehyde solution, supplied by Servicebio in Wuhan, China, prior to being dissected for
hematoxylin and eosin (H&E) staining. In a parallel procedure, the left hepatic lobes were subjected to Oil Red
O staining to evaluate lipid deposition within liver. Histological specimens were stained and then photographed
by an Olympus BX53 light microscope, a product of Olympus Corporation, Tokyo, Japan.

gqRT-PCR
The RNA was extracted via an ultrapure RNA extraction kit (CW0581M, CWBIO), and the concentration and
purity of the RNA were measured via a UV-visible spectrophotometer (NP80, NanoPhotometer) (OD260/
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Fig. 1. The animal experimental protocol.

0D280). cDNA was synthesized via an RNA reverse transcription kit (R223-01, Vazyme), and fluorescence PCR
was performed via a CFX Connect™ instrument. Real-time fluorescence quantitative PCR was performed using

Bole Life Medical Products (Shanghai) Co., Ltd., and the relative expression levels of genes were calculated via
the 2-82Ct method.

Western blot

Rabbit epidural scar tissue and VAF cells were collected, RIPA lysis buffer (C1053, ApplyGen) was added to the
tissue, which was ground, the culture medium was discarded, and total protein was extracted with RIPA lysis
buffer. The mixture was centrifuged at 12,000 rpm at 4 °C for 10 min, the supernatant was collected, and the
total protein concentration was quantified via a BCA protein quantification kit (E-BC-K318-M, Elabscience).
After denaturing the protein sample, sodium dodecyl benzene sulfonate gel electrophoresis (SDS-PAGE) was
conducted, and a 300 mA constant flow membrane was used. After the PVDF membrane (Millipore) was
blocked with skim milk powder, anti-GAPDH (TransGen Biotech, 1:2000), anti-PGC-1a (abcam, 1:1000),
anti-PPARa (abcam, 1:1000), anti-PPARy (abcam, 1:1000), and anti-CPT-1 (abcam, 1:1000) antibodies were
incubated overnight at 4 °C, and the next day, the secondary antibody IgG (H+L) (Servicebio, 1:2000) was
incubated with the PVDF The PVDF membrane was soaked with luminescent solution and placed in a highly
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sensitive chemiluminescence imaging system (ChemiDocTMXRS+, Bole Life Medical Products (Shanghai) Co.,
Ltd.) for development.

Statistical analysis

Statistical analyses were performed by GraphPad Prism 7.0 and SPSS 20.0 and represented as arithmetic
mean +standard error (SEM). Comparisons between sample data were performed by analysis of variance
(ANOVA). Statistical significance was considered as p <0.05.

Results

Behavioral changes

Mice had shiny fur, normal mental status, and active behavior in NCD and FMT-MFPS groups over a 14-week
period. In contrast, mice had poor fur, increased water intake and urine output in HFD group.

Reduction in body weight and organ coefficient

Body weights were increasing in all groups over the 14-week feeding period (Fig. 2A). Compared with NCD
group, body-weight gain, indexes of epididymal fat, liver and renal were highest in HFD group (Fig. 2B-E,
p<0.01 for all), and the HFD group had the shortest colon length (Fig. 2F, p<0.01). Compared with the HFD
group, the body-weight gain and epididymal fat index in FMT-MFPS group were markedly decreased (p <0.05
and p<0.01), FMT treatment significantly reduced the liver index (p<0.05 for all), and the colon length was
significantly increased in the FMT-MFPS group (p <0.01). However, there was no significant change in renal
indexes (p >0.05). These results indicated that HFD increased the body weight and organ coefficient of mice,
while FMT treatment significantly ameliorated the tissue damage in the FMT-MFPS group.
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Fig. 2. Changes in body weight gain and organ coeflicient of pseudo-germ-free mice in FMT Intervention
groups after 14 weeks of FMT treatment. (A) Body weight of mice and (B) body weight gain was shown in
weeks during FMT treatment period. Ratios of epididymal adipose weight to body-weight (C), ratios of hepatic
weight to body-weight (D), and ratios of renal weight to body-weight (E), colon length (F) were statistically
analyzed via calculated using one-way ANOVA. #p <0.01 compared to NCD group; *p <0.05 and **p <0.01
compared to HFD group.
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Regulatory influence on glucose metabolic dysregulation, lipid metabolism disorders and
inflammation

