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Abstract

Dysregulated cholesterol metabolism is a key determinant of atherosclerotic initiation and progression.
Protocatechuic aldehyde (PAL), a phenolic aldehyde with diverse pharmacological properties, shows
pronounced anti-atherosclerotic effects, yet its influence on hepatic cholesterol homeostasis remains
insufficiently defined. Purpose : this study investigated the regulatory role of PAL in hepatic cholesterol
metabolism in Sprague Dawley rats fed a high-fat diet (HFD) to induce hepatic cholesterol imbalance.
Methods : following 2 weeks of HFD feeding, PAL (20 mg/kg/d) was administered via gavage for 6
weeks, after which hepatic cholesterol metabolism was assessed through biochemical profiling,
histopathology, lipid deposition analysis, molecular docking, and molecular dynamics simulations.
Results : PAL administration markedly attenuated hepatic lipid accumulation and mitigated HFD-induced
structural injury. Serum and hepatic concentrations of total cholesterol, triglycerides, and low-density
lipoprotein cholesterol declined substantially, accompanied by an elevation in high-density lipoprotein
cholesterol. Serum total bile acid levels also declined, indicating broad lipid-modulating activity.
Molecular docking and dynamics simulations indicated stable binding of PAL to cholesterol-regulatory
targets. These in silico predictions were corroborated by elevated expression of LDLR, LXRa, and
CYP7A1, and reduced expression of PCSK9, as confirmed by real-time quantitative polymerase chain
reaction and immunohistochemical analysis. Conclusion : PAL ameliorates hepatic cholesterol
dysregulation through coordinated modulation of uptake, conversion, and excretory pathways,
underscoring its therapeutic potential for atherosclerosis.

Highlights
* PAL effectively alleviates liver lipid deposition and tissue structure damage induced by a high-fat diet.

« PAL significantly reduces the levels of total cholesterol, triglycerides and low-density lipoprotein in
serum and liver.

* Molecular docking and kinetic simulations indicate that PAL can stably bind to cholesterol regulatory
targets.

 PAL improves cholesterol homeostasis by up-regulating the expression of key genes such as LXRa and
CYP7A1.

+ PAL has demonstrated potential in treating atherosclerosis through multi-pathway synergistic
regulation.
1. Introduction

Atherosclerosis (AS) is a progressive inflammatory disease of the arterial wall, primarily driven by
cholesterol deposition within the intimal layer and recognized as a major cause of cardiovascular
mortality and disability worldwide(Soehnlein and Libby 2021; Ajoolabady et al. 2024). Accumulation of
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cholesterol in the vascular intima initiates a cascade of chronic inflammatory responses, including
endothelial activation and the upregulation of adhesion molecules that recruit circulating monocytes.
These monocytes infiltrate the endothelium, differentiate into macrophages, and internalize lipids to
transform into foam cells. Apoptosis of foam cells contributes to necrotic core formation, thereby
accelerating lesion development and plaque destabilization(Lightbody et al. 2020; Xu et al. 2022; Wang
et al. 2022; Pickett et al. 2023). With disease progression, ongoing lipid accumulation and inflammatory
activity lead to intraplaque calcification, increasing the risk of rupture and acute cardiovascular
events(Shi et al. 2020; Cai et al. 2023). Aberrant cholesterol metabolism is thus central to AS through the
promotion of macrophage and foam cell accumulation in the arterial wall(Lightbody et al. 2020; Guo et
al. 2023), highlighting cholesterol homeostasis as a critical therapeutic target.

Protocatechuic aldehyde (PAL), a natural polyphenol abundant in medicinal plants such as Salvia
miltiorrhiza and Gastrodia elata, exhibits diverse pharmacological effects, including antioxidant, anti-
inflammatory, and anti-aging activities(Guo et al. 2022). Recent studies have shown that PAL enhances
the atherosclerotic plaque stability by preserving pericyte integrity and reducing pericyte loss(Dave et al.
2013; Zhang et al. 2023). However, the potential of PAL to modulate hepatic cholesterol metabolism as a
mechanism for attenuating AS has not been established. This study examined the regulatory effects of
PAL on hepatic cholesterol homeostasis in a high-fat diet (HFD)-induced rat model, providing initial
evidence of its therapeutic potential in AS and establishing a basis for further investigation. Findings
showed that PAL modulated liver cholesterol metabolism by altering both uptake and efflux pathways,
supporting its relevance as a candidate for AS intervention.

