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Abstract 

 Hypercholesterolemia is a high-risk factor for cardiovascular disease. The increasing prevalence of 

hypercholesterolemia necessitates effective therapy. One of the novel targets is proprotein convertase subtilisin/kexin 

type 9 (PCSK9). However, the high cost of PCSK9 inhibitors limits their availability in low-income and middle-income 

countries. Salacca zalacca (SZ) is an herbal plant with various pharmacological properties, especially cholesterol 

metabolism. Novel PCSK9 inhibitors from herbal plants may be promising for drug development based on bioinformatic 

predictive analysis. This study identified SZ compounds as antihypercholesterolemic agents targeting PCSK9 inhibitors 

and their mechanisms. Pharmacokinetic properties and biological activities were analyzed using the pkCSM and Way2 

drug PASS online databases. Molecular docking was performed using PyRx v9.0, PyMOL, and molecular dynamics using 

the YASARA software. 4-{[(1R)-6-methoxy-1-methyl-1-{2-oxo-2-[(13-thiazol-2-yl)amino]ethyl}-1,2,3,4 tetrahydroiso-

quinolin-7-yl]oxy}benzoic acid (PV7) was used as the control. 25 compounds were identified in SZ, and 8 compounds 

showed good oral bioavailability. Molecular docking showed that quercetin had the strongest binding affinity for PCSK9 

(−8.167 ± 0.153 kcal/mol). It was not significantly stronger than the control (−8.067 ± 0.153 kcal/mol) and bound to the 

same binding residues (TRP 461, ASP 360, SER 462, ARG 357, ARG 458, VAL 333, THR 335, PRO 331, and CYS 

358). In addition, molecular dynamic simulation showed a stable interaction between quercetin and PCSK9 with an 

average RMSD of 3.5 Å. Therefore, quercetin, a phytochemical compound from SZ, is a promising candidate for anti-

hypercholesterolemia by targeting PCSK9 inhibitors. 

 

Keywords: PCSK9 inhibitor, Hypercholesterolemia, Salacca zalacca, Bioinformatics, Quercetin, Molecular docking, 

Molecular dynamics 

 

Introduction  

Proprotein convertase subtilisin/kexin type 9 

(PCSK9) is primarily produced in hepatocytes and 

functions as a pivotal regulator of cholesterol 

metabolism by controlling low-density lipoprotein 

receptors [1]. Strategic treatment is needed along with 

an increasing prevalence of hypercholesterolemia.  

 

PCSK9 inhibitors are promising novel agents and 

effective treatments for hypercholesterolemia [2,3]. 

Currently, LDL-lowering drugs targeting PCSK9, such 

as alirocumab and evolocumab, are 60 % effective in 

combination with statins; however, their availability is 

limited and expensive. In the United States, the annual 
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cost of PCSK9 inhibitors is $5850 per patient, making 

treatment inaccessible to numerous individuals [4]. This 

is a major limitation of PCSK9 inhibitors as alternatives 

to hypercholesterolemia treatment, especially in low- 

and middle-income countries. Furthermore, alirocumab 

and evolocumab are approved by the FDA for 

administration via subcutaneous injections, which may 

be unpleasant for patients compared to oral drugs [5].  

Given these limitations, the development of 

natural compounds targeting PCSK9 inhibitors has high 

potential in terms of affordability, availability, and 

safety profile in drug discovery because of  their 

structural and bioactivity. Salacca zalacca (SZ) is one 

of the tropical fruits indigenous to Indonesia. SZ is a 

popular dietary herb and has a high flavonoid content, 

especially quercetin. Previous studies have shown that 

quercetin may effectively treat atherosclerosis by 

regulating the expression of PCSK9 [6-9]. A previous 

study also found that quercetin supplementation reduced 

atherogenic oxidized LDL (ox-LDL) levels 

and significantly decreased total cholesterol, LDL, and 

C-reactive protein [10].   

Drug development is complex and expensive. 

However, advances in silico methods using computer 

simulations and models have revolutionized the 

development of drugs. These approaches can streamline 

many steps of the process. By simulating bioinformatics 

analysis, in silico techniques allow researchers to 

virtually test drug candidates before conducting 

laboratory and clinical trials [11]. Identifying 

compounds in SZ that have the best 

antihypercholesterolemic properties will be useful for 

drug development. However, no studies have focused on 

exploring and predicting the potential of quercetin from 

SZ as a PCSK9 inhibitor using a bioinformatic 

approach. Therefore, this study explored and predicted 

the potential of SZ compounds for hypercholesterol 

treatment by targeting PCSK9 inhibitors, using 

molecular docking and molecular dynamic 

simulation.  We hope that this study will form the basis 

for further research on anti-hypercholesterol agents in 

the future. 

