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Flavonoids from Rosa roxburghii Tratt
fermentation broth inhibit adipogenesis via the
SIRT1 pathway: insights from metabolomics and
network pharmacology
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This study explored the metabolic shifts in Rosa roxburghii Tratt juice (RRTJ) following fermentation and
assessed its impact on adipocyte differentiation. Non-targeted metabolomics revealed significant
changes, particularly in flavor-related compounds and flavonoid profiles, with KEGG enrichment analysis
highlighting energy metabolism and secondary metabolic pathways. Cluster analysis categorized differen-
tially expressed metabolites into flavor-forming and anti-inflammatory/antioxidant groups. Quantitatively,
RRT extract had a flavonoid content of 7.64% (0.764 mg mL™), while RRTJ and Rosa roxburghii Tratt fer-
mentation broth (RRTFB) contained 1.31% and 1.13% flavonoids, respectively. Network pharmacology
identified nine key anti-inflammatory/antioxidant compounds, four of which were flavonoids, with mole-
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cular docking confirming strong binding affinities to SIRT1. In vitro experiments using 3T3-L1 cells
demonstrated that RRT-derived flavonoids inhibited adipocyte differentiation by regulating SIRT1
expression. RRT-derived flavonoids exert anti-adipogenic effects via SIRT1 pathway activation, offering
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1. Introduction

Rosa roxburghii Tratt (RRT), a fruit-bearing species of the
Rosaceae family, is extensively distributed across the karst
mountainous regions of Guizhou, Yunnan, Sichuan, and other
provinces in southwestern China.' The fruit is distinguished
by its exceptionally high ascorbic acid concentration, measur-
ing 2858 mg per 100 grams of fresh weight.>* This concen-
tration is approximately an order of magnitude greater than
that observed in kiwifruit and three orders of magnitude
higher than that in citrus fruits, thereby warranting its desig-
nation as “the King of Vitamin C”.>* The key bioactive com-
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insights into its functional properties and processing applications.

ponents in the fruit of RRT include high levels of vitamin C,
vitamin P (rutin), superoxide dismutase (SOD), polyphenols,
flavonoid compounds, polysaccharides, and organic acids.
These constituents collectively endow RRT fruit with a range of
physiological regulatory functions: vitamin C and SOD signifi-
cantly enhance antioxidant capacity by scavenging free radicals
and forming an antioxidant defense system; rutin and polysac-
charides exert anti-inflammatory and immunomodulatory
effects by inhibiting pro-inflammatory factors and enhancing
immune cell function; polyphenols and flavonoids synergisti-
cally improve metabolic health by regulating lipid metabolism
and reducing blood glucose levels; polysaccharides also
demonstrate anticancer activity by inhibiting tumor cell meta-
stasis enzyme activity. The integrated actions of these bioactive
components render RRT fruit a natural resource rich in nutri-
tional value and health benefits.' ™

The juice of RRT (RRT]J) is a common form of consumption
that retains the nutritional components of RRT and is easily
absorbed. RRTJ exhibits a mildly sour and astringent flavor
attributed to its elevated levels of polyphenols and organic
acids. These characteristics somewhat restrict its direct con-
sumption and limit its broader market appeal. This limitation
can be alleviated through the process of fermentation. During
fermentation, microorganisms utilize plant-derived nutrients,
such as sugars, for metabolic activities, yielding alcohol,
carbon dioxide, and a variety of flavor compounds.’
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Simultaneously, microorganisms facilitate the decomposition
and transformation of food constituents, such as polyphenols
and organic acids.® After fermentation, the acidity and astrin-
gency of the fruit are significantly reduced, leading to an
enhanced palatability. Simultaneously, this process generates
unique flavors derived from fermentation, thereby enhancing
the product’s marketability. Prior studies have indicated that
during the fermentation of RRT fruit wine, an extended fer-
mentation period results in a gradual reduction in the fruit’s
organic acid content and a progressive increase in alcohol
content, culminating in a smoother and more refined flavor
profile.®”

Commonly employed fermentation techniques include
natural and artificial methods. Natural fermentation relies on
the inherent microbial community within plants, which is
characterized by a stable ensemble of microorganisms capable
of self-regulation without the need for external manipulation.®
Microorganisms’ environmental adaptation leads to the for-
mation of region-specific strains, which results in naturally fer-
mented products from different regions exhibiting unique
flavors and region-specific bioactive compounds.

In addition to altering flavor profiles, fermented foods
enhance nutrient absorption within the body, with certain
nutritional benefits being significantly improved. Research
suggests that fermented foods are more effective for weight
loss compared to their non-fermented counterparts.”? Prior
research conducted by our team has demonstrated that RRT-
fermented broth (RRTFB) exerts a notable impact on weight
reduction. This effect is potentially linked to the ability of
RRTFB to enhance SIRT1 expression, which in turn may
inhibit lipid formation.*?

Although extensive research has been conducted on the
chemical composition of RRT, the metabolic changes in RRTJ
following natural fermentation to form RRTFB remain inade-
quately characterized. The distinct impacts of these metabolic
alterations on the bioactivity profiles of RRT] and RRTFB are
also not well understood. Consequently, a meticulous com-
parative metabolomic analysis of RRT] and RRTFB is of para-
mount importance. Therefore, the present study aims to
employ plant metabolomics to analyze the dynamic changes
in nutritional components and bioactive substances of RRTJ
before and after fermentation. Additionally, network pharma-
cology and molecular docking will be utilized to elucidate the
primary bioactive components and their potential mecha-
nisms of action before and after fermentation. Concurrently,
the potential impact of these primary bioactive components
on adipocyte differentiation before and after fermentation will
be explored. The goal is to provide data support for the pro-
duction and application of RRT.

