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Exploring the hypolipidemic effects 2
of bergenin from Saxifraga melanocentra

Franch: mechanistic insights and potential

for hyperlipidemia treatment
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Abstract

Objective The goal of this study was to explore the hypolipidemic effects of bergenin extracted from Saxifraga
melanocentra Franch (S. melanocentra), which is a frequently utilized Tibetan medicinal plant known for its diverse
bioactivities. Establishing a quality control system for black stem saxifrage is crucial to ensure the rational utilization of
its medicinal resources.

Methods A one-step polyamide medium-pressure liquid chromatography technique was applied to isolate and
prepare bergenin from a methanol extract of S. melanocentra. A zebrafish model of hyperlipidemia was used to
investigate the potential hypolipidemic effects of bergenin.

Results The results revealed that bergenin exhibited substantial hypo efficacy in vivo. Specifically, bergenin
significantly reduced the levels of triglycerides (TG), total cholesterol (TC), and low-density lipoprotein cholesterol
(LDL-c) while simultaneously increasing high-density lipoprotein cholesterol (HDL-c) levels. At the molecular level,
bergenin exerted its effects by inhibiting the expression of FASN, SREBF1, HMGCRa, RORq, LDLRg, IL-1(3, and TNF while
promoting the expression of IL-4 at the transcriptional level. Molecular docking analysis further demonstrated the
strong binding affinity of bergenin to proteins such as FASN, SREBF 1, HMGCRa, RORq, LDLRq, IL-4, IL-13, and TNF.
Conclusions Findings indicate that bergenin modulates lipid metabolism by regulating lipid and cholesterol
synthesis as well as inflammatory responses through signaling pathways associated with FASN, SREBF1, and RORa.
These results position bergenin as a potential candidate for the treatment of hyperlipidemia.

Keywords Saxifraga melanocentra Franch, Polyamide medium-pressure liquid chromatography, Bergenin,
Hyperlipidemia
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Introduction

Hyperlipidemia, characterized by a chronic disorder in
lipid metabolism, represents a significant risk factor for
the development of atherosclerosis, coronary heart dis-
ease, and other cardiovascular conditions [1]. The esca-
lating incidence of hyperlipidemia in recent years, driven
by dietary shifts toward high sugar and high fat con-
sumption, poses a grave threat to human health. Conse-
quently, the prevention and treatment of hyperlipidemia
have emerged as pressing global concerns [2]. Zebraf-
ish exhibit multiple adipose tissue depots, with neutral
lipid droplets initially appearing in visceral adipocytes
and accumulating as the zebrafish matures. These early
zebrafish adipocytes resemble the white adipose tissue
of mammals, consisting of numerous small lipid drop-
lets, while mature zebrafish adipocytes typically possess a
single large lipid droplet. Moreover, zebrafish store lipids
in visceral, muscle, and subcutaneous adipocyte depots,
displaying a conserved pattern of adipose tissue distribu-
tion and formation. Consequently, zebrafish serve as a
suitable model for investigating hyperlipidemia and obe-
sity, offering valuable insights into these conditions [3, 4].

Prolonged consumption of a high-fat diet can disrupt
the equilibrium between lipid absorption and digestion,
resulting in excessive fat and cholesterol deposition on
the inner walls of blood vessels. This process leads to
the formation of atheromatous plaques and hampers
blood flow, ultimately giving rise to various severe car-
diovascular diseases [5, 6]. Clinical recommendations for
lipid control primarily involve dietary adjustments and
exercise, along with the use of statins and fibrates [7, 8].
Although statins have demonstrated superior lipid-low-
ering effects, they can also lead to adverse effects such
as elevated transaminase levels, increased blood glucose,
and gastrointestinal symptoms [9, 10]. Hence, the reduc-
tion of adverse effects while effectively lowering lipid
levels remains a significant concern in hyperlipidemia
research.

S. melanocentra is a perennial herb belonging to the
Sect. Micranthae of the Saxifraga genus within the Saxi-
fragaceae family. It is widely recognized as a traditional
Tibetan medicine called “Zhen Se Da E” and predomi-
nantly thrives in shrubs, meadows, and rocky crevices
at altitudes ranging from 2800 to 4600 m. The plant’s
distribution spans Qinghai, Gansu, Yunnan, and Tibet
[11]. S. melanocentra was initially documented in the
Ming Dynasty’s “Compendium of Materia Medica“ As
a common Chinese herb, it is renowned for its sweet
and warming properties and is specifically employed
for blood tonifying and eye ailment treatment. Tibetan
medicine holds a prominent position within China’s rich
medical history and remains a crucial component of
traditional medicine. The concept of drug quality con-
trol in China can be traced back to the legendary tale of
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“Shennong tasted a hundred herbs!” Ensuring the safety
and efficacy of clinical drug application hinges upon the
quality of medicinal substances. However, Tibetan medi-
cine quality control presents certain challenges, includ-
ing complex raw materials and significant batch-to-batch
variations in ingredient composition [12]. These factors
make it particularly difficult to guarantee the quality of
Tibetan remedies. Consequently, the evaluation of indi-
cator components with high content or high specificity
has become a common practice in the current quality
control system for Tibetan medicine [13]. Establishing
a pertinent quality control system for S. melanocentra
is therefore of paramount importance. Such a system
would serve as a foundation for the development of new
drugs and the rational utilization of medicinal resources
derived from S. melanocentra.

Bergenin, an isocoumarin compound, has been incor-
porated into the Chinese Pharmacopoeia as a commer-
cialized drug due to its notable antitussive properties
[14, 15]. As a naturally derived product from plants, ber-
genin is widely accessible and cost-effective and holds
promising prospects for development. In recent years,
a multitude of studies have revealed its significant phar-
macological effects, including anti-inflammatory, hepa-
toprotective, and antibacterial properties [16]. Clinically,
bergenin is extensively used to treat chronic bronchitis,
chronic gastritis, gastric ulcers, and duodenal ulcers
[17]. It is important to highlight that the exploration of
the hypo effects of bergenin is still at an early stage. Cur-
rently, research in this area remains limited, underscor-
ing the significance of unraveling its hypo potential for
the further development and utilization of its medicinal
value.