 

 

 

 

 

Materials and methods 

Data mining of phytochemical compounds in 

Salacca zalacca 

The phytochemical compounds in SZ have been 

identified in previous studies [12,13]. The chemical 

formula, canonical simplified molecular input line entry 

system (SMILE), 3D structure, and PubChem ID for 

each compound were downloaded from the PubChem 

database. All 3D structures of each SZ compound were 

saved in SDF format for molecular docking analysis.   

 

Drug-likeness,  pharmacokinetics, and toxicity 

prediction 

We predicted drug-likeness and performed 

pharmacokinetic analysis using the pkCSM database 

(https://biosig.lab.uq.edu.au/pkcsm/). Drug-likeness 

prediction followed Lipinski’s rule of 5 (RoF) criteria 

[14]. The collected data on RoF included the molecular 

weight, hydrogen bond acceptor, hydrogen bond donor, 

partition coefficient, and molecular refractivity. We also 

evaluated the toxicity class of each compound using 

ProTox 3.0 prediction 

(https://tox.charite.de/protox3/index.php?site=home). 

Compounds that meet the RoF criteria will be advanced 

to the molecular docking stage for more detailed 

analysis. 

 

Membrane permeability prediction and 

biological activity prediction  

Membrane permeability was assessed using 

PerMM (https://permm.phar.umich.edu/) and visualized 

using ChimeraX (https://www.cgl.ucsf.edu/chimerax) 

and GraphPad Prism version 10 

(https://www.graphpad.com/features). Environmental 

parameters were selected based on the cell's 

physiological state, with a pH of 7.4 and a temperature 

of 310 K. The movement of substances across the 

plasma membrane was simulated in 3 dimensions [15]. 

The PerMM method combines the heterogeneous 

solubility-diffusion theory with an anisotropic solvent 

model of the lipid bilayer, which is characterized by 

transbilayer dielectric and hydrogen-bonding 

parameters. It calculates the membrane binding energies 

and transfer energy profiles of the permeants, and 

identifies their optimal positions and conformations 

during motion along the membrane normal. The 

membrane-bound state is defined as the conformation 
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and position with the lowest energy transfer from water 

[16].  

The canonical SMILES for each compound were 

sourced from PubChem to predict its biological 

activities. The antihypercholesterolemic activity of SZ 

was assessed using the WAY2DRUG Prediction of 

Activity Spectra for Substances (PASS) online tool 

(http://www.pharmaexpert.ru/passonline/predict.php; 

accessed March 17, 2024) with its SMILES structure. 

This tool uses structure-activity relationship (SAR) 

analysis to compare input compounds with known 

effective compounds [17,18]. Greater structural 

similarity leads to higher prediction scores, suggesting 

that similar structures may exhibit similar bioactivity 

[18]. Visualization was performed using the GraphPad 

Prism software version 10 

(https://www.graphpad.com/features). 

 

Molecular docking analysis.   

Molecular docking simulations were performed 

using Vina Wizard in PyRx 9.0 

(https://pyrx.sourceforge.io/) to predict the interactions 

between SZ compounds and PCSK9. PCSK9 protein 

was retrieved from the protein databank 

(http://www.rcsb.org) with (PDB ID: 6U2N). The 

quality of the structure of the PCSK9 protein was 

evaluated using ProCheck on the PDBsum website. 