2. Materials and methods
2.1 RRT]J and RRTFB

The RRTFB and RRT]J utilized in this study were supplied by
Guizhou Shanwangguo Rosa roxburghii Health Industry Co.,
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Ltd. All products employed in this research were commercially
packaged finished goods, manufactured in accordance with
standardized production protocols and quality control
measures established by the supplier (lot no. 20230301). RRTJ
was derived through the fresh pressing of RRT fruit, whereas
RRTFB was produced using a technology that involved a
300-day low-temperature natural fermentation process.
Importantly, neither RRT] nor RRTFB contained any added
water or chemical additives.

2.2 High-resolution untargeted metabolomics analysis of
RRTFB and RRTJ (LC-MS/MS analysis)

Metabolomics analysis was conducted utilizing an Ultra-High
Performance Liquid Chromatography/Quadrupole Time-of-
Flight Mass Spectrometry (UHPLC-Q-TOF MS) system. Sample
preparation involved extraction with pre-chilled methanol/
acetonitrile/water (2:2:1, v/v), followed by sonication at a low
temperature for 30 minutes. Subsequently, samples were incu-
bated at —20 °C for 10 minutes and centrifuged at 14 000g for
20 minutes at 4 °C. The resulting supernatants were lyophi-
lized and reconstituted prior to analysis. Chromatographic
separation was achieved using an Agilent 1290 Infinity LC
system equipped with a C18 column, maintained at 40 °C,
with a flow rate of 0.4 mL min™" and an injection volume of
2 pL. Mass spectrometry was performed on an AB Triple TOF
6600 system, employing alternating scanning in both positive
and negative ion modes (m/z 60-1000). The ion source temp-
erature was maintained at 600 °C, with a collision energy of 35
+ 15 eV. Data-dependent acquisition (DDA) was utilized to
collect MS/MS spectra within the m/z range of 25-1000. Raw
data were processed using MSDIAL software, and metabolites
were identified by applying criteria of mass error (<10 ppm),
retention time, and MS/MS spectra matching against a local
database. Following normalization to total peak intensity, prin-
cipal component analysis (PCA) and orthogonal projections to
latent structures-discriminant analysis (OPLS-DA) were con-
ducted. Metabolites exhibiting a variable importance in projec-
tion (VIP) > 1 and a P < 0.05 were identified as differential.
These metabolites were further analyzed for pathway annota-
tion using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database. Quality control (QC) samples were employed
to ensure data stability throughout the experimental process,
which was carried out by Shanghai Applied Protein
Technology Co., Ltd.

2.3 Network pharmacology

The two-dimensional structures of each metabolite were
obtained from PubChem (https:/pubchem.ncbi.nlm.nih.gov/).
Subsequently, the SMILES representations of the target metab-
olites were input into SwissTargetPrediction to identify the
corresponding target genes. All target genes associated with
the metabolites were consolidated, and those with a prob-
ability greater than 20% were selected, with duplicate genes
being removed. The drug-ingredient-target network was then
constructed using Cytoscape v3.10.11 to facilitate the analysis
of interactions between metabolites and their target genes.

This journal is © The Royal Society of Chemistry 2025
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2.4 Molecular docking

The three-dimensional structures of essential target proteins
were sourced from the RCSB Protein Data Bank (PDB) (https:/
www.resb.org/). The screening parameters were established
with a resolution of less than 2.0 A and a protein length
exceeding 200 amino acids. The crystal structures of the target
proteins underwent preprocessing using PyMOL software to
eliminate metal ions and ligands. Ligand-protein molecular
docking was conducted utilizing Autodock4.2 software.
Following the establishment of the docking box, calculations
were executed using DockVina to derive ligand-protein mole-
cular docking data, which included affinity (kcal mol™"), root-
mean-square deviation (RMSD), and the distance from the
lower bound of RMSD (dist from rmsd 1.b). Finally, the results
were visualized through PyMOL software.

2.5 Determination of flavonoid concentration in samples

To prepare the standard curve for flavonoid concentration
detection, rutin was used as the standard. The standard solu-
tions were prepared according to Table 3. 1 mL of the sample
to be tested was withdrawn, and the standard curve was pre-
pared. 0.5 mL of 5% NaNO; was added to both the sample and
the standard tubes, and they were allowed to stand at room
temperature for 6 minutes. 0.3 mL of 10% Al(NO3); was added
and allowed to stand at room temperature for 6 minutes. 3 mL
of 0.04 g mL™" NaOH was added and diluted with ethanol to a
final volume of 10 mL. The mixture was mixed well and
allowed to stand at room temperature for 15 minutes. The
absorbance at 510 nm was measured. The standard curve was
plotted with absorbance on the y-axis and rutin concentration
on the x-axis. By substituting the absorbance of the tested
samples into the formula, the concentration of flavonoids in
the samples can be calculated.

2.6 Grouping and treatment of cell experiments

In this study, the 3T3-L1 mouse preadipocyte cell line was
employed to investigate adipogenic differentiation. The differ-
entiation process was initiated using a “cocktail induction”
approach. Initially, 3T3-L1 cells were cultured in a medium
specifically designed for this cell line (Procell, Wuhan) for a
duration of 24-48 hours. Upon reaching 80-90% confluence,
contact inhibition was triggered. Subsequently, the cells were
exposed to Induction Medium A, comprising DMEM High
Glucose Medium supplemented with 10% fetal bovine serum,
1% penicillin-streptomycin, 10 ug mL™" insulin, 1 uM dexa-
methasone, and 0.5 pM IBMX, for 72 hours at 37 °C, with one
medium change during this period.

