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Rosa roxburghii Tratt fruit extract
ameliorate free fatty acid induced
steatosis in HepG2 cells through
activating PI3K-Akt and PPAR

pathways
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There has been a continuous increase in the global incidence of obesity. Rosa roxburghii Tratt (RRT), a
plant with medicinal and edible uses, contains active components that can alleviate obesity, indicating
an anti-obesity potential. This research sought to investigate the anti-obesity effects of RRT fruit
extract (RRTE) and elucidate the underlying mechanisms and components responsible for its action.
RRTE was obtained by enriching the active ingredient in RRT and used to treat HepG2 cells. RRTE
alleviated cellular lipid accumulation, reduced reactive oxygen species production, restored cellular
mitochondrial function, and enhanced energy metabolism. Network pharmacology combined with
molecular docking was used to determine the targets, components, and mechanisms, which were
validated through in vitro experiments. p-Coumaric acid and ethyl caffeate were identified as lipid-
lowering active components that may reduce lipid accumulation and alleviate obesity through the
PI3K-Akt and PPAR signaling pathways.

Keywords Rosa roxburghii Tratt fruit extract, Obesity, Lipid metabolism, Mitochondrial function, Network
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Abbreviations

ACC acetyl-CoA carboxylase

ACOX1 acyl-CoA oxidase 1

AKT protein kinase B

ALT alanine aminotransferase

AMPK Adenosine 5'-monophosphate activated protein kinase
AST aspartate aminotransferase

ATGL adipose triglyceride lipase

C/EBPa CCAAT enhancer binding proteina

CPT1 carnitine palmitoyltransferase-1

FAS fatty acid synthase

FFA free fatty acid

HSL hormone-sensitive lipase

PGC-1la peroxisome proliferator-activated receptor-gamma coactivator-1lalpha
PI3K phosphatidylinositol 3-kinase

PPARa peroxisome proliferator-activated receptora

SIRT1 silent information regulator sirtuin 1

SREBP-1c  sterol regulatory element-binding protein-1c

TC total cholesterol

TG triglyceride
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Obesity is a complex, diverse, and chronic disease that substantially affects overall health, quality of life, and
mortality. Recently, its prevalence has been increasing worldwide, making it a global epidemic!. The World
Health Organization defines obesity as an abnormal or excessive accumulation of fat that may impair health.
Abnormal fat accumulation leads to disorders of lipid metabolism, resulting in various illnesses. Obesity is
substantially associated with numerous diseases, such as type 2 diabetes, cardiovascular disease, hyperlipidemia,
nonalcoholic fatty liver disease, and several cancers>>. Obesity has emerged as a major challenge for public health
systems. Surgical treatments and medications are now mainly used in clinical practice for obesity management;
however, these usually involve inconvenience and adverse effects*. Consequently, there is considerable interest in
the discovery of natural, safe, and side-effect-free food products with antiobesity properties. The development of
natural products with anti-obesity effects is critical for scientific research and clinical applications.

Rosa roxburghii Tratt (RRT), a species within the Rosa genus of the Rosaceae family, is a widely distributed
medicinal and edible plant found in southwestern China®. It is rich in bioactive components, such as polyphenols,
flavonoids, polysaccharides, amino acids, organic acids, and various vitamins®’. Furthermore, it exhibits many
pharmacological activities, including hypolipidemic, hypoglycemic, anti-oxidant, anti-tumor, anti-fibrotic, and
anti-aging effects®. Thus, RRT exerts anti-obesity and lipid-lowering effects. RRT fruit vinegar alleviated obesity
and its complications in mice fed a high-fat diet by influencing the intestinal microbiota®. RRT polysaccharides
decreased gut inflammation and inhibited the TLR4/NF-«B signaling pathway to reduce obesity and chronic
obesity-induced colitis'®. Seed oil of RRT also restrained metabolic disease progression by mitigating lipid
accumulation, oxidative stress, and inflammatory response via mitochondrial oxidative metabolism mediated
through PPARa/PGC-1a''. However, the anti-obesity and lipid-lowering mechanisms, and components for
activation of RRT and its extracts require further exploration.

Natural productsare consistent with traditional Chinese medicine and contain multiple bioactive components,
which show their efficacy in complex diseases, in the “multi-component, multi-target, multi-pathway” model'2.
Material foundations and functional mechanisms are the two primary issues in comprehending natural products
for disease mitigation. Network pharmacology is a novel approach rooted in systems biology principles that can
be employed to predict protein targets of active ingredients in plants and targeted disease pathways'>!%. It aims
to use a “disease-gene-target-compound” network to reveal the regulatory principles of small molecules and
analyze compound combinations to elucidate the mechanisms of action'. Network pharmacology combined
with high-throughput compositional analysis can swiftly identify various active compounds present in natural
products and predict effective mechanisms based on multiple components and targets, providing a dependable
foundation for the mechanism of action and active compounds. Therefore, network pharmacology is an effective
tool for the preliminary exploration of mechanisms and active ingredients.