Molecular docking technology plays a pivotal role in
computer-aided drug design, facilitating the explora-
tion of interactions between active ingredients and drug
targets and aiding in the discovery and optimization of
lead compounds [18, 19]. By employing a conformational
search algorithm, the technology optimizes the confor-
mation and positioning of the target protein-ligand com-
plex with small molecule compounds. Subsequently, the
resulting conformations are scored to identify the com-
pound with the most favorable binding effect [20]. The
process of molecular docking can be divided into four
key steps: protein and small molecule ligand prepara-
tion, binding site identification, conformational search
of ligand compounds, and evaluation of docking results
[21]. Presently, molecular docking finds widespread
application in pharmaceutical research and development,
as well as biomolecule design. Its utilization enhances the
efficiency of virtual screening and contributes to reduc-
ing the costs associated with drug development.

In a previous study, our research group success-
fully isolated bergenin, the main compound from S.
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melanocentra using a two-step medium-pressure chro-
matographic approach involving polyamide and MCI
GEL°CHP20P. This laid the groundwork for quality stan-
dard studies [22]. However, there has been no report on
the application of one-step polyamide medium-pressure
liquid chromatography (MPLC) for the isolation and
purification of this key component. In this research, we
purified bergenin, the primary active ingredient in S.
melanocentra, from the plant using a one-step MPLC
method with polyamide as the stationary phase. While
previous investigations have explored on the cough-
suppressant, antidiabetes, and hepatoprotective effects
of bergenin, our study is the first to delve into its impact
on lipid metabolism disorders. Notably, Rajesh Kumar et
al. [23] indicated some hypolipidemic effects of bergenin,
but the mechanism through which it reduces lipid eleva-
tion in the body has not been clearly elucidated. This
study marks the first exploration of the effect of bergenin
on lipid metabolism disorders. The present study seeks to
offer a foundational and comprehensive understanding
of bergenin’s hypolipidemic effect, shedding light on its
potential therapeutic applications in the context of lipid
disorders associated with S. melanocentra.

Materials and methods

Apparatus and chemicals

For the preparative MPLC workstation, we utilized two
NP7000 prep-HPLC pumps, an NU3000 UV-Vis detec-
tor, a 5 mL manual injector, and an LC workstation from
Hanbon Science & Technology Co., Ltd., Huaian, Jiangsu,
China. Before analysis, the samples were degassed using
DGU-20A3R, and HPLC analysis was conducted using
LC-16 A equipment equipped with a column thermo-
stat and autosampler from Shimadzu Instruments Co.,
Suzhou, Jiangsu, China. ESI-MS data were acquired
using a Waters QDa electrospray ionization (ESI) mass
spectrometer from Waters Instruments Co., Milford,
Massachusetts, USA. The ! H and !* C NMR spectra
were recorded using a Bruker Avance 600 MHz instru-
ment (Bruker, Karlsruhe, Germany) with MeOHd, as
the solvent. The stereomicroscope used in the study
was purchased from Nikon Corporation (Tokyo, Japan).
Additionally, the multifunctional enzyme marker was
obtained from Molecular Devices Corporation (Sunny-
vale, USA).

Polyamide separation materials (100-200 mesh)
were provided by Chengdu Quanlong Chemical Co.
(Chengdu, China). ReproSil-Pur C18 AQ columns
(4.6x250 mm, 5 um) were obtained from Dr. Maisch &
Co., Baden-Wurttemberg, Germany. The Click XIon col-
umn (4.6%x250 mm, 5 pm) was supplied by ACCHROM
Corporation (Beijing, China). Preparative methanol
(CH30OH), acetonitrile (ACN), and high-performance
liquid chromatography grade ACN were procured from
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China KELON Chemical Reagent Factory (Chengdu,
China). Ultrapure water for HPLC was obtained using the
Moore water purification station from deionized water
(Chongqing, China). Egg yolk powder was purchased
from Shanghai Yuanye Biotechnology Co., Ltd. (Shang-
hai, China), while Artemia nauplii was obtained from
Shandong Binzhou Aijia Aquarium (Shandong, China).
Nanjing Jiancheng Biological Company (Nanjing, China)
provided triglyceride (TG), total cholesterol (TC), low-
density lipoprotein cholesterol (LDL-c), and high-den-
sity lipoprotein cholesterol (HDL-c) test kits. The BCA
protein assay kit and Oil Red O were supplied by Beyo-
time Institute of Biotechnology (Shandong, China) and
Sigma-Aldrich (St. Louis, MO, USA), respectively. Feno-
fibrate and methylcellulose were purchased from Aladdin
(Shanghai, China). The SPARKeasy tissue cell RNA rapid
extraction kit, SPARKscript II RT Plus Kit (with gDNA
Eraser), and 2xSYBR Green qPCR Mix were all obtained
from Shandong Sikejie Biotechnology Co., Ltd. (Shan-
dong, China).

Zebrafish and maintenance

Adult wild-type AB strain zebrafish were obtained from
the China Zebrafish Resource Center (CZRC, Beijing,
China) and individually housed in a culture system oper-
ating on a 14-h light and 10-h dark cycle. The culture sys-
tem utilized deionized water, with controlled additions
of NaHCO; and NaCl to maintain a pH range of 7.0-8.0,
conductivity between 450 and 550 ps, and a system tem-
perature of 28.0+0.5°C using heating rods. Zebrafish
embryos and larvae were incubated in fish water consist-
ing of 5.0 mM NaCl, 0.17 mM KClI, 0.33 mM CaCl,, and
0.33 mM MgSO, at a constant temperature of 28.5 °C
[24]. All experimental procedures were conducted in
compliance with the guidelines of the National Institutes
of Health Guide for the Care and Use of Laboratory Ani-
mals, with approval number YDLL2022Z027.

Sample preparation, purification, and purity analysis

The S. melanocentra herb was collected from Goluo
Tibetan Autonomous Prefecture, Qinghai Province, in
August 2016. The herb was identified as S. melanocen-
tra by Prof. Lijuan Mei from the Northwest Institute of
Plateau Biology, Chinese Academy of Sciences. An herb
specimen was preserved with specimen number 0325734
in the Key Laboratory of Adaptation and Evolution of
Plateau Biota, Chinese Academy of Sciences.

After harvesting, the S. melanocentra herb was dried
in the shade. Approximately 200 g of the dried herb was
weighed and soaked in a 4.0 L methanol solution at room
temperature. The extraction process was performed three
times, with one extraction per day. The resulting extracts
were combined with approximately 12.0 L of metha-
nol solution. The crude extract was then concentrated
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using a rotary evaporator under reduced pressure, yield-
ing approximately 300 mL of extract. The crude extract
was mixed with 100 g of polyamide and dried in a 40 °C
oven. The polyamide-combined sample was crushed and
sieved, and a total weight of 120.5 g was obtained.