Following this, the medium was substituted with Induction
Medium B, which consisted of DMEM High Glucose Medium,
10% FBS, 1% penicillin-streptomycin, and 10 ug mL™" insulin.
After 48 hours, Induction Medium B was refreshed for an
additional 48 hours, after which it was replaced with DMEM
Complete Medium (DMEM High Glucose Medium, 10% FBS,
and 1% penicillin-streptomycin, which were all purchased
from Procell, Wuhan). The medium was subsequently changed

This journal is © The Royal Society of Chemistry 2025
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every 48 hours. Successful adipogenic differentiation was veri-
fied through Oil Red O staining, which revealed the presence
of numerous intracellular lipid droplets.

The cells were categorized into five distinct groups: the NC
group (normal control group), the HFD group (induced differ-
entiation group), the EX2 group (300 pg mL™" RRT flavonoid
extract), the F20 group (20 pM fisetin), and the H20 group
(20 pM herbacetin). Herbacetin and fisetin were purchased as
reference standards from Shanghai Yuanye Bio-Technology
Co., Ltd. The flavonoid extract was derived from the fruits of
Rosa roxburghii Tratt., provided by Shanxi SenYuan Bio-Tech
Co., Ltd, through standardized extraction and purification pro-
cesses to selectively enrich active flavonoids while preserving
their native bioactive structures. The final product was analyti-
cally validated by UV spectrophotometry and HPLC for quanti-
fied flavonoid content, meeting phytopharmaceutical stan-
dards. Prior to interventions, 3T3-L1 cells were cultured for
48 hours, followed by treatment with gradient concentrations
of the extract (100-500 pg mL™"), fisetin (5-100 pM), or herba-
cetin (5-100 pM). Cell viability was assessed via CCK-8 assays
at 24 and 48 hours to determine ECs, values, which were
442.0/398.4 pg mL~" (extract), 48.14/25.83 pM (fisetin), and
45.62/30.17 pM (herbacetin), respectively. Based on these
results, the study employed 300 pg mL™" extract (EX2 group)
and 20 pM fisetin (F20) or herbacetin (H20) for subsequent
experiments (Fig. S4). Drug interventions (EX2, F20, and H20)
were added to both Induction Media A and B during adipo-
genic differentiation of 3T3-L1 cells to evaluate regulatory
effects on lipid accumulation. The HFD group underwent stan-
dard differentiation protocols, while the NC group was main-
tained in DMEM complete medium throughout.

2.7 Oil Red O staining (12-well plate)

Upon completion of adipogenic induction, the cell culture
medium was meticulously aspirated. Subsequently, the cells
were rinsed with phosphate-buffered saline (PBS), followed by
aspiration of the PBS. 200 pL of staining wash solution was
introduced along the wall of the well, allowing it to wash for 20
seconds before aspirating the solution. Thereafter, 200 pL of
Oil Red O working staining solution was applied and incu-
bated in the dark for 20 minutes. Following incubation, the
cells were washed 2-3 times with 500 pL of PBS. Finally, the
results were observed and documented using an inverted
microscope.

2.8 Analysis of the activation effect of RRT-derived flavonoid
extract on SIRT1

The 3T3-L1 cells were exposed to 200 pM of the SIRT1 inhibitor
EX527 (Y239843, Beyotime Institute of Biotechnology,
Shanghai, China) for a duration of 24 hours to suppress SIRT1
activity. Following this inhibition, the cells were allocated into
four distinct experimental groups: the EX527 group (main-
tained in the DMEM complete medium), the EX2 group (cul-
tured in the DMEM complete medium supplemented with
300 pg mL ™" RRT flavonoid extract), the F20 group (cultured in
the DMEM complete medium with the addition of 20 pM
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fisetin), and the H20 group (cultured in the DMEM complete
medium containing 20 pM herbacetin). These groups were
maintained for an additional 24 hours, after which the cells
were collected for further analysis. Concurrently, a negative
control group (NC) was established, wherein no inhibitor was
introduced, and the 3T3-L1 cells were cultured solely in the
DMEM complete medium.

2.9 Western blotting

Proteins were extracted from 3T3-L1 preadipocytes and sub-
sequently separated using 10% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE). The resolved pro-
teins were transferred onto polyvinylidene fluoride (PVDF)
membranes, which were then incubated overnight at 4 °C with
an anti-SIRT1 primary antibody (13161-1-AP, Proteintech,
Wuhan, China). Following incubation, the membranes were
subjected to washing and developed using an enhanced che-
miluminescence (ECL) substrate. Imaging was conducted with
a western blot imaging system (Bio-Rad, CA, USA). The gray
values of the proteins were quantified using Image] software
(National Institutes of Health, USA), and the relative
expression levels of the target proteins were determined
according to the software’s protocol. B-Actin served as the
reference protein.