Ramachandran website, revealing a most favoured 

regions [A,B,L] of 89.3 % and a small allowed region of 

10.1 %. The dihedral key metrics included a G-factor of 

-0.25, a covalent radius of 0.33, and an overall G-factor 

value of 0.11, indicating a good structure quality. The 

PDB indicates that 6U2N is from organism Homo 

sapiens, expression system Homo sapiens, with 

resolution 2.15 Å, R-value of 0.234 (free), R-value of 

0.190 (work), R-value of 0.192 (observed), and X-ray 

crystal structures revealed that these compounds bind to 

a novel allosteric pocket between the catalytic and C-

terminal domains [19]. These results suggested that 

6U2N is a suitable candidate for PCSK9 target protein 

selection. The protein structure was saved in PDB 

format and prepared using PyMOL software by 

removing interfering water, adding missing hydrogen 

atoms, and checking for incomplete residues. The 

molecules were subsequently converted to the pdbqt 

format using AutoDock tools [20]. We also used 4-

{[(1R)-6-methoxy-1-methyl-1-{2-oxo-2-[(13-thiazol-2-

yl)amino]ethyl}-1,2,3,4-tetrahydroisoquinolin-7-

yl]oxy}benzoic acid (PV7) as a control based on 

previous studies [19]. The grid coordinates for specific 

docking are listed in Table 1. Protein-ligand interactions 

were visualized using BIOVIA Discovery Studio 2019 

(https://discover.3ds.com/discovery-studio-visualizer-

download).

 

Table 1 Grid coordinates docking dimension of the study. 

 Center Dimensions (Angstrom) 

Protein 

Target 
X Y Z Size X (Ao) Size Y (Ao) Size Z (Ao) 

6U2N −7.760 −24.431 26.230 6.835 6.835 6.835 

 

Molecular dynamics (MD) simulations  

Molecular dynamics (MD) simulations were 

performed using YASARA software with the 

AMBER14 force field [21]. This process was performed 

within 100 ns at atinterval of 50,000 fs. The system was 

also conditioned as closely as possible to the 

physiological conditions of human cells (temperature at 

°C, pH 7.4, pressure at 1 atm, and 0.9 % salt content). 

The macro programs conducted md_run to run the 

simulations, md_analyze to analyze the root-mean-

square deviation (RMSD) values, and md_ analysis to 

analyze the root-mean-square fluctuation (RMSF) 

values [22]. 

 

Results and discussion 

Phytochemical compounds of Salacca zalacca 

Twenty-five SZ compounds were identified from 

literature. These compounds are sourced from the skin, 

fruits, and seeds [12,13]. SZ is a tropical fruit indigenous 

to Indonesia that is extensively cultivated and consumed 

in these regions [23,24]. Central Java is the largest salak 

producer (432,097 tons), equivalent to 38.57 % of the 

total national salak fruit production per year [25]. 
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Previous studies have shown that SZ contains bioactive 

compounds such as alkaloids, steroids, triterpenoids, 

flavonoids, and tannins [26-28]. Its skin also contains 

quercetin, caffeic acid, chlorogenic acid, ferulic acid, 

gallic acid, and rosmarinic acid [29,13,30]. The active 

compounds used in this study are listed in Table 2. 

 

Table 2 List of Salacca zalacca Compounds. 

Compounds 

ID 

Compounds 

Name 

PubChem 

ID 

Molecular 

Formula 
Smile Structure 

SZ 1 Caffeic acid 689043 C9H8O4 C1=CC(=C(C=C1C=CC(=O)O)O)O 

 

SZ 2 
Chlorogenic 

acid 
1794427 C16H18O9 

C1C(C(C(CC1(C(=O)O)O)OC(=O)C=CC2=CC(=C(C=C2)O

)O)O)O 

 

SZ 3 Rutin 5280805 C27H30O16 
CC1C(C(C(C(O1)OCC2C(C(C(C(O2)OC3=C(OC4=CC(=CC

(=C4C3=O)O)O)C5=CC(=C(C=C5)O)O)O)O)O)O)O)O 

 

SZ 4 
Beta-

sitosterone 
9801811 C29H48O 

CCC(CCC(C)C1CCC2C1(CCC3C2CC=C4C3(CCC(=O)C4)

C)C)C(C)C 

 

SZ 5 Stigmasterol 5280794 C29H48O 
CCC(C=CC(C)C1CCC2C1(CCC3C2CC=C4C3(CCC(C4)O)

C)C)C(C)C 

 

SZ 6 Linoleic acid 5280450 C18H32O2 CCCCCC=CCC=CCCCCCCCC(=O)O 

 

SZ 7 Gallic acid 370 C7H6O5 C1=C(C=C(C(=C1O)O)O)C(=O)O 

 

SZ 8 Ferulic acid 445858 C10H10O4 COC1=C(C=CC(=C1)C=CC(=O)O)O 

 

SZ 9 Quercetin 5280343 C15H10O7 
C1=CC(=C(C=C1C2=C(C(=O)C3=C(C=C(C=C3O2)O)O)O)

O)O 

 

SZ 10 
Rosmarinic 

acid 
5281792 C18H16O8 

C1=CC(=C(C=C1CC(C(=O)O)OC(=O)C=CC2=CC(=C(C=C

2)O)O)O)O 

 