2. Materials and Methods
2.1. Materials

PAL (purity = 98%) was purchased from J&K Scientific (Beijing, China). Simvastatin was obtained from
Lukang Pharmaceutical Group Saite Co., Ltd. (Shandong, China). High-fat diet (HFD) feed was purchased
from Keao Xieli Feed Co., Ltd. (Beijing, China). Commercial assay kits for total bile acid (TBA), total
cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), and low-density
lipoprotein cholesterol (LDL-C) were purchased from Jiancheng Bioengineering Institute (Nanjing,
China).

2.2. Animals

Specific pathogen-free (SPF) male Sprague Dawley (SD) rats (6 weeks old, 200—-220 g; Certificate No.:
110324220106101646) were supplied by Sibeifu (Beijing) Biotechnology Co., Ltd. (China) (License No.:
SCXK (Jing) 2019-0010). The rats were housed under standard conditions (23.5 + 2.0°C, relative humidity
55% + 5%, 12-h light/dark cycle) with ad libitum access to food and water. After a 7-day acclimatization
period, rats were randomly allocated into a control group (n = 6; normal diet) and an HFD group (n =18,
high-fat diet). After 2 weeks, blood was collected from all animals without prior fasting to measure
serum TC levels. Based on these measurements, the HFD-fed rats were subdivided into three groups:
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HFD model, simvastatin (7.2 mg/kg), and PAL (20 mg/kg) groups. Each treatment group was
administered the corresponding drugs via oral gavage at a volume of 10 mL/kg, while the control and
model groups were administered an equal volume of double-distilled water. Treatments were continued
for 6 weeks. Body weight was recorded weekly. At the end of the treatment period, animals were fasted
for 12 h, anesthetized, and sacrificed. Blood and liver samples were collected from the abdominal aorta
for further analysis. All procedures and experiments were approved by the Experimental Animal Ethics
Committee of Yunnan University of Traditional Chinese Medicine (Approval No.: R-062022137).

2.3. Serum biochemical analysis

Blood was collected from the orbital sinus of mice and serum was subsequently isolated. Serum TBA,
TC, TG, LDL-C, and HDL-C levels were quantified using commercial assay kits from Nanjing Jiancheng
Bioengineering Institute (China) in accordance with the manufacturer’s protocols. Absorbance was
measured with a SpectraMax 13X microplate reader.

2.4. Hepatic biochemical analysis

Excised liver tissue was washed with ice-cold saline and blotted dry. The right lobe was sectioned, and
approximately 50 mg of tissue was weighed and homogenized in 0.9% sodium chloride solution (1:9
ratio) using a SCIENTZ-48 high-throughput tissue grinder. Homogenates were centrifuged at 3 500 rpm
for 10 min in a low-temperature high-speed centrifuge, and the resulting supernatant was collected. TC,
TG, LDL-C, and HDL-C concentrations were determined in the 10% liver homogenate according to the
corresponding assay kit instructions.

2.5. Histopathological analysis

Liver tissue reserved from biochemical analysis was fixed in 4% paraformaldehyde (v/v) solution.
Samples were dehydrated for 12 h in a fully automatic vacuum dehydrator and embedded in paraffin
using a tissue embedding system. Sections (4 pm) were prepared using a microtome, dewaxed, stained
with hematoxylin and eosin (H&E), mounted, and imaged using a digital slide-scanning system. For lipid
deposition analysis, additional liver tissue was processed similarly, followed by Oil Red O staining.
Sections were differentiated, counterstained with hematoxylin, rinsed, blued, mounted, and scanned to
assess hepatic lipid accumulation.