Next, the dry mixture (60.0 g) was loaded into a small
medium-pressure column (49x100 mm, Beijing Baosai
Hope Biotechnology Co., LTD, Beijing, China) connected
in series with a medium-pressure column (49x460 mm,
Beijing Baosai Hope Biotechnology Co., LTD, Beijing,
China) containing polyamide for sample loading. The
elution was carried out using a water/acetonitrile system
for 130 min. Within 100 min, a gradient elution from 0
to 100% acetonitrile was completed, followed by isocratic
elution with 100% acetonitrile for 30 min. The elution
process was performed at a constant flow rate of 57.0
mL/min, and the absorbance at 254 nm was monitored
to track elution. This process was repeated twice at room
temperature, resulting in a concentrated and dried target
sample fraction weighing 1.36 g. Subsequently, 50.0 mg
of Fr2 was dissolved in a mixture of methanol and water
(70:30 v/v, 1.0 mL, 50 mg/mL) and passed through a
0.45 pm membrane.

To assess the purity of bergenin, ReproSil-Pur C18
AQ, XCharge C18, XAmide, and Click XIon analyti-
cal columns were utilized. Mobile phase A consisted of
chromatographically pure water, while mobile phase B
consisted of acetonitrile. Gradient elution using 5-35%
acetonitrile, 5-30% acetonitrile, 95%-50% acetonitrile,
and 95%-60% acetonitrile was performed on all four ana-
lytical columns for 60 min. The flow rate was set at 1.0
mL/min, and an injection volume of 5 pL was used. The
detection wavelength for purity assessment was 254 nm.

Establishment of a zebrafish hypo model

Twenty-day-old healthy zebrafish post fertilization (dpf)
were randomly selected and transferred to six-well plates.
They were incubated with fish water for the duration of
the experiment. In the control group, zebrafish were
fed 2 mg/fish/day A. nauplii. The high-fat model group,
as well as the fenofibrate and bergenin groups, were fed
ground A. nauplii (2 mg/fish/day) and egg yolk pow-
der (1.5 mg/mL). Each group consisted of 10 zebrafish
in a 10 mL culture system. The feeding regimen lasted
for 7 consecutive days, with one feeding session lasting
6 h each day. After the 7-day feeding period, the control
group continued to receive 2 mg/fish/day A. nauplii. The
high-fat model group received 2 mg/fish/day A. nauplii
and 1.5 mg/mL egg yolk powder. The fenofibrate and ber-
genin groups were also fed 2 mg/fish/day A. nauplii and
1.5 mg/mL egg yolk powder but with varying concentra-
tions of fenofibrate and bergenin [25]. This feeding regi-
men was followed for 5 days, with 6 h of feeding per day.
Fenofibrate and bergenin treatments lasted for 24 h.
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Acute toxicity test

Randomly selected healthy zebrafish embryos at 1 day
post fertilization (dpf) were placed in six-well plates, with
30 embryos in each well. The embryos were divided into
different groups: a blank control group treated with 0.1%
DMSO and a bergenin group treated with varying con-
centrations of bergenin (0, 10, 33.3, and 100 uM). Each
group had three parallel wells. The six-well plates were
placed in a constant temperature light incubator set at
28 °C. The solution in the wells was changed every 24 h.
Throughout the experiment, the mortality and hatching
rate of the zebrafish embryos were carefully observed and
recorded.

Determination of blood lipid levels in zebrafish

One day prior to the conclusion of the experiment, the
animals were subjected to an overnight fasting period.
On the following day, five zebrafish were selected from
each group. They were rinsed with cold PBS, and excess
moisture was removed by blotting with filter paper. The
wet weight of each zebrafish was recorded, and prechilled
PBS at a volume nine times greater than the weight of
the fish (weight (g): volume (mL)=1:9) was added. The
zebrafish specimens were mechanically homogenized
on ice and then centrifuged at 12,000 g/min for 15 min
[26]. The resulting supernatant was collected, and the
levels of triglycerides (TG, Production No. 20,220,928),
total cholesterol (TC, Production No. 20,220,817), low-
density lipoprotein cholesterol (LDL-c, Production No.
20,220,519), and high-density lipoprotein cholesterol
(HDL-c, Production No. 20,220,707) were determined
using commercially available assay kits (produced by
Nanjing Jiancheng Biological Engineering Research Insti-
tute Co. (Jiangsu, China)), following the instructions pro-
vided with the kits.

Observation of overall lipid accumulation in zebrafish

After reaching the experimental endpoint, the zebraf-
ish were subjected to a 24-h fasting period. From each
group, eight zebrafish were randomly selected for oil
red O staining. The larvae were anesthetized using a
0.016% tricane solution, washed twice with PBS, and then
fixed overnight at 4 °C in freshly prepared 4% parafor-
maldehyde. The following day, the fixed zebrafish were
removed from the fixative, washed twice with PBS, and
permeabilized by incubating them in a 60% isopropanol
solution for 30 min. The 60% isopropanol solution was
then removed, and a freshly prepared 0.5% oil red O solu-
tion was added to the zebrafish, which were incubated
in the dark for 3 h. After incubation, the oil red O stain-
ing solution was discarded, and the zebrafish were gen-
tly shaken for 3 min in 60% isopropanol to wash away
the background staining [27]. PBS was then added, and
the zebrafish were shaken gently three times for 10 min
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each time until the signal became clearly visible [27]. The
accumulation of lipids in the zebrafish was observed and
documented under a stereomicroscope.

Zebrafish behavioral assays

The zebrafish that received drug treatment were placed
individually in separate wells of a 24-well plate contain-
ing 1 mL of fish water. A video camera (C922; Logitech,
Shanghai, China) positioned above the plate recorded
the movements of the zebrafish. SMART 3.0 software
(Panlab Harvard Apparatus, MA, USA) was used to ana-
lyze the recorded videos and quantify the movement
distance (in mm) of each fish [28]. For this experiment,
both the 15-min movement distance and the 60-second
movement trajectory of the zebrafish were recorded and
analyzed.

Real-time quantitative PCR

At the end of the experiment, animal samples were col-
lected, and total RNA (Production No. AC0202-A,
Shandong Sikejie Biotechnology Co., Ltd, China) was
extracted from zebrafish embryos using a specific kit. The
extracted RNA was then reverse transcribed to obtain
cDNA templates. The expression levels of several target
genes (FASN, LPL, SREBF1, HMGCR«, LDLRa, RORa,
IL-1B, IL-4, and TNF) were measured using real-time
quantitative PCR (qRT-PCR) [29]. The sequences of
primers used for qRT-PCR amplification of the target
genes are provided in Table 1.