Presently, the use of RRT and its extracts to prevent and treat obesity is rarely reported, and their molecular
mechanisms and components of action have not been further investigated. Therefore, in the present study,
we enriched the active components of RRT to investigate their lipid-lowering effects. In addition, network
pharmacology was used to investigate the target, components, and possible mechanisms involved in RRT fruit
extract against obesity. Additional in vitro experiments were performed to confirm the possible components and
mechanisms.

Materials and methods

Chemicals and reagents

Dulbecco’s modified Eagle’s medium (DMEM) and penicillin-streptomycin solution were purchased from Gibco
(USA). Fetal bovine serum (FBS) was purchased from Zeta-Life (USA). Oleic acid (OA) was purchased from
Sigma-Aldrich (St. Louis, USA). The Oil Red O Stain Kit, Mitochondrial Membrane Potential Assay Kit with
JC-1, p-coumaric acid, ethyl caffeate, palmitic acid (PA), dimethyl sulfoxide (DMSO), and simvastatin were
purchased from Solarbio (Beijing, China). Reactive Oxygen Species Assay Kit was purchased from Beyotime
Biotechnology (Shanghai, China). Triglyceride (TG), total cholesterol (TC), alanine aminotransferase (ALT),
and aspartate aminotransferase (AST) assay kits were obtained from the Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). Cell Total RNA Isolation Kit was obtained from Foregene Biotechnology (Chengdu,
China). The Taq Pro Universal SYBR qPCR Master Mix was obtained from Vazyme (Nanjing, China). The
ABScript Neo RT Master Mix for qPCR with a gDNA remover was obtained from ABclonal (Wuhan, China).

Preparation of RRTE

The method of Li was used to obtain Rosa roxburghii Tratt fruit extract (RRTE)*. In short, RRTE was obtained
by alcohol extraction, alkaline solubilization, acid precipitation, and ethyl acetate extraction. Plant materials
were obtained from the Rosa Roxburghii Tratt base of Shengjing Street, Panzhou City, Guizhou Province under
compliance with local regulations. Since the plant materials (Rosa roxburghii Tratt.) used in this study were
commercially sourced from Rosa Roxburghii Tratt base (Shengjing Street, Panzhou City, Guizhou Province,
China), no wild collections were made. As per common practice for commercially obtained materials, voucher
specimen deposition in a public herbarium was not applicable in this context. To ensure traceability, we have
archived photographs of the purchased materials.

Cell culture

Human hepatocellular carcinoma cells (HepG2) were obtained from the ATCC (USA). HepG2 cells were
cultured in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin. The culture dishes were
positioned within a cell culture incubator at 37°C and 5% CO,,. The cells were exposed to 0.5 mM free fatty acid
(FFA) (OA: PA at a 2:1 ratio) to establish the model.
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Cell viability assay

Cell viability was determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. HepG2 cells were seeded into 96-well plates at a density of 5x10* cells/well. After confluence, cells
were incubated with different concentrations of RRTE and active components in culture medium for 24 h.
Subsequently, 20 uL of MTT solution was added to each well and the plates were incubated in the incubator for
2-4 h. DMSO (150 uL) was added after discarding the supernatant. The 96-well plate was placed on a shaker at
a constant speed for 10 min, and the absorbance was measured at 570 nm'7.

Oil Red O staining

HepG2 cells were plated in six-well plates at a density of 2 x 10° cells/well. After confluence, cells were treated with
0.5 mM FFA and different concentrations of RRTE and active components for 24 h. The cells were subsequently
treated according to the instructions of the Oil Red O Staining Kit. The images were captured using an inverted
microscope. Subsequently, the dye in the cells was dissolved in DMSO and the absorbance was measured at
490 nm.

Detection of biochemical indicators

Cellular intervention was performed as described in Oil Red O Staining Experiment. At the end of the
intervention, the cells were collected by treatment with a lysis buffer. TG, TC, ALT, and AST levels were assessed
using commercial kits according to the manufacturer’s instructions. Protein concentrations of the samples were
determined using The BCA protein assay kit. TG, TC, ALT, AST, and protein concentrations were calculated to
reflect the actual situation.

Detection of intracellular reactive oxygen species (ROS)

Cellular intervention was performed as described in Oil Red O Staining Experiment. After the intervention,
the culture medium was discarded, and PBS was added for cleaning twice. Cells were digested and collected
by EDTA-free trypsin, followed by centrifugation at 4°C for 3 min at 2000 rpm, cleaned once with PBS. Then,
1 mL serum-free medium with 10 uM DCFH-DA was added, incubated in a 37°C incubator for 30 min, and
gently shaken every 10 min. Subsequently, the cells were washed two to three times with serum-free medium
to eliminate residual DCFH-DA. After resuspension in PBS, flow cytometry was used to detect fluorescence
intensity, while avoiding light throughout the process.

Detection of mitochondrial membrane potential (MMP)

JC-1 dye was used for MMP measurement. Cellular intervention was performed as described in Oil Red O
Staining Experiment. After the intervention, the original culture medium was discarded, and PBS was added
twice for cleaning. After staining according to the Mitochondrial Membrane Potential Assay Kit with JC-1,
observations were conducted under a fluorescence microscope.