2.10 RT-PCR assay (6-well plate)

Total RNA was isolated from the cells of each experimental
group utilizing the Total RNA Extractor (B511311-0100, Sangon
Biotech, Shanghai, China). The concentration and purity of the
RNA were assessed with a Nanodrop 2000 spectrophotometer
(Thermo Fisher Scientific, USA). Complementary DNA (cDNA)
synthesis was performed using the PrimeScript™ RT reagent kit
(RRO47A, Takara Bio Inc., Japan). The expression levels of the
target genes were quantified through SYBR-Green-based quanti-
tative real-time PCR (qRT-PCR), employing the TB Green™
Premix Ex Taq™ II kit (DRR820A, Takara Bio Inc., Japan).

2.11 Data analysis

Statistical analyses and graphical representations were con-
ducted utilizing GraphPad Prism 9 (GraphPad Software, USA)
and Origin 2024 (OriginLab Corporation, USA). The normality
of the data was assessed using the Kolmogorov-Smirnov Z-test,
with normally distributed data expressed as mean + standard
deviation (SD). A one-way analysis of variance (ANOVA) was
employed to evaluate mean differences among groups, with
statistical significance determined at a threshold of P < 0.05.

3. Results

3.1 Results of principal component analysis for the overall
sample

For the preparation of QC samples, we initially collected
100 pL of the supernatant from each sample extract, which was
then pooled to form a master QC sample. Subsequently, this
master QC sample was divided into three portions, each con-
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taining 150 pL, to create three QC samples. By comparing the
total ion chromatograms (TIC) of these QC samples, we
observed that the response intensities and retention times of
the chromatographic peaks were largely consistent, indicating
a minimal level of systematic error (Fig. S1 and S2).

3.2 Results of principal component analysis for the overall
sample

In this study, Principal Component Analysis (PCA) was
employed to conduct dimensionality reduction and visualiza-
tion on the sample data. The PCA results demonstrated that
the quality control (QC) samples clustered closely in both posi-
tive and negative ionization modes, suggesting that the analyti-
cal methods utilized in the experiment exhibited high repeat-
ability and stability. Consequently, the experimental data were
deemed reliable, as illustrated in Fig. 1A and B.

3.3 Untargeted plant metabolomics analysis of
compositional differences between RRTJ and RRTFB

Upon integrating the detection results from both positive and
negative ion modes, a total of 738 valid compounds were
identified, with 499 compounds detected in the positive ion
mode and 239 in the negative ion mode. Classification analysis
revealed that, in the positive ion mode, the predominant com-
pounds were prenol lipids (15.6%), organic oxygen compounds
(7.80%), benzene and substituted derivatives (6.00%), fatty
acyls (6.00%), carboxylic acids and derivatives (4.80%), and fla-
vonoids (4.40%), among others. In contrast, in the negative
ion mode, the main compounds identified were fatty acyls
(18.83%), flavonoids (17.15%), prenol lipids (12.13%), benzene
and substituted derivatives (9.21%), and organic oxygen com-
pounds (8.37%), among others. Following the integration of
both ion modes, the top five compounds in terms of relative
abundance were prenol lipids (14.48%), fatty acyls (10.15%),
flavonoids (8.53%), organic oxygen compounds (7.98%), and
benzene and substituted derivatives (7.04%) (Fig. 1C).

3.4 Differential compound analysis of RRTFB and RRT]J

Utilizing a significance threshold of P < 0.05 and a fold change
criterion of >2 or <0.5, a total of 371 differential compounds
were identified in the positive ion mode. Relative to RRT], 146
compounds exhibited upregulation, while 225 compounds
were downregulated in the RRTFB. In the negative ion mode,
241 differential compounds were detected, comprising 121
upregulated and 120 downregulated compounds in RRTFB as
compared to RRT]J (Fig. 1D and E).

Based on partial least squares discriminant analysis
(PLS-DA), using VIP > 1 and P < 0.05 as criteria, 55 differential
compounds were identified in the positive ion mode.
Compared to RRT]J, 22 compounds were upregulated and 33
were downregulated in RRTFB. In the negative ion mode, 13
compounds were upregulated and 14 were downregulated in
RRTFB relative to RRT]J (Fig. 2A). Among these, compounds
with increased levels included metabolites associated with
anti-inflammatory, antioxidant, and lipid-lowering activities,
such as acetylcholine (POS_581), vanillic acid (NEG_2041), and

This journal is © The Royal Society of Chemistry 2025
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schisandric acid (POS_3228), as well as food flavor-related
compounds like &-decalactone (POS_1968) and phenyl benzo-
ate (POS_471). Compounds with decreased levels included
carbohydrates such as (POS_5318),

various p-glucose

This journal is © The Royal Society of Chemistry 2025

p-glucosamine (POS_1177), sucrose (NEG_11992), and fructose
(NEG_1668), as well as organic acids related to energy metab-
olism, including ascorbic acid (NEG_1565), cis-aconitic acid
(POS_306), and r-malic acid (NEG_730) (Fig. 2B).
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3.5 KEGG enrichment analysis

The enrichment analysis utilizing the KEGG metabolic
pathway database revealed that the biological functions of
compounds in RRTFB demonstrated a significant preference
for specific pathways. The differential compounds involved
were predominantly metabolites with elevated levels in RRT].
Employing the hypergeometric distribution test (P < 0.05), we
identified significantly enriched metabolic pathways that are
primarily associated with key biological processes, including
energy metabolism regulation (e.g., citric acid cycle, pyruvate
metabolism), stress response (e.g., glucagon signaling
pathway), and microbial environmental adaptation metab-
olism (e.g., ABC transporter system) (Fig. 2C). The four path-
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the KO01120 pathway. (G) KEGG analysis of the KO02010 pathway.

