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Flavonoids of Rosa sterilis S. D. Shi improve high-fat
diet-induced obesity in mice by inhibiting lipid
accumulation and regulating the gut microbiota+t
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Obesity is a complex disease associated with poor dietary habits and the gut microbiota. Rosa sterilis
S. D. Shi contains abundant flavonoids, which have significant antioxidant, anti-inflammatory, and anti-
obesity effects. Flavonoids from Rosa sterilis S. D. Shi (FRS) are bioactive compounds with multiple activi-
ties. The aim of the present study was to investigate whether and how the FRS can alleviate high-fat diet
(HFD)-induced obesity in mice. Our results suggested that there are significant reductions in obesity-
related phenotypes after 12 weeks of FRS intervention in HFD-induced mice. FRS significantly reduced
weight gain, minimized liver damage, and restored liver and epididymal fat morphology in mice with HFD.
Furthermore, FRS increased the population of beneficial bacteria Akkermansia, which helped counteract
obesity, thereby improving glucose homeostasis and reducing lipid accumulation by modulating the gut
microbiota composition. In conclusion, as a non-toxic and biologically active natural ingredient, FRS has
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the potential to prevent obesity and related metabolic disorders, and is expected to become a functional
ingredient for researching anti-obesity and improving consumer health. This study provides a theoretical
foundation and technical support for developing functional FRS products and underscores the impor-
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1. Introduction

An imbalanced diet can easily lead to fat accumulation and
obesity, which can trigger a series of chronic metabolic dis-
eases: such as hypertension, hyperlipidemia, hyperglycemia,
atherosclerosis, coronary heart disease, and other cardio-
vascular and cerebrovascular diseases." Currently, the most
commonly used anti-obesity drugs on the market are chemi-
cally synthesized drugs (such as statins and beta-blockers with
significant lipid-lowering effects), but their drug dependence
and potential side effects limit their clinical application.
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tance of FRS in anti-obesity research and the advanced utilization of Rosa sterilis S. D. Shi resources.

Therefore, searching for natural products with fewer anti-
obesity side-effects has become more and more important.
Natural products from plants are attractive due to their non-
toxicity, health advantages and suitability as functional foods
for prolonged diet.® Flavonoids are a large group of low mole-
cular weight secondary metabolites produced by plant photo-
synthesis.* They have biological activities in vivo and in vitro,
such as anti-oxidation, anti-atherosclerosis and blood lipid
reduction.” Thus, plant-derived natural products may be
important for developing novel potential anti-obesity thera-
peutic strategies.

Inhibition of cholesterol synthesis and fat absorption, pro-
motion of cholesterol degradation, fatty acid oxidation and
enhancement of metabolism can prevent obesity.>® Gut micro-
biota imbalance is closely related to obesity, and previous
studies have shown that increasing the number of beneficial
bacteria can improve obesity.” The gut microbiota can also
regulate cholesterol and lipid metabolism, thereby achieving
the effect of reducing obesity.® A high-fat diet disrupts the anti-
oxidant capacity and the balance of the gut microbiota. This
ultimately leads to the loss of the body’s natural protective
barrier against pathogenic bacteria. This ecological imbalance
further disrupts lipid metabolism, creating a vicious cycle that
leads to obesity, inflammatory bowel disease, ulcerative colitis,

This journal is © The Royal Society of Chemistry 2025
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and other diseases This ecological imbalance further disrupts
lipid metabolism, forming a vicious cycle that leads to obesity,
inflammatory bowel disease, ulcerative colitis, and other dis-
eases.” The gut microbiota may be a new target for the treat-
ment of hyperlipidemia and obesity.

Rosa roxburghii Tratt, also known as the king of the moun-
tain, prickly berry, and prickly pineapple, is a perennial decid-
uous shrub in the Rosaceae family.'°Rosa sterilis S. D. Shi has
a close genetic relationship with Rosa roxburghii Tratt.'* It has
certain preventive and therapeutic effects on scurvy, night
blindness, cancer, hypertension, hyperlipidemia, and obesity.
Rosa sterilis S. D. Shi is an edible wild fruit with a strong
aroma and a slightly sour and astringent taste. It is rich in
various nutrients such as vitamin C, superoxide dismutase
(SOD), minerals, polysaccharides, flavonoids, phenolic com-
pounds, triterpenoids, and organic acids.'>'* As a traditional
medicinal and food plant, Rosa sterilis S. D. Shi has high med-
icinal and food value. Rosa sterilis S. D. Shi has preventive and
therapeutic effects against scurvy, night blindness, cancer,
hypertension, hyperlipidemia and obesity.">'® Previous
studies have shown that the aqueous extracts and polysacchar-
ides of Rosa roxburghii Tratt can treat type 2 diabetes or reduce
hyperlipidemia,’®?” but the molecular mechanism is not
clear. Rosa sterilis S. D. Shi is rich in various types of flavo-
noids,'® known as the “king of flavonoids”. As one of the main
active components of Rosa sterilis S. D. Shi, flavonoids from
Rosa sterilis S. D. Shi (FRS) make important contributions to
health promotion.'® There are few studies on the role of FRS
in the prevention of obesity in animals and research on the
regulation of the gut microbiota is still in its infancy.
Considering the crucial role played by the gut microbiota in
the development of obesity, we hypothesize that the gut micro-
biota regulated by FRS may play a pivotal role in this process.