SZ 11 

2-

methylbutanoi

c acid 

8314 C5H10O2 CCC(C)C(=O)O 

 

SZ 12 

Methyl 3-

methylpentano

ate 

519891 C7H14O2 CCC(C)CC(=O)OC 

 

SZ 13 

 

Methyl 

hexanoate 
7824 C7H14O2 

CCCCCC(=O)OC 

  

SZ 14 

Methyl 3-

methyl-2-

pentenoate 

5362896 C7H12O2 CCC(=CC(=O)OC)C 

 

SZ 15 

Methyl 

3-hydroxy-3-

methylpentano

ate 

13180715 C7H14O3 CCC(C)(CC(=O)OC)O 
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Compounds 

ID 

Compounds 

Name 

PubChem 

ID 

Molecular 

Formula 
Smile Structure 

SZ 16 Furaneol 19309 C6H8O3 CC1C(=O)C(=C(O1)C)O 

 

SZ 17 

Methyl 

dihydrojasmon

ate 

102861 C13H22O3 CCCCCC1C(CCC1=O)CC(=O)OC 

 

SZ 18 Isoeugenol 853433 C10H12O2 CC=CC1=CC(=C(C=C1)O)OC 

 

SZ 19 
Luteone 

(Terpenoid) 
21601966 C23H36O2 CC(=O)CCC1C(=C)CCC2C1(CCC3C2(CCCC3(C)C)C=O)C 

 

SZ 20 p-cresol 2879 
C7H8O 

CH3C6H4OH 
CC1=CC=C(C=C1)O 

 

SZ 21 Catechol 289 C6H6O2 C1=CC=C(C(=C1)O)O 

 

SZ 22 
4-methyl 

catechol 
9958 C7H8O2 CC1=CC(=C(C=C1)O)O 

 

SZ 23 Epicatechin 72276 C15H14O6 C1C(C(OC2=CC(=CC(=C21)O)O)C3=CC(=C(C=C3)O)O)O 

 

SZ 24 L-DOPA 6047 C9H11BO4 C1=CC(=C(C=C1CC(C(=O)O)N)O)O 

 

SZ 25 Beta-sitosterol 222284 C29H50O 
CCC(CCC(C)C1CCC2C1(CCC3C2CC=C4C3(CCC(C4)O)C)

C)C(C)C 

 

 

Drug-likeness, bioactivity, pharmacokinetics, 

toxicity, and membrane permeability of the SZ 

compounds 

This method evaluates drug similarity and 

determines whether a compound has potential as an oral 

drug in humans [31]. Oral drug candidates should have 

a molecular weight below 500 g/mol, lipophilicity (Log 

P) below 5, hydrogen bond acceptors below 10, 

hydrogen bond donors below 5, and partition 

coefficients below 5 [32]. Effective oral drugs also meet 

the criteria of small molecules and are lipophilic [31]. 

Based on the drug-likeness screening, for all SZ 

compounds, 8 compounds fulfilled the ROF criteria, 

including caffeic acid, ferulic acid, quercetin, 

rosmarinic acid, methyl dihydrojasmonate, isoeugenol, 

epicatechin, and L-DOPA, as shown in Figure 1(A). 

Thus, these compounds are predicted to be potential oral 

drug candidates.  Meanwhile, 17 compounds are not 

eligible for the RoF criteria, such as beta-sitosterone, 

stigmasterol, linoleic acid, gallic acid, 2-methylbutanoic 

acid, methyl 3-methylpentanoate, methyl hexanoate, 

methyl 3-methyl-2-pentenoate, methyl 3-hydroxy-3-

methylpentanoate, furanol, chlorogenic acid, rutin, 

terpenoid, p-cresol, catechol, 4-methylcatechol, and 

beta-sitosterol, as shown in Figure 1(A).  

The WAY2DRUG PASS online tool was used to 

determine the biological activities of the compounds 

based on their structural formulas. This server predicts 

the activity of each compound by providing a value for 

probable activity (Pa) and probable inactivity (Pi) [33]. 