2.6. Molecular docking

Three-dimensional structures of the target proteins LDLR, PCSK9, LXRa, and CYP7A1 were downloaded
in “pdb” format from the Protein Data Bank (PDB) database. The structure of PAL was obtained in “sdf”
format from the PubChem database. Prior to docking, all receptor proteins were preprocessed using
PyMOL v2.5 by removing water molecules, salt ions, and bound ligands. Processed structures were
converted to PDBQT format using AutoDockTools to meet the input requirements of AutoDock Vina
v1.1.2. Molecular docking was conducted using default parameters, and the highest-affinity binding pose
was selected for each target. Docked complexes were visualized using PyMOL v2.5.

2.7. Molecular dynamics simulation
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Molecular dynamics simulations were performed using GROMACS 2022 for 100 ns. The CHARMM36
force field was applied to the proteins, and ligand topology was generated using the AFF2 force field.
Each protein-ligand complex was placed in a cubic box filled with TIP3P water molecules, with a
minimum distance of 1.2 nm from the complex to the box edge. Periodic boundary conditions were
applied in all directions. Electrostatic interactions were calculated using the Particle Mesh Ewald (PME)
algorithm. Energy minimization and system equilibration were performed using the isothermal-isochoric
and isothermal-isobaric ensembles (100 000 steps each), with a coupling constant of 0.1 ps. The system
was equilibrated for 100 ps before production runs. Both van der Waals and Coulomb interactions were
calculated with a cutoff of 1.0 nm. Simulations were conducted at a constant temperature (310 K) and
pressure (1 bar).

2.8. Quantitative real-time polymerase chain reaction
(QPCR)

Approximately 45-55 mg of liver tissue was used for total RNA extraction according to the instructions
of the RNA extraction kit. RNA concentration was measured, and equal quantities of RNA were subjected
to reverse transcription and PCR amplification. Raw data were collected and analyzed using the
QuantStudio™ Design & Analysis Software v1.5.2. Relative mRNA expression was calculated using the

2 AACT method. Briefly, ACT was first obtained (CT target gene - CT reference gene), followed by AACT
(ACT experimental group - ACT normal group), with the fold change in mRNA expression in the
experimental group relative to the normal group calculated using F = 2"2ACT(Galeotti et al. 2023; Jeong
et al. 2025). Primer sequences for each target gene are shown in Table 1.

Table 1
Primer sequences of target genes

Oligo Sequence (5'-3’)

LDLR F: GGACAAGTCGGACGAGGAGAAC
R: CGGTCACACTGGCGGCTAC
PCSK9 F: TGGAGCAACGGCGGAAGG
R: CGAGGACGGAGACTACGAAGAG
LXRa F: GGAGACCAGGGAGGCAACAC
R: GGCTGTAGGCTCGGATGACTC
CYP7A1  F: AGGTCTCTGAACTGATCCGTCTAC
R: GAATAGCGAGGTGCGTCTTGG

2.9. Immunohistochemical analysis

Paraffin-embedded liver tissues were sectioned, subjected to antigen retrieval, endogenous peroxidase
quenching, and blocking. Sections were incubated with primary antibodies against LDLR (1:1 000), LXRa
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(1:1 000), CYP7A1 (1:1 000), and PCSK9 (1:400), followed by incubation with appropriate secondary
antibodies. Detection was performed using DAB chromogenic substrate, and nuclei were counterstained.
After dehydration and mounting, slides were scanned to assess the relative expression levels of the
target proteins.

2.10. Statistical analysis

All data obtained in this experiment were analyzed using IBM SPSS Statistics 27, with results expressed
as mean t standard deviation (SD). Normality of distribution was assessed prior to further analysis. For
non-normally distributed data, non-parametric tests were applied. For normally distributed data,
homogeneity of variance was evaluated. If variance was homogeneous, one-way analysis of variance
(ANOVA) followed by Dunnett's post hoc test was performed. If variance was not homogeneous, the
Kruskal-Wallis test was used. Statistical significance was defined as P < 0.05. All graphs were plotted
using GraphPad Prism software.