In this study, we aim to investigate whether FRS has an
anti-obesity effect and the possible molecular mechanism of
this effect. Using HFD-induced mouse models, we demon-
strated the active involvement of FRS in obesity. We uncovered
the underlying mechanism that treatment with FRS restored
the obesity phenotype by inhibiting lipid accumulation and
regulating the gut microbiota. These novel findings provide
the idea of looking for the characteristic microbiota related to
obesity and the technical support and theoretical basis for the
development of functional FRS products. This is very impor-
tant for the study of the anti-obesity effect of FRS and the deep
processing and valuable utilization of the Rosa sterilis S. D. Shi
resource.

2. Materials and methods

2.1. Preparation of FRS

The fruits of Rosa sterilis S. D. Shi were collected from the
planting base of Rosa sterilis S. D. Shi in Xingren County,
Guizhou Province. The fruits were dried in a hot air oven at
50 °C for 24 h, then ground and sieved through an 80 mesh
screen to obtain the required fruit powder. Enzyme-assisted
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and ultrasound extraction method: 50.0% ethanol, 50.0 mL
¢! liquid-solid ratio, 70.0 minutes extraction time, and 3.0%
enzyme dosage. The mixture underwent enzymatic digestion
in a 50 °C water bath for 60 min, followed by extraction with
an  ultrasonicator  (SB25-12DTDS, Ningbo Scientz
Biotechnology Co., Ltd, Ningbo, China) at 45 °C, 33 kHz, and
300 W. After extraction, the solution was centrifuged at 5000
rpm for 10 min. Subsequent purification of the extracted flavo-
noids using AB-8 macroporous resin, and higher purity and
yield of Rosa sterilis S. D. Shi total flavonoids can be obtained
through resin adsorption followed by desorption with 70%
ethanol. The flow rate during this process was maintained at 2
BV h™'. Finally, the total flavonoids in the purified product
were freeze-dried into powder.

The analysis utilized an Agilent ultra-high-performance
liquid chromatograph (1290 UPLC) linked to a
QTOF6550 mass spectrometer, employing electrospray ioniza-
tion in both positive and negative modes. The Waters BEH C18
chromatographic column (2.1 mm x 100 mm, 1.7 pm) was
used to separate and detect flavonoids in the purified extracts
of Rosa sterilis S. D. Shi. The temperature was maintained at
35 °C, with an injection volume of 5 pL and a flow rate of
0.3 mL min~". Mass spectrometry was conducted over a mass-
to-charge (m/z) range of 100 to 1500, utilizing a gas flow rate of
12 L min~". Ionization voltages were set to 4000 V for positive
mode and 3200 V for negative mode. Solvent A consisted of
0.1% HCOOH-H,0, while solvent B was methanol, with the fol-
lowing elution gradient: 0-25 min (10-80% B), 25-27 min
(80-85% B), 27-30 min (85-95% B), 30-32 min (95-100% B),
32-33 min (100-10% B), and 33-35 min (10% B). The basic
information about FRS is summarized in a table (Table S17).