The levels of OGTT-AUC, FBG, fasting serum insulin and HOMA-IR were markedly elevated in HFD group
(Fig. 3A-D, p<0.01 for all), indicating that HFD induced glucose metabolism disorders. In comparison to HFD
group, FBG decreased significantly in FMT-MFPS group (Fig. 3A, p<0.05). Moreover, OGTT was significantly
reduced by FMT treatment in FMT-MFP and FMT-MFPS groups (Fig. 3B, p<0.01 for all). Levels of serum
insulin and HOMA-IR (Fig. 3C-D, p<0.01 for all) were markedly reduced by FMT treatment in FMT-MFP,
FMT-MFS and FMT-MFPS groups, suggesting that FMT treatments ameliorated HFD-induced glucose
metabolism disorders.

In comparison to NCD group, serum levels of TC, TG, LDL and VLDL were markedly elevated (Fig. 3E-H,
p<0.01 for all). Additionally, serum levels of HDL showed a decreasing trend in HFD group (Fig. 31, p>0.05),
suggesting that HFD induced dyslipidemia in mice. In comparison to HFD group, serum levels of TG, TC and
LDL were markedly decreased in FMT-MFP and FMT-MFPS groups (p<0.01 and p <0.05). Furthermore, in
FMT-MFS group, serum concentrations of TG were markedly decreased (Fig. 3E, p<0.01), and serum levels
of HDL were significantly increased in the FMT-MFS and FMT-MFPS groups (Fig. 31, p <0.05 for all). These
results indicated that FMT treatment improved HFD-induced lipid metabolism disorders in FMT-MFP and
FMT-MFPS groups, and the modulating effects were more pronounced in FMT-MFPS group.
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Fig. 3. FMT treatment prevented glucose metabolic dysregulation, lipid metabolism disorders and inhibit
Inflammation. (A) OGTT experiments were performed and blood glucose values were measured at each time
point before mice were executed, AUC of OGTT was calculated. (B,C) FBG and fasting serum insulin were
assayed using a glucometer and ELISA Kkits, respectively. (D) HOMA-IR were calculated. (E-I) Serum levels of
TG, TC, LDL-C, VLDL-C and HDL-C were assessed with an automated biochemical analyzer. Serum levels of
IL-1B (J), IL-6 (K) and TNF-a (L) were quantified with ELISA kits. Data were statistically analyzed by one-way
ANOVA. #p<0.01 compared to NCD group; *p <0.05 and **p<0.01 compared to HFD group.
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Serum levels of IL-1p, IL-6, and TNF-awere markedly upregulated in HFD group (p<0.01), whereas those
levels were significantly reduced in FMT-MFP, FMT-MFS and FMT-MFEPS groups by FMT treatment (Fig. 3J-L,
p<0.05 and p <0.01). This suggested that FMT treatment suppressed inflammatory cytokines.

Beneficial effects on liver and renal function and oxidative stress

Compared with NCD group, activities of AST and ALT were markedly upregulated in HFD group (Fig. 4A-
B, p<0.01 for all). Compared with HFD group, activities of ALT in serum were markedly decreased by FMT
treatment (p <0.01 for all) in FMT-MFP, FMT-MFS, and FMT-MFPS groups, and the AST level was significantly
decreased in the FMT-MFPS group (p<0.01). It was shown that FMT treatment in FMT-MFPS group could
improve the liver function.

In comparison with NCD group, serum concentrations of SCr, BUN and SUA, were remarkably elevated in
HED group (Fig. 4C-E, p<0.01 and p <0.05). When compared to HFD group, serum concentrations of SCr were
markedly decreased by FMT treatment (p <0.01 for all) in FMT-MFP, FMT-MFS, and FMT-MFPS groups, at
the same time, serum concentrations of BUN and SUA were decreased in FMT-MFS and FMT-MFPS groups
(p<0.05 and p<0.01). These results indicated that FMT treatment improved renal function in FMT-MFS and
FMT-MFPS groups.