3. Results
3.1. PAL attenuates hepatic steatosis in HFD-fed rats

Baseline body weights were comparable across groups, confirming successful randomization. From the
second week of PAL administration through the end of the 8-week intervention, rats in the HFD group
exhibited a marked increase in body weight (Fig. 2A). At the treatment endpoint, body weight in the HFD
groups remained significantly elevated compared to the normal diet group (P < 0.01), whereas PAL-
treated rats (20 mg/kg/d) showed a significant reduction in body weight relative to untreated HFD-fed
rats (P < 0.05) (Fig. 2B). Histological assessment via Oil Red O and H&E staining revealed excessive lipid
droplet accumulation, vacuolar degeneration, and inflammatory infiltration in the livers of HFD-fed rats.
PAL treatment effectively reduced hepatic lipid accumulation and mitigated pathological alterations
associated with steatosis (Fig. 2C-D).

3.2. PAL regulates cholesterol metabolism in HFD-fed rats

Following 6 weeks of treatment, rats fed a HFD exhibited significant elevations in serum TC, TG, LDL-C,
and TBA levels (P < 0.001), along with a marked reduction in HDL-C levels (P < 0.001) compared to the
control group. In liver tissue, levels of TC, TG, LDL-C, and HDL-C were also significantly elevated (P <
0.001, P<0.05). PAL administration markedly attenuated the elevations in serum TC, LDL-C, and TG
(Fig. 3A—C) and also significantly increased HDL-C levels (Fig. 3D). The observed rise in hepatic HDL-C
levels in the HFD group (P < 0.05) may reflect an endogenous response to HFD challenge. Compared to
the HFD-fed group, PAL treatment significantly lowered both serum and hepatic TC, TG, and LDL-C levels
(P<0.05, P<0.001), while significantly enhancing HDL-C concentrations (P < 0.05, P <0.001) (Fig. 3F-1).
Serum TBA levels were also significantly reduced by PAL intervention (Fig. 3E). Collectively, these
findings indicate that PAL exerts potent lipid-lowering effects under hyperlipidemic conditions and may
contribute to the prevention of AS.
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Figure 3. PAL modulates cholesterol metabolism in HFD-fed rats. Serum levels of TC (A), TG (B), LDL-C
(C), HDL-C (D), and TBA (E). Hepatic levels of TC (F), TG (G), LDL-C (H), and HDL-C (l). Data are presented
as mean +SD (n=6). "P<0.05, ™ P < 0.001 vs. control group; *P < 0.05, ¥#P < 0.01, ¥#P < 0.001 vs. HFD
group.

3.3. Molecular docking validation

Precise molecular docking was performed to evaluate the interaction between PAL and four key targets
involved in cholesterol metabolism: PCSK9, LDLR, LXRa, and CYP7A1. The calculated binding energies
were - 5.5 kcal/mol for PCSK9, - 6.1 kcal/mol for LDLR, - 5.6 kcal/mol for LXRa, and - 5.6 kcal/mol for
CYP7A1 (Table 2), indicating favorable binding affinity. These results suggest that PAL can stably
interact with all four targets (Fig. 4A-D).

Table 2

Molecular docking results of PAL with
key targets in cholesterol metabolism

Target Binding energy (kcal/mol)
PCSK9 -5.5
LDLR -6.1
LXRa -5.6
CYP7A1 -5.6

3.4. Molecular dynamics simulation

Molecular dynamics simulations were conducted to assess the stability of PAL binding to PCSK9, LDLR,
LXRa, and CYP7A1. Root mean square deviation (RMSD) was used as a primary indicator for evaluating
the structural stability of each ligand-target protein complex, with a lower average RMSD value indicating
tighter ligand binding and enhanced complex stability(Shi et al. 2023; Yang et al. 2024). As shown in

Fig. 5A, the PCSK9-PAL complex reached equilibrium by 10 ns and fluctuated around 2.7A. The LDLR-
PAL complex stabilized after 90 ns, with fluctuations near 2.4A. The LXRa-PAL complex achieved
equilibrium at 20 ns and fluctuated around 2A. The CYP7A1-PAL complex reached equilibrium after 90
ns and fluctuated around 3.6A. These results indicate that PAL can form stable interactions with all four
target proteins.

