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Abstract

Background: Cholesterol biosynthesis is a critical pathway in cellular metabolism, with 3-hydroxy-3-methylglutaryl
coenzyme-A reductase (HMGR) catalyzing its committed step. HMGR inhibition has been widely explored as a therapeutic
target for managing hypercholesterolemia, and statins are the most commonly used competitive inhibitors. However, the search
for novel, natural HMGR inhibitors remains a vital area of research, due to the adverse effects associated with long-term statin
use. Cochlospermum planchonii and Cochlospermum tinctorium are West African medicinal plants traditionally used to treat
metabolic disorders, including dyslipidemia. Despite their usefulness, the specific bioactive compounds responsible for these
effects are currently poorly characterized, justifying further investigations.

Objective: This study investigates the potential of phytochemicals from Cochlospermum planchonii and Cochlospermum
tinctorium as natural inhibitors of human HMGR using molecular docking techniques.

Methods: A total of 84 phytochemicals from 2 species of Cochlospermum as reported in literature, were evaluated as potential
inhibitors of HMGR. Using DataWarrior software, their drug-likeness and ADMET (Absorption, Distribution, Metabolism,
Excretion, and Toxicity) properties were screened in accordance with Lipinski’s Rule of Five. The 32 compounds that met the
criteria were docked on PyRx against the HMG-binding site of HMGR, alongside atorvastatin (native ligand) and 6 known
statins, which served as control ligands.

Results: Docking analysis of their two best binding modes showed that 10 (31.3%) out of the 32 screened phytochemicals
demonstrated strong binding affinities and interactions with the HMG-binding pocket (residues 682-694) of HMGR, with
binding energy (AG) scores ranging from —4.6 to —6.0 kcal/mol, comparable to or exceeding those of statins (—4.6 to —5.7
kcal/mol). Their docking scores (—13.272 to —32.103) also compared favorably with those of statins (-25.939 to —36.584).
Interestingly, 3-O-methylellagic acid (ID_13915428) demonstrated the strongest interaction, forming 26 binding interactions
with the HMG-binding pocket residues, more than any compound, including statins. One-way ANOVA of the mean and
SEM of the binding affinity scores for the phytochemicals and statins (9 replicates each) indicated a statistically significant
difference at P<.05 (total sample size n=153; actual P=.0001).
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Conclusions: This study is the first to virtually screen and identify specific bioactive compounds isolated from Cochlosper-
mum planchonii and Cochlospermum tinctorium with potential cholesterol-lowering effects in humans. The findings not
only support the traditional use of these plants in West Africa to manage dyslipidemia and other ailments, but also present
the phytochemicals as promising drug candidates for further optimization as natural inhibitors of HMGR. However, while
this study provides valuable computational insights into the molecular interactions of the compounds with HMGR, further
advanced computational, in vitro, and in vivo studies are still necessary to validate their inhibitory potential and therapeutic

applications.
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Introduction

Cholesterol is a vital component of cellular membranes and
serves as a precursor for the biosynthesis of steroid hor-
mones, bile acids, and vitamin D. However, elevated levels
of cholesterol, especially low-density lipoprotein (LDL)
cholesterol, are strongly associated with the development of
atherosclerosis and cardiovascular diseases (CVDs), which
are among the leading causes of morbidity and mortality
worldwide [1]. Although lifestyle changes in individuals
such as exercise, healthy diets, and drug therapies particu-
larly statins, have been touted as effective in the preven-
tion and management of hypercholesterolemia including its
attendant cardiovascular complications [1,2]. Nevertheless,
the challenge is yet far from over, as these conditions still
remain major global concerns, especially in high-income
countries like the United States, where about 48% of adults
are currently affected [3].