2.2. Animal experiments

Male C57BL/6] mice, aged 6 to 8 weeks, were procured from
Sibeifu (Beijing) Biology Technology Co., Ltd. The mice were
kept in an environment where they had unrestricted access to
food and water, maintained at a temperature of 22 + 2 °C, with
50% humidity and a 12 hour light/dark cycle. Following a 7
day acclimatization period, the mice were randomly assigned
to one of six groups, each consisting of 10 animals. The
control group (CON) received a diet comprising 10% low-fat
feed along with an equivalent amount of physiological saline
administered by gavage. The high-fat diet model group (HFD)
was provided with a 60% high-fat diet and also received the
same volume of physiological saline via gavage. The low-dose
FRS group (FRS25) was fed a 60% high-fat diet and given a
daily oral dose of 25 mg kg™ FRS solution. The medium-dose
FRS group (FRS50) received a 60% high-fat diet along with an
oral administration of 50 mg kg~' FRS solution. Lastly, the
high-dose FRS group (FRS100) was given a 60% high-fat diet
and administered 100 mg kg™ FRS solution daily at 13:00 for
a duration of 12 weeks. Each group of mice was housed indivi-
dually, with continuous access to food and water. The weights
of mice were recorded daily, and their feed was replenished
every two days. Additionally, the intake of food and water was
monitored. Throughout the experiment, the physiological con-
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ditions of the mice were carefully observed to assess any poten-
tial toxicity or side effects of FRS on their growth. All animal
procedures were performed in accordance with the Guidelines
for Care and Use of Laboratory Animals of Yunnan Agriculture
of University and approved by the Animal Ethics Committee of

Yunnan  Agriculture of  University (approval no:
APYNAU202411006).
2.3. Feces and tissue preparation

Two days prior to the conclusion of gastric lavage, the mice
were subjected to a 12 hour fasting period overnight, and their
fasting blood glucose levels and oral glucose tolerance were
assessed the following morning. Following the final gastric
lavage, another 12 hour fast was implemented, during which
fresh fecal samples were collected in sterile centrifuge tubes,
frozen in liquid nitrogen, and subsequently stored at —80 °C
for future analysis. At the end of the treatment cycle, all
animals were euthanized by sodium pentobarbital overdose
(60 mg kg™, intraperitoneally). Blood was obtained through
cardiac puncture, and the mice were then perfused with ice-
cold saline via the heart. The tissues were harvested on ice,
weighed, and divided; one portion was fixed in a 4% parafor-
maldehyde solution, while the other was stored in a sterile
centrifuge tube at —80 °C. For the blood samples, after stand-
ing at room temperature for 2 hours, they were centrifuged at
4 °C and 3000 rpm for 15 minutes to separate the supernatant,
which was then stored at —80 °C for later use.

2.4. Determination of serum biochemical indicators

The collected mouse serum was removed from the —80 °C
freezer, thawed on ice, and then subjected to centrifugation at
4 °C at 3000 rpm for 15 minutes. The supernatant was col-
lected for the measurement of triglycerides (TG), total chole-
sterol (TC), low-density lipoprotein cholesterol (LDL-C), and
high-density lipoprotein cholesterol (HDL-C) in the serum of
each group of mice using a fully automated biochemical analy-
zer. Concurrently, the lipopolysaccharide (LPS) levels in the
serum of each group were determined using the ELISA method
according to the kit instructions (Jiangsu Meimian Industrial
Co., Ltd, China). Additionally, the serum levels of liver func-
tion markers, alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were assessed following the kit guide-
lines (Nanjing Jiancheng Bioengineering Institute, China).*

2.5. Measurement of liver biochemical indicators

The collected mouse liver was retrieved from the —80 °C
freezer and thawed on ice. The liver was weighed and then
homogenized in an ice bath according to the kit’s specifica-
tions. After homogenization, the levels of TC and TG in the
liver were measured following the protocol provided by
Nanjing Jiancheng Bioengineering Institute, China.

2.6. Histopathological evaluation

The liver, epididymal fat, and pancreas were preserved in 4%
neutral formalin and subsequently embedded in paraffin to
achieve an approximate thickness of 4 pm (Wuhan Servicebio
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Technology Co., Ltd, China). Following dewaxing, the tissue
samples were analyzed using light microscopy after hematoxy-
lin-eosin (H&E) staining. Specimens of fixed liver and epididy-
mal fat were sectioned using a cryostat for oil-red staining
according to established protocols. Microscopy images of the
liver, pancreas, and epididymal fat were captured through
scanning, and the diameter of adipocytes as well as the
number of crown-like structures per adipocyte area were quan-
tified using ImageJ (Media Cybernetics, USA).>!

2.7. 16S rDNA sequencing analysis of fecal microbiota

DNA was extracted from various samples using cetyltrimethyl-
ammonium bromide (CTAB) following the manufacturer’s
guidelines. This reagent is effective for isolating DNA from
trace amounts of samples and is suitable for the preparation
of DNA samples from most bacterial species. Nuclease-free
water served as the blank control. The total DNA was eluted in
50 pL of elution buffer and stored at —80 °C until it was
measured using PCR (LC-Bio Technology Co., Ltd, China).*?

