7® ROYAL SOCIETY
P OF CHEMISTRY

Food &
Function

View Article Online

View Journal | View Issue

Phyllanthus emblica L. polysaccharides mitigate
ket oo ane 1 OD€SItY Via modulation of lipid metabolism and
5008 ~ gut microbiota in high-fat diet-fed micef

{ M) Check for updates ‘

Yi-Hsien Hsu,1? Sheng-Yi Chen,$? Jia-De Chen® and Gow-Chin Yen (&) #2P

Phyllanthus emblica L. polysaccharides (PEP) have been shown to ameliorate colitis through their anti-
oxidant, anti-inflammatory, and gut microbiota-modulating properties. However, the potential of PEP in
combating obesity remains unexplored. This study aimed to investigate the physicochemical character-
istics of PEP and its mechanisms in modulating lipid metabolism in C57BL/6 mice treated with a high-fat
diet (HFD). PEP is a high molecular weight, non-crystalline, sheet-like, heat-stable, a-acidic pyran poly-
saccharide rich in galactose and galacturonic acid. In vivo experiments demonstrated that administering
PEP and atorvastatin (positive control) significantly reversed weight gain, adipose tissue hypertrophy,
hyperlipidemia, liver steatosis, oxidative stress, and inflammation induced by a HFD. Mechanistically, PEP
counteracted obesity by upregulating gene expression related to lipolysis (ATGL, HSL, and AMPKa),
p-oxidation (SIRT1, PGC-1a, PPARa, CPT-1A, and MCAD), and cholesterol metabolism (LXRa and LXRp),
while downregulating the de novo lipogenesis axis (C/EBPa, PPARy, SREBP1, ACC1, and FAS) and HMGCR,
thereby enhancing fecal lipid excretion. Remarkably, PEP treatment decreased obesity-promoting
bacteria (Anaeroplasma and Clostridia_vadinBB60_group) while increasing obesity-repressed flora
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(Clostridium_sensu_stricto_1, Lactobacillus, Muribaculaceae, Romboutsia, and Turicibacter). These
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1. Introduction

The Western pattern diet contributes to the development of
obesity, which has become an epidemic globally.
Approximately 890 million adults were obese worldwide in
2024." An academic report suggests that without effective inter-
ventions, obesity rates could continue to rise, resulting in
health and economic burdens projected to reach $3 trillion
per year by 2030 and over $18 trillion by 2060."

Diet plays a critical role in the development of obesity,
leading to increased focus on the trillions of microbes residing
in the human intestine and their potential impact on energy
balance and metabolic signaling.”? Polysaccharides are recog-

“Department of Food Science and Biotechnology, National Chung Hsing University,
145 Xingda Road, Taichung 40227, Taiwan. E-mail: gcyen@nchu.edu.tw

bAdvanced Plant and Food Crop Biotechnology Center, National Chung Hsing
University, Taichung 40227, Taiwan

T Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5f001499a

{These authors contributed equally to this work.

5008 | Food Funct., 2025, 16, 5008-5028

changes correlated with increased production of short-chain fatty acids (SCFAs), which inhibited NF-xB
via binding to GPR41/43. In summary, PEP promotes lipid metabolism and fecal fat excretion and exerts
anti-inflammatory and antioxidant effects that are strongly linked to gut microbiota manipulation. These
findings reveal the potential of PEP as a functional food ingredient for obesity prevention.

nized for their ability to attenuate obesity, including the lower-
ing of cholesterol levels, control of blood glucose, suppression
of lipid accumulation, and exhibition of antioxidative and
anti-inflammatory properties, as well as the reshaping of gut
microbiota composition and the promotion of short-chain
fatty acid (SCFA) production.” For instance, dietary supplemen-
tation of polysaccharides from Anoectochilus Roxburghii (Wall.)
Lindl. significantly mitigated obesity through activation of the
f-oxidation-related AMP-activated protein kinase (AMPK)/
Sirtuin-1 (SIRT1)/Peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1a) signaling pathway.® Also,
polysaccharides directly improve lipid, cholesterol, and bile
acid metabolism by promoting their excretion and upregulat-
ing lipolysis (ATGL, HSL, and AMPKa), p-oxidation (SIRT1,
PGC-1a, PPARq, CPT-1A, and MCAD), and cholesterol metab-
olism (LXRa, LXRf, and HMGCR)-related signaling while
downregulating the de novo lipogenesis-related axis (C/EBPa,
PPARy, SREBP1, ACC1, and FAS).* Additionally, polysacchar-
ides are not readily digested in the small intestine but are fer-
mented by the colonic microbiota to produce the end products
of SCFAs.® SCFAs have garnered significant attention due to
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their ability to inhibit oxidative stress, inflammatory cascades,
and lipid accumulation through engagement with their recep-
tors GPR41/GPR43, which mediate NF-xB and AMPK signaling,
respectively.” Accordingly, bioactive polysaccharides are prom-
ising options for preventing or treating obesity.

Phyllanthus emblica Linn., commonly known as amla or
Indian gooseberry, is widely distributed in India, Malaysia, the
Philippines, China, and Thailand. It contains abundant func-
tional components, including phenolic acids, flavonoids,
sterols, tannins, triterpenoids, amino acids, vitamins, and
polysaccharides.® Previous reports have shown that Phyllanthus
emblica L. fruit extract and its major bioactive compound,
gallic acid, effectively mitigate obesity by restraining methyl-
glyoxal-associated leptin resistance, oxidative stress, inflam-
mation, and dysbiosis in high-fat diet (HFD)-fed rats.”' As
well, Phyllanthus emblica L. polysaccharides (PEP) enhance the
abundance of SCFA-producing bacteria (Romboutsia,
Clostridium_sensu_stricto_1, and Lactobacillus) and conse-
quently exhibit antioxidant and anti-inflammatory activities by
increasing the levels of SCFAs, anti-inflammatory cytokines
(IL-4 and IL-10), and antioxidant enzymes (SOD, catalase, and
GPx) while downregulating the activation of the RAGE/NF-kB
pathway in colitis rats subjected to TNBS treatment.""