HMG-CoA (3-hydroxy-3-methylglutaryl-coenzyme A)
reductase (HMGR), the rate-limiting enzyme in the meval-
onate pathway, catalyzes the 4-electron reductive deacyla-
tion of HMG-CoA to mevalonate, a crucial precursor of
cholesterol biosynthesis in human [4]. Statins, a class of
synthetic drugs with inhibition constant (Ki) values in the
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nanomolar range, are competitive inhibitors of HMGR widely
used to lower serum cholesterol levels in human [5]. These
drugs occupy the catalytic portion of the enzyme where the
substrate, HMG-CoA, binds, thus blocking its access to the
active site (Figure 1). Near the carboxyl terminus of human
HMGR, several catalytically relevant amino acid residues
representing the HMG-binding pocket are disordered in the
enzyme-statin complex. If these residues were not flexible,
they would sterically hinder the binding of statins [5]. All
statins have an HMG-like moiety, with rigid, hydrophobic
groups that are covalently linked to them and may be present
in inactive lactone form. In vivo, these drugs are enzymati-
cally hydrolyzed to their active hydroxy-acid forms [6]. In
addition to lowering cholesterol, statins seem to have other
functions, including the nitric oxide-mediated promotion of
the growth of new blood vessels [7], stimulation of bone
formation [8], protection against oxidative modification of
LDL, and anti-inflammatory effects with a reduction in
C-reactive protein levels [9]. Nevertheless, the use of statins
is often limited by their side effects such as myopathy, liver
and kidney dysfunction, and an increased risk of diabetes
[10-12]. These limitations have necessitated the search for
alternative cholesterol-lowering agents, especially those from
natural sources, which may offer safer and more effective
therapeutic needs.
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Figure 1. (A) Active site of human 3-hydroxy-3-methylglutaryl coenzyme-A reductase in complex with 3-hydroxyl-3-methylglutaric acid (HMG),
coenzyme A (CoA), and nicotinamide adenine dinucleotide phosphate (NADPY). (B) Binding of rosuvastatin to 3-hydroxy-3-methylglutaryl
coenzyme-A reductase [5]. A: Ala; C: Cys; D: Asp; E: Glu; F: Phe; G: Gly; H: His; I: Ile; K: Lys; L: Leu; M: Met; N: Asn; P: Pro; Q: Gln; R: Arg; S:
Ser; T: Thr; V: Val; W: Trp; Y: Tyr. Adapted from Istvan and Deisenhofer [5], with permission from International Union of Crystallography.
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Figure 2. (A) Single-letter abbreviations of residues involved in HMG-binding based on the crystal structure of human 3-hydroxy-3-methylglutaryl
coenzyme-A reductase [4]. (B) 3D representation showing the binding modes of cocrystallized atorvastatin (yellow), cerivastatin (cyan), and
3-O-methylellagic acid (red), at the HMG-binding site of human 3-hydroxy-3-methylglutaryl coenzyme-A reductase. A: Ala; C: Cys; D: Asp; E: Glu;
F: Phe; G: Gly; H: His; I: Ile; K: Lys; L: Leu; M: Met; N: Asn; P: Pro; Q: Gln; R: Arg; S: Ser; T: Thr; V: Val; W: Trp; Y: Tyr. Adapted from Ensouf

[13] and Istvan et al [4], with permission from The American Association for the Advancement of Science.

The 3D crystal structure of human HMGR (Protein Data
Bank [PDB] ID: 1THWK) is a tetramer (subunits A: PRO442—
HIS861; B: SER463-GLYS860; C: LEU462-GLY860; D:
SER463—-GLY860) that contains the catalytic domains of
HMGR in complex with 4 atorvastatin molecules at the
interface of 2 adjacent monomers [5,14]. Structurally, these
domains are divided into three subdomains: an “N-domain”
(residues 460-527) connecting the catalytic portion of the
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enzyme to the membrane domain; a large “L-domain”
(residues 528-590 and 694-861); and a small “S-domain”
(residues 592-682). In the monomer, the amino acid
residues of the L- and S-domains form the 2 active sites:
(1) the HMG-binding pocket characterized by a narrow
cis-loop (residues 682-694) and formed between the S-
and L-domains; and (2) the nicotinamide adenine dinucleo-
tide phosphate (NADPH)-binding site (containing residues
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592-682 of the S-domain), which is also inserted into the
L-domain (Figures 1 and 2) [4,5]. As all statins share
HMG-like moieties, which enable them to compete with
HMG-CoA by sterically preventing its binding at the cis-loop,
then it is imperative to computationally explore this mode of
binding and mechanism of inhibition, in order to determine
whether the phytochemicals of interest (sharing similar polar
side groups as the HMG-like moieties of statins but with
much less hydrophobic rings), will exhibit similar binding
interactions at this narrow binding site.