Solvent accessible surface area (SASA) was calculated to evaluate changes in the protein-ligand
interface microenvironment(Hosseini Faradonbeh et al. 2025). All four complexes displayed slight SASA
fluctuations that gradually stabilized over the simulation period (Fig. 5B), suggesting that PAL binding
can influence the surface microenvironment.

The radius of gyration (Rg) reflects the overall compactness of a molecular system, with larger variation
indicating structural expansion(Jimmy et al. 2023). Analysis of the PCSK9-PAL, LDLR-PAL, LXRa-PAL,
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and CYP7A1-PAL complexes showed relatively stable Rg fluctuations throughout the simulation,
suggesting no significant expansion or contraction occurred during the simulation period (Fig. 5C).

Hydrogen bond formation was also evaluated as an indicator of complex stability, with a significant
increase indicating a more stable system(Park and Workun; Vinolo-Gil et al.). The PCSK9-PAL, LDLR-PAL,
and LXRa-PAL complexes formed an average of approximately three hydrogen bonds (ranging from 0-7,
0-5, and 0-5, respectively), while the CYP7A1-PAL complex formed around two hydrogen bonds
(ranging from 0-6) (Fig. 5D), indicating favorable and sustained hydrogen bonding interactions.

Root mean square fluctuation (RMSF) analysis was performed to assess residue-level flexibility across
the complexes, with smaller values suggesting a more stable complex system(Alugoju et al. 2024;
Guerguer et al. 2025). Most RMSF values remained below 4 A, indicating lower flexibility and higher
stability (Fig. 5E—H).

Overall, the PCSK9-PAL, LDLR-PAL, LXRa-PAL, and CYP7A1-PAL complexes exhibited stable
conformations, favorable binding energies, consistent hydrogen bonding, and low residue fluctuation
throughout the 100 ns simulations, demonstrating that PAL maintained stable interactions with key
regulators of cholesterol metabolism.

3.5. PAL regulates cholesterol metabolism by influencing LDLR, LXRa, CYP7A1, and PCSK9 mRNA
expression in the liver

Quantitative PCR analysis revealed that hepatic mRNA expression levels of PCSK9, LDLR, LXRa, and
CYP7A1 were significantly reduced in the HFD group compared with the control group (P < 0.001, P <
0.05). PAL treatment significantly downregulated PCSK9 expression (P < 0.001), while the mRNA
expression levels of LDLR, LXRa, and CYP7A1 were significantly upregulated (P < 0.05, P < 0.001)
(Fig. 6A-D).

Figure 6. PAL modulates cholesterol metabolism by influencing hepatic mRNA levels of LDLR, LXRa,
CYP7A1, and PCSKO9. Relative mRNA expression levels of PCSK9 (A), LDLR (B), LXRa (C), and CYP7A1

(D) in the liver. Data are presented as mean + SD. "P < 0.05, ™"P < 0.001 vs. control group; P < 0.05, #P <
0.01, ##P < 0.001 vs. HFD group.

3.6. PAL regulates cholesterol metabolism by influencing LDLR, LXRa, CYP7A1, and PCSK9 protein
levels in the liver

Hepatic expression of the PCSK9 protein was significantly increased in the HFD group compared with
the control group, while the LDLR, LXRa, and CYP7A1 expression levels were markedly decreased. PAL
intervention significantly reduced PCSK9 expression and restored LDLR, LXRa, and CYP7AT1 protein
levels (Fig. 7A-D).