Several key mediators are involved in lipid metabolism,
including those regulating lipolysis, p-oxidation, cholesterol
metabolism, and the de novo lipogenesis pathway. To date, no
study has comprehensively explored the effects of PEP on lipid
metabolism via underlying mechanisms. Therefore, this study
aimed to clarify how PEP protects against HFD-induced
obesity through mechanisms involving lipid metabolism and
gut microbiota modulation. The results are expected to provide
a basis for developing PEP as a dietary supplement to improve
obesity.

2. Materials and methods
2.1. Chemicals

Propionic acid, 1-phenyl-3-methyl-5-pyrazolone (PMP), trichlor-
oacetic acid, rhamnose, galactose, mannose, galacturonic acid,
arabinose, fucose, glucose, glucuronic acid, and atorvastatin
(ATR) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Butyric acid was purchased from Alfa Aesar (Haverhill,
MA, USA). Acetic acid and 95% ethanol were purchased from
Echo Chemical (Miaoli, Taiwan). The RNA extraction reagent
was purchased from EBL Biotechnology (Taipei, Taiwan).
Refined beef tallow was purchased from President Nisshin
Corp. (Tainan, Taiwan). cDNA primers were purchased from
Genomics Biotechnology Co. (Taipei, Taiwan).

2.2. Preparation of PEP

Phyllanthus emblica L. fruits were obtained from Yungtai
Orchard Co., Ltd (Taichung, Taiwan). The preparation of PEP
was based on methods from a previous study.'' Briefly, the
fruit powders were homogenized with ddH,O at a solid-liquid
ratio of 1:20 (g mL™"). The mixture underwent extraction
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through heating and stirring at 90 °C for 120 min using a rotat-
ing stirrer (RW20 DZM, IKA Werke GmbH & Co., Staufen im
Breisgau, Germany). The polysaccharide-rich supernatant was
collected. Subsequently, four volumes of 95% ethanol were
added to the supernatant to induce precipitation at 4 °C for
24 h. After centrifugation, the precipitate was resolubilized
and subjected to dialysis (with a cutoff of 6-8 kDa) for 48 h.
Finally, the material was lyophilized to obtain PEP.

2.3. Physical and structural characteristics of PEP

Following established procedures outlined in a previous
study, the analysis of the physical and structural character-
istics of PEP was entrusted to the Department of Chemical and
Materials Engineering at the National Yunlin University of
Science and Technology (Yunlin, Taiwan).

2.4. Molecular weight analysis

Following the established procedures outlined in a previous
study,"* the molecular weight of PEP was analyzed using high-
performance liquid chromatography coupled with gel per-
meation chromatography (HPLC-GPC), employing SB-805 HQ
plus SB-804 HQ columns (Shodex OHpak, New York, NY, USA).
PEP was dissolved in ddH,O at a 6 mg mL™" concentration
and analyzed with an RI-1530 detector (JASCO, Tokyo, Japan).
A standard curve was constructed using pullulan to determine
the molecular weight of PEP.

2.5. Monosaccharide composition determination

The monosaccharide compositions of PEP were analyzed using
the method outlined in a prior study."" Briefly, PEP was deriva-
tized with a 0.5 M PMP solution at 70 °C for 2 h. The PMP
derivatives were diluted with ddH,O and filtered through a
0.22 pm membrane. The same derivatization procedure was
applied to monosaccharide standards, including mannose,
rhamnose, glucuronic acid, galacturonic acid, glucose, galac-
tose, arabinose, and fucose. PMP derivatives were analyzed
using a Hitachi Chromaster HPLC system equipped with a
5110 pump, a 5210 autosampler, a 5310 column oven, and a
5430 diode array detector (Hitachi, Tokyo, Japan). A
LiChrospher® 100 RP-18 column (250 mm x 4 mm, 5 pm)
(Merck, Darmstadt, Hessen, Germany) was used for separation.
The mobile phase consisted of liquid A (0.1 M phosphate
buffer solution, pH 7.5) and liquid B (acetonitrile). The solvent
gradient elution program began at 88% A/12% B and transi-
tioned to 86% A/14% B over 0 to 35 minutes. It then shifted
from 86% A/14% B to 84% A/16% B between 35 and 36 min,
maintaining this ratio from 36 to 54 min. The gradient was
subsequently adjusted back to 88% A/12% B from 54 to
56 min, with this final composition held constant until
58 min. The elution was carried out at a flow rate of 1.1 mL
min~", with an injection volume of 20 pL, and detection was
performed at a UV wavelength of 250 nm.

2.6. Animal experiments

Male C57BL/6 mice (7 weeks old and weighing 22 + 1.5 g) were
obtained from the BioLASCO Experimental Animal Center
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(Taipei, Taiwan). The mice were housed under controlled con-
ditions: a temperature of 24 + 2 °C, relative humidity of 55 +
5%, and a 12 h light-dark cycle. They were provided free
access to the Lab5001 diet (Purina Mills, St. Louis, MO, USA)
and RO water.

Following a one-week acclimation, the mice were randomly
divided into six groups (n = 5 per group): control group
(Lab5001 diet), HFD group (40% beef tallow), ATR group (HFD
+ atorvastatin 20 mg per kg b.w., positive control), L-PEP group
(HFD + low dose of PEP 50 mg per kg b.w.), M-PEP group (HFD
+ medium dose of PEP 100 mg per kg b.w.), and H-PEP group
(HFD + high dose of PEP 200 mg per kg b.w.), with dosages
based on a previous report."?