Cochlospermum planchonii (C planchonii) and Cochlo-
spermum tinctorium (C tinctorium), 2 species of Cochlo-
spermum, are plants extensively used in West African
herbal medicine to manage several ailments [15-19]. They
are known for their rich phytochemical constituents such
as tannins, saponins, carotenoids, triterpenoids, flavonoids,
and other polyphenolic compounds, which exhibit various
pharmacological activities including antimalarial, antidia-
betic, antioxidant, anti-inflammatory, antimicrobial, and
enzyme-inhibitory properties [16,20-27]. Other studies have
also demonstrated the antihyperlipidemic and cholesterol-
lowering potential of their extracts (root, rhizomes, and
leaf) [17,28], suggesting they contain bioactive compounds
capable of managing lipid disorders. As far as the literature is
concerned, no specific compounds isolated from C plancho-
nii and C tinctorium have been directly studied or linked
as potential inhibitors of HMGR. However, their phyto-
chemicals, mostly reported to possess antioxidant, antimicro-
bial, anti-inflammatory, and enzyme-inhibitory activities, are
thought to be significant contributors to the plants’ lipid-low-
ering ability [16,17,28,29].

The aim of this study is to explore the efficacy of these
phytochemicals as potential inhibitors of human HMGR and
as promising alternatives to statins, using molecular docking
tools. Molecular docking is a computational technique used to
predict the preferred orientation of a small molecule (ligand)
when it binds to a target protein (enzyme), allowing research-
ers to assess the binding mode and affinity, as well as the
chemical interactions between the ligand and the enzyme in
a complex [30]. Therefore, adopting this approach helps in
evaluating the mechanism of phytochemical interactions with
HMGR, their mode of binding and affinity, their fitness at the
active site, as well as the stability of the HMGR-phytochemi-
cal complexes formed, in a context that is relevant to HMGR
inhibition.

Methods

Phytochemical Selection

The selection of phytochemicals for this study was gui-
ded by a comprehensive review of existing literature. A
Google Scholar search was conducted to identify peer-
reviewed articles reporting on the phytochemical constituents
and pharmacological activities of various extracts from C
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planchonii and C tinctorium. This search was conducted
using key terms including “phytochemicals from C. plancho-
nii,” “phytochemicals from C. tinctorium,” “HPLC analysis
of C. planchonii and C. tinctorium,” “GC-MS analysis of
C. planchonii and C. tinctorium,” and “bioactive compounds
of C. planchonii and C. tinctorium.” Articles were inclu-
ded if they (1) reported the use of high-performance liquid
chromatography (HPLC) or gas chromatography mass-spec-
trometry (GC-MS) techniques in the phytochemical profiling
of C planchonii and C tinctorium; (2) provided compounds
with identifiable names; and (3) described pharmacologi-
cal activities relevant to hypercholesterolemia or metabolic
disorders. In total, 16 articles were evaluated, of which 4 met
the inclusion criteria and provided the sufficient details used
in the identification of the compounds [15-17,31]. A total of
84 phytochemicals were compiled, with 32 from C plancho-
nii and 52 from C tinctorium (Tables S1-S3 in Multimedia
Appendix 1). The selected compounds were included for
this computational study based on the following criteria: (1)
reported bioactivities, (2) structural integrity, (3) acceptable
molecular weight for molecular docking, and (4) availability
of their 2D structure data in the PubChem database. Their
2D structures were retrieved in structure data file (SDF)
format from PubChem database on August 5, 2024 [32], and
subsequently concatenated using Open Babel software [33],
before being used for virtual screening.