ways encompassing the greatest number of compounds were
KO01100 (metabolic pathways), KO01110 (biosynthesis of sec-
ondary metabolites), KO01120 (microbial metabolism in
diverse environments), and KO02010 (ABC transporters)
(Fig. 2D-G). Notably, KO01100 (metabolic pathways) serves as
a fundamental metabolic hub, extensively involved in the syn-
thesis and decomposition of primary metabolites such as
carbohydrates, amino acids, and lipids, thereby maintaining
energy and material homeostasis within organisms. The
KO01110 pathway, concerning the biosynthesis of secondary
metabolites, emphasizes the production of secondary metab-
olites such as terpenoids, phenolic acids, and alkaloids, which
are crucial for plant defense mechanisms and environmental
adaptation. The KO01120 pathway, related to microbial metab-

This journal is © The Royal Society of Chemistry 2025
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olism in diverse environments, illustrates the capacity of
microbes to adapt to environmental changes through meta-
bolic plasticity, a process intricately linked to the carbon-nitro-
gen cycle facilitated by high-abundance substances in raw
juice (RRTJ). Furthermore, the KO02010 pathway, involving
ABC transporters, serves as a fundamental transmembrane
transport system that regulates the intracellular accumulation
and distribution of dominant metabolites in RRT] via ATP-
dependent substrate transport mechanisms. Importantly, the
compounds that were significantly enriched within these path-
ways predominantly originated from the high-abundance com-
ponents of the RRT]J.

3.6 Cluster analysis of differential compounds between
RRTFB and RRT]J

To elucidate the effects of differential compounds between
RRTFB and RRT]J, we conducted a cluster analysis on the func-
tions of these compounds, as depicted in Fig. 3A and B. The
analysis revealed that the differential compounds could be
categorized into two primary groups. The first group com-
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prised 18 compounds associated with anti-inflammatory and
antioxidant properties. The second group predominantly con-
sisted of intermediates with ambiguous functions and com-
pounds that influence food flavor. This group included metab-
olites related to food flavor, which increased in RRTFB, such
as 8-decalactone (POS_1968) and phenyl benzoate (POS_471).
Additionally, it encompassed various carbohydrates that
decreased, including bp-glucose (POS_5318), bp-glucosamine
(POS_1177), sucrose (NEG_11992), and fructose (NEG_1668).
Among the 18 compounds identified for their anti-inflam-
matory and antioxidant properties, the following exhibited an
increase in relative retention time in RRTFB: 3-(4-hydroxy-3-
methoxyphenyl) propionic acid (NEG_2041), orsellinic acid
(NEG_1363), fisetin (NEG_4892), 2,5-dihydroxybenzoic acid
(NEG_1065), morin (NEG_5604), loliolide (POS_1495), hydroxy-
tyrosol (NEG_1076), and 2-palmitoylglycerol (POS_4450)
(Table 1). Conversely, the compounds that demonstrated a
decrease in RRTFB include diphenylphosphinyl radical
(POS_1612), sinapoyl malate (POS_1710), 3,4-dihydroxybenzoic
acid (NEG_1070), ascorbic acid (NEG_1565), (—)-epicatechin
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Fig. 3 KEGG enrichment plot (A) differentially decreased compounds in the fermented liquid of RRTFB. (B) Differentially increased compounds in
the fermented liquid of RRTFB. (C) KEGG analysis of the anti-inflammatory and antioxidant substances that increase in RRTFB. (D) KEGG analysis of

the anti-inflammatory and antioxidant substances that increase in RRTJ.
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Table 1 List of elevated differential substances in RRTFB
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Identification Structure types

SMILES

Chemical formula

3-(4-Hydroxy-3-methoxyphenyl)
propionic acid

Phenylpropanoids and
polyketides

Orsellinic acid Benzenoids

Fisetin Phenylpropanoids and
polyketides
2,5-Dihydroxybenzoic acid Benzenoids

Morin Phenylpropanoids and
polyketides

Loliolide Organoheterocyclic
compounds

Hydroxytyrosol Benzenoids

2-Palmitoylglycerol Lipids and lipid-like

molecules

(NEG_5061), hyperoside (NEG_11992), gallic acid hexoside
(NEG_6745), herbacetin (POS_3868), gingerol (NEG_5240), and
purpurein (POS_7574) (Table 2). A KEGG enrichment analysis
of these 18 differential metabolites revealed that they predomi-
nantly function through the pathway of chemical carcinogen-
esis involving reactive oxygen species (hsa05208), which plays
a significant role in anti-inflammatory and antioxidant pro-
cesses (Fig. 3C and D).

3.7 Network pharmacology analysis of major active
ingredients in RRTFB and RRT]

To further elucidate the active components of RRTFB and
RRT], this study conducted a network pharmacology analysis
on 18 differential compounds exhibiting anti-inflammatory
and antioxidant properties, along with their corresponding
target genes. By selecting target genes with a probability
exceeding 20%, nine effective target compounds were identi-
fied. These compounds target genes such as the estrogen
receptor (ESR1), androgen receptor (AR), aromatase (CYP),
SIRT1, and PPAR. Notably, four of the nine compounds are fla-
vonoids: fisetin (NEG_4892), herbacetin (POS_3868), morin
(NEG_5604), and hyperoside (NEG_11992). Among these,