Molecular docking analysis

Molecular docking methods were employed to evaluate
the interactions between biomolecular complexes, such
as receptors and drugs. Protein crystal structures (PDB
ID: 2PX6, 1AM9, 6E7K, 1HWS, 1N83, 4NE9, 4YDY,
1ITB, and 2E7A) representing FASN, SREBF1, LPL,
HMGCR«, ROR«a, LDLRa, IL-4, IL-1B, and TNF were
obtained from the Protein Data Bank (https://www.rcsb.
org/) database. The receptors were prepared by remov-
ing water molecules and ions using PyMOL software.
Polar hydrogen atoms and Kollman charges were then

Table 1 Each primer gene sequence
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added, and the active sites of the proteins were identi-
fied and defined. The default parameters were used for
the minimization process employing the Lamarckian
genetic algorithm [30]. Following the docking procedure,
100 docking conformations were generated, and the best-
scoring conformation was selected for further analysis.

Statistical analyses

The statistical analysis was conducted using SPSS 22.0
software (SPSS, Chicago, IL, USA) to determine the sig-
nificance of mean differences between groups using one-
way ANOVA. GraphPad Prism 8.0.1 software (GraphPad,
San Diego, CA, USA) was utilized for data visualization.
All experimental results are presented as the mean*stan-
dard deviation (SD) from three to six independent exper-
iments. Statistical significance was indicated as *P<0.05,
representing a statistically significant difference, and
**P<0.01, indicating a highly statistically significant
difference.

Results and discussion

Bergenin preparative isolation and purity analysis
Considering the limited research on the chemical com-
position of S. melanocentra, the concentrated methanolic
extract was initially analyzed using an analytical column,
ReproSil-Pur C18 AQ. The chromatogram depicting the
analysis is presented in Fig. 1A. As observed in Fig. 1A,
an index component was detected in the extract. How-
ever, the ReproSil-Pur C18 AQ analytical column did not
provide optimal separation for the index component,
resulting in a peak with poor symmetry and a nonideal
parcel-like shape (highlighted by the red box in Fig. 1A).
This indicates that the ReproSil-Pur C18 AQ column may
not be the most suitable choice for achieving high-purity
separation of the index component in S. melanocentra.
Regarding the effectiveness of polyamide chromatogra-
phy in separating flavonoids, phenolics, quinones, and
polar compounds, such as alkaloids and steroids, from
nonpolar compounds [31, 32], it was deemed a more
suitable option. Furthermore, the large separation vol-
ume of the polyamide column makes it appropriate for

Gene Forward primer Reverse primer

B-Actin ATGGATGAGGAAATCGCTGCC CTCCCTGATGTCTGGGTCGTC
FASN ACGGCAATGTCACCCTACTG ATGCGAAGGTTTAGCCCTCT
LPL CGCTCATGTTGCAGGAATCG ACCGGCCTTTGAATCCCAAT
SREBF1 ACTCTGAAACCGGACGTGAC TACGGTTGATGGGCAGCTTT
HMGCRa CCCTCATTGAACCGCACTGTA GGTAGCCACAATGACTTCCCA
LDLRa TGGCTATTTTTACCCTCAGAGACA TGCTGAAGAACTGACCTCCG
RORa TATGGACCGCCGAGCTTAATG GCGGTCAATCAGGCAGTTCT
I-1B GTGGACTTCGCAGCACAAAA CACGTTCACTTCACGCTCTTG
-4 TGCAGCATATACCGGGACTGG TCTTATGTCCTTTGAGCCGAGT
TNF CAAATCACCACACCTTCAGCTTC CACACCGCCAACCCATTTCA
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Fig. 1 Analytical chromatogram on a Reprosil-Pur C18 AQ analytical column of the S. melanocentra methanol extract (A) and separation chromatogram

of the S. melanocentra polyamide mixture (B)

preparative separation. Subsequently, the mixed sample
was crushed, sieved, and weighed, resulting in a total
sample weight of 120.5 g. Based on calculations, the yield
of the total sample was determined to be 10.3%, equiva-
lent to 20.5 g.

Polyamides are macromolecular substances that result
from the polymerization of amides and contain multiple
amide groups in their molecular structure [33]. In this
study, a cost-effective MPLC technique utilizing poly-
amide was employed to isolate bergenin from the metha-
nol extract of S. melanocentra. During the experimental
process, a preparative liquid chromatograph equipped
with a high-performance medium-pressure column
(49x460 mm) filled with polyamide was employed. Addi-
tionally, a small medium-pressure column (49x100 mm)
was used to facilitate the loading of a mixture comprising
dried polyamide and the sample (60.0 g) for the prepara-
tion of dry-loaded samples. The resulting chromatogram
of the preparation is depicted in Fig. 1B. Following two
enrichment cycles using an acetonitrile-water eluent, five
fractions (Fr1, Fr2, Fr3, Fr4, and Fr5) were collected. The
results demonstrated the efficacy of polyamide MPLC in
achieving the efficient preparation of active ingredients,
thus highlighting it as a favorable method for sample
separation.

After two repeated separations, the collected target
fraction was combined and subjected to concentration,
resulting in the obtainment of 1.36 g of the desired sam-
ple (Fr2) with a recovery rate of 6.8%. The HPLC chro-
matograms of the methanol extract of S. melanocentra
and the Fr2 sample were then analyzed and compared
using the ReproSil-Pur C18 AQ analytical column. The
corresponding results are presented in Fig. 2A and B.
The analysis showed that the primary compound pres-
ent in the crude extract was significantly enriched in the

Fr2 fraction. Notably, Fr2 exhibited a single peak with
excellent symmetry when subjected to analysis on the
ReproSil-Pur C18 AQ analytical column, indicating a suf-
ficiently high level of purity. These findings suggest that
polyamide and C18 columns possess complementary
selectivity and can be effectively combined for the sepa-
ration of bergenin.