The PCR protocol for amplifying prokaryotic 16S fragments
included an initial denaturation step at 98 °C for 30 seconds,
followed by 32 cycles consisting of denaturation at 98 °C for 10
seconds, annealing at 54 °C for 30 seconds, and extension at
72 °C for 45 seconds. A final extension was performed at 72 °C
for 10 minutes. The resulting PCR products were verified using
2% agarose gel electrophoresis. To eliminate the risk of false-
positive PCR results, ultrapure water was utilized as a negative
control throughout the DNA extraction procedure, instead of a
sample solution. The PCR products were then purified with
AMPure XT beads (Beckman Coulter Genomics, Danvers, MA,
USA) and quantified using a Qubit (Invitrogen, USA).
Amplicon pools were prepared for sequencing, and both the
size and quantity of the amplicon library were evaluated using
the Agilent 2100 Bioanalyzer (Agilent, USA) and the Library
Quantification Kit from Illumina (Kapa Biosciences, Woburn,
MA, USA), respectively. The sequencing of the libraries was
carried out on the NovaSeq PE250 platform.

Paired-end reads were assigned to samples based on their
unique barcode and truncated by cutting off the barcode and
primer sequence. Paired-end reads were merged using FLASH.
Quality filtering on the raw reads was performed under
specific filtering conditions to obtain high-quality clean tags
according to the fqtrim (v0.94). Chimeric sequences were fil-
tered using Vsearch software (v2.3.4). After dereplication using
DADA2, we obtained a feature table and feature sequence.
Alpha diversity and beta diversity were randomly calculated by
randomly normalizing to the same sequences. Then according
to the SILVA (release 138) classifier, feature abundance was
normalized using the relative abundance of each sample.
Alpha diversity is applied in analyzing the complexity of
species diversity for a sample through 5 indices, including
Chao1, Observed species, Goods coverage, Shannon, Simpson,
and all these indices in our samples were calculated using
QIIME2. Beta diversity was calculated using QIIME2, and the
graphs were drawn using the R package. Blast was used for
sequence alignment, and the feature sequences were anno-

This journal is © The Royal Society of Chemistry 2025
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tated with the SILVA database for each representative sequence.
Other diagrams were implemented using the R package
(v3.5.2).

2.8. Statistical analysis

All experimental data are presented as the mean + standard
error (SEM). The statistical significance of variance was gener-
ated using one-way analysis of variance (ANOVA) with Tukey’s
post-hoc test using GraphPad Prism 8.0.2 software (GraphPad
Software Inc., San Diego, CA, USA). Differences in body weight
of mice from different groups in 12 weeks were determined
using one-way ANOVA, followed by the least significant differ-
ence (LSD) post hoc test, as described in our previous study.>®
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not
significant.

3. Results

3.1.
HFD

FRS improves obesity characteristics in mice fed with

To explore the role of FRS in a HFD-induced obesity phenotype
in mice, an obesity model was constructed by feeding male
C57BL/6 mice a HFD for 12 weeks (Fig. 1A). After the animal
experiment, the weight of mice (Fig. 1B), final body weight
(Fig. 1C) and weight gain (Fig. 1D) in the HFD group were sig-
nificantly higher than that in the CON group, and this effect
could be counteracted by FRS (Fig. 1B-D). Meanwhile, from
the liver weight, it can be seen that the HFD group had an
increase in liver weight, while after FRS intervention, the liver
weight significantly decreased (Fig. 1E), indicating that HFD
increased weight gain and liver weight, while this effect was
counteracted by FRS. Alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) mainly reflect the overall
condition of liver function, including the presence of liver cell
necrosis. The serum ALT content in the HFD group was signifi-
cantly higher than that in the CON group (Fig. 1G), and the
AST content was also higher than that in the CON group
(Fig. 1H). FRS intervention reversed the increase of ALT and
AST (Fig. 1G and 1H). These indicated that the mouse obesity
model has been successfully established, induced by HFD, and
FRS intervention can improve mouse weight, and liver function
to a certain extent.