9040 | Food Funct,, 2025,16, 9033-9047

CC1=C(C(0)=0)C(=CC(=C1)0)O

0OC(=0)C1=CC(=CC=C10)0 Ho

0C1=CC(=C(C=C1)C2=C(0)C(=0)C3=C(02)
C=C(0)C=C30)0

CC1(C)C[C@H](0)C[C@@]2(C)OC(=0)C=C12

0CCC1=CC=C(0)C(=C1)0

CCCCCCCCCCCCCCCC(=0)OC(CO)CO

COC1=CC(=CC=C10)CCC(0)=0 RO,

0C1=CC2=C(C=C1)C(=0)C(=C(02)C3=CC(=C i
(0)c=C3)0)0

HO.

fisetin and morin demonstrated an increase in RRTFB. Of the
remaining five compounds, lecanoric acid (NEG_1363) and
2,5-dihydroxybenzoic acid (NEG_1065) showed an increase in
RRTFB (fermented broth), while protocatechuic acid
(NEG_1070), gingerol (NEG_5240), and gallic acid hexoside
(NEG_6745) exhibited a decrease. Among the flavonoids,
fisetin had the highest network contribution degree and
ranked first in RRTFB (Fig. 4). In contrast, in RRTJ, herbacetin
was the compound with the highest network contribution
degree and ranked first (Fig. 4A).

3.8 Molecular docking analysis of the binding interactions
between four flavonoid compounds and SIRT1

In prior investigations conducted by our research group utiliz-
ing animal models, we observed that the silent information
regulator 1 (SIRT1) gene demonstrated a hypermethylated state
and reduced expression in cases of obesity. Following the
administration of RRTFB, there was a notable upregulation of
SIRT1 levels accompanied by a reduction in body weight in the
rat subjects. Furthermore, existing studies have indicated that
flavonoid compounds possess the capability to modulate
SIRT1 expression.’*™® To examine the potential binding inter-

This journal is © The Royal Society of Chemistry 2025
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Table 2 List of reduced differential substances in RRTFB
Chemical
Identification Structure types SMILES formula
Diphenylphosphinyl Benzenoids O=—[PH](C1=CC=CC=C1)C2—CC—=CC=C2
radical o
.

Sinapoyl malate Phenylpropanoids and

COC1=C(0)C(=CC(=

C1)C=CC(=0)0C(CC(0)=0)C(0)=0)0C

lyketid

polyketides Q%I\(
3,4-Dihydroxybenzoic Benzenoids OC(=0)C1=CC=C(0)C(=C1)0 oA’
acid

HO'
OH

Ascorbic acid Organoheterocyclic 0OCC(0)C10C(=0)C(=C10)0 it

compounds or

(—)-Epicatechin Phenylpropanoids and

polyketides

Hyperoside Phenylpropanoids and

polyketides (0)c=

Gallic acid hexoside Phenylpropanoids and

polyketides

Herbacetin Phenylpropanoids and
polyketides

Gingerol Benzenoids

Purpurein Phenylpropanoids and

polyketides

Table 3 Preparation of standard curve for flavonoid concentration
determination with rutin standard

Reagents 0 1 2 3 4 5 6

0.2 mg mL™" rutin (mL) 0.00 0.10 0.20 0.40 0.60 0.80 1.00
60% ethanol (mL] 1.00 0.90 0.80 0.60 0.40 0.20 0.00
Final concentration 0.00 0.02 0.04 0.08 0.12 0.16 0.20

(mg mL™)

actions between RRT flavonoid (FRT) compounds and SIRT1,
this study employed molecular docking techniques utilizing
the three-dimensional structure of SIRT1 (PDB ID: 4JSR),
which was resolved by X-ray diffraction at a resolution of 1.7 A.

This journal is © The Royal Society of Chemistry 2025
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C(0)c=C30)0
O

c(0)c=C1)0C
b@

E:

The docking analysis revealed that all four flavonoid molecules
demonstrated significant affinity for SIRT1, with binding ener-
gies of —14.1 kcal mol™" for fisetin, —14.0 kcal mol™" for
morin, —12.1 kcal mol™ for herbacetin, and —8.4 kcal mol™
for hyperoside (Fig. 4B-E).

0)\c=C\

3.9 Flavonoid content determination

Through network pharmacology screening, we identified that
the flavonoids in RRT may exhibit high bioactivity in RRT]J
and RRTFB. Consequently, we selected the RRT flavonoid
extract and two flavonoid compounds—fisetin and herbace-
tin—as research subjects. Prior to the study, the flavonoid
concentrations in RRTJ, RRTFB, and the RRT flavonoid

Food Funct., 2025, 16, 9033-9047 | 9041
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HTR1A
GRK6

Herbacetin+SIRT1

Hyperoside+SIRT1

Fig. 4 Network pharmacology and molecular docking diagram. (A) Drug—ingredient—target diagram. Hexagons and octagons represent plant
metabolites, while diamonds and rectangles denote genes targeted by metabolites. (B) The molecular docking diagram of fisetin and SIRTL. (C) The
molecular docking diagram of herbacetin and SIRT1. (D) The molecular docking diagram of morin and SIRT1. (E) The molecular docking diagram of
hyperoside and SIRT1. The purple color in the molecular docking diagram represents small molecule compounds, the pale cyan color represents the
protein structure of SIRT1, the numerical value in the right figure represents hydrogen bonding strength, the yellow color represents the binding site
between small molecules and proteins, and the amino acids that bind between small molecules and proteins are marked in the small figure above.