PEP or ATR was administered daily at 2 p.m. vig intragastric
administration for 8 weeks. Mice in the control and HFD
groups received an equivalent volume of RO water.
Throughout the study, body weight and food intake were moni-
tored. In the final week, feces were collected. Mice were sacri-
ficed by anesthetizing them with 3% isoflurane until respir-
ation ceased in a closed container. Samples (blood samples,
liver tissue, and white adipose tissue) were collected following
euthanasia of the mice for subsequent analyses. This study
was conducted following the guidelines approved by the
Institutional Animal Care and Use Committee (IACUC) of
National Chung Hsing University under application number
111-116.

2.7. Serum biochemical analysis

Biochemical marker analysis was entrusted to the National
Laboratory Animal Center (NLAC) (NARLabs, Taiwan). In short,
the levels of total cholesterol (TC), total triglyceride (TG), low-
density lipoprotein cholesterol (LDL-C), alanine aminotransfer-
ase (ALT), and aspartate aminotransferase (AST) in serum were
measured using a Hitachi 7180 biochemical analyzer (Tokyo,

Japan).
2.8. Oral glucose tolerance test (OGTT)

In the 8th week, an oral glucose tolerance test (OGTT) was con-
ducted. Blood samples were collected from the tail vein of
mice after an 8 h fast. Initially, fasting blood glucose levels
were measured. Subsequently, a glucose solution (2 g per kg
body weight) was administered intragastrically to the mice.
After glucose administration, blood glucose levels were moni-
tored at 15, 30, 60, 90, and 120 min using the OneTouch®
Ultra Plus Flex glucometer (LifeScan, Inc., Milpitas, CA, USA).
The area under the curve (AUC) for blood glucose levels was
calculated to assess glucose tolerance. The AUC between any
two time points was determined using the formula: AUC =
Atime x [(glucose levelimes + glucose levelimes)/2].

2.9. Histological examinations

Hematoxylin and eosin (H&E) staining of liver tissues and epi-
didymal adipose tissues was performed by the Animal Disease
Diagnostic Center (ADDC), College of Veterinary Medicine,
National Chung Hsing University (Taichung, Taiwan), and veri-
fied by Prof. Jiunn-Wang Liao. The epididymal adipose and
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liver tissues were fixed in 10% formalin at the time of sacrifice.
After fixation, the samples were embedded in paraffin at
—20 °C and sectioned. Finally, the tissue sections were stained
with H&E for microscopic examination and analysis.

2.10. Antioxidant and cytokine analysis

Liver tissues were homogenized with lysis buffer using an
SH-100 tissue homogenizer (Kurabo, Osaka, Japan). According
to the manufacturer’s instructions, protein concentrations
were determined using the Bicinchoninic Acid (BCA) assay
(BC03-500, Visual Protein, Taipei, Taiwan). For antioxidant
measurements, ELISA kits for catalase (CAT, 707002), super-
oxide dismutase (SOD, 706002), and glutathione peroxidase
(GPx, 703102) were obtained from Cayman Chemicals (Ann
Arbor, MI, USA). Cytokine levels in liver tissue, including IL-1f
(DY401), IL-10 (DY417], IL-6 [DY406), IL-4 (DY404), and TNF-a
(DY410), were analyzed using ELISA kits from R&D Systems
(Minneapolis, MN, USA). All tests followed the respective man-
ufacturer’s guidelines for the above analyses.

2.11. Malondialdehyde (MDA) content analysis

A sample of 150 pL of liver tissue homogenate was mixed with
300 pL of the TCA-TBA-HCI reagent (15% trichloroacetic acid
in 0.25 N HCl and 0.375% 2-thiobarbituric acid in 0.25 N HCI).
The mixture was heated in a dry bath at 100 °C for 15 min and
then cooled, and 300 pL of butanol was added. After centrifu-
ging at 2000 rpm for 10 min, 100 pL of the pink supernatant
was collected, and its absorbance was measured at 535 nm.
1,1,3,3-Tetraethoxypropane was used as the standard to con-
struct a calibration curve and calculate the concentration of
MDA content.""

2.12. Analysis of fecal lipid excretion

The analysis of fecal lipid excretion was conducted according
to the method described in a previous report.'* Briefly, fecal
lipids were extracted from dried fecal powder using a chloro-
form solution (2: 1, v:v). Total lipids were measured gravime-
trically. Fecal triglycerides (TGs), cholesterol, and total bile
acids (TBAs) were measured using the fecal TG assay kit
(E-BC-K261-M, Elabscience, Wuhan, China), total bile acids
assay kit (E-BC-K181-M, Elabscience, Wuhan, China), and
cholesterol CHOD PAP assay kit (BXC0261A, Fortress
Diagnostics, Antrim, Ulster, UK) respectively, following the
manufacturers’ guidelines.

2.13. Quantitative real-time polymerase chain reaction (real-
time qRT-PCR)

gRT-PCR was conducted using the methods previously
described.™ In brief, total RNA was extracted from liver and
epididymal adipose tissues using the TRIzol reagent. RNA con-
centration was quantified using a NanoDrop 1000 spectro-
photometer (Thermo Scientific, Waltham, USA). cDNA was syn-
thesized using a ZEJUScript II RT kit (ZEJU Bio-Technology,
Kaohsiung, Taiwan). qRT-PCR was performed using a
StepOne™ PCR system (Applied Biosystems, Foster City, CA)
with 2x Universal SYBR Green Fast qPCR Mix (RM21203,
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ABclonal, Woburn, MA, USA). The qRT-PCR conditions were as
follows: initial denaturation at 95 °C for 15 min, followed by
denaturation at 95 °C for 10 s, annealing at 54-64 °C for 20-30
s, and extension at 72 °C for 45 s. Relative gene expression
levels were calculated using the 27##°T method, with normali-
zation to the expression of the internal reference (housekeep-
ing) gene. The primer sequences and annealing temperatures
used are provided in Table S1.}