The Pa value indicates the potency of the tested 

compound, with higher values reflecting greater 

prediction accuracy [34]. A Pa value between 0.5 and 

0.7 indicates a moderate potential for novel 

pharmacological action. Higher Pa values indicate better 

accuracy and greater structural similarity [18,35]. We 

evaluated 8 SZ compounds that have good oral 

bioavailability with The WAY2DRUG PASS to 
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determine the bioactivity of each compound. Based on 

the bioactivity prediction, epicatechin and caffeic acid 

had higher Pa values (0.63). This was followed by 

ferulic acid (0.6250), quercetin (0.5160), methyl 

dihydrojasmonate (0.51), L-dopa (0.0098), isoeugenol 

(0.0067), and rosmarinic acid (0.0029) (Figure 1(B)). 

These results showed that epicatechin, caffeic acid, 

ferulic acid, quercetin, and methyl dihydrojasmonate 

have a moderate probability of anti-

hypercholesterolemia activity, suggesting that these 

compounds may also contribute to cholesterol 

regulation. Previous studies have shown that 

epicathechin is significantly decreased total cholesterol, 

LDL cholesterol, and triglyceride levels while 

increasing HDL cholesterol [36]. In addition, caffeic 

acid, ferulic acid, quercetin significantly lowered the 

plasma lipid and hepatic cholesterol levels [37-39]. In 

other research, quercetin has the potential to treat 

metabolic disorders due to its pharmacological 

properties, including hypoglycemic, hypolipidemic, 

cardioprotective, anti-inflammatory, anticancer, and 

hepatoprotective effects [40-44].

 

 

Figure 1 Prediction characteristics of SZ. (A) Rule of 5 (RoF) predictions for SZ compounds. (B) Prediction of biological 

activity of SZ compounds. (C) Prediction of the membrane permeability of SZ compounds. 

 

The PerMM database analyzes and visualizes the 

passive translocation of compounds across lipid 

membranes. This method calculates the total energy of 

a compound passing through cell membranes [16]. 

Membrane permeability analysis demonstrated that 

methyl dihydrojasmonate had the higher permeability, 

with energy values being −0.6 kcal/mol, respectively 

(Figure 1(C), Figure 2). Followed by isoeugenol (−0.3 

kcal/mol), caffeic acid (4.90 kcal/mol), ferulic acid (5.1 

kcal/mol), L-Dopa (8.0 kcal/mol), rosmarinic acid (9.1 

kcal/mol), epicatechin (10.9 kcal/mol), and quercetin 

(12.1 kcal/mol). It means that methyl dihydrojasmonate 

had a greater ability to enter the plasma membrane than 

other compounds by their conformational changes as 

they entered the cell membrane. Quercetin has a lower 

permeability (12.1 kcal/mol) than the others, indicating 

that it may be difficult and take longer to pass through 

the acyl chain area. As a result, viable delivery 

mechanisms, such as liposomes or nanoparticles, are 

required to make quercetin easily penetrate the lipid acyl 

chain area of the lipid bilayer [45].
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Figure 2 Visualization of membrane permeability of SZ compounds.  

 

 

ADMET characteristics, including absorption, 

distribution, metabolism, excretion, and toxicity, play an 

important role in drug discovery, development, and 

design strategies [46]. Pharmacokinetic analysis 

indicated that all 8 compounds had low water 

solubilities. According to the absorption parameters, 

caffeic acid, rosmarinic acid, epicatechin, and L-dopa 

showed moderate intestinal absorption. However, 

ferulic acid, quercetin, methyl dihydrojasmonate, and 

isoeugenol show high intestinal absorption. 

Additionally, all compounds had low blood-brain 

barrier (BBB) penetration, except isoeugenol, which 

demonstrated higher permeability. 

Furthermore, these 8 compounds were subjected 

to toxicity screening to identify nontoxic compounds in 

the human body. According to the Pro-Tox II prediction, 

L-dopa, isoeugenol, and ferulic acid have class IV 

toxicity. Caffeic acid, rosmarinic acid, and methyl 

dihydrojasmonate belong to the toxicity class V. 

Epicatechin belongs to class VI toxicity. Toxicity 

categories IV, V, and VI are non-toxic and non-irritating 

[47]. However, quercetin has class III toxicity, with an 

LD50 of 159 mg/kg, suggesting that it is more toxic 

when ingested in amounts exceeding 159 mg/kg body 

weight, as shown in Table 3. The use of quercetin 

should be seriously considered, because it is slightly 

harmful but not dangerous when administered orally. 

Therefore, the use of quercetin at safe doses in 

experimental studies should be considered.
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Table 3 Pharmacokinetic and toxicity computation analysis of Salacca zalacca Prediction. 