extract were analyzed. Rutin contains a 4-carbonyl group with
a 3-hydroxyl group or a 4-carbonyl group with a 5-hydroxyl
group, a structure that fully meets the standard configuration
of flavonoids and plays a critical role in the colorimetric
reaction with aluminum ions. Given its structural representa-
tiveness, rutin serves as a proxy for the conjugated system of
flavonoids, ensuring greater accuracy in total flavonoid
quantification. The RRT extract was prepared at a concen-

9042 | Food Funct, 2025, 16, 9033-9047

tration of 10 mg mL™", and rutin was used as the standard.
A standard curve was plotted with concentration as the x-axis
and absorbance as the y-axis (Fig. S3). Based on the curve,
the total flavonoid concentration in the 10 mg mL™" RRT
extract was calculated as 0.764 mg mL™", corresponding to a
flavonoid content of 7.64%. Similarly, the flavonoid contents
in RRTJ] and RRTFB were determined to be 1.31% and
1.13%, respectively.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Effects of FRT on SIRT1 activation and adipogenesis in 3T3-L1 cells. (A) WB analysis bands, with p-actin as the internal reference. (B)
Grayscale value analysis results of SIRT1 protein by western blot in 3T3-L1 cells. (C) Detection results of SIRT1 mRNA in 3T3-L1 cells. * P < 0.05, ** P

< 0.01, *** P <0.001, **** P < 0.0001. (D) Oil Red O staining results.

3.10 The activation effect of FRT on SIRT1

Numerous phytochemicals function as activators of SIRT1. In
this study, molecular docking analysis was employed to
predict that flavonoid compounds possess a strong binding
affinity for SIRT1. To evaluate the activation effect of FRT on
SIRT1, 3T3-L1 cells were initially treated with the SIRT1 inhibi-
tor EX527, followed by FRT intervention. Subsequently, the
expression levels of SIRT1 and its downstream targets were
assessed. The findings indicated a significant reduction in
SIRT1 expression in the EX527 group. Post-intervention, SIRT1
expression was notably upregulated in the F20 and H20 groups
(P < 0.0001), surpassing levels observed in the NC group (P <
0.001). Although SIRT1 levels in the EX2 group were also elev-
ated, the difference was not statistically significant compared
to the HFD group (Fig. 5A and B). Additionally, RT-PCR ana-
lysis of the collected cells revealed that post-intervention,

This journal is © The Royal Society of Chemistry 2025

SIRT1 mRNA levels were increased in the EX2, F20 and
H20 groups. This pattern was consistent with the WB findings
(Fig. 5C).

3.11 Effect of FRT on adipogenesis of 3T3-L1 preadipocytes

To further elucidate the impact of FRT on adipogenesis, this
study utilized cell-based assays for comprehensive analysis.
Following adipogenic induction of 3T3-L1 cells, examination
of cell growth under an inverted microscope indicated that the
majority of cells in the HFD group exhibited oil droplet-like
structures, forming string-of-beads patterns within the cells.
Oil Red O staining confirmed that these oil droplet-like struc-
tures were stained orange-red. Conversely, in the EX2 group
treated with FRT extract, only a limited number of cells under-
went adipogenic differentiation, with minimal presence of
orange-red oil droplet-like structures as evidenced by Oil Red

Food Funct,, 2025, 16, 9033-9047 | 9043
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O staining. In the groups treated with fisetin or herbacetin
(F20 and H20 groups), adipogenic differentiation was mark-
edly inhibited, and cell morphology was comparable to that of
the NC group (Fig. 5D). These findings suggest that FRT exerts
an inhibitory effect on the adipogenic differentiation of 3T3-L1
cells.
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3.12 Changes in SIRT1 expression levels during adipogenesis
and the interventional effect of FRT

To ascertain whether FRT suppresses adipocyte differentiation

through the upregulation of SIRT1 expression, the levels of
SIRT1 in 3T3-L1 cells postiinduction were evaluated.
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Quantitative RT-PCR was employed to quantify the mRNA
levels of SIRT1 and its downstream molecules. The findings
revealed that (Fig. 6A-C), in comparison with the HFD group,
the F20 and EX2 groups exhibited a significant upregulation of
SIRT1 expression (P < 0.001). Furthermore, all drug-treated
groups demonstrated a significant reduction in the expression
levels of PPARy, NF-kB, and HIF-1a (P < 0.05) (Fig. 6D-F).

4. Discussion

RRT is a medicinal and edible plant characterized by its rich
nutrient profile. Employing UHPLC-QTOF-MS, researchers
conducted an analysis of the essential oil derived from Rosa
roxburghii. This analysis led to the identification of 59 com-
pounds, comprising 13 organic acids, 12 flavonoids, 11 terpe-
noids, 9 amino acids, and 5 phenylpropanoid derivatives,
among others.'” In this study, by employing a non-targeted
metabolomics approach, a total of 738 compounds were identi-
fied in RRTJ, both before and after natural fermentation. The
analysis highlighted a significant abundance of prenol lipids,
fatty acyls, and flavonoids among the detected compounds.