Quantitative real-time PCR (RT-qPCR)

Total mRNA was extracted from HepG2 cells using an RNA isolation kit, and cDNA was synthesized using
a reverse transcription kit. Quantitative real-time PCR was performed using the SYBR Green Mix. Cycle
conditions: 95°C for 30 s, one cycle; 95°C for 10 s, 60°C for 30 s, 40 cycles; 95°C for 155, 60°C for 60 s, 95°C for
155, one cycle. Relative mRNA expressions were calculated using the 2722¢T method normalized to 3-actin, and
the primer list is in Supplementary Table S1.

Network Pharmacology analysis

Screening of active compounds in RRTE

In previous study in our laboratory, we obtained the possible components of RRTE using liquid chromatography-
high-resolution mass spectrometry combined with database analysis!®. SMILES structures were obtained from
PubChem (https://pubchem.ncbi.nlm.nih.gov/). SwissADME (http://www.swissadme.ch/) was used to achieve
the GI absorption of Pharmacokinetics and Lipinski of Druglikeness, where only the GI absorption was “high”
and Lipinski “Yes; 0 violation” were considered as the active compound.

Target prediction for active compounds and diseases

Selection of the species “Homo sapiens” in the Swiss Target Prediction Database (http://swisstargetprediction.ch
/) to obtain potential targets for active compounds. The diseases (obesity) associated targets were collected from
the GeneCards (https://www.genecards.org/), OMIM (https://omim.org/), and DisGeNET (https://www.disgen
et.org/) databases. The active compounds and disease targets were deduplicated separately. The targets were then
imported into the VENNY 2.1.0 website (https://bioinfogp.cnb.csic.es/tools/venny/index.html) to plot Venn
diagrams and identify potential targets for active compounds against obesity.

Protein-Protein interaction (PPI) network construction
A PPI network was constructed using the STRING database (https://cn.string-db.org/). Cytoscape v3.9.1
software was used to build the PPI network with targets ranked by degree and perform topology analysis.

Enrichment analysis of GO and KEGG

Potential targets for active compounds against obesity were input into Metascape (https://metascape.org/)
platform for analysis, in which the species “H. sapiens” was selected, GO and KEGG enrichment analysis was
performed on the targets, and the top 20 biological processes and pathways were screened for visualization.
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Network construction
A compound-target-pathway-disease network was constructed using Cytoscape v3.9.1 software to visualize the
regulatory map of obesity alleviation in RRTE.

Molecular docking

Protein structures were retrieved from the PDB database (https://www.rcsb.org/) and preprocessed using
PyMOL 3.0.3. The structures of the active compounds in RRTE were obtained from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/). AutodockVina 1.1.2 was used to calculate the affinity between the active
compounds and protein. The results were visualized using PyMOL 3.0.3.

Quantitative analysis of active compounds

The active compounds content of RRTE was determined by high performance liquid chromatography (HPLC)
analysis. The quantitative process was achieved by comparing with the standard curve (Supplementary Table S2).
All samples were prepared with methanol, RRTE was prepared as 8 mg/mL solution.The conditions were set as
follows: 0.1% formic acid aqueous was used as solution eluent A, acetonitrile was used as eluent B, the flow rate
was 1 mL/min, the in jection volume was 10 pL, and the column temperature was 40 “C. The following elution
were performed: 0 min, 95% (A); 2 min, 70% (A); 5 min, 30% (A); 7 min, 10% (A); 8 min, 10% (A); 10 min, 95%
(A).

Statistical analysis

Each experiment was performed at least three times and data are presented as mean + standard deviation (SD).
Data analysis and figures were generated using GraphPad Prism 9.5.0 and Excel. One-way ANOVA was used for
difference analysis, and Dunnett’s t-test was used as a post-hoc test (# p <0.05, ## p <0.01, ### p <0.001 VS Group
Control; * p<0.05, ** p<0.01, *** p<0.001 VS Group Model).

Results
Effect of RRTE on lipid accumulation
To investigate the toxicity of FFA and RRTE on HepG2 cells, an MTT assay was used to measure the viability of
HepG2 cells after treatment with various concentrations of FFA and RRTE for 24 h. The results demonstrated a
significant decrease in cell viability when the concentrations of FFA and RRTE reached 1 mM/L and 1000 pg/
mL, respectively, after the intervention (Fig. 1A and B). Therefore, 0.5 mM/L FFA and 600, 750, and 900 pug/mL
of RRTE as low, medium, and high doses, respectively, were selected for subsequent experiments.

Oil Red O staining was used to evaluate the effects of RRTE and simvastatin (40 uM)!® on cell lipid
accumulation. Absorbance was measured after DMSO decolorization to quantitatively assess the cellular lipid
content. The results revealed that FFA treatment caused a notable increase in lipid accumulation, and RRTE
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Fig. 1. Effects of RRTE on lipid accumulation in HepG2 cells. (A, B) Effect of FFA and RRTE on HepG2 cells
viability (* p<0.05, ** p<0.01, *** p<0.001 VS Group 0). (C) intracellular lipid droplets in HepG2 cells stained
with Oil Red O (100x). (D) Quantitative analysis of Oil Red O staining. (E, F) RRTE reduced intracellular
triglyceride and triglyceride content. # p < 0.05, ## p <0.01, ### p <0.001 VS Group Control; * p <0.05, **
p<0.01, ** p<0.001 VS Group Model.
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reversed the FFA-induced lipid accumulation in a dose-dependent manner. Despite its favorable lipid-lowering
effect, RRTE was not superior to simvastatin (Fig. 1C and D).