Compared with NCD group, MDA levels in liver tissue were markedly induced (Fig. 4F) (p <0.01), while the
activities of SOD and GSH-Px were significantly decreased in HFD group (Fig. 4G-H, p<0.01). When compared
to HFD group, the levels of MDA in FMT-MFP, FMT-MFS and FMT-MFPS groups were significantly decreased
(p<0.01 for all), while the levels of SOD and GSH-Px in FMT-MFS and FMT-MFPS groups were significantly
increased (p<0.01 and p<0.05). These findings suggested that FMT treatment was able to improve liver and
kidney function and inhibit oxidative stress in FMT-MFPS group.

Improvement effect on tissue injury

H&E staining analysis revealed an increase in epididymal adipocyte volume in HFD group. While it was
decreased in FMT-MFPS group, similar to NCD group (Fig. 5A). The results indicated that HFD induced a
remarkable increase in fat accumulation, whereas FMT treatment significantly reduced these changes in FMT-
MEPS groups.

Liver tissue was examined by H&E staining and Oil Red O staining are illustrated in Fig. 5B and 5C. Liver
lipid droplets of mice were notably reduced in FMT-MFP, FMT-MFS and FMT-MFPS groups. Meanwhile, a
limited number of lipid droplets were observed in the liver of FMT-MFPS group, indicating a return to normal
hepatic morphology. These data demonstrate that FMT treatment effectively reduced hepatic fat deposition
in FMT-MFP, FMT-MFS and FMT-MFPS groups, with the most pronounced improvement observed in FMT-
MEPS group.
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Fig. 4. FMT treatment improved liver and kidney function and inhibit oxidative stress. (A) ALT, (B) AST,

(C) SCr, (D) BUN and (E) SUA, were quantified by an automated biochemical analyzer. The concentrations of
MDA (F), SOD (G) and GSH-Px (H) of liver tissues were assessed through commercially available assay kits.
*p<0.05 and #*p<0.01 compared to NCD group; *p <0.05 and **p <0.01 compared to HFD group.
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Fig. 5. Pathological staining of different tissues. (A) Photomicrographs of epididymal adipose tissue were
obtained at a magnification of 200x using H&E staining. Liver tissue sections were subjected to H&E (B) and
Oil Red O (C), and microstructures were visualized at a magnification of x 200, respectively. The presence of
lipid droplet formation is indicated by black arrows, while fatty degeneration with edema is denoted by blue
arrowheads. Additionally, the presence of inflammatory cell infiltration is highlighted by yellow arrows. (D)
Kidney tissue sections were stained with H&E and microstructures were visualized at x 200 magnification.
The presence of diffuse swelling is indicated by black arrows, and the presence of inflammatory cell infiltration
is highlighted by yellow arrows. (E) H&E - stained micrographs of colon tissue were observed at X200
magnification. Black arrows represent the presence of inflammatory cell infiltration, and green arrows indicate
colonic muscularis propria.

The renal tubular epithelium exhibited diffuse mild swelling, slight inflammatory cell infiltration , and
mild necrosis and detachment, indicating that kidneys probably had lipid lesions in HFD group (Fig. 5D).
After 14 weeks of FMT treatment, diffuse swelling of kidneys was ameliorated, and renal histomorphological
characteristics were predominantly restored to a near-normal morphology in FMT-MFPS group. These results
indicated that FMT treatment alleviated renal injury in both FMT-MFP and FMT-MFPS groups.

H&E staining revealed that the proximal colon mucosa showeda small amount of inflammatory cell infiltration,
a normal depth of crypts, and no obvious abnormality in intestinal wall, reflecting a typical colon morphology
in NCD group. In contrast, proximal colonic tissue exhibited severe disruption, as evidenced by thinning of
the colonic muscularis propria, reduced in goblet cells, abnormal crypt structure, and increased inflammatory
cells infiltration in HFD group (Fig. 5E). The thickness of the colonic muscularis layer was increased and the
inflammatory state was attenuated in FMT-MFP, FMT-MFS, and FMT-MFPS groups, indicating that FMT
treatment effectively mitigated colonic lesions induced by HFD.