4. Discussion

Page 9/22



AS remains the principal cause of cardiovascular morbidity and mortality worldwide, with excessive
cholesterol accumulation representing a major risk factor for both cardiovascular and metabolic
disorders(Magnussen et al. 2023; Chen et al. 20244a; Toth and Banach 2024). Although statins are
routinely prescribed, their application is limited by adverse effects such as rhabdomyolysis and
hepatotoxicity(Li et al. 2025a; Bahardoust et al. 2025). Natural compounds with diverse chemical
scaffolds and cardiovascular protective properties have attracted increasing attention as potential lipid-
lowering agents. This study evaluated the regulatory effects of PAL on hepatic cholesterol metabolism in
HFD-fed rats. PAL treatment inhibited lipid deposition in the liver, reduced systemic and hepatic lipid
levels, and decreased serum TBA levels. Mechanistic investigations revealed that PAL modulated two
key aspects of cholesterol regulation, notably hepatic cholesterol uptake and bile acid-mediated
excretory transport. These findings support the potential of PAL as a therapeutic candidate for delaying
AS progression.

As the central organ for cholesterol homeostasis, the liver primarily clears circulating LDL-C via LDL
receptors (LDLRs) expressed on hepatocyte basolateral membranes(Clifford et al. 2023). However,
binding of PCSK9 to LDLRs promotes receptor degradation, impeding its recycling to the cell surface and
thereby reducing hepatic LDL-C clearance while elevating plasma LDL-C concentrations—a pathological
feature that exacerbates AS(Kong et al. 2022; Hummelgaard et al. 2023). Consequently, inhibition of
PCSK9 expression and stabilization of LDLRs are crucial strategies for restoring hepatic LDL-C uptake
and lowering plasma cholesterol burden(Handelsman and Lepor 2018; Chen et al. 2024b). In this study,
PAL administration effectively suppressed hepatic PCSK9 expression while enhancing LDLR protein
levels, suggesting a favorable impact on LDL-C clearance. Reverse cholesterol transport (RCT) is the
primary pathway for eliminating excess cholesterol from the body, mobilizing cholesterol from peripheral
tissues to the liver. This process culminates in hepatic conversion of cholesterol into bile acids or other
metabolic derivatives for excretion and is transcriptionally regulated by LXRal®”~3%. Upon activation,
LXRa up-regulates the expression of CYP7A1, thereby promoting bile acid synthesis and facilitating
cholesterol elimination, ultimately reducing hepatic TC levels 4047l Notably, CYP7A1 induction has also
been associated with increased expression of LDLR, suggesting a potential synergistic mechanism in
enhancing cholesterol clearance. The present study showed that PAL treatment significantly increased
hepatic expression of both LXRa and CYP7A11243] These findings suggest that PAL may modulate
hepatic cholesterol homeostasis by concurrently regulating PCSK9/LDLR-mediated LDL uptake and
LXRa/CYP7A1-driven bile acid synthesis and excretion.

This study still has several limitations to mention. First, the mechanistic insights derived from this study
remain associative rather than causative. Although changes in LDLR, LXRa, CYP7A1, and PCSK9 were
observed following PAL treatment, it cannot be conclusively determined whether PAL exerts its
cholesterol-lowering effects by directly regulating these targets. Functional validation via genetic
perturbation—such as loss-of-function or gain-of-function experiments—will be necessary to establish
mechanistic causality. For example, demonstrating that LXRa knockdown in hepatocytes attenuates
PAL-induced CYP7A1 upregulation and cholesterol efflux would provide compelling evidence that LXRa
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is a key target through which PAL exerts its functions. Second, although PAL significantly modulated
cholesterol homeostasis and exhibited lipid-lowering activity in HFD-fed rats, direct anti-atherosclerotic
effects were not assessed. To further substantiate the therapeutic relevance of PAL, future studies
should employ classical AS models, such as ApoE™~ mice, and quantify various endpoints, including
lesion burden, plaque area, and plaque stability. Specifically, histological analyses of the aortic arch,
aortic root, and brachiocephalic trunk using Oil Red O and H&E staining could quantify lipid accumulation
and structural disruption, with plaque burden expressed as a percentage of vascular or luminal area(Dou
et al. 2019; Ding et al. 2019; Wei et al. 2021). Plaque stability could also be assessed by detecting
macrophage markers (e.g., CD68/CD36) and matrix metalloproteinases (e.g., MMP-2, MMP-9)(Li et al.
2025b). In addition to cholesterol dysregulation, oxidative stress and inflammation contribute to AS
pathophysiology(Jia et al. 2025). Therefore, future investigations should incorporate markers of
oxidative and inflammatory stress, such as malondialdehyde (MDA), superoxide dismutase (SOD), tumor
necrosis factor-a (TNF-a), and interleukin-1pB (IL-1pB) levels, in both liver and serum. Such comprehensive
profiling would allow a more complete assessment of the therapeutic efficacy of PAL against AS.