The intracellular levels of TG and TC were measured to further demonstrate the lipid-lowering effects of
RRTE. These results also indicate that FFA induction increases intracellular TG and TC levels. However, RRTE
significantly reduced the intracellular TG and TC levels in a concentration-dependent manner (Fig. 1E and F).
In summary, these findings suggest that RRTE mitigates FFA-induced lipid accumulation in HepG2 cells.

Effect of RRTE on mitochondrial function and cellular damage

Mitochondria are the key organelles involved in lipid metabolism. Lipid disorders cause excessive ROS
production, which, in turn, affects mitochondrial function. In HepG2 cells, lipid overaccumulation caused an
excessive increase in ROS levels, and RRTE significantly reduced the ROS levels (Fig. 2A and B). Excessive
ROS levels may interfere with the cellular MMP. In the Model group, lipid accumulation led to a decrease in
the mitochondrial membrane potential, whereas RRTE reversed this phenomenon (Fig. 2C). Additionally,
the assessment of mitochondrial biogenesis markers showed that FFA intervention reduced AMPK mRNA
expression. Similarly, SIRT1 and PGC-Ia mRNA expression was significantly reduced in the Model group.
AMPK and SIRT1 mRNA levels were significantly higher after treatment with different doses of RRTE (Fig. 2D
and E). In contrast, PGC-Ia mRNA expression was significantly elevated after RRTE interventions at low and
medium doses, but unaffected at high doses (Fig. 2F).

Lipid disorders can cause cellular damage. Aminotransferase release is a major indicator of hepatocellular
carcinoma damage. To assess the effect of the intervention on cell damage, we established a negative control
group (RRTE-Y) at the same time to facilitate the assessment of the effects of the inducer and RRTE on cells.
Results showed that FFA intervention significantly increased intracellular ALT and AST levels, whereas RRTE
intervention significantly decreased intracellular ALT and AST levels (Fig. 2G and H). Furthermore, RRTE
intervention alone did not cause cell damage.

These results suggest that RRTE restores cellular mitochondrial function and attenuates cellular damage
caused by lipid disorders by reducing intracellular ROS, reversing MMP, and increasing the mRNA expression
of mitochondrial biogenesis markers.
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Fig. 2. Protective effects of RRTE on mitochondrial function and cellular damage in HepG2 cells. (A, B)
RRTE reduced intracellular ROS levels. (C) Effect of RRTE on the mitochondrial membrane potential (100x).
(D, E, F) Relative expression levels of mRNA involved in mitochondrial biogenesis markers. (G, H) RRTE
reduced intracellular ALT and AST content. # p<0.05, ## p<0.01, ### p <0.001 VS Group Control; * p <0.05,
** p<0.01, *** p<0.001 VS Group Model.
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Effects of RRTE on lipid metabolism

To further investigate the effects of RRTE on lipid metabolism, we measured the expression levels of genes
associated with lipid metabolism using RT-qPCR. The results indicated that RRTE was able to significantly
inhibit the expression of C/EBP« and suppress lipogenesis (Fig. 3A). Low and medium doses of RRTE did not
reduce the expression levels of the lipid accumulation-related genes, SREBP-1c, FAS, and ACC in FFA-induced
cells, whereas high doses of RRTE significantly reduced them (Fig. 3B-D). Low and medium doses of RRTE
significantly increased the expression of HSL and ATGL, and promoted lipolysis; however, high doses of RRTE
did not appear to have any effect (Fig. 3E and F). These findings implied that RRTE played a significant role in
improving lipid metabolism in HepG2 cells. In our previous experiments, we discovered that RRTE effectively
diminished intracellular lipid accumulation. However, RT-qPCR results indicated that distinct doses of RRTE
exerted lipid-lowering effects through disparate mechanisms, potentially attributable to the varying doses of
RRTE comprising disparate quantities of the active component. Consequently, it is imperative to undertake
effective screening and validation of lipid-lowering components.

Network Pharmacology analysis

To better understand the potential components and mechanisms underlying RRTE lipid-lowering effects, a
network pharmacology study was conducted. In the previous study of Li'®, we found that RRTE contained 72
substances. Based on this, we further screened 27 substances for active compounds (Supplementary Table S3).
In total, 454 potential targets of the active compounds were identified in the Swiss Target Prediction database.
We then collected 1634 obesity targets from three different databases: GeneCards, OMIM, and DisGeNET
(Fig. 4A). Among them, 167 overlapping targets of RRTE in obesity were identified (Fig. 4B). These 167 targets
were predicted to be important for the action of RRTE in obesity. Overlapping targets were imported into the
STRING website to construct the PPI network (Fig. 4C). The PPI network was then imported into Cytoscape to
obtain the targets sorted by degree (Fig. 4D). Subsequently, the core targets were initially screened by Degree,
Eigenvector, LAC, Betweenness, Closeness, and Network, all being greater than the median, and the core targets
were identified according to the degree being greater than the two-fold median'® (Fig. 4E). The results showed
that AKT1, PPARG, ESR1, SRC, STAT3, EGFR, HIF1A, BCL2, PTGS2, MMP9, and PPARA may be the core
targets of RRTE action in obesity.