To further validate the purity of Fr2, additional analy-
sis was conducted using an RP column (XCharge C18)
and HILIC columns (XAmide and Click XION). The
corresponding analytical chromatogram is presented in
Fig. 2C. Upon examination of these chromatographic
columns, it was observed that the main component
Fr2 exhibited a purity level exceeding 99%. Retention
mechanisms in reversed-phase liquid chromatography
(RPLC) and hydrophilic interaction liquid chromatogra-
phy (HILIC) differ due to varying principles [34, 35]. The
ReproSil-Pur C18 AQ analytical column is bonded with
ultrapure silica gel and specifically designed for hydro-
philic and polar compounds, offering improved retention
and selectivity. It demonstrates excellent pH stability and
batch repeatability. The XCharge C18 analytical column
employs electrostatic control technology, allowing for the
regulation of hydrophobicity and electrostatic properties
on the material surface by balancing positive and nega-
tive charges. This enables effective separation of analytes.
The XAmide column, featuring a neutral amide-bonded
phase, exhibits remarkable hydrophilicity, thereby over-
coming issues related to the acidity and inhomogeneity
of silanol groups found on pure silica gel surfaces. It pro-
vides an alternative to commonly used amino and silica
gel columns by avoiding potential electrostatic effects.
The XAmide column facilitates good peak shapes and
separations for various strongly polar compounds [36].
Moreover, the Click XIon analytical column possesses
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Fig. 2 HPLC analysis of the S. melanocentra methanol extract (A), Fr2 (B) on the Reprosil-Pur C18 AQ analytical column, purity analysis comparison figures
of the isolated main fraction Fr2 on the ReproSil-Pur C18 AQ, XCharge C18, XAmide, and Click Xlon analytical column (C) and chemical structures of the
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Fig. 3 ESI-MS and NMR of the isolated compound Fr2 (bergenin). +ESI mass of compound Fr2 (A), — ESI mass of compound Fr2 (B), ' H NMR spectrum
(600 MHz) of compound Fr2 (C), and "> C NMR spectrum (151 MHz) of compound Fr2 (D)

surface hydrophilicity and controllable surface electro-
static effects, allowing for the separation of highly polar
and charged hydrophilic compounds [37, 38]. Consid-
ering the complementary selectivity of the RP columns
(ReproSil-Pur C18 AQ and XCharge C18) and HILIC col-
umns (XAmide and Click XIon), the purity of the main

component Fr2 from S. melanocentra was thoroughly
confirmed.

The obtained ESI-MS, ' H NMR, and '* C NMR spec-
tra were compared with published literature to determine
the structure of the main compound, Fr2 (Fig. 2D). The
structural identification of Fr2 is presented in Fig. 3A-D
of the supplementary information. Based on the spectral
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data, the target compound was identified as bergenin.
Compound Fr2 (bergenin) was obtained as a white
powder weighing 1.36 g. The ESI-MS spectrum exhib-
ited peaks at m/z 351.19 ([M+Na]t) and m/z 327.16
(IM—H]"), while the calculated mass for C,,H;cOq
was m/z 328.08. The ' H NMR spectrum (600 MHz,
MeOH-d,) displayed signals at 7.08 (1 H, s, H-7), 4.95
(1 H, d, J=10.5 Hz, H-10b), 4.04 (2 H, m, H-4a, H-4), 3.90
(3H,s, H-12),3.80 (1 H, t, J=7.6 Hz, H-2), 3.68 (2 H, m,
H-11), and 3.42 (1 H, m, H-3). The '3 C NMR spectrum
(151 MHz, MeOH-d,) exhibited peaks at 165.8 (C-6),
152.4 (C-8), 149.5 (C-10), 142.3 (C-9), 119.5 (C-6a), 117.3
(C-10a), 111.0 (C-7), 83.1 (C-2), 81.5 (C-4a), 75.6 (C-4),
74.3 (C-10b), 71.9 (C-3), 62.7 (C-11), and 60.9 (C-12). The
obtained ESI-MS, ' H NMR, and > C NMR data were
consistent with the literature data for bergenin [39].

Pharmacological effects of bergenin against
hyperlipidemia based on the zebrafish model

Acute toxicity test results of bergenin

The outcomes of the acute toxicity study revealed that
petroselin at various concentrations (0, 10, 33.3, and 100
uM) did not induce toxicity in zebrafish. The mortality
rate of zebrafish larvae was assessed at different bergenin
concentrations (0, 10, 33.3, and 100 pM), as depicted in
Fig. 4A and B. Zebrafish were deemed deceased if no vis-
ible activity was observed in the petri dish during the
experiment and touching the tail did not elicit a response.
There was no notable variation in the mortality rate rela-
tive to the exposure concentration of zebrafish after 96 h
of exposure to petroselin in the experiment. Moreover,
the survival and hatching rates of zebrafish larvae in the
0, 10, 33.3, and 100 uM bergenin treatment groups con-
sistently exceeded 80%. Based on these results, doses of 5
uM and 15 uM were chosen for subsequent experiments,
ensuring that they remained below the concentration of
33.3 uM.
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Effect of bergenin on lipid levels in zebrafish

In our investigation, we explored the hypolipidemic
impact of bergenin on a zebrafish model of hyperlipid-
emia induced by a high-fat diet. Figure 5 A-D depict the
lipid profile of zebrafish larvae. In the model group, there
were significantly heightened levels of TG (P<0.05), TC
(P<0.01), and LDL-c (P<0.01), accompanied by signifi-
cantly reduced levels of HDL-c compared to the blank
control group (P<0.05). However, in the bergenin-treated
group, there were significant reductions in the levels of
TG, TC, and LDL-c, coupled with a significant increase in
HDL-c. The changes in the levels of TG, TC, LDL-c, and
HDL-c exhibited a dose-dependent relationship when
compared with the model control group. Specifically, as
the concentration of bergenin increased to 15 uM, the
levels of TG, TC, and LDL-c in zebrafish decreased by
12.49% (P<0.01), 4.27% (P<0.01), and 2.96% (P<0.01),
respectively. Furthermore, the HDL-c levels in zebrafish
increased by 0.29% (P<0.01) when the concentration of
bergenin was elevated to 15 uM. Notably, the higher con-
centration of bergenin exhibited a superior therapeutic
effect compared to fenofibrate in reducing TC and LDL-c
levels. Hyperlipidemia is a common disorder character-
ized by elevated plasma TG, TC, and LDL-c levels as
well as decreased HDL-c levels. LDL-c plays a vital role
in transporting TC to peripheral tissues, but excessive
LDL-c and TC can lead to their deposition on arterial
walls, resulting in endothelial cell damage, increased vas-
cular permeability, and the development of atherosclero-
sis. This process involves the entry of plasma lipoproteins
into the arterial intima, the recruitment and differentia-
tion of monocytes into macrophages, and the formation
of foam cells, which ultimately contribute to the forma-
tion of fibrous and atheromatous plaques, leading to car-
diovascular diseases such as atherosclerosis [40, 41]. On
the other hand, HDL-c facilitates the transport of excess
cholesterol from peripheral tissues to the liver for metab-
olism and exhibits potent anti-inflammatory effects,
thereby playing a protective role against atherosclerosis
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Fig. 4 Effect of different concentrations of bergenin on embryonic mortality and hatching rate of zebrafish. Figure A shows the survival rate, and Figure