2.14. Short-chain fatty acid (SCFA) analysis by HPLC

SCFA analysis followed previously established protocols,
including acetic acid, propionic acid, and butyric acid."® In
brief, fecal samples from mice were mixed with ethanol and
centrifuged. The supernatant was combined with derivatiza-
tion reagents (pyridine, 1-EDC hydrochloride, and 2-NPH-HCI)
to form fatty acid hydrazides. The derived compounds were
analyzed using the Hitachi Chromaster HPLC system (Hitachi,
Tokyo, Japan) equipped with a LiChrospher® 100 RP-18
column (250 mm x 4 mm, 5 pm) (Merck, Darmstadt, Hessen,
Germany). The elution system consisted of liquid A (ddH,O
containing 0.1% TFA, adjusted to pH 4.5) and liquid B (aceto-
nitrile/methanol, 2:1, with 0.1% TFA adjusted to pH 4.5).
Flowing at a rate of 1.0 mL per min, 20 pL injection volumes
were used, and a detector was performed at 400 nm. SCFA con-
centrations were quantified relative to 2-ethylbutyric acid refer-
ence standards.

2.15. Gut microbiota analysis

DNA extraction, gut microbiota analysis, and Spearman’s
correlation analysis were entrusted to AllBio Science, Inc.
(Taichung, Taiwan). Following the established methods
described in a previous study,"® genomic DNA was extracted
from fecal samples using the AllPure Genomic DNA
Extraction Kit. DNA quantification was performed with a
Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA). Next-
generation sequencing (NGS) targeted the V3-V4 hypervariable
regions of 16S rDNA for taxonomic analysis. The V3 and
V4 regions were amplified using the forward primer
“CCTAGGRRBGCASCAGKVRVGAAT” and the reverse primer
“GGACTACNVGGGTWTCTAATCC”. DNA library construction
and sequencing (Silva_138) were employed to ensure sequence
quality control and merge reads, grouping sequences with over
97% similarity. Allbio conducted all analyses and performed
network visualization using Cytoscape 3.10.2 (Boston, MA,
USA).

2.16. Statistical analysis

PEP composition analyses were presented as means + standard
deviation (SD), and animal study analyses were presented as
means + standard error of the mean (SEM). All the statistical
analyses were performed using one-way analysis of variance
(ANOVA), followed by post hoc analysis with Duncan’s multiple
comparison tests using the Statistical Package for the Social
Sciences (SPSS) version 20 software (IBM Corporation,
Armonk, New York, USA). The p-value < 0.05 was considered
statistically significant.
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3. Results

3.1. Physicochemical characteristics of PEP

As shown in Fig. 1A and B, GPC analysis revealed the
major peaks of PEP corresponding to molecular weights
of 1518.43 kDa (96.5%) and 14.05 kDa (3.5%). The mono-
saccharide composition analysis showed that PEP was com-
posed of mannose, rhamnose, glucuronic acid, galacturonic
acid, glucose, galactose, and arabinose (molar ratio:
1.19:1.00:1.27:2.30:2.00: 8.31: 3.63) (Fig. 1C and D). FTIR
analysis of PEP revealed functional groups of O-H (around
3440 cm™"), C-H (around 2923 cm™'), ester groups (-COOR
around 1745 cm™'), carboxylate ions (-COO around
1634 cm™'), C-H (around 1385 cm™'), C-O-C and C-O-H (the
“fingerprint region” of polysaccharides around 1022-1103 cm™%),
and the p-linked glycosyl residues (around 916 cm™") (Fig. 24),
indicating that PEP contains uronic acid residues and pyranose
rings."*"> XRD and SEM analyses indicated that PEP has a non-
crystalline, sheet-like, and tightly packed cross-sectional micro-
structure (Fig. 2B and D). Additionally, thermal analysis using
DSC showed a peak temperature of 102.7 °C. At the same time,
TGA results showed that PEP can withstand temperatures up to
260 °C, with two major weight loss events occurring at 20-120 °C
and around 260 °C, indicating that PEP exhibits heat-stable pro-
perties suitable for application in the food industry (Fig. 2E and
F). The glycosidic linkages of PEP will be investigated in future
studies using gas chromatography-mass spectrometry (GC-MS)
and nuclear magnetic resonance (NMR) spectroscopy.

3.2. PEP attenuated HFD-induced obesity symptoms and fat
accumulation

In Fig. 3A, the design of the animal experiment and treatment
is illustrated. The photographs show that the body shape of
mice was more prominent in the HFD group than in the other
groups (Fig. 3B). The highest body weight and weight gain
were consistently found under HFD conditions, while PEP and
atorvastatin administration significantly reduced those in mice
subjected to HFD treatment (Fig. 3C and D). Additionally, the
PEP and atorvastatin consumption decreased food and energy
intake in HFD-treated mice (Fig. 3E and F). As anticipated, fat
hyperplasia (epididymal, mesenteric, and perinephric adipose
tissues) was dramatically increased within HFD-treated mice,
whereas it was repressed by PEP and atorvastatin treatment
(Fig. 4A). Furthermore, the quantification results showed that
the weight and percentage of adipose tissue were significantly
increased in mice fed a HFD alone, which was effectively
inhibited by PEP and atorvastatin treatment, particularly in
epididymal adipose tissue (Table 1). In addition, immune cell
infiltration in the hypertrophic H&E-stained epididymal
adipose tissue was observed in HFD-induced mice; this
phenomenon was ameliorated by PEP and atorvastatin intake
(Fig. 4B). The size and diameter of epididymal adipose tissues
were significantly enlarged in HFD-fed mice compared with
the control group (Fig. 4C and D). Administration of PEP and
atorvastatin suppressed the hypertrophy of epididymal adipose
tissues in mice subjected to HFD treatment (Fig. 4C and D).
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Fig. 1 Molecular weight and monosaccharide composition of PEP. (A) Standard curve of pullulan. (B) The molecular weight of PEP. (C)
Monosaccharide standards. (D) Monosaccharide composition of PEP. The peaks correspond to the following monosaccharide standards: 1.
mannose, 2. rhamnose, 3. glucuronic acid, 4. galacturonic acid, 5. glucose, 6. galactose, 7. arabinose, and 8. fucose.