GO and KEGG enrichment analyses were performed on the above 167 targets, and the top 20 were visualized
(Fig. 5A and B). The study showed that the biological processes include response to hormone, cellular response
to lipid and so on, the cellular components included receptor complex, dendrite, membrane raft, and the like,
the molecular functions involving nuclear receptor activity, phosphotransferase activity and so on. In addition,
KEGG analysis showed that PI3K-Akt and PPAR signaling pathway may be potential regulatory pathways.

To attain a more thorough understanding of the intricate relationships among components, targets, pathways,
and diseases, an integrated regulatory network diagram was created (Fig. 5C). Naringenin chalcone, ethyl
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Topological processes of the core targets.

caffeate, caffeic acid, tryptophan, L-tryptophan, L-tyrosine, L-glutamic acid, p-coumaric acid, 3-phenyllactic
acid, meglutol, and D-(+)-malic acid may be potential components that exert lipid-lowering effects in RRTE.

These results suggest the potential components of the presence of naringenin chalcone, ethyl caffeate, caffeic
acid, tryptophan, L-tryptophan, L-tyrosine, L-glutamic acid, p-coumaric acid, 3-phenyllactic acid, meglutol, and
D-(+)-malic acid. The PI3K-Akt and PPAR signaling pathways are potential pathways.

Molecular docking

Molecular docking was performed to identify the potential components and targets of RRTE that exert lipid-
lowering effects. KEGG analysis indicated that the PI3K-Akt and PPAR signaling may be potential target
pathways. By combining the pathway targets with core targets, AKT1, PPARG, and PPARA were selected
as receptors. Eleven components, including five amino acids, three organic acids, two polyphenols, and one
flavonoid, were screened in an integrated regulatory network diagram and used as ligands. The receptors and
ligands were docked separately, their affinities were calculated (Table 1), and the binding processes of the
flavonoid and polyphenol ligands to the receptors were visualized (Fig. 6). An affinity value of less than — 5 kcal/
mol indicates that the ligand molecule has a desirable binding affinity'®. The findings indicated that all affinity
values were less than — 5 kcal/mol, except for D-(+)-malic acid, L-glutamic acid with AKT1, and meglutol with
PPARG. This suggests that these 11 components, except D-(+)-malic acid, L-glutamic acid, and meglutol, are
likely responsible for the lipid-lowering effect of RRTE.

Screening of lipid-lowering components in RRTE
By synthesizing the integrated regulation network diagram and molecular docking results, we preliminarily
concluded that naringenin chalcone, ethyl caffeate, caffeic acid, tryptophan, L-tryptophan, L-tyrosine,
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Fig. 5. GO and KEGG analysis of RRTE for lipid lowering. (A) GO analysis of overlapping targets. (B) KEGG
analysis of overlapping targets. (C) Integrated regulation network diagram of components, targets, pathways,
and diseases.

Affinity (kcal/mol)

Components AKT1 | PPARA | PPARG
Naringenin chalcone | -8.2 | -7.3 -7.6
Ethyl caffeate -75 | -6.7 -6
Caffeic acid -7.3 -6.6 -6.1
Tryptophan -7.9 -6.5 —6.4
L-Tryptophan -79 | -65 —-6.4
L-Tyrosine -6.6 -6.3 -5.9
L-Glutamic acid -5 -5.3 5.4
p-Coumaric acid -6.7 -6.3 -5.7
3-phenyllacticacid | —6.8 | -6.2 -6.3
Meglutol -53 |52 -4.8
D-(+)-Malic acid -5 -5.6 -5.5

Table 1. Docking score of potential components with three targets.

p-coumaric acid, and 3-phenyllactic acid may underlie the lipid-lowering effect of RRTE. We then searched for
studies in which the above components were previously associated with lipid-lowering effects and ultimately
found that p-coumaric acid and ethyl caffeate may play an important role in the lipid-lowering effect of RRTE.
To explore the reliability of these results, we performed GO and KEGG enrichment analyses of p-coumaric acid
and ethyl caffeate in obesity. The results showed 14 and 31 overlapping targets of p-coumaric acid and ethyl
caffeate, respectively, in obesity (Fig. 7A and B). GO analysis of the overlapping targets showed that the biological
processes of both components were predominantly enriched in cellular responses to lipids (Fig. 7C and D).
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Fig. 6. Molecular docking analysis. (A) Naringenin chalcone and AKT1 (PDB ID: 7NHS5). (B) Ethyl caffeate
and AKT1. (C) p-Coumaric acid and AKT1. (D) Naringenin chalcone and PPARA (PDB ID: 7E5H). (E) Ethyl
caffeate and PPARA. (F) p-Coumaric acid and PPARA. (G) Naringenin chalcone and PPARG (PDB ID: 2P4Y).
(H) Ethyl caffeate and PPARG. (I) p-Coumaric acid and PPARG.