B shows the hatching rate
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Fig. 5 Effect of bergenin on blood lipid levels in high-fat zebrafish. Panels A, B, C, and D represent the contents of TG, TC, LDL-c, and HDL-, respectively.
Ffb: fenofibrate; Ber: bergenin. Values are presented as the mean +SD. "P<0.05,"P<0.01 vs. the control group; *P<0.05,"P<0.01 vs. the model group

[42]. Lowering TG, TC, and LDL-c levels while increas-
ing HDL-c levels is crucial for the prevention and treat-
ment of cardiovascular diseases. The findings indicate
that bergenin possesses effective regulatory properties
on lipid metabolism disorders by reducing TG, TC, and
LDL-c levels and increasing HDL-c levels. These results
highlight the potential of bergenin in managing lipid dis-
orders and preventing cardiovascular diseases.

Effect of bergenin on overall lipid accumulation in zebrafish

The solubility of Oil Red O dye is higher in tissues and
cells compared to its original solvent, enabling its bind-
ing to TG and the formation of lipid droplets with an
orange-red appearance. Juvenile zebrafish, characterized
by relatively transparent bodies with minimal melanin
accumulation, allow for clear observation of lipid accu-
mulation status under a microscope after staining. The
staining results are depicted in Fig. 6A-E. In the control
group, minimal Oil Red O staining was observed in the
liver and tail vessels of zebrafish juveniles. In contrast,
the high lipid model group displayed prominent orange-
red staining in these areas, indicating successful estab-
lishment of the zebrafish hyperlipidemic model with the
accumulation of large lipid droplets. Lipid droplets were
significantly reduced in the positive control (fenofibrate)
and bergenin-treated groups compared to the model
group. Remarkably, orange-red lipid droplets in the liver
and caudal vessels of zebrafish larvae decreased signifi-
cantly and appeared lighter in color with increasing doses

of petroselin. Notably, the high concentration of bergenin
(15 uM) demonstrated a more pronounced lipid-lower-
ing effect than fenofibrate. The effect of 15 uM petroselin
in reducing lipid deposition in zebrafish was comparable
to that of lipid staining in zebrafish in the blank control
group. These findings provide additional evidence that
bergenin effectively mitigates lipid deposition in the liver
and caudal vessels of high-fat zebrafish larvae, highlight-
ing its potential as a lipid-lowering agent.

Effects of bergenin on the behavior of high-fat zebrafish

Excessive lipid accumulation in the body adversely
affects physical activity. The consumption of a high-fat
diet disrupts the secretion of muscle factors and inter-
feres with glucolipid metabolism, leading to obesity and
impairing overall body movement. The utility of behav-
ioral responses as indicators of motor neuron func-
tion in organisms has been established [43]. Moreover,
studies have investigated the impact of lipid-lowering
compounds on motor behavior in the zebrafish hyper-
lipidemic model system [44, 45]. To evaluate the effects
of different treatments, behavioral tests were conducted
on zebrafish in various experimental groups, and the
findings are illustrated in Fig. 7A-F. Zebrafish in the
high-fat model group exhibited a significantly reduced
total swimming distance compared to the blank control
group, indicating compromised activity levels. Com-
pared to the model group, zebrafish treated with ber-
genin (5 pM) and fenofibrate (1.5 pM) showed increased
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Fig. 6 The effect of bergenin on overall lipid accumulation in high-fat zebrafish. (A): HE staining results in the control group; (B): HE staining results in the
model group; (C) HE staining results in the 1.5 uM fenofibrate group; (D) and (E): HE staining results in the 5 and 15 uM bergenin groups. The upper figure
represents a magnification of 20x, the middle figure represents a magnification of 40x, and the lower figure is a partial magnification of the zebrafish
liver area (red box). Ffb: fenofibrate; Ber: bergenin. Values are presented as the mean+SD. P<0.05,  P<0.01 vs. the control group; *P<0.05, #P<0.01 vs.
the model group
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Fig. 7 Effect of bergenin on the behavior of high-fat zebrafish. Figures A, B, C, D, and E represent the behavioral trajectory of each group of zebrafish, and
F represents the total distance traveled by zebrafish in 15 s. Ffb: fenofibrate; Ber: bergenin. Values are presented as the mean +SD. "P<0.05, "P<0.01 vs.
the control group; #P<0.05, #P<0.01 vs. the model group

Mechanism of action of bergenin against hyperlipidemia
swimming distances, although the differences were not  Cholesterol, a vital lipid in living organisms, is predomi-
statistically significant. However, zebrafish in the 15 uM  nantly taken up by macrophages, serving as a major
bergenin group demonstrated a significant increase in  pathway for its uptake in the body. Macrophage lipid
total swimming distance (P<0.05). These results suggest metabolism disorders encompass irregular cholesterol
that bergenin has the potential to enhance the impaired  uptake and conversion, aberrant cholesterol reversal
behavior of zebrafish caused by a high-fat diet. Further- and extracellular transport, and abnormal expression of
more, the concentration of bergenin showed a positive  genes involved in lipid metabolism regulation [46, 47]. To
correlation with the observed improvement in behavioral — explore the underlying mechanism of the effect of ber-
performance. genin on improving hyperlipidemia, the present study