SZ compounds 

Pharmacokinetic test* 
Toxicity computation 

analysis** 

Water solubility 

 

Human 

intestine 

absorption ion 

(HIA) 

Penetrate 

Blood Brain 

Barrier 

(BBB) 

Predicted 

LD50 

(mg/kg) 

Toxicity 

class 

Caffeic Acid Low Medium Low 2980 5 

Ferulic acid Low High Low 1772 4 

Quercetin Low High Low 159 3 

Rosmarinic acid Low Medium Low 5000 5 

Methyl dihydrojasmonate Low High Low 5000 5 

Isoeugenol Low High High 1560 4 

Epicatechin Low Medium Low 10000 6 

L-DOPA Low Medium Low 1460 4 

*pkCSM, **Protox-3.0 

 

Molecular docking 

Molecular docking is a computational method for 

predicting potential drug candidates with strong binding 

affinity and specificity, such as drug candidates or 

ligands, and a receptor or target protein [48]. Molecular 

docking can expedite the identification and optimization 

of bioactive compounds from natural sources for 

therapeutic applications. Molecular docking was 

conducted to determine the interactions between the 

active constituents of SZ that met the Ro criteria and 

could be used as drug candidates against PCSK9 with a 

binding affinity score, as shown in Figure 3. To validate 

the molecular docking protocol, we performed re-

docking, as shown in Figure 3(A). Molecular docking 

results demonstrated that, among the 8 compounds, 

quercetin had the highest binding affinity for PCSK9. 

Quercetin could bind more strongly than the control 

with a binding affinity score of −8.167 ± 0.153 

kcal/mol, which is higher than the control with a binding 

affinity score of −8.067 ± 0.153 kcal/mol, as shown in 

Figure 3(B). This result aligns with previous studies 

indicating that quercetin has a higher binding affinity of 

−8.67 ± 0.009 kcal/mol for bovine serum albumin than 

for amyloid beta-peptide (1 - 42) (−5.37 ± 0.05 

kcal/mol) and 3D amyloid-beta fibers (1 - 42) (−5.93 ± 

0.13 kcal/mol), based on molecular docking results [20].  

The SZ compounds are highlighted in bold font to 

indicate their comparable binding and similar 

interactions with the control, as shown in Table 4. In 

contrast, the other compounds, epicatechin (−7.600 ± 

0.2 kcal/mol), rosmarinic acid (−6.967 ± 0.153 

kcal/mol), caffeic acid (−6.233 ± 0.208 kcal/mol), L-

dopa (−6.233 ± 0.153 kcal/mol), ferulic acid (−6.000 ± 

0.100 kcal/mol), isoeugenol (−5.467 ± 0.153 kcal/mol), 

methyl dihydrojasmonate (−5.333 ± 0.153), as shown in 

Figure 3(B). The bond scores were below the control 

(more positive value), indicating lower bond strength 

[49,50]. Binding energy prediction involves calculating 

the physicochemical properties of the ligand-receptor 

complex. A low (negative) energy value suggests a 

stable complex with a high likelihood of binding 

interactions [51]. The results of the binding affinity 

score were analyzed using a one-way ANOVA 

statistical test, as shown in Figure 3(B). 
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Figure 3 The binding affinity of SZ compounds against PCSK9 from the molecular docking results (A) Re-docking of 

the native ligand pre- and post-docking. (B) Statistical analysis of the binding affinity scores from the molecular docking 

results of SZ compounds against PCSK9. 

  

 

 Quercetin appeared to bind to the same binding 

pocket as the control, as shown in Figure 4(A). 

Quercetin can bind to PCSK9 via hydrogen bonds at 

TRP 461, ILE 474, and ASP 360; hydrophobic 

interactions at residues SER 462, ALA 475, ARG 357, 

ARG 458, ARG 412, VAL 333, ILE 334, THR 335, and 

CYS 358; and Pi-alkyl interactions at ARG 476, VAL 

460, and PRO 331, as shown in Figure 4(B). 

Meanwhile, the control (PV7) could bind to PCSK9 via 

hydrogen bonds at CYS 358, ARG 357, PRO 331, ARG 

458, and ARG 476, as well as hydrophobic interactions 

at VAL 333, SER 329, PRO 478, GLU 332, ASP 360, 

ARG 412, THR 335, ALA 330, SER 462, TRP 461, 

VAL 460, and CYS 477, an unfavorable bump at UNK 

1, and Pi-Alkyl at ALA 478 residues, as shown in 

Figure 4(C). Quercetin had the same residues as the 

control, such as TRP 461, ASP 360, SER 462, ARG 357, 

ARG 458, VAL 333, THR 335, PRO 331, and CYS 358. 