KEGG analysis of ethyl caffeate also revealed enrichment of the PI3K-Akt signaling pathway (Fig. 7E and F).
These results indicated that these two components exert lipid-lowering effects.

Validation of network pharmacology

In vitro experiments showed that RRTE attenuated the cellular damage and dysfunction caused by lipid
metabolism disorders and reduced intracellular lipid accumulation. Network pharmacology and molecular
docking were used to investigate the possible components and pathways involved in the effects of RRTE. In vitro
experiments were conducted to validate these components and pathways.

Lipid-lowering components validation

After screening p-coumaric acid and ethyl caffeate, their efficacy and content was further validated. Initially, the
concentrations of these two compounds in RRTE were quantified via HPLC with the standard curve (Fig. 8). The
analysis revealed that RRTE contained p-coumaric acid and ethyl caffeate at concentrations of 811.96 ug/g and
24.50 pg/g, respectively (Table 2). Subsequently, the cytotoxic effects of both compounds were evaluated. The
results showed that p-coumaric acid and ethyl caffeate did not reduce HepG2 cell viability at concentrations of 1
and 0.4 mM/L, respectively (Fig. 9A and B). This indicates that p-coumaric acid and ethyl caffeate were not toxic
to HepG2 cells. Therefore, 0.5 mM/L p-coumaric and 0.1 mM/L ethyl caffeate were further utilized to investigate
their effects on lipid metabolism disorders in HepG2 cells.

Oil Red O staining showed that treatment of FFA-induced HepG2 cells with p-coumaric acid and ethyl
caffeate reduced intracellular lipid accumulation (Fig. 9C and D). Simultaneously, p-coumaric acid and ethyl
caffeate treatment significantly decreased the elevation of intracellular TG and TC levels caused by FFA induction
(Fig. 9E and F). These results suggested that p-coumaric acid and ethyl caffeate attenuated lipid accumulation
in HepG2 cells.
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Fig. 7. Network pharmacology analysis of p-coumaric acid and ethyl caffeate. (A, B) Venn diagram analysis of
targets of p-coumaric acid and ethyl caffeate with obesity. (C, D) GO analysis of targets of p-coumaric acid and
ethyl caffeate targeting obesity. (E, F) KEGG analysis of targets of p-coumaric acid and ethyl caffeate targeting
obesity.

In addition, compared with FFA-induced HepG2 cells, they showed reduced intracellular ROS levels, while
restoring the cellular mitochondrial membrane potential (Fig. 10A-C). They increased mRNA levels of AMPK,
SIRTI, and PGC-1a, which are related to mitochondrial functions (Fig. 10D-F). These results demonstrate
that p-coumaric acid and ethyl caffeate can attenuate ROS damage caused by lipid metabolism disorders and
gradually restore mitochondrial function in HepG2 cells.

Ethyl caffeate and p-coumaric acid are the lipid-lowering components of RRTE.

Pathways validation
Quantitative real-time PCR was used to verify whether p-coumaric acid and ethyl caffeate affected the PPAR

and PI3K-Akt signaling pathways. Results showed that RRTE, p-coumaric acid and ethyl caffeate increased the
expression levels of PPAR«, CPT1, and ACOX1 in the PPAR signaling pathway; and PI3K, AKT in the PI3K-
Akt signaling pathway in FFA-induced HepG2 cells (Fig. 11), suggesting that RRTE and its lipid-lowering
components may modulate cellular steatosis via the PI3K-Akt and PPAR signaling pathways in vitro.

Discussion
Obesity is an unsolved problem with multiple complex causes that have reached epidemic proportions worldwide.

Current clinical medications for obesity treatment can cause serious side effects, including gastrointestinal
flatulence and diarrhea?. Thus, a growing number of individuals are searching for natural, plant-based products
with anti-obesity effects. As a natural fruit poised for development, RRT contains a diverse array of active
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Fig. 8. High performance liquid chromatogram of (A) RRTE and (B) the standards.

Name Formula | Molecular Weight | Retention Time | Content
p-Coumaric acid | C,H O, 164.04739 12.649 811.96 pg/g
Ethyl caffeate | C, H,,0, | 208.07349 20.912 2450 pg/g

Table 2. Quantitative determination of p-coumaric acid and ethyl caffeate in RRTE.

components, is safe with no side effects, and has a long-standing tradition of medicinal use in Southwest, China.
In the present study, we prepared RRTE, which effectively concentrated the active components of RRT'®, and
further explored its possible anti-obesity mechanism and components.