3.2. FRS attenuated hyperlipidemia and hyperglycemia in
HFD-fed mice

HFD leads to obesity, which is often accompanied by abnor-
mal blood lipids.”* Our results showed that the serum TC had
no significant change (Fig. 2A) in mice from different groups.
The serum TG (Fig. 2B) and LDL-C (Fig. 2C) levels were signifi-
cantly increased and the HDL-C (Fig. 2D) level was reduced in
mice with HFD-fed compared to the CON group. Continuing to
calculate LDL-C/HDL-C, it was found that the HFD group sig-
nificantly increased (Fig. 2E), indicating that a high-fat diet
has adverse effects on cardiovascular health. It was found that
treatment with FRS could significantly reduce serum TG,
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LDL-C and LDL-C/HDL-C, and substantially increase HDL-C in
mice fed with HFD (Fig. 2B-E). Lipopolysaccharide (LPS), also
known as endotoxin, can also trigger HFD-induced insulin
resistance.”®*® Our result showed that HFD increased the
serum content of LPS (Fig. 2F). At the same time, liver TC and
TG were also detected, consistent with the serum lipid results,
the content of liver TC (Fig. 2G) and TG (Fig. 2H) in the mice
of the HFD group was significantly higher than those in the
CON group, and the level of TG was significantly reduced after
FRS intervention (Fig. 2H).

Obesity induced by a high-fat diet may cause abnormal
glucose and lipid metabolism, which may easily lead to pro-
blems in islet function, insulin resistance, and other pro-
blems, and then lead to diabetes.”” We found that HFD
induced an increase in fasting blood glucose in mice, while
FRS intervention significantly reduced fasting blood glucose in
mice (Fig. 2I). After gavage of 2 g kg™' glucose solution, the
blood glucose levels of all three groups of mice reached their
peak at 30 minutes, with the HFD group having the highest
blood glucose levels, followed by a decreasing trend (Fig. 2]).
The calculated area under the curve of the HFD group was sig-
nificantly higher than the CON, and slightly higher than the
HFD + FRS group (Fig. 2K). In addition, after 30 minutes, the
HFD group showed a downward trend and ultimately
remained higher than the CON and FRS groups at
120 minutes (Fig. 2J). In some cases, the enlargement of pan-
creatic islet cells may be associated with insulin resistance.
Long term insulin resistance may lead to gradual impairment
of pancreatic islet cell function, resulting in pathological
changes such as pancreatic islet cell enlargement.”® Then we
performed the histopathological experiment to observe the
pancreas, pancreatic tissue pathological sections demonstrated
that HFD can cause pancreatic islet cell enlargement and
initial insulin resistance (Fig. 2L and M). Meanwhile, FRS
noticeably decreased the enlarged area of islets which was
induced by HFD (Fig. 2L and M). These results indicate that
long-term HFD intake may lead to glucose and lipid metab-
olism disorders, insulin resistance, and other conditions, and
these effects could be reversed by FRS treatment.

3.3. FRS improved hepatic damage and fat accumulation of
epididymal adipose tissue

The liver is essential for regulating energy metabolism, and
any disruption in its energy processes can result in insulin re-
sistance (IR) and oxidative stress.>® H&E staining of liver tissue
indicated that the HFD-fed group exhibited more pronounced
vacuolar degeneration of liver cells, increased swelling of liver
cells surrounding blood vessels, and a looser cytoplasmic
structure compared to the CON group mice (Fig. 3A). FRS treat-
ment significantly altered the liver cells, making them more
similar to those in the CON group. Furthermore, Oil Red O
staining revealed a substantial number of lipid droplets in the
liver tissue of mice from the HFD group, while the liver tissues
of the FRS and CON groups appeared relatively similar
(Fig. 3A).
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ns, not significant.

Adipose tissue is a metabolic organ that stores energy,
influences insulin, regulates glucose, and plays a role in
inflammation.>® The weight of epididymal fat was notably elev-
ated in the group of mice that were fed a high-fat diet, while
treatment with FRS significantly attenuated this effect
(Fig. 3B). The adipocyte arrangement in the epididymal fat of
the CON group is orderly and consistent, whereas the adipo-

5826 | Food Funct, 2025, 16, 5822-5835

cyte arrangement in the HFD group is irregular and more pro-
nounced (Fig. 3C). Additionally, the adipocytes in the HFD
group are significantly larger than those in the CON group.
Treatment with FRS resulted in a noticeable reduction in adi-
pocyte size and a more organized arrangement (Fig. 3C).
Measurements of adipocyte diameter revealed that both the
diameter (Fig. 3D) and area (Fig. 3E) of adipocytes in the HFD

This journal is © The Royal Society of Chemistry 2025
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ance curve (AUC) of different groups. (L) H&E staining observation of pancreatic tissue of mice from different groups (40%, 50 pm). (M) Islet areas of
mice. All results are presented as mean + SEM (n = 6-10). Group differences were analyzed by one-way ANOVA with Tukey's post-hoc test. *P <

0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.