3.3. PEP administration attenuated HFD-induced liver injury,
glucose intolerance, and lipid storage

As shown in Fig. 5A, fat deposition in the liver was observed
under HFD conditions but was reversed after PEP and atorvas-
tatin treatment. Additionally, PEP and atorvastatin protected
against HFD-induced liver injury by reducing ALT and AST
levels (Fig. 5B and C), indicating that PEP did not induce
hepatotoxicity. HFD-induced obesity often accompanies
glucose intolerance. To examine the regulatory effects of PEP
on glucose tolerance, we performed an OGTT in the animal
experiment. After administering 2 g kg™ of glucose, the HFD
and ATR groups exhibited higher blood glucose levels at
15 min. However, the HFD group showed a smaller decrease in
blood glucose levels at 30 min, indicating impaired glucose tol-
erance compared to the control group. In contrast, the ATR
and PEP groups had lower blood glucose levels than the HFD
group after 15 min (Fig. 5D). Additionally, the AUC analysis
revealed that the HFD group had a significantly higher AUC
than the control group, which was significantly decreased in
the ATR and PEP groups (Fig. 5E). In addition, HFD signifi-
cantly increased serum TG, TC, and LDL-C levels relative to the
control group, which were effectively decreased by atorvastatin
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and PEP administration (Fig. 6A-C). The serum lipid-lowering
effect of polysaccharides is associated with their ability to
promote fat excretion in feces.* As shown in Fig. 6D-G, mice fed
with 200 mg per kg b.w. of PEP significantly increased fecal fat,
TG, TC, and TBA contents compared to the HFD group.

3.4. PEP administration alleviated hepatic oxidative stress
and inflammatory reaction

It has been documented that HFD promotes inflammation
and oxidative stress in obese mice.'® Here, HFD induced oxi-
dative stress by enhancing hepatic MDA levels and reducing
catalase, SOD, and GPx activities when measured against the
untreated mice (Fig. 7A-D). PEP and atorvastatin adminis-
tration significantly decreased MDA levels and increased cata-
lase, SOD, and GPx activities compared to the HFD group
(Fig. 7A-D). Additionally, the HFD group exhibited high
expression of the inflammatory mediator NF-«xB p65 gene com-
bined with lower IkBa expression (Fig. 8A and B), indicating
that a hepatic inflammatory response was triggered in mice
subjected to HFD treatment. Conversely, the PEP and atorvas-
tatin administration reversed this tendency in NF«B p65 and
IkBa levels (Fig. 8A and B). These phenomena were validated
by examining the protein expression of pro-inflammatory and

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Physicochemical characteristics of PEP. (A) Functional groups of PEP were determined by FTIR spectrometry. (B) Crystal properties evaluated
by XRD. Microstructure of PEP at (C) 1000x and (D) 5000x magnification was captured using FE-SEM. Thermodynamic characteristics of PEP were
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anti-inflammatory cytokines. The HFD group had significantly
lower levels of anti-inflammatory cytokines (IL-4 and IL-10)
and higher levels of pro-inflammatory cytokines (TNFa, IL-1p,
and IL-6) compared to the control group (Fig. 8C-G). The ATR
and PEP groups showed suppressed levels of pro-inflammatory
cytokines and elevated levels of anti-inflammatory cytokines
compared to the HFD group (Fig. 8C-G).

3.5. PEP regulated lipolysis, p-oxidation, cholesterol
metabolism, and de novo lipogenesis-related axis

AMPK is crucial for maintaining energy balance and regulat-
ing lipid metabolism.'® As shown in Fig. 9A-C, the gene
expression of lipolysis-related pathways (ATGL, HSL, and

This journal is © The Royal Society of Chemistry 2025

AMPKa) was significantly decreased in the HFD group as
opposed to the control group. Administering atorvastatin and
PEP effectively enhanced lipolytic capacity by upregulating
ATGL, HSL, and AMPKa gene expression in HFD-fed mice
(Fig. 9A-C). Noteworthily, the HFD-induced reduction in
mRNA expression of p-oxidation genes (SIRT1, PGC-la,
PPARq, CPT-1A, and MCAD) was rescued by atorvastatin and
PEP treatment, specifically in the H-PEP group (Fig. 9D-H).
Consistently, the HFD-evoked activation of the de novo lipo-
genesis-related axis (C/EBPa, PPARy, SREBP1, ACC1, and FAS)
was significantly inhibited by atorvastatin and PEP sup-
plementation (Fig. 10A-E). Bile acid and cholesterol excretion
are closely linked to maintaining cholesterol homeostasis
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Fig. 4 Effect of PEP administration on fat hypertrophy and hyperplasia in HFD-induced obese mice. (A) Photographs of representative adipose tissues
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tissue. (D) Diameter of epididymal adipocytes in epididymal adipose tissue. Columns with different lowercase letters are significantly different (p < 0.05).

Table 1 Effect of PEP administration on the weight of adipose tissues in HFD-induced obese mice?