Disorders in lipid metabolism and abnormal lipid accumulation are the primary characteristics of obesity?..
The liver, as the body’s largest metabolic organ, plays a pivotal role in lipid metabolism, which can regulate lipid
metabolism by modulating lipolysis, lipogenesis and transport**?*. Lipid metabolic dysregulation caused by
obesity leads to hepatic steatosis and hepatocellular damage, while hepatic steatosis exacerbates dyslipidemia!!?%.
Therefore, we used an FFA-treated HepG2 cell model to explore the lipid-lowering effects of RRTE. Lipogenesis
and lipolysis are the two critical regulatory mechanisms involved in lipid metabolism. C/EBPa, SREBP-1c, FAS,
and ACC play important roles in lipogenesis. C/EBPa, a member of the C/EBP family of transcription factors, is
essential for transcriptional regulation in metabolic organs and serves as a key regulator of lipid metabolism?°.
It has also been implicated in the regulation of lipogenesis genes®®. Meanwhile, SREBP-1c is another important
transcription factor for Lipogenesis that exacerbating lipid droplet formation, regulating the expression and
activity of FAS and ACC, and influencing lipid accumulation?”?®. ATGL and HSL are the main rate-determining
enzymes associated with lipolysis?®. Our findings indicated that RRTE markedly diminished the accumulation of
lipids within cells, while concurrently reducing the expression of C/EBPa and inhibiting lipogenesis. Meanwhile,
RRTE in the high-dose group decreased the expression of SREBP-1c, FAS, and ACC, while RRTE in the low- and
medium-dose groups enhanced the expression of HSL and ATGL, which may be associated with variations in
the composition of the substances present in the different dose groups.

Obesity can be viewed as a state of low-grade chronic inflammation. Mechanisms related to inflammation in
obesity may lead to increased ROS levels, leading to mitochondrial dysfunction®-*!. Mitochondrial function is
tightly regulated by mitochondrial biogenesis and mitophagy, and adapts to cellular energy requirements of the
cell®’. AMPK, SIRT1, and PGC-1a serve as the primary regulator of mitochondrial biogenesis processes*~.
The study shows that PGC-1a participates in the transcriptional control of TFAM, thus regulating mitochondrial
biogenesis®®. SIRT1, a nicotinamide adenosine dinucleotide (NAD)-dependent deacetylase, can promote
mitochondrial biogenesis by activating PGC-1a*”*%. AMPK, the main energy sensor in cells, promotes SIRT1
and PGC-1a activity>**. Improvements in mitochondrial biogenesis markers restore mitochondrial function
and promote energy metabolism. In this study, RRTE reduced intracellular ROS, reversed MMP, and modulated
the levels of mRNA expression for AMPK, SIRT1, and PGC-1a in the cells, restoring mitochondrial function.
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Fig. 9. Effects of p-coumaric acid and ethyl caffeate on lipid accumulation. (A, B) Effect of p-coumaric acid
and ethyl caffeate on HepG2 cells viability(* p <0.05, ** p<0.01, *** p<0.001 VS Group 0). (C) intracellular
lipid droplets in HepG2 cells stained with Oil Red O (100x). (D) Quantitative analysis of Oil Red O staining.
(E, F) p-Coumaric acid and ethyl caffeate reduced intracellular triglyceride and triglyceride content. # p <0.05,
## p<0.01, ### p<0.001 VS Group Control; * p <0.05, ** p<0.01, *** p<0.001 VS Group Model.

Network pharmacology is an ideal tool for studying the pathways and active components of natural
compounds for the treatment of diseases. In this study, two components of RRTE that may exert lipid-
lowering effects were identified: p-coumaric acid and ethyl caffeate. As is widely recognized, ethyl caffeate
and p-coumaric acid both belong to polyphenol, having lipid-lowering potential. Current literature suggests
that dietary polyphenols can inhibit adipocyte differentiation, lipid accumulation, and reduce oxidative stress;
simultaneously, they can also promote lipolysis and fatty acid f-oxidation?’. Additionally, Huang et al. found that
fermented quinoa polyphenols demonstrated an efficient anti-obesity effect through the AMPK/PPARa/CPT1
pathway*!. Xue et al. found that p-coumaric acid regulates thermogenesis and lipid metabolism via mTORC1%2.
Seo et al. found that peanut sprouts enriched with p-coumaric acid attenuated obesity induced by a high-fat
diet and inhibited inflammation by activating mitochondrial function to promote browning®. Xie et al. also
demonstrated that p-coumaric acid regulates liver fat metabolism by upregulating CPT1 expression®!. This
suggests that p-coumaric acid and polyphenols have excellent anti-obesity effects. The results of our study are
consistent with these results. In the present study, we found that p-coumaric acid and ethyl caffeate reduced lipid
accumulation in cells, decreased ROS levels, increased MMP and the expression of mitochondrial biogenesis
markers, and restored mitochondrial function, consistent with the effects of RRTE. This further confirmed that
p-coumaric acid and ethyl caffeate were lipid-lowering components of RRTE.