5. Conclusions

This study demonstrated that PAL effectively maintains homeostasis of hepatic cholesterol metabolism
by concurrently modulating cholesterol uptake and excretory transport pathways. This dual-action
mechanism highlights the therapeutic potential of PAL as a candidate for AS intervention.
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Abbreviations

PAL Protocatechuic aldehyde

HFD High-fat diet

LDLR Low-density lipoprotein receptor
LXRa Hepatic X receptor a

CYP7A1  Cholesterol 7a-hydroxylase

PCSK9 Proprotein convertase subtilisin/Kexin type 9

AS Atherosclerosis
TBA Total bile acid
TC Total cholesterol
TG Triglycerides

HDL-C High-density lipoprotein cholesterol

LDL-C Low-density lipoprotein cholesterol
RMSD Root mean square deviation

SASA Solvent accessible surface area
RMSF Root mean square fluctuation

Rg Radius of gyration

RCT Reverse cholesterol transport
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Figure 2

PAL alleviates hepatic steatosis in HFD rats. (A) Body weight changes in rats from each group during the
experiment. (B) Body weight changes at the end of treatment. Representative images of liver tissue. (C)
H&E staining. (D) Oil red O staining (Scale bar: 200 um and 50 ym). Data are expressed as mean + SD (n
= 6). P < 0.01 compared with control group, P < 0.05 compared with HFD group
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Figure 3

PAL modulates cholesterol metabolism in HFD-fed rats. Serum levels of TC (A), TG (B), LDL-C (C), HDL-C
(D), and TBA (E). Hepatic levels of TC (F), TG (G), LDL-C (H), and HDL-C (I). Data are presented as mean #

SD (n = 6). "P < 0.05, ™P < 0.001 vs. control group; *P < 0.05, #P < 0.01, *##P < 0.001 vs. HFD group.
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Figure 4

Molecular interactions between (A) PAL and PCSKO9, (B) PAL and LDLR, (C) PAL and LXRaq, and (D) PAL
and CYP7AT1.
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Molecular dynamics simulation results. (A) RMSD trajectories of PCSK9, LDLR, LXRa, CYP7A1, and PAL
over the 100 ns simulation period. (B) SASA profiles of PCSK9, LDLR, LXRa, CYP7AT, and PAL over time.
(C) Rg values for PCSK9, LDLR, LXRa, CYP7A1, and PAL over time. (D) Hydrogen bonds between PCSK9,
LDLR, LXRa, CYP7AT, and PAL over time. (E-H) RMSF values of amino acid backbone atoms in PCSK9
(E), LDLR (F), LXRa (G), and CYP7A1 (H) in complex with PAL.
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Figure 6

PAL modulates cholesterol metabolism by influencing hepatic mRNA levels of LDLR, LXRa, CYP7A1, and
PCSK9. Relative mRNA expression levels of PCSK9 (A), LDLR (B), LXRa (C), and CYP7AT1 (D) in the liver.

Data are presented as mean + SD. “P < 0.05, ""P < 0.001 vs. control group; *P < 0.05, #*P < 0.01, ###p <

0.001 vs. HFD group.
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Figure 7

PAL modulates cholesterol metabolism by influencing hepatic protein levels of LDLR, LXRa, CYP7A1, and
PCSK9. Protein expression levels of PCSK9 (A), LDLR (B), LXRa (C), and CYP7A1 (D) in the liver.
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