Control HFD HFD + ATR HFD + L-PEP HFD + M-PEP HFD + H-PEP
BW (g) 26.02 + 0.35¢ 34.09 + 0.30° 30.08 +0.37% 29.79 + 0.95° 31.51 +0.62° 29.03 +0.32¢
EFW (g) 0.32 + 0.02¢ 1.73 + 0.08* 0.94 + 0.03° 1.07 + 0.14° 1.39 + 0.08" 1.16 + 0.10*
MFW (g) 0.36 + 0.01° 0.63 + 0.02% 0.54 + 0.02% 0.52 + 0.07% 0.53 + 0.06% 0.055 + 0.01°
PFW (g) 0.13 + 0.02¢ 0.48 + 0.04%° 0.35 + 0.03° 0.40 + 0.04> 0.53 + 0.04* 0.41 + 0.03>
Total body fat (g) 0.82 +0.02¢ 2.80 + 0.12% 1.83 + 0.05° 1.98 + 0.24° 2.47 +0.15%° 2.13 +0.11°¢
EFW/BW (%) 1.24 +0.089 5.29 + 0.30% 3.37 +0.09° 3.66 + 0.55™ 4.37 +0.26" 4.04 + 0.24>
MFW/BW (%) 1.37 + 0.07° 1.93 + 0.07% 1.77 + 0.05%° 1.60 + 0.15¢ 1.67 + 0.15%° 1.96 + 0.07%
PFW/BW (%) 0.41 + 0.05° 1.42 +0.12% 1.17 +0.11° 1.30 + 0.12° 1.67 £ 0.10°° 1.47 +0.11%°
Body fat ratio 3.10 + 0.05° 8.50 + 0.42% 6.88 + 0.31° 6.61 +0.76" 7.77 + 0.36° 7.51 + 0.30%°

“Vvalue with different lowercases indicate a statistically significant difference at p < 0.05 (n = 5). BW, body weight; EFW, epididymal fat weight;
MFW, mesenteric fat weight; PFW, perinephric fat weight.
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and metabolism.'” In agreement with the results of fecal
lipids and bile acid excretion, intake of atorvastatin and PEP
upregulated cholesterol metabolism-related genes (LXRa and
LXRp) and downregulated the cholesterol synthesis-mediated
gene (HMGCR) in mice subjected to HFD treatment
(Fig. 10F-H), suggesting that PEP effectively regulates lipid
metabolism.

5016 | Food Funct., 2025, 16, 5008-5028

3.6. PEP modulated gut microbiota composition and
promoted SCFA production

Polysaccharides combat obesity by altering intestinal micro-
biota composition and enhancing SCFA production, which
directly or indirectly modulates AMPK-related lipid metab-
olism pathways, oxidative stress, and inflammatory response

This journal is © The Royal Society of Chemistry 2025
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via engagement with GPR41/GPR43 receptors.” As shown in
Fig. 11A, Anaerotruncus dominated the HFD group at the
genus level, an opportunistic pathogen strongly linked to
obesity markers, including serum lipids and inflam-
mation,'® suggesting that HFD evoked dysbiosis; in contrast,
H-PEP administration was dominated by g Romboutsia,
which is positively correlated with SCFA production.'! At the

This journal is © The Royal Society of Chemistry 2025

genus level, Turicibacter, Clostridium_sensu_stricto_1, and
Romboutsia had higher relative abundance in the PEP
groups than in the HFD group, likely contributing to the
anti-obesity effect (Fig. 11B-E). Conversely, PEP and atorvas-
tatin reduced the relative abundance of Mucispirillum,
Erysipelatoclostridium, and Candidatus_Arthromitus in mice
(Fig. 11F-H).
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Furthermore, the contents of acetic acid and propionic
acid were significantly reduced within HFD-treated mice,
whereas they were elevated in the H-PEP group (Fig. 12A and
B). Interestingly, the lower butyric acid level in HFD-fed
mice was significantly restored by administering atorvastatin
and PEP (Fig. 12C). A similar trend was observed in the con-
tents of total SCFAs among the groups (Fig. 12D). In adipose
tissue, GPR41 and GPR43 are predominantly expressed in
adipocytes and have been shown to play a role in accelerat-
ing lipid metabolism and energy expenditure.'® As antici-
pated, lower expression of GPR41 and GPR43 was observed
in the epididymal adipose tissues of the HFD group, which
was recovered by atorvastatin and PEP treatment (Fig. 12E
and F).

3.7. The dominant microbiota was identified using
Spearman correlation coefficient analysis

Spearman’s correlation analysis was presented using heat-
maps and network construction, revealing the correlation
between the gut microbiota and biochemical parameters. As
shown in Fig. 134, 13 floras at the genus level were highly cor-
related with obesity biomarkers in this study. Seven harmful
bacteria were identified: [Eubacterium] coprostanoligen-
es_group (positively correlated with food intake, ALT,
HMGCR, and ACC1; negatively correlated with IL-10, fecal

5018 | Food Funct,, 2025, 16, 5008-5028

cholesterol, TBA, fat LXRa, and LXRp),
Anaeroplasma  (positively correlated with food intake,
HMGCR; negatively correlated with fecal TG, cholesterol,
TBA, and fat excretion), Christensenellaceae R-7_group (posi-
tively correlated with SREBP-1), Clostridia vadinBB60_group
(positively correlated with food intake; negatively with fecal
fat excretion, LXRa, and LXRp), Erysipelatoclostridium (posi-
tively correlated with weight gain, energy intake, EF weight,
and body fat ratio; negatively correlated with propionic acid),
Lachnospiraceae_ NK4A136_group (negatively correlated with
fecal TG, cholesterol, and TBA excretion), and Ruminococcus
(positively correlated with C/EBPa; negatively correlated with
IL-10 and fecal cholesterol excretion).
Conversely, six beneficial floras
Clostridium_sensu_stricto_1 (positively correlated with IL-10,
fecal cholesterol excretion, and LXRa), Desulfovibrio (positively
correlated with fecal TG excretion), Lactobacillus (positively
correlated with IkBa and HSL; negatively correlated with
weight gain, energy intake, TC, and LDL-C), Muribaculaceae
(positively correlated with fecal TBA excretion; negatively corre-
lated with food intake), Romboutsia (positively correlated with
IL-10 and GPR41), and Turicibacter (positively correlated with
fecal fat excretion; negatively correlated with food intake).
Furthermore, network construction illustrated the inter-
actions between the gut microbiota and dominant mediators

excretion,

were  observed:

This journal is © The Royal Society of Chemistry 2025
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different (p < 0.05).