Virtual Screening

DataWarrior is excellent for managing and screening large
libraries of compounds based on their chemical properties
[34,35]. The software was used to narrow down the large pool
of 84 potential drug candidates, ensuring that only the most
promising ones make it to the docking step. This approach
helps save computational resources and time by focusing on
most viable candidates. The phytocompounds were subjec-
ted to virtual screening to determine their drug-likeness and
ADMET (Absorption, Distribution, Metabolism, Excretion,
and Toxicity) properties, in accordance with the Lipinski’s
Rule of Five. According to the Rule of Five, compounds
are considered likely to be well absorbed into the sys-
temic circulation when they possess octanol-water partition
coefficient (CLogP) value <5, molecular weight <500, the
number of hydrogen bond donors <5, the number of hydrogen
bond acceptors <10, and the topological polar surface area
<160 A [36,37]. These properties were calculated for the
concatenated compounds after importing them on DataWar-
rior using the “calculate compound properties from chemical
structure” tab of the software. The 32 compounds meeting
the criteria were selected and saved in SDF format. Other
parameters screened for were mutagenicity, carcinogenicity,
reproductive effectiveness, ligand efficiency, drug-likeness,
and irritancy (Table 1). These parameters allow screening out
compounds that do not meet the physicochemical criteria for
drug-like behavior. The 2D structures of statins were also
downloaded from PubChem database [32] and subjected to
the same screening to serve as reference (Table 2).
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Table 1. Drug-likeness and ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity) properties of top-ranked phytochemicals of
Cochlospermum planchonii and Cochlospermum tinctorium.

Ser
ial
nu
mb Pubchem ~ Compound Mwe ‘
er ID name (g/mol) HAP HD® ClogP? TPSA® DL' LE¢ REM Mutagenic Tumorigenic Irritant
1 73641 Arjunolic acid 488.71 5 4 4286 9799 5555 0.162 Non None None None
e
2 12305768  Alphitolic acid 472771 4 3 5519 7776 21780 0.077 Non None None None
e
3 5281855  Ellagic acid 302.19 8 4 1277 13352 -1598 0.142 Non None None None
e
4 72277 Epigallocatechin 30626 7 6 1.163  130.61 0.315 0.258 Non None None None
e
5 13915428  3-O-methylellagic 31622 8 3 1.553 12252 -1390 0.111 Non None None None
acid e
6 5280417  3,7-di-O- 33029 7 3 2.194 10545 -0.105 0.130 Non None None None
methylquercetin e
7 44446550 34'-O- 33231 7 3 1.662 10545 0.503 0077 Non None None None
dimethylquercetin e
8 9064 Catechin 29027 6 5 1.509 11038 0.315 0329 Non None None None
e
9 535203 3-(Azepan-1- 26435 4 0 2478 5812 -1.176 0249 Non None None None
yl)-1,2- e
benzothiazole 1,1-
dioxide
10 101202074 (2EAE,6E.8E.1I0E 396.53 4 2 6.038 7460 0.101 0.047 Non None None None
J12E)-13-[(1S)-1- e

hydroxy-2.,6,6-
trimethyl-4-
oxocyclohex-2-
en-1-yl]-2,6,11-
trimethyltrideca-2
4,6,8,10,12-
hexaenoic acid

AMW: molecular weight.

bHA: hydrogen acceptor.

“HD: hydrogen donor.

dClogP: Octanol-water partition coefficient.
°TPSA: topological polar surface area.
fDL: drug-likeness.

8LE: ligand efficiency.

hRE: reproductive effectiveness.

Table 2. Drug-likeness and ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity) properties of statins.

Se

ria

1

nu

mb Pubchem ~ COmPound - npya

er ID name (g/mol) HAP HDC ClogP? TPSA® DLf LE¢ RE" Mutagenic Tumorigenic Irritant
1 Protein Atorvastatin 558.65 7 4 5.622 111.79 4.451 i High  None None None

Data Bank (cocrystallized
ID: 117/ control)

obj01
2 60823 Atorvastatin 558.65 7 4 5.622 11179 4451 0.141 High None None None
3 64715 Mevastatin 39052 5 1 3626 7283 0578 0205 None None None None
(Compactin)
4 446155 Fluvastatin 41147 5 3 3978 82.69 1.804 0.153 High None None None
446156 Cerivastatin 45956 6 3 4320 99.88 —0.283 0.139 None None None None
https://bio.jmirx.org/2025/1/e71675 JMIRx Bio 2025 | vol. 3 1e71675 1 p.5
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Se

ria

1

nu

mb Pubchem ~COmPOUNd npya ‘

er ID name (g/mol) HAP HD® ClogP? TPSA® DL! LE¢ REM Mutagenic Tumorigenic Irritant

6 446157 Rosuvastatin 48154 9 3 2.100 1493 3454 0.139 None None None None

7 54454 Simvastatin 41857 5 1 4.461 7283 0.668 0.195 None None None None

AMW: molecular weight.

bHA: hydrogen acceptor.