employed qRT-PCR to assess the expression levels of
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various genes, including FASN, SREBF1, LPL, HMGCRa,
RORa, LDLR«, IL-4, IL-1B, and TNE, across different
experimental groups. FASN, a complex enzyme system
consisting of seven enzymes encoded by the same gene,
predominantly resides in liver tissue. Its activity directly
influences the liver’s capacity for synthesizing fatty acids,
playing a critical role in regulating fat accumulation in
animals [42]. Acting as an upstream transcription fac-
tor, SREBF1 governs the expression of FASN and exerts
an impact on lipid aggregation by regulating fatty acid
synthesis, thereby promoting lipogenesis and maintain-
ing lipid homeostasis [42]. Lipoprotein lipase (LPL)
serves as a pivotal rate-limiting enzyme in lipid catabo-
lism, facilitating the breakdown of triglycerides into free
fatty acids and mono-fatty acid triglycerides to provide
the body with energy through oxidative breakdown [48].
3-Hydroxy-3-methylglutaryl coenzyme A reductase
(HMGCR), a vital component of human lipid synthesis,
plays a crucial role in regulating cholesterol synthesis
and metabolism. As cholesterol synthesized in the liver
serves as the primary source of cholesterol in the body,
HMGCR acts as the rate-limiting enzyme catalyzing the
conversion of 3-hydroxy-3-methylglutaryl coenzyme A
to mevalonate during cholesterol synthesis. Inhibiting
HMGCR activity in the liver can reduce cholesterol syn-
thesis and help regulate lipid metabolism disorders [49].
Low-density lipoprotein receptor alpha (LDLRa) is a
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hepatic receptor responsible for mediating the endocyto-
sis of cholesterol-rich LDL particles, thereby maintaining
optimal LDL plasma levels. Retinoic acid receptor-related
orphan receptor alpha (RORa) plays a pivotal role in
maintaining lipid metabolism homeostasis by regulat-
ing the transcriptional activity of target genes involved in
triacylglycerol metabolism. Additionally, RORa serves as
a negative regulator of inflammation [50]. Interleukin-4
(IL-4) is a growth factor secreted by T cells that functions
as an anti-inflammatory factor with immunosuppressive
effects on the body [51]. Interleukin-1 beta (IL-1p) and
tumor necrosis factor alpha (TNF-a) are essential cyto-
kines in the body and are primarily produced by active
monocytes and vascular endothelial cells. They exert
diverse biological effects and play a role in various patho-
logical changes associated with inflammatory lesions in
the body [52, 53].

The results of the experiment are presented in Fig. 8A-
L. In comparison to the blank control group, the high-fat
model group exhibited significantly increased expression
levels of FASN, HMGCRa, SREBF1, LDLR, RORa, IL-1j,
and TNF mRNA. Conversely, the expression levels of LPL
and IL-4 mRNA were significantly downregulated. In the
bergenin treatment group, compared to the model group,
the expression levels of SREBF1, HMGCRa, and IL-1B
mRNA were reduced, with statistically significant differ-
ences observed under 15 pM bergenin administration.
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Fig. 8 Bergenin impacts the gene expression of FASN, SREBF1, HMGCRa, LPL, LDLRa, RORq, IL-4, IL-1(3, and TNF mRNA in high-fat diet-fed zebrafish. FASN
mMRNA expression (A), SREBF1 mRNA expression (B), HMGCRa mRNA expression (C), LPL mRNA expression (D), LDLRa mRNA expression (E), RORa mRNA
expression (F), IL-4 mRNA expression (G), IL-13 mRNA expression (H), and TNF mRNA expression (I). Ffb: fenofibrate; Ber: bergenin. Values are presented as
the mean=+SD. 'P<0.05, “P<0.01 vs. the control group; #P<0.05, ¥P<0.01 vs. the model group
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The expression levels of FASN, RORa, LDLRa, and TNF
mRNA were significantly downregulated under 5 pM
and 15 pM bergenin administration, showing statistically
significant differences that were concentration depen-
dent. After bergenin treatment, the expression level of
IL-4 mRNA was significantly upregulated. However, ber-
genin did not affect the expression level of LPL mRNA.
These experimental findings indicate that bergenin can
modulate lipid synthesis, cholesterol metabolism, and
the abnormal expression of inflammation-related genes.
The results suggest that bergenin primarily reduces lipid
deposition by inhibiting lipid synthesis rather than pro-
moting lipolysis via the SREBF1 and FASN-related sig-
naling pathways. Additionally, bergenin ameliorates
abnormal lipid metabolism by inhibiting RORa expres-
sion, thereby regulating HMGCRa, LDLRa, IL-4, IL-14,
and TNF expression to inhibit cholesterol synthesis and
mitigate the body’s inflammatory response.
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Molecular docking

Molecular docking is a technique used to identify the
active site where a small molecule ligand interacts with
a target protein molecule, allowing them to form a stable
and energetically favorable binding conformation. The
binding energy value reflects the strength of the inter-
action between the compound and the protein receptor,
with lower binding energy values indicating higher bind-
ing activity [54]. To corroborate the outcomes of the RT-
PCR experiments, molecular docking was employed to
visualize the binding interactions of bergenin with its key
protein targets, as illustrated in Fig. 9A-1. Bergenin docks
into a position analogous to the original ligand, occupy-
ing the active pocket formed by the amino acid residues
of the protein. The binding energies of bergenin to the
eight target receptors (FASN, SREBF1, HMGCRa, RORq,
LDLRa, IL-4, IL-1B, and TNF) were all < -6.0 kcal/mol,
as indicated in Table 2. Specifically, the binding ener-
gies of bergenin (Fr2) to IL-4, LDLR«, and RORa were
—7.53, -7.48, and —7.10 kcal/mol, respectively, indicating

Fig.9 Molecular docking visual analysis of bergenin binding to FASN, SREBF1, HMGCRa, LPL, LDLRa, RORq, IL-4, IL-13, and TNF. (A), (B), (C), (D), (E), (F), (G),
(H), and () correspond to the binding models of bergenin with FASN, SREBF1, HMGCRa, LPL, LDLRa, RORa, IL-4, IL-1B, and TNF, respectively
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Table 2 Intermolecular interactions between bergenin and FASN, SREBF1, HMGCRq, LPL, LDLRa, RORq, IL-4, IL-13, and TNF