This result is consistent with previous studies that 

showed that PCSK9 contains several critical residues at 

ASP360, ARG357, ARG458, and ARG476 [19]. Other 

SZ compounds could also bind to the same binding 

residue as the control, as shown in Table 4 and Figure 

4(D) visualization, as shown in Figure 5.  

Molecular docking results show that quercetin has 

the highest binding affinity among the SZ compounds, 

although it is not significantly different from the control 

(PV7). Previous studies show that quercetin may 

effectively treat atherosclerosis by regulating PCSK9 

and also reducing levels of atherogenic oxidized LDL 

(ox-LDL), total cholesterol, LDL, and C-reactive 

protein [6-10]. Based on the binding affinity results, we 

procced quercetin to continue the molecular dynamics 

simulation examination. 
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Figure 4 Visualization of quercetin and control (PV7) against PCSK9. (A) Superimposed interactions of quercetin (green) 

and PV7 (control) (red) with PCSK9 in the same binding pocket. (B) 2D interaction between quercetin and PCSK9. (C) 

2D interaction between PV7 (control) and PCSK9. 

 

 

Figure 5 2D visualization of the molecular interactions of the SZ compounds with PCSK9. (A) Isoeugenol (B) Ferulic 

acid (C) L-dopa (D) Epicatechin (E) Methyl dihydrojasmonate (F) Caffeic acid (G) Rosmarinic acid. 
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Table 4 Molecular interaction between SZ compounds and PCSK9. 

Compounds 
Binding affinity 

(kcal/mol) 
Interaction Amino acid residues 

Quercetin −8.167 ± 0.153 Hydrogen bond 

Hydrophobic  

 

 

Pi-Alkyl 

TRP 461; ILE 474; ASP 360. 

SER 462, ALA 475; ARG 357; ARG 458; ARG 

412; VAL 333; ILE 334; THR 335; CYS 358. 

ARG 476; VAL 460; PRO 331. 

Control (PV7) −8.067 ± 0.153 Hydrogen bond 

 

Hydrophobic 

 

 

Unfavorable 

bump  

Pi-Alkyl 

CYS 358; ARG 357; PRO 331; ARG 458; ARG 

476.  

VAL 333; SER 329, PRO 478; GLU 332; ASP 

360; ARG 412; THR 335; ALA 330; SER 462; 

TRP 461; VAL 460; CYS 477. 

UNK 1 

 

ALA 478 

Epicatechin −7.600 ± 0.2 Hydrogen bond 

 

Hydrophobic  

 

 

Alkyl-Pi 

Unfavorable 

donor 

ASP 360; ARG 357; TYR 293; ILE 474; ARG 

476. 

ALA 330; ALA 328; SER 329; CYS 323; VAL 

333; ILE 334; VAL 460; ALA 475; SER 462; 

ALA 463. 

CYS 358; PRO 331. 

ARG 458, ARG 412; ASN 298. 

Rosmarinic acid −6.967 ± 0.153 Hydrogen bond 

 

 

Hydrophobic 

 

 

Pi Alkyl 

Unfavorable 

donor 

ASP 360; ARG 357; TYR 293; ILE 474; ARG 

476. 

ALA 330; ALA 328; SER 329; CYS 323; VAL 

333; ILE 334; VAL 460; ALA 475; SER 462; 

ALA 463. 

CYS 358; PRO 331. 

ARG 458, ARG 412; ASN 298. 

Methyl 

dihydrojasmoate 

−5.333 ± 0.153 Hydrogen bond  

 

Hydrophobic 

 

 

Pi Alkyl 

Unfavorable 

donor 

ASP 360; ARG 357; TYR 293; ILE 474; ARG 

476. 

ALA 330; ALA 328; SER 329; CYS 323; VAL 

333; ILE 334; VAL 460; ALA 475; SER 462; 

ALA 463. 

CYS 358; PRO 331. 

ARG 458, ARG 412; ASN 298. 

Caffeic acid −6.233 ± 0.208 Hydrogen bond 

 

Hydrophobic  

 

 

ASP 360; ARG 357; TYR 293; ILE 474; ARG 

476. 