The regulation of obesity and lipid metabolism involves multiple complex pathways*>*¢. Our study revealed
that RRTE and its active components are related to the PI3K-Akt and PPAR signaling pathways. These two
signaling pathways are strongly associated with lipid metabolism. The PI3K-Akt signaling pathway exhibits
two distinct mechanisms in the modulation of lipid metabolism. Inhibition of the PI3K-Akt pathway regulates
the expression of G6PC and FOXOL1 in hepatocytes, thereby promoting glycogenolysis and gluconeogenesis,
which in turn affects lipid metabolism*”#8. Meanwhile, the PI3K-Akt pathway regulates lipogenesis by inhibiting
SREBP-1c and enhancing hepatic LDLR protein expression®’. Additionally, activation of the PI3K-Akt signaling
pathway is linked to lipid metabolism®. Elevation of PI3K-Akt pathway-related proteins regulates PPARy levels
to modulate the WAT browning process®'. When the PI3K-Akt signaling pathway is activated, it can promote
adipocyte browning and increase the expression of UCP-1, PGC-1a, and PRDM16°>°%. This suggests that the
pathway activation is closely linked to energy expenditure. As a major organelle involved in energy metabolism,
mitochondria are inextricably linked to the activated PI3K- Akt pathway®. It also regulates mitochondrial
function by decreasing oxidation stress®®. Our experiments revealed that RRTE and its lipid-lowering
components, p-coumaric acid and ethyl caffeate, activated the PI3K-Akt pathway, restored mitochondrial
function, and lowered lipid levels.

PPARa, PPARy and PPARS are three isoforms in the family of PPARs in the PPAR signaling pathway®®*’.
Among the PPAR isoforms, PPARa and PPARy frequently regarded as closely related to lipid metabolism.
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Fig. 10. Protective effects of p-coumaric acid and ethyl caffeate on mitochondrial function. (A, B) p-Coumaric
acid and ethyl caffeate reduced intracellular ROS levels. (C) Effect of p-coumaric acid and ethyl caffeate on

the mitochondrial membrane potential (100x). (D, E, F) Relative expression levels of mRNA involved in
mitochondrial biogenesis markers. # p <0.05, ## p<0.01, ### p<0.001 VS Group Control; * p <0.05, ** p<0.01,
*** p<0.001 VS Group Model.

Of the two, PPARa predominantly stimulates mitochondrial function and involves in fatty acid B-oxidation
in liver, whereas PPARYy is associated with the fat synthesis and storage>*®. In our experiments, we found that
RRTE had little effect on fat synthesis. Thus, we analyzed its effect on PPARa. Results showed RRTE, p-coumaric
acid and ethyl caffeate both restored PPARa expression in cells. This suggests that its lipid-lowering function is
inextricably linked to fatty acid p-oxidation. CPTI and ACOX1 play important roles in fatty acid p-oxidation as
downstream of PPARa. By catalyzing the conversion of fatty acyl-CoA into fatty acylcarnitine in mitochondria,
CPT1 governs the B-oxidation of fatty acids®'. ACOXI serves as the first enzyme in the fatty acid B-oxidation
pathway and facilitates the desaturation of acyl-CoA into a 2-trans-enyl group®2. We also found that RRTE,
p-coumaric acid, and ethyl caffeate increased CPT1 and ACOXI1 expression to promote fatty acid oxidation.

In conclusion, this study confirms that RRTE has a lipid-lowering effect on FFA-induced HepG2 cells,
possesses anti-obesity potential, and that ethyl caffeate and p-coumaric acid are the active components in
its action. Different doses of RRTE can reduce intracellular Lipid accumulation by inhibiting lipogenesis or
promoting lipolysis. It also reduces lipotoxicity caused by lipid accumulation, reduces ROS production, restores
cellular mitochondrial function, and enhances energy metabolism. However, network pharmacology analysis,
showed that the lipid-lowering and anti-obesity effects of RRTE were closely related to the PI3K-Akt and PPAR
signaling pathways. RRTE activated the expression of PI3K and AKT, which increased the expression of AMPK
and further restored mitochondrial function and energy metabolism, while activated AMPK promoted the
expression of PPARa and further enhanced fatty acid B-oxidation (Fig. 12). The current study is still limited in
scope, having only explored the lipid-lowering effect of RRTE at the cellular level, with a lack of supporting data
from animal experiments. In future studies, we intend to conduct further supplementary research.

Conclusion

Obesity remains an unsolved problem, and the development of food-derived components and products
for weight reduction is of great significance. We explored the lipid-lowering effects of RRTE and the active
components. Our research shows that RRTE can lower lipid levels in HepG2 cells, and p-coumaric acid and
ethyl caffeate may be crucial to this effect. It controls the expression of genes associated with lipid metabolism
and restores mitochondrial function in HepG2 cells, which may involve the PI3K/AKT/AMPK/PPAR signaling
pathway. Our study enhances the understanding of the anti-obesity mechanism of RRTE and can serve as a basis
for further research.
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Fig. 11. Analysis of mRNA expression levels of core genes of PPAR signaling pathway and PI3K-Akt signaling
pathway. (A, B, C) Relative expression levels of mRNA involved in PPAR signaling pathway by RRTE
intervention. (D, E, F) Relative expression levels of mRNA involved in PPAR signaling pathway by p-coumaric
acid and ethyl caffeate intervention. (G, H) Relative expression levels of mRNA involved in PI3K-Akt signaling
pathway by RRTE intervention. (I, J) Relative expression levels of mRNA involved in PI3K-Akt signaling
pathway by p-coumaric acid and ethyl caffeate intervention. # p <0.05, ## p <0.01, ### p <0.001 VS Group
Control; * p<0.05, ** p<0.01, *** p<0.001 VS Group Model.
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