Regulation of PPARa/PGC-1a signaling pathway

As shown in Fig. 6A-1, the mRNA and protein levels of PGC-1a, PPARa, PPARy, and CPT-1, which are associated
with the PPARa/PGC-1a signaling pathway, were quantified using qPCR and Western blotting. Compared to
the NCD group, the HFD group exhibited a significant reduction in the mRNA and protein levels of these
markers (p<0.01). Following FMT treatment, both the FMT-MFS and FMT-MFPS groups showed a significant
increase in the mRNA and protein levels of PGC-1a, PPARa, PPARy, and CPT-1 compared to the HFD group
(p<0.01). Notably, within the FMT-MFP group, the mRNA levels of PGC-1a, PPARa, and CPT-1, as well as
the protein level of CPT-1, were significantly elevated relative to the HFD group (p<0.05 and p<0.01). These
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Fig. 6. FMT treatment activates PPARa/PGC-1a signaling pathway. mRNA expression levels of (A) PGC-1a,
(B) PPARa, (C) PPARY, and (D) CPT-1. (E) Western blot detection strip. (F) PGC-1a, (G) PPARa, and (D)
CPT-1. (H) PPARY, and (I) CPT-1 protein expression levels. *p<0.01 compared to NCD group; p<0.05 and
“p<0.01 compared to HFD group.

findings suggest that HFD downregulates the expression of molecules in the PPARa/PGC-1a signaling pathway,
whereas FMT treatment can effectively reverse this suppression.

Discussion

Germ-free mice or pseudo-germ-free mice are commonly used for FMT experiments'®. Germ-free mice are
those that have been kept in an aseptic environment from birth (aseptic cesarean section) and are provided
with a strictly aseptic diet. Additionally, a series of techniques are employed to regularly monitor their sterile
environment!®. Therefore, germ-free mice are not only expensive but also have harsh breeding conditions,
requiring more training and financial resources!’. In addition, germ-free mice, which have an incompletely
developed immune system with low immunity, are typically utilized for research on specified or well-characterized
gut microorganisms'®. Pseudo-germ-free mice are obtained through the administration of a mixture of broad-
spectrum antibiotics, which effectively eliminates the majority of gut microbiota. This approach provides several
advantages, including a well-developed immune system, ease of accessibility, and cost-effectiveness'®. It was
demonstrated that eradication of the intestinal microbiota was up to 90% when treated with a combination
of broad-spectrum antibiotics'*?’. The appearance characteristics, behavior, physiological indexes and organ
development indexes of pseudo-germ-free mice are similar to those of SPF mice, and the research results on gut
microbiota are reliable?!?2, Therefore, a mixture of broad-spectrum antibiotics was used to establish pseudo-
germ-free mice as experimental animals for FMT experiments. Then, a metabolic syndrome model of mice was
constructed by methods of previous studies®.

Gut microbiota dysbiosis has been implicated in metabolic disorders related to obesity, diabetes mellitus, and
non-alcoholic fatty liver disease (NAFLD)?. A previous study also demonstrated that gut microbiota structure
and metabolites were dysregulated in HFD-induced mice. After the interventions with Mori Fructus extracts, gut
microbiota structure and metabolites in mice were adjusted®. Studies demonstrate distinct sex-based differences
in lipid metabolism, which correlate with gut microbiota composition. Male and female mice with intact
microbiota exhibit sex-specific variations in lipid metabolism gene expression, whereas germ-free mice show
more pronounced sex differences in genes associated with intestinal health and inflammatory response?!. FMT
is emerging as a prospective therapeutic intervention aimed at manipulating gut microbiota in various chronic
diseases. Research has revealed that FMT treatment improved metabolic syndrome, obesity, hyperlipidaemia,
inflammatory cytokines, and elevated insulin sensitivity index in clinical trials and animal experiments?®.
Consequently, FMT treatment was employed to verify whether MFP, MFS or MFPS play an important role in
ameliorating metabolic syndrome by modulating gut microflora or metabolites.