group were significantly larger than those in the CON and FRS
groups, and the coronal tissue area (Fig. 3F) was also markedly
greater in the HFD group compared to the other two groups
(Fig. 3C-F). Furthermore, we examined that the red O staining
of epididymal fat indicated that the epididymal fat in the HFD
group contained more red-stained lipid droplets, whereas the
CON and FRS groups exhibited a relative decrease (Fig. 3G).
Thus, we conclude that FRS intervention more effectively coun-
teracted HFD-induced liver injury, lipid accumulation and adi-
pocyte hypertrophy in mice. The safety and efficacy boundaries
of FRS were analyzed by designing a gradient dose analysis.
Based on the above indicators, it was determined that a

This journal is © The Royal Society of Chemistry 2025

medium dose of 50 mg kg™ had a better effect. In the sub-
sequent measurement of intestinal microbiota, we chose a
medium dose of 50 mg kg™ and named it HFD + FRS.

3.4. FRS restored the diversity and richness of the gut
microbiota in HFD-induced mice

To investigate the impact of FRS intervention on the gut micro-
biota of mice fed a HFD, we conducted 16S rDNA sequencing
on their fecal samples. Initially, we assessed the species diver-
sity of the fecal microbiota. Our analysis revealed 498 common
operational taxonomic units (OTUs) shared among the feces of
the CON, HFD, and HFD + FRS groups, alongside 591 unique

Food Funct., 2025, 16, 5822-5835 | 5827
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Fig. 3 FRS decreased fat mass and adipocytes enlarged by high-fat diet in mice. (A) Representative images of hematoxylin and eosin (H&E) and oil
red O staining sections of mouse livers from control, HFD and FRS + HFD groups (bar = 50 pm). (B) Tissue weights of epididymal white adipose
tissue (eWAT) of mice from different groups. (C) Representative images of H&E-stained sections of mouse eWAT in each group. (D) Quantifications of
the adipocyte diameter and crown-like structures (CLS) of e WAT from B (n = 10). (E) Quantification of crown-like structures (CLS) of eWAT from B (n
= 10). (F) Quantifications of the adipocyte area of eWAT (n = 10) from B. (G) Representative oil red O staining images of mature adipocytes of e WAT
from mice with different treatments. All results are presented as mean + SEM (n = 6-10). Group differences were analyzed by one-way ANOVA with
Tukey's post-hoc test. *P < 0.05; ****P < 0.0001; ns, not significant.

OTUs from the CON group, 430 unique OTUs from the HFD diversity in mouse feces. The Chaol and observed species
group, and 1283 unique OTUs from the HFD + FRS group indices, which primarily reflect the number of species within
(Fig. 4A). This suggests that FRS treatment enhances the OTU the community, represent the alpha diversity of the fecal
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microbiota. The Chao1 (Fig. 4B) and Observed-OTUs (Fig. 4C)
indices were diminished in the microbiota of HFD mice;
FRS intervention appeared to ameliorate this
reduction. Additionally, we employed principal coordinate ana-
lysis (PCoA) using the weighted Unifrac method to visually
evaluate the beta diversity of the fecal microbiota.*" A notable
separation was found among the HFD and HFD + FRS groups
(Fig. 4D). These findings imply that FRS intervention positively
influences the richness, diversity, and evenness of the gut
microbiota.

however,

3.5. FRS regulates gut microbiota dysbiosis induced by HFD
in mice

Taxonomic analysis identified variations in the predominant
gut microbiota among the different groups.®* Phylum analysis