in this study. As shown in Fig. 13B, the results revealed
that crucial gut bacteria, specifically Lactobacillus, played
a dominant role in lipolysis-related and anti-inflammatory
pathways by reducing the lipid profile, weight gain, and
energy intake. On the other hand, Anaeroplasma and
Clostridia_vadinBB60_group were highly associated with food
intake and cholesterol metabolism-related signaling and may

This journal is © The Royal Society of Chemistry 2025

obstruct fecal TG, cholesterol, TBA, and fat excretion.
Polysaccharide supplementation has been documented to
regulate lipid metabolic pathways and fecal fat excretion by
promoting the growth of Lactobacillus and increasing the pro-
duction of SCFAs.?®?' On the other hand, the relative abun-
dance of harmful bacteria, such as Anaeroplasma and
Clostridia_vadinBB60_group, is significantly elevated in HFD-

Food Funct., 2025, 16, 5008-5028 | 5019
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Fig. 9 Effect of PEP administration on hepatic lipolysis and f-oxidation-related gene expression in HFD-induced obese mice. Hepatic mRNA
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fed mice and patients with non-alcoholic fatty liver disease.>?
Reliably, PEP administration promoted lipid metabolism and
fecal fat excretion by enhancing the relative abundance of ben-
eficial bacteria, such as Lactobacillus, while inhibiting harmful
bacteria, including Anaeroplasma and Clostridia vadinBB60_

group.

5020 | Food Funct,, 2025, 16, 5008-5028

4. Discussion

Dietary interventions for obesity are well-established for their
safety, affordability, and effectiveness.” The administration of
polysaccharides is highly recommended due to their capacity
to modulate the gut microbiota and prevent dysbiosis in the

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Effect of PEP administration on hepatic de novo lipogenesis and cholesterol metabolism gene expression in HFD-induced obese mice.
Hepatic mRNA expression of (A—E) de novo lipogenesis-related genes (C/EBP«, PPARy, SREBP1, ACC1, and FAS) and (F—H) cholesterol metabolism-
related genes (LXRa, LXRB, and HMGCR). Columns with different lowercase letters are significantly different (p < 0.05).

context of HFD consumption or a Western diet.”* Although
other components from Phyllanthus emblica have been shown
to exert anti-obesity effects,"®'" the processes of extraction,
ethanol precipitation, and purification effectively remove
residual constituents such as proteins, lipids, phenolics, flavo-
noids, pigments, nucleic acids, and other small organic or in-
organic compounds that may be conjugated with plant poly-

This journal is © The Royal Society of Chemistry 2025

saccharides.”® As a result of these procedures, no flavonoids or
phenolic acids are detected in purified polysaccharides.>® In
this study, the observation that the middle-dose group (100 mg
per kg b.w.) exhibited slightly greater anti-obesity effects than
the low-dose group (50 mg per kg b.w.) may be attributed to a
non-linear dose-response relationship. Biological variability
among the mice may also have contributed to this unexpected

Food Funct, 2025, 16, 5008-5028 | 5021
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Fig. 11 Effect of PEP administration on gut microbiota modulation in HFD-induced obese mice. (A) LEfSe cladogram showing the phylogenetic
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(B) Proportion of gut flora at the genus level in each group. (C—H) Relative abundances of Turicibacter,

Clostridium_sensu_stricto_1, Romboutsia, Candidatus_Arthromitus, Erysipelatoclostridium, and Mucispirillum. Columns with different lowercase

letters are significantly different (p < 0.05).

trend.”®”” Additionally, the high-dose group (200 mg per kg b.
w.) demonstrated the most pronounced obesity-mitigating
effects among all groups, suggesting that this dosage may have
reached the threshold required for optimal activation of
specific metabolic or signaling pathways. Similar non-linear
dose-response patterns in obesity attenuation have been
reported in other polysaccharide treatment studies.">**>°
While several pharmacological treatments for obesity,
such as Orlistat, Liraglutide, and the Naltrexone/Bupropion
combination, have been approved by the FDA, their use is fre-
quently accompanied by adverse effects, including head-
aches, gastrointestinal discomfort, palpitations, tachycardia,

5022 | Food Funct, 2025, 16, 5008-5028

anxiety, and elevated blood pressure.’** In contrast, eight

weeks of PEP supplementation in this study did not induce
hepatotoxicity or nephrotoxicity in mice, highlighting its
potential as a safer alternative for obesity management.
Indeed, this study demonstrated that PEP administration
attenuated obesity by reshaping intestinal flora, inhibiting
inflammation and oxidative stress, and accelerating lipid
metabolism.

Dietary habits strongly influence the composition of the gut
microbiota.>®?® The gut microbiota is inextricably linked to
maintaining homeostasis by regulating oxidative stress,
immune response, lipid metabolism, and effectively modifying

This journal is © The Royal Society of Chemistry 2025
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blood glucose levels."*” In this study, seven obesity-promoting

bacteria ([Eubacterium] coprostanoligenes_group, Anaeroplasma,
Christensenellaceae_R-7_group, Clostridia vadinBB60_group,
Erysipelatoclostridium, Lachnospiraceae_ NK4A136_group, and
Ruminococcus) and six obesity-repressed floras (Clostridium_sensu_
stricto_1, Desulfovibrio, Lactobacillus, Muribaculaceae, Romboutsia,
and Turicibacter) were noted.