In this study, notable alterations in pharmacologic parameters were observed in HFD group when compared
with NCD group. These changes included a substantial increase in body weight (p <0.01), notable increases
in organ weight indexes (epididymal adipose tissue, hepatic tissue, and renal tissue) (p<0.01), and markedly
elevated concentrations of FBG (p <0.01). Furthermore, there were significantly elevated levels of fasting serum
insulin and HOMA-IR (p <0.01 for both). Additionally, levels of TC, TG, LDL-C, and VLDL-C were significantly
increased (p<0.01). These findings indicated successful establishment of metabolic syndrome model in mice
induced by HFD.
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Treatment with FMT derived from MFPS-treated mice significantly ameliorated symptoms of metabolic
syndrome in FMT-MFPS group. These improvements included prevention of body weight gain and fat
accumulation (Figs. 2B and 5A), reduction of hepatic fat deposition (Fig. 5B-C), alleviation of oxidative stress
(Fig. 4F-H), amelioration of glucose and lipid metabolism disorders (Fig. 3A-I), mitigation of renal injury
(Fig. 5D) and proximal colon injury (Fig. 5E). After transplanting the fecal bacteria from mice treated with MFP
and MFS, the symptoms of metabolic syndrome of mice were ameliorated to some extent, but the preventive
effects were not as good as those of FMT-MFPS group.

Levels of LDL-C, OGTT-AUC, and liver index were significantly elevated in FMT-MFP group, whereas levels
of HDL-C and activities of GSH-Px were markedly reduced. These findings indicated that FMT treatment exerts
regulatory effects on lipid abnormalities and liver injury in FMT-MFP group. The levels of OGTT-AUC, SUA
and BUN were significantly reduced in FMT-MEFS group, revealing that FMT treatment has modulatory effects
on renal injury.

Gut microbiota is the most abundant and complex microbiome in humans, offering noteworthy metabolic and
immune beneficial effects for the host*®. The motivation for epidemiological studies of gut microbiota in obesity
and metabolic syndrome emerged from rodent studies demonstrating links among the gut microbiota, adiposity,
and glucose tolerance. Metabolic dysfunctions related to metabolic syndrome, including chronic inflammation,
hyperglycaemia and hyperlipidaemia, lead to gut microecological dysregulation?’. Previous research has shown
that HFD induces a characteristic gut microbiota composition in mice, suggesting the potential of FMT-derived
gut microbiota for the treatment of HFD-induced metabolic dysfunction®.

Peroxisome proliferator-activated receptor gamma coactivator-la (PGC-1a) is a key regulator of energy
metabolism. It responds to environmental stimuli and nutritional signals and interacts with various transcription
factors to regulate multiple physiological processes, including glucose metabolism, lipid metabolism, and the
biological clock?®. In high-fat diet (HFD)-induced metabolic disorders, PGC-1a helps improve metabolic
disorders by activating the transcription of fat oxidation genes in mitochondria and peroxisomes and increasing
fatty acid oxidation?*. Additionally, PGC-1a is involved in regulating hepatic gluconeogenesis and mitochondrial
ATP biosynthesis, playing a crucial role in maintaining energy balance and glucose and lipid metabolism*’. PGC-
la can be activated by PPARa and PPARY and acts as their coactivator to enhance mitochondrial biogenesis and
energy metabolism?!.