This journal is © The Royal Society of Chemistry 2025

indicated that the gut microbiota is composed of several
phyla, including Bacteroidetes, Firmicutes, and
Verrucomicrobia, among others (Fig. 4E). The abundance of
Firmicutes/Bacteroidetes, which was considered a character-
istic of obesity,®* was significantly elevated in mice on a HFD
compared to the CON group (Fig. 4F). Additionally, the abun-
dance of Desulfobacterota (Fig. 4G) and Deferribacterota
(Fig. 4H) was higher in the HFD group compared to the CON
group. FRS intervention was able to restore the abundance of
Firmicutes/Bacteroidetes, Desulfobacterota, and
Deferribacterota (Fig. 4F-H). Conversely, Verrucomicrobia,
which is negatively correlated with intestinal health,** was
found to be reduced in the HFD group. However, the HFD +
FRS group exhibited a significant increase in Verrucomicrobia
compared to the HFD group (Fig. 41I).
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At the genus level (Fig. 4]), the genus Akkermansia, a notable
representative of Verrucomicrobiota, exhibited a reduction in the
abundance associated with obesity.>* Our findings revealed that
HFD-fed mice had a decreased abundance of Akkermansia;
however, treatment with FRS led to a significant increase in its
abundance (Fig. 4K). Conversely, the population of
Oscillospiraceae was markedly elevated in HFD-fed mice, but this
increase was reversible following treatment with FRS (Fig. 4L).
These findings suggested that FRS modulates the gut microbiota
composition in HFD-fed mice, aligning it more closely with that
of CON-fed mice. LEfSe analysis highlighted significant differ-
ences in gut microbiota taxa from the phylum to genus levels
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across the various groups. Among the five identified taxa, we
found 59 distinct taxonomic groups (LDA > 3.3), including
16 genera. The CON group was characterized by genera such as
Ligilactobacillus, Ileibacterium, Coriobacteriaceae, UCG002, and
Flavonifractor. In contrast, the HFD group was identified with
Mucispirillum, Akkermansia, and Faecalibaculum at the genus level.
The HFD + FRS group primarily comprised Erysipelatoclostridium,
Eubacteria, Dorea, Lachnospiraceae NK4A136_group, Helicobacter,
Ruminococcus  torques_group, Parabacterioids, UBA1819, and
Rikenellaceae RC9_gut_group (Fig. 5A and B). Thus, these altera-
tions in bacterial populations may indicate the pathogenesis
linked to HFD-induced obesity.
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3.6. The correlation between the gut microbiota and obesity
parameters in mice

To further investigate the relationship between gut microbiota
and factors associated with obesity detection, we performed
Spearman correlation analyses. Akkermansia predominantly
demonstrates a negative correlation with biochemical indi-
cators including ALT, TG, and LDL-C. Ligilactobacillus and
Ileibacterium primarily exhibit negative correlations with LPS,
while Dorea shows a significant negative association with TG.
Conversely, Eubacterium is positively correlated with LPS;
Lachnoclostridium is  positively —associated with  TC;
Eisenbergiella displays positive correlations with both ALT and
LPS; Erysipelatoclostridium is positively related to LPS; unclassi-
fied Firmicutes shows a positive correlation with ALT;
Mucispirillum exhibits positive correlations with ALT, LDL-C,
and TG; and Bifidobacterium demonstrates a positive corre-
lation with AST (Fig. 5C). Consequently, we conclude that
increasing the population of Akkermansia bacteria through FRS
treatment can effectively regulate metabolism, enhance the
obesity phenotype, and suppress fat production and chole-
sterol synthesis. FRS mitigates HFD-induced obesity by modu-
lating the gut microbiota.

4. Discussion

In recent years, overweight, obesity and type 2 diabetes are the
main risk factors for the development of cardiovascular
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disease worldwide.>® Obesity is a complex disease accompanied
by low-grade inflammation, lipid metabolism disorders, insulin
resistance, and adipocyte hypertrophy.*® Most obesity control
drugs have side effects, and plant extracts are popular as a daily
diet due to their extremely low side effects and multi-target treat-
ment. Previous studies have shown that Rosa sterilis S. D. Shi
extract has beneficial effects in various diseases, including hypo-
glycemic and lipid-lowering.>” At present, research on the anti-
obesity effects of Rosa sterilis S. D. Shi is mainly focused on poly-
saccharides or fermented Rosa sterilis S. D. Shi juice.*”° The
specific effects and potential mechanisms of FRS on hyperlipide-
mia are not fully understood. The gut microbiota plays a crucial
role in the pathogenesis of diet-induced obesity and related meta-
bolic disorders and it has been identified as a key target for treat-
ing metabolic diseases.”® The gut microbiota is a key mediator
for the metabolic benefits of dietary polyphenols. FRS, a polyphe-
nolic substance, often cannot be absorbed in the small intestine
due to its large molecular structure and accumulates in the large
intestine, where the gut bacteria convert them. This process gen-
erates compounds with higher bioavailability.**
Therefore, we examined the effects of FRS on the gut microbiota
in a mouse model of obesity. In this study, we found that FRS
exhibited better hypolipidemic effects and improved gut micro-
biota dysbiosis by increasing beneficial bacteria and decreasing
the harmful bacteria in an HFD-induced obesity mouse model
(Fig. 6).