Previous evidence has shown that the [Eubacterium] copros-
tanoligenes_group and Anaeroplasma bacteria are signature
genera in the gut microbiota ecosystem, involved in the devel-
opment of dyslipidemia with abnormal obesity indicators
(body weight, TC, TG, LDL-C, AST, and ALT) following HFD
supplementation.*®*° Moreover, it has been reported that the
levels of serum lipid profiles (TG, TC, and LDL-C) are signifi-
cantly positively correlated with the Christensenellaceae R-
7_group. In contrast, the flora negatively correlates with SCFA

This journal is © The Royal Society of Chemistry 2025

production.*’ The Clostridia_vadinBB60_group increased sig-
nificantly due to the induction of the HFD** and could con-
tribute to muscular fat deposition.** Furthermore, the enrich-
ment of Erysipelatoclostridium is strongly correlated with body
weight gain, fat accumulation, TC, TG, LDL-C, blood glucose,
MDA, TNF-a, IL-6, and the activation of de novo lipogenesis-
related genes (PPARy, SREBP1, and FAS), making it a harmful
bacterium for promoting obesity.***® Furthermore, polysac-
charides from Sporidiobolus pararoseus significantly reduce the
abundance of obesity-promoting Lachnospiraceae NK4A136 bac-
teria.”” Additionally, Ruminococcus is enriched in obese mice
and associated with metabolic syndrome and weight gain.*® In
agreement with the above evidence, this study found that all
the harmful floras were positively correlated with obesity indi-
cators, including food intake, weight gain, energy intake, epi-
didymal fat weight, body fat ratio, ALT, HMGCR, ACC1, and C/

Food Funct., 2025, 16, 5008-5028 | 5023
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EBPa, which were suppressed by PEP administration in HFD-
fed mice.

In contrast, Clostridium_sensu_stricto_1 and Romboutsia
positively affect SCFA production and immune regulation,
helping suppress serum TNF-a levels and delay diabetes.*?™>"
Additionally, Turicibacter strains reduce serum TC, TG, and
adipose tissue mass.>”> Furthermore, Muribaculaceae is an
important source of SCFAs that can improve pancreatic beta-
cell function, enhance glycolipid metabolic parameters (TC,
insulin resistance, and AUC), alter primary bile acid biosyn-
thesis, and reduce the release of proinflammatory cytokines.>?

5024 | Food Funct, 2025, 16, 5008-5028

Notably, the increase in beneficial bacteria was significantly
positively correlated with lipid metabolism indicators (fecal
fat, TC, TG, TBA excretion, LXRa, and HSL) and anti-inflamma-
tory markers (IL-10 and IxBa), suggesting that PEP ameliorates
obesity through the modulation of the gut microbiota.
HFD-caused obesity and associated lipid dysmetabolism in
mice, where elevated circulating levels of free fatty acids drive
inflammation, adipogenesis, and oxidative stress, contribute
to obesity-related diseases.>*>® Simultaneously, natural poly-
saccharides have been reported to alleviate diet-induced
obesity by improving lipid and energy metabolism, suppres-

This journal is © The Royal Society of Chemistry 2025
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sing appetite, and directly inhibiting inflammation and oxi-
dative stress.? For instance, tea polysaccharides from Tianzhu
Xianyue fried green tea repressed lipogenesis and promoted
lipolysis by downregulating SREBP-1 and FAS and upregulating
HSL and ATGL in HFD-fed ApoE~'~ mice.’® Moreover, oral
administration of chicory (Cichorium intybus L.) polysacchar-
ides in HFD-induced NAFLD rats significantly enhanced
hepatic lipolysis (ATGL and AMPKa) and f-oxidation (CPT-1)
while reducing de novo lipogenesis markers (ACC1 and FAS)
and levels of ALT, AST, TG, TC, LDL-C, glucose, and MDA.>’
Additionally, dietary polysaccharides enhance the B-oxidation
of fatty acids and the activity of antioxidant enzymes
(CAT, SOD, and GPx), thereby attenuating obesity by decreasing
serum levels of TG, TC, LDL-C, MDA, and body weight
gain.”®

Circulating SCFAs are closely associated with reduced adi-
pocyte lipogenesis through interaction with GPR41 and GPR43
receptors, thereby accelerating lipid metabolism and enhan-
cing energy expenditure.”>®® Studies have confirmed that
SCFAs directly regulate immune responses, act as antioxidants,
and reduce fat deposition through polysaccharides.'>*%°! In
this study, PEP treatment induced higher expression of SCFAs
and GPR41/GPR43 in a dose-dependent manner. Similarly, key
indicators related to lipolysis (ATGL, HSL, and AMPKa),
f-oxidation (SIRT1, PGC-1a, PPARa, CPT-1A, and MCAD), de
novo lipogenesis (SREBP1, ACC1, and FAS), cholesterol metab-
olism (LXRa and HMGCR), fecal excretion of triglycerides and
cholesterol, antioxidant enzyme activity (catalase and GPx),
and inflammatory mediators (NF-xB, IL-1f, and TNF-a) also
exhibited a similar dose-dependent pattern. These findings
suggest that PEP administration may protect against obesity by
enhancing anti-inflammatory, antioxidant, and lipid metab-
olism activities through gut-derived SCFAs and GPR41/GPR43
signaling.

5. Conclusion

In summary, this study investigated the potential of PEP in
combating obesity, focusing on its mechanisms related to
lipid metabolism, antioxidant activity, anti-inflammatory
effects, and modulation of the gut microbiota. PEP was found
to inhibit lipid synthesis pathways, alleviating hyperlipidemia
while promoting fecal lipid excretion. Additionally, PEP altered
the gut microbiota composition, enhancing the production of
SCFAs. These SCFAs may contribute to improved lipid metab-
olism and energy intake, increased fat excretion, and
enhanced antioxidant and immune responses via GPR41/43,
AMPK, and NF-kB signaling pathways. Overall, these findings
highlight the potential of PEP as a functional food ingredient
for preventing obesity, emphasizing its beneficial effects on
lipid regulation and gut health. Despite the promising find-
ings, several limitations require further exploration. These
include a more detailed understanding of the specific role of
the gut microbiota in obesity modulation and the underlying
in vivo mechanisms associated with its other metabolites.

This journal is © The Royal Society of Chemistry 2025
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Further clinical research in these areas is crucial for fully opti-
mizing the potential of PEP and gaining a more comprehen-
sive understanding of its effects, paving the way for its broader
application.
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