Peroxisome proliferator-activated receptors (PPARs) are a class of ligand-dependent nuclear transcription
factors, including three subtypes: PPARa, PPARP/S, and PPARy. They form heterodimers with retinoid X
receptors (RXRs) upon ligand binding and then bind to PPRE (peroxisome proliferator response elements) on
DNA to regulate the expression of target genes*>. PPARa and PPARY are important transcriptional regulators
of lipid metabolism, participating in peroxisomal 3-oxidation, mitochondrial B-oxidation, fatty acid transport,
and hepatic glucose production®’. In HFD-induced metabolic disorders, PPARa reduces the incidence of liver
steatosis by enhancing the expression of fatty acid oxidation genes and negatively regulates signaling pathways
related to pro-inflammatory responses, thereby alleviating inflammation; PPARy, upon ligand binding, interacts
with coactivators or corepressors to regulate the expression of downstream genes, modulating fat metabolism,
inflammatory responses, cell differentiation, and energy balance®.Research has demonstrated that lactic acid
bacteria disrupt fatty acid oxidation by altering intestinal structure and suppressing the expression of lipid
metabolism genes PPARa and PGC-1a’%. In contrast, Escherichia coli RBO1 generates acetate that intestinal
cells convert into acetyl-CoA and AMP, ssubsequently activating the AMPK/PGC-1a/PPARa pathway and
enhancing B-oxidation®.

Carnitine palmitoyltransferase-1 (CPT-1) is a key enzyme in fatty acid B-oxidation, catalyzing the transfer of
long-chain fatty acids from acyl-CoA to carnitine, thereby facilitating the entry of fatty acids into mitochondria for
oxidation. In HFD-induced metabolic disorders , the expression and function of the CPT-1 gene are significantly
affected. For instance, in an HFD-induced non-alcoholic fatty liver disease (NAFLD) model, the expression of
CPT-1 is significantly reduced, leading to decreased fatty acid oxidation and increased accumulation of fatty
acids in the liver®. Studies have shown that the expression and activity of the CPT-1 gene can be regulated
by PPARa and PGC-1a. PPARa and PGC-1a activate the transcription of the CPT-1 gene through different
gene elements. PGC-1a can activate the CPT-1 gene through independent gene elements without relying on
the binding sites of PPARa; PPARY regulates the expression of the CPT-1 gene through its binding sites in the
CPT-1 gene, thereby promoting fatty acid oxidation and improving lipid metabolism and oxidative stress>’.
In the study, the PPARa/PGC-1a signaling pathway was significantly inhibited in the HFD group and activated
after FMT treatment (Fig. 6), suggesting that FMT may exert therapeutic effects through the PPARa/PGC-1a
signaling axis, which requires further verification.

Conclusions

In this study, a combination of broad-spectrum antibiotics was utilized to establish pseudo-germ-free mice,
which were subsequently subjected to a HFD to establish mice model of metabolic syndrome. Subsequent
transplantation of fecal bacterial solution from mice treated with MFPS resulted in a significant amelioration
of various symptoms associated with metabolic syndrome. These improvements include reduction in weight
gain, attenuation of hepatic steatosis, suppression of oxidative stress, modulation of dysregulated glucose
and lipid metabolism, and mitigation of renal impairment and colonic damage. Similarly, there was a slight
improvement in the manifestations of metabolic syndrome after FMT from mice treated with MFP or MFS
to the corresponding recipient groups (FMT-MFP, FMT-MFS groups). After FMT treatment, levels of LDL-C,
OGTT-AUC and liver index were significantly reduced, and levels of HDL-C and activities of GSH-Px were
elevated in mice of FMT-MFP group, suggesting that transplantation of fecal bacterial solution from mice
treated with MFP had a regulatory effect on dyslipidemia and liver injury. Levels of OGTT-AUC, SUA and
BUN were significantly reduced in mice of FMT-MFS group, suggesting that FMT treatment had modulating
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effects on renal injury in FMT-MES group.The expression of genes related to PPARa/PGC-1a signaling pathway
was up-regulated, suggesting that FMT may act through PPARa/PGC-1a signaling pathway. In conclusion, the
findings suggested that polyphenol and polysaccharide fractions of Mori Fructus retain significant preventive
efficacy when administered by FMT treatment. It highlights the important reference value of these fractions in
elucidating the pharmacological mechanisms of Mori Fructus extract fractions (MFP, MFS, MFPS) in preventing
metabolic syndrome.

Data availability
The data presented in this study are available on request from the corresponding author.
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