Weight and adipose tissue weight are the most intuitive
indicators in anti-obesity experiments. During the develop-
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Fig. 6 Schematic of the potential mechanism underlying the effects of FRS on obesity. The improvement of lipid metabolism by FRS is achieved by
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glucose homeostasis, which has anti-obesity effects.
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ment of HFD-induced obesity, lipids accumulate, preadipo-
cytes differentiate, and mature adipocytes expand,*> which will
lead to lipid metabolism disorders accompanied by elevated
levels of serum TC, TG, and LDL-C, as well as visceral obesity
and injury.*® Consistently, we found that FRS intervention
reduced TG and LDL-C levels and increased HDL-C levels.
High levels of blood sugar will eventually lead to diabetes.**
HFD leads to elevated fasting blood glucose levels and dysregu-
lated glucose homeostasis in mice, these effects could be
reversed by FRS. In addition, the pancreas plays a crucial role
in controlling blood glucose levels, and FRS treatment reduces
pancreatic tissue lesions in mouse models.

Long-term overconsumption of HFD directly leads to exces-
sive accumulation of energy and lipids, resulting in hyperlipi-
demia, insulin resistance, hyperglycemia, and chronic inflam-
mation.*®> Consistent with previous studies,”****® our histo-
pathologic results showed that HFD resulted in the production
of large numbers of vacuoles and inflammatory infiltrates, as
well as an increase in the number and volume of adipocytes in
the liver tissues of mice. Meanwhile, treatment with FRS can
reduce lipid accumulation, and visceral damage and partially
improve lipid metabolism in HFD-fed mice accompanied by
improved serum AST and liver TG levels. These results
suggested that FRS could partly improve lipid metabolic dis-
orders and visceral injury in HFD-fed mice.

The gut microbiota is affected by the diet and is widely
recognized as a potential target for the treatment of obesity.*”
In the present study, we explored whether the beneficial effect
of FRS in improving HFD-induced obesity is related to changes
in the gut microbiota by using 16S sequencing analysis. FRS
intervention can increase Chaol and observed species indices
in the microbiota of HFD induced mice, indicating that FRS
had a positive effect on the richness and diversity of the gut
microbiota. The increase in the proportion of Firmicutes/
Bacteroidota (F/B) caused by HFD is considered a characteristic
of obesity.** However, changes in the F/B ratio have varied in
different studies,® and the influence of the gut microbiota on
energy extraction is limited. In our study, we found that the
abundance of Firmicutes increased and the abundance of
Bacteroidetes decreased (meaning a higher F/B ratio) in HFD-
fed mice, and this effect could be partly reversed by FRS treat-
ment. FRS treatment also reversed the higher proportion of
Deferribacterota and the lower proportion of Verrucomicrobia
induced by HFD. These results indicate that FRS plays a ben-
eficial role by regulating the proportion and diversity of the
gut microbiota associated with the development of obesity.

In addition, FRS intervention increased the number of ben-
eficial bacteria Akkermansia and inhibited the increase of
harmful bacteria such as Desulfovibrio and Oscillospiraceae.
The regulation effect of FRS on Akkermansia was not unex-
pected. Verrucomicrobiota is linked to gut health, regulating
glucose and exhibiting anti-inflammatory effects. The abun-
dance of Verrucomicrobiota is closely related to intestinal
health, which contributes to regulating glucose homeostasis
and has anti-inflammatory properties. Akkermansia is a type of
Verrucomicrobiota, which was widely recognized as a star bac-
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terium that can promote health through intestinal symbio-
sis.*® A large number of studies have shown that the lack or
decrease of Akkermansia is related to a variety of diseases,
including obesity.>°

Consistent with our mouse model results, Akkermansia was
significantly reduced in the obese populations.>® Moreover,
Spearman correlation analysis conducted in this study showed
that Akkermansia was mainly negatively correlated with indi-
cators such as ALT, TG, and LDL-C. It can be seen that HFD
leads to a decrease in the abundance of Akkermansia, while
FRS increases the abundance of Akkermansia, playing a crucial
role in combating obesity. FRS can regulate the gut microbiota
and improve HFD-induced obesity by increasing the abun-
dance of Akkermansia.

5. Conclusion

In summary, this study explored the alleviating effect and
mechanism of FRS in obese mice induced by HFD. We found
that treatment with FRS significantly attenuated body weight
gain, blood lipids, and hyperlipidemia-related indicators, and
restored the morphology of the liver and epididymal fat. Our
results indicated that FRS exhibited its promising lipid-lower-
ing effects, at least in part, by regulating lipid metabolism and
the gut microbiota. However, further studies are required to
identify the accurate bioactive anti-hyperlipidemic compounds
in FRS and illustrate the causal relationships between these
and the process of hyperlipidemia. Collectively, our results
suggest that FRS has the potential to prevent obesity and
related metabolic disorders and the promise of FRS as a func-
tional ingredient for easing hyperlipidemia and improving
public health.
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