4.1 The metabolite composition of RRTJ underwent
alterations as a result of the fermentation process

After fermentation, differential metabolites were predomi-
nantly enriched in carbohydrates, organic acids, and com-
pounds with anti-inflammatory and antioxidant properties.
Notably, the concentrations of carbohydrates, including
glucose and fructose, showed a significant decrease, which is
consistent with the characteristic microbial utilization of these
sugars for metabolic processes. Concurrently, the levels of
organic acids, such as ascorbic acid and malic acid, also
decreased, possibly due to microbial decomposition of these
acids or their conversion into other flavor compounds during
fermentation. This finding elucidates the observed reduction
in sourness and astringency in RRTFB.'®° Furthermore, the
emergence of flavor-related compounds, such as §-decalactone
and phenyl benzoate, significantly enhanced the taste profile
of RRTFB. This observation is in agreement with the existing
literature, which highlights the optimization of food flavor and
functional components through fermentation processes.*"**

It is noteworthy that the anti-inflammatory and anti-
oxidant-related metabolites in the fermentation broth exhibi-
ted a pattern of “partial increase and partial decrease” relative
to the original liquid. Specifically, the concentrations of flavo-
noids, such as fisetin and morin, were markedly increased,
while those of herbacetin and hyperoside were decreased. This
variation could be ascribed to microbial structural modifi-
cations, including glycoside hydrolysis, or the degradation of
flavonoids during metabolic processes.>*** KEGG enrichment
analysis revealed that the differential metabolites were predo-
minantly associated with energy metabolism pathways, such
as the citric acid cycle (also known as the Krebs cycle or TCA
cycle) and pyruvate metabolism, as well as pathways involved
in the biosynthesis of secondary metabolites. This suggests

This journal is © The Royal Society of Chemistry 2025
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that fermentation may enhance the production of antioxidant
and anti-inflammatory compounds by altering carbon and
nitrogen metabolism pathways. Notably, alterations in the fla-
vonoid content of RRTFB were particularly significant. For
instance, the concentration of fisetin, a natural antioxidant,
was markedly elevated in RRTFB. Fisetin has been demon-
strated to exert anti-inflammatory effects by scavenging free
radicals and modulating inflammatory cytokines.*>® The
study’s findings indicate that fermentation not only enhances
the sensory profile of RRT]J by improving its taste and aroma
but also boosts its functional properties through metabolic
reprogramming. Despite the observed decrease in ascorbic
acid levels following fermentation, which could potentially
reduce the antioxidant potential of RRT], the concurrent emer-
gence of flavonoids and phenolic acids during fermentation
may counterbalance this effect through synergistic actions.
This possibility merits further exploration.

4.2 FRT inhibit adipogenesis via the SIRT1 pathway

This study, employing network pharmacology and molecular
docking analyses, demonstrated that flavonoid-rich therapies
(FRT), including compounds such as fisetin and herbacetin,
exhibit effective binding to the SIRT1 protein. The binding
energies observed, ranging from -8.4 to —14.1 kcal mol ™,
suggest a high binding affinity. Flavonoids, characterized by
their polyphenolic nature and 2-phenylchromone core struc-
ture, possess phenolic hydroxyl groups capable of donating
hydrogen atoms to peroxyl radicals. This donation results in
the formation of flavonoid radicals, which subsequently inter-
act with other radicals, thereby interrupting the chain reaction
processes of free radicals. Consequently, flavonoids demon-
strate significant antioxidant activity.>® Similar to ascorbic
acid, the total flavonoid content in RRT is greater than that
found in typical fruits and vegetables.*®

SIRT1 plays a pivotal role in regulating various processes
involved in the remodeling of adipocytes associated with
obesity.*** SIRT1 is ubiquitously expressed in various tissues
throughout the body, including white adipose tissue, and
plays a critical role in enhancing cellular resistance to external
stress and improving metabolic processes, among other func-
tions. As an NAD + dependent deacetylase, it facilitates fatty
acid oxidation and suppresses adipogenesis by activating the
downstream AMPK/PGC-1a signaling pathway.**** This study
corroborated the proposed mechanism through cellular experi-
ments, demonstrating that the flavonoid extract from RRT,
including fisetin and herbacetin, inhibited adipogenic differ-
entiation in 3T3-L1 cells while upregulating the expression of
SIRT1 protein and mRNA. These findings align with our pre-
vious results from animal experiments, suggesting that RRTFB
mitigates obesity by activating SIRT1. It is hypothesized that
alterations in flavonoid composition during fermentation,
such as an increase in fisetin content, may enhance the acti-
vation of SIRT1, thereby inhibiting the expression of key adipo-
genic factors like PPARy and obstructing the adipocyte differ-
entiation process.
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5 Conclusion

In this study, we systematically analyzed the metabolic profile
of RRTJ and investigated the impact of natural fermentation
on its composition. We found that RRT] is rich in bioactive fla-
vonoids such as luteolin, which confer its anti-inflammatory
and antioxidant properties. The fermentation process slightly
adjusted the composition of RRT]J, reducing the content of
carbohydrates and organic acids, and increasing the content
of specific flavonoids, particularly quercetin, which is more
abundant in RRTFB. These flavonoids inhibit adipocyte differ-
entiation by activating the SIRT1 signaling pathway, enhancing
the nutritional value and functionality of RRTFB. Our results
indicate that both RRTJ] and RRTFB exert their lipogenic
inhibitory effects through the SIRT1 pathway, further confirm-
ing the central role of flavonoids in RRTJ and its fermented
products (Fig. S5). This provides new insights into the poten-
tial mechanisms by which these products regulate metabolic
health and lays the foundation for future research and
applications.

Further research should delve into the mechanisms behind
the metabolic profile changes during fermentation and their
impact on product functionality. Exploring the potential of
RRTFB products in preventing obesity and metabolic diseases
will provide a scientific basis for developing new health foods.
Lastly, assessing the sensory quality and consumer acceptance
of fermented RRT products, especially the impact of flavor
compound changes on sensory attributes,*® will guide their
application in the food industry.
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