ALA 330; ALA 328; SER 329; CYS 323; VAL 

333; ILE 334; VAL 460; ALA 475; SER 462; 

ALA 463. 
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Compounds 
Binding affinity 

(kcal/mol) 
Interaction Amino acid residues 

Alkyl-Pi alkyl 

Unfavorable 

donor 

CYS 358; PRO 331. 

ARG 458, ARG 412; ASN 298. 

Ferulic acid −6.000 ± 0.1 Hydrogen bond 

 

Hydrophobic  

 

 

Pi alkyl 

Unfavorable 

donor 

ASP 360; ARG 357; TYR 293; ILE 474; ARG 

476. 

ALA 330; ALA 328; SER 329; CYS 323; VAL 

333; ILE 334; VAL 460; ALA 475; SER 462; 

ALA 463. 

CYS 358; PRO 331. 

ARG 458, ARG 412; ASN 298. 

Isoeugenol −5.46 ± 0.153 Hydrogen bond 

 

Hydrophobic 

 

 

Pi alkyl 

Unfavorable 

donor 

ASP 360; ARG 357; TYR 293; ILE 474; ARG 

476. 

ALA 330; ALA 328; SER 329; CYS 323; VAL 

333; ILE 334; VAL 460; ALA 475; SER 462; 

ALA 463. 

CYS 358; PRO 331. 

ARG 458, ARG 412; ASN 298. 

L-DOPA −6.233 ± 0.153 Hydrogen  

 

Hydrophobic  

 

 

Alkyl-Pi alkyl 

Unfavorable 

donor 

ASP 360; ARG 357; TYR 293; ILE 474; ARG 

476. 

ALA 330; ALA 328; SER 329; CYS 323; VAL 

333; ILE 334; VAL 460; ALA 475; SER 462; 

ALA 463. 

CYS 358; PRO 331. 

ARG 458, ARG 412; ASN 298. 

*Residues in bold and underlined indicate the active site residues of the target protein. 

 

Molecular dynamic simulation  

Molecular dynamics (MD) simulations were 

developed to investigate the time evolution of protein 

conformations and to obtain detailed kinetic and 

thermodynamic data, including the motion of each atom 

over time. MD simulations offer large amounts of 

quantitative data on the structure and dynamics of 

proteins and peptides [52]. RMSD results showed the 

stability of the receptor complex to the ligand. The 

control RMSD results showed a good RMSD value, 

with an average of 2.76 Å. This indicates that PV7 

(control) exhibited strong stability during the simulation 

process.  

The RMSD of quercetin was relatively stable 

during the first 40 ns of the simulation. Subsequently, a 

fluctuation in the RMSD value that reached 5.3 Å. This 

fluctuation gradually decreased with a stable RMSD 

value of 3.5 Å in the last 50 ns of the simulation, as 

shown in Figure 6(A). RMSF analysis showed that 

residue ALA168 has the highest fluctuation, with values 

of control 8.4 and quercetin 5.2. PCSK9 critical 

residues, such as ARG357, ASP360, ARG458, and 

ARG476, have a low RMSF value of less than 3 Å. 

These results suggest that the active site of PCSK9 

retains its stability when it is complexed with quercetin. 

This indicates that the active site of the receptor is 

relatively stable with minimal fluctuation and flexibility 

[53]. Proteins were considered stable in the simulation 

if their RMSD value was ≤ 3 Å; higher values indicated 

structural changes. RMSF measures amino acid 
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fluctuations, with high values indicating instability. 

Stable RMSD and RMSF values are essential for 

evaluating protein-ligand binding affinity [53,54].These 

fluctuations are shown in Figure 6(B).

 

 

Figure 6 Molecular dynamics simulation of quercetin against PCSK9. (A) Root Mean Square Deviation (RMSD). (B) 

Root Mean Square Fluctuation (RMSF). 

 

 
Conclusions 

The compounds identified in SZ, particularly 

quercetin, demonstrated significant potential as PCSK9 

inhibitors, offering a natural and possibly more 

affordable alternative to existing monoclonal antibody 

therapies. Quercetin has shown stronger, more stable 

binding to PCSK9 and is the most promising 

cholesterol-lowering agent against PCSK9 in SZ. 

Enabling prediction of its inhibitory effect on the 

activity of these proteins. This study provides a solid 

foundation for further experimental validation, with the 

ultimate goal of developing novel, natural therapies for 

hypercholesterolemia that are both effective and 

accessible.  
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