Proteins Binding Energy Binding Type
(kcal/mol) Residues
FASN -6.56 ALA-2419 Conventional Hydrogen Bond
SER-2253 Pi-Sigma
VAL-2256 Carbon Hydrogen Bond
PRO-2249 Conventional Hydrogen Bond
HIS-2248 Conventional Hydrogen Bond
ILE-2250 Conventional Hydrogen Bond
SREBF1 -6.15 LYS-359 Conventional Hydrogen Bond
ASN-340 Conventional Hydrogen Bond
ARG-336 Pi-Alky!
ILE-339 Pi-Alkyl
LYS-359 Conventional Hydrogen Bond
TYR-335 Conventional Hydrogen Bond
HMGCRa -6.09 ALA-754 Conventional Hydrogen Bond
VAL-772 Carbon Hydrogen Bond
ALA-768 Carbon Hydrogen Bond
ALA-768 Pi-Alkyl
ASN-771 Conventional Hydrogen Bond
THR-758 Pi-Anion
LPL -4.06 THR-356 Conventional Hydrogen Bond
VAL-383 Conventional Hydrogen Bond
HIS-357 Carbon Hydrogen Bond
HIS-357 Pi-Anion
LDLRa -7.48 PRO-639 Conventional Hydrogen Bond
PRO-639 Pi-Sigma
VAL-644 Pi-Alky!
HIS-591 Conventional Hydrogen Bond
SER-564 Conventional Hydrogen Bond
SER-564 Carbon Hydrogen Bond
ALA-637 Carbon Hydrogen Bond
ALA-637 Pi-Alkyl
ARG-495 Conventional Hydrogen Bond
GLU-498 Conventional Hydrogen Bond
RORa -7.10 ARG-478 Carbon Hydrogen Bond
ARG-478 Pi-Alky!
CYS-481 Pi-Alky!
LEU-361 Pi-Alky!
ALA-358 Carbon Hydrogen Bond
GLY-482 Carbon Hydrogen Bond
THR-485 Conventional Hydrogen Bond
IL-4 -7.53 LEU-7 Conventional Hydrogen Bond
LEU-7 Pi-Alky!
LEU-14 Pi-Alkyl
ILE-11 Pi-Alky!
TYR-124 Pi-Alky!
TYR-124 Pi-Pi T-shaped
TYR-124 Pi-Lone Pair
LYs-12 Pi-Alky!
GLN-8 Pi-Lone Pair
ASN-15 Conventional Hydrogen Bond
=18 6.18 LYS-12 Conventional Hydrogen Bond
LYS-12 Carbon Hydrogen Bond
GLU-11 Carbon Hydrogen Bond
GLU-10 Pi-Alky!
GLU-10 Amide-Pi Stacked
TNF -6.87 SER-99 Conventional Hydrogen Bond
CYS-101 Pi-Alky!
GLN-102 Conventional Hydrogen Bond
GLN-102 Carbon Hydrogen Bond
ARG-103 Conventional Hydrogen Bond

GLU-110 Conventional Hydrogen Bond
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their strong binding activity, as the values were lower
than —7.0 kcal/mol. Expanding on this, the potent bind-
ing interactions between bergenin and IL-4 are primarily
facilitated through robust hydrogen bonding interactions
with LEU-7 and ASN-15 amino acid residues, along with
the formation of Pi-alkyl, electrostatic, and m-m interac-
tions with LEU-7, LEU-14, ILE-11, TYR-124, and LYS-12,
residues. The interactions between bergenin and LDLRa
exhibit Pi-Sigma interactions with PRO-639 residues,
in addition to hydrogen bonding (PRO-639, HIS-591,
SER-564, ARG-495, GLU-498, ALA-637) and Pi-alkyl
(VAL-644, ALA-637) forces with the residues. Simi-
larly, hydrogen bonding (THR-485, GLY-482, ARG-478,
ALA-358) and Pi-alkyl (ARG-478, CYS-481, LEU-361)
forces are formed between bergenin and RORa with the
residues. Conversely, bergenin demonstrated a bind-
ing energy of only —4.06 kcal/mol with the LPL protein.
A docking binding energy below —5.0 kcal/mol suggests
that the compound exhibits some binding activity with
the target protein, while a docking binding energy below
—7 kcal/mol indicates robust binding activity between
the compound and the target protein.

Therefore, the molecular docking results of bergenin
with these target proteins are consistent with the findings
from the qRT-PCR experiments conducted in the zebraf-
ish model. In the in vivo experiments investigating the
effects of bergenin on high-fat zebrafish, the qRT-PCR
results revealed that a low concentration (5 uM) of ber-
genin effectively regulated the mRNA expression of IL-4,
LDLRa, and RORa. Furthermore, a high concentration
(15 uM) of bergenin effectively regulated the expression
of FASN, SREBF1, HMGCRaq, IL-1p, and TNF mRNA.
However, neither low nor high concentrations of ber-
genin showed a significant effect on the expression of LPL
mRNA. Molecular docking serves to explore the theoret-
ical level of specific action modes and binding conforma-
tions between small drug molecules and macromolecular
targets, while qRT-PCR experiments in the zebrafish
model investigate the actual gene level. The mutual vali-
dation of these two approaches provides a scientific basis
for understanding the mechanism of action of bergenin
against hyperlipidemia. In conclusion, this study showed
that bergenin exerts an effect on lipid metabolism in
zebrafish fed a high-fat diet, and its mechanism of action
may involve SREBF1-, FASN-, and RORa-related signal-
ing pathways. However, further investigation is needed to
elucidate the specific molecular mechanisms underlying
the action of bergenin.

Conclusion

In this study, the dried entire herb of S. melanocentra was
extracted using methanol, and the resulting crude extract
was combined with polyamide. Through a two-repetition
separation process, the major component bergenin was
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successfully isolated from the dried mixture using a one-
step polyamide MPLC contemporary chromatographic
procedure. The purity of bergenin (Fr2) was confirmed
to be over 98% through verification with RP columns
and HILIC columns. To explore its medicinal potential
further, bergenin, the primary component, was investi-
gated for its pharmacological effects against atheroscle-
rosis in this study. Bergenin treatment at varying doses
significantly reduced TC, TG, and LDL-c activities while
increasing HDL-c in hyperlipidemic zebrafish. Oil Red O
staining results further revealed a substantial improve-
ment in liver damage in hyperlipidemic zebrafish, with
the degree of improvement showing a dose-dependent
pattern. This finding implies that bergenin preserves
the structural integrity of hepatocytes and facilitates the
repair of liver injuries induced by a high-fat diet. More-
over, the assessment of mRNA expression levels of rel-
evant proteins demonstrated that bergenin ameliorates
lipid metabolism abnormalities by inhibiting the expres-
sion of ROR«, modulating the expression of HMGCRa,
LDLRa, IL-4, IL-1pB, and TNE, and subsequently restrain-
ing cholesterol synthesis. This multifaceted approach
reduces the inflammatory response within the body,
contributing to the hypolipidemic effects observed.
Molecular docking techniques were employed to gain
insights into its potential hypolipidemic mechanism,
which appears to involve SREBF1, FASN, and RORa-
related signaling pathways, leading to the inhibition of
lipid and cholesterol synthesis and a reduction in the
inflammatory response. The findings of our study provide
a robust foundation for understanding the hypolipid-
emic action of bergenin, suggesting its potential devel-
opment into a mild, efficient, and safe hypolipidemic
product. It is important to note that, to date, only the in
vivo hypolipidemic activity and the associated gene-level
performance of bergenin have been confirmed. If this
compound is to be advanced into drug products, further
comprehensive investigations are warranted to explore
aspects such as targeting mechanisms, stability, bioavail-
ability, and other parameters influencing its hypolipid-
emic effects. Increased experimentation in the preclinical
research process will be essential for a more thorough
understanding of its potential applications.
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