“HD: hydrogen donor.

dClogP: Octanol-water partition coefficient.
°TPSA: topological polar surface area.
fpL: drug-likeness.

8LE: ligand efficiency.

hRE: reproductive effectiveness.

iNot applicable.

As shown in Tables 1 and 2, the drug-likeness score is a
crucial parameter used in determining whether a compound is
likely to be an effective drug. A positive score indicates that
a compound possesses structural features similar to known
drugs, while a negative score suggests that such compound
has structural features that are less common in known drugs.
Good drug-like compounds usually have scores greater than
zero [35,36]. Ligand efficiency (LE) is a metric used to
evaluate the binding efficiency of compounds relative to their
size. A higher LE score indicates that a compound achieves
its binding affinity with fewer atoms making it more efficient,
while a lower LE score suggests that a compound relies on
a larger structure to achieve its binding, which might be less
desirable [38]. When screening for toxic compounds, those
that may bind to unintended off-target sites, which could
lead to adverse effects such as genetic mutations, cancer
development, or cause irritation to tissues like skin, eyes, or
mucous membrane, were eliminated. Reproductive effective-
ness parameter was used to predict the potential impact of
a compound on reproductive health, including infertility and
harm to fetal development [35].

Drug Target Preparation

The 3D crystal structure of human HMGR (PDB ID: 1HWK)
complexed with atorvastatin (PDB ID: 117) was retrieved in
PDB format August 5, 2024, from PDB [14]. The drug target
was prepared by removing redundant subunits (B, C, D),
Adenosine diphosphate, heteroatoms, and water molecules
using PyMOL visualization tool [39]. The unique ligand
atorvastatin (obj01/117), which served as one of the control
ligands was extracted from the catalytic subunit A, in addition
to the 6 other statins downloaded from PubChem. Both target
and ligand were saved in PDB and SDF formats, respec-
tively. Using PyMOL allows one to visualize and predict
the grid co-ordinates around the HMG-binding pocket, while
Discovery Studio visualizer [40] helps in identifying and
characterizing the residues at the binding site.

Molecular Docking Analysis

PyRx virtual screening tool [41] was used for the molecular
docking. The prepared drug target HMGR was loaded on
PyRx in PDB format, hydrogen atoms were added to ensure

https://bio.jmirx.org/2025/1/e71675

the protein is correctly protonated and made as macromole-
cule, after which the screened phytochemicals were impor-
ted in SDF format. These compounds were subjected to
energy minimization using the optimization algorithm tool
of PyRx, and the required force field was set at “ghemi-
cal,” adjusting the positions of atoms in the phytochemicals
in order to reduce their overall energy and steric clashes,
thus attaining stable conformations. The compounds were
converted to PDBQT format for compatibility with the
docking algorithm Autodock Vina. Docking was performed
specifically at the HMG-binding pocket (residues 682-694)
of the protein. The 3D docking grid box which encloses
this region, where the compounds will bind was centered
at co-ordinates (X: 22.2175, Y: -3.5559, Z: 5.8150) with
grid box dimensions of 21.0454 x 282041 x 28.7731
A, along the same axes, respectively. This type of dock-
ing is semirigid, where the structure of receptor (HMGR)
remains rigid while the phytochemicals and statins have some
degree of flexibility at the binding pocket. In the molecu-
lar docking, the PyRx AutoDock Vina Wizard exhaustive
search docking function was used because of its balance
between computational efficiency and accuracy. To ensure
the feasibility of the study protocol and accuracy of the
docking algorithm, 6 statins (atorvastatin, mevastatin/com-
pactin, fluvastatin, cerivastatin, rosuvastatin, and simvastatin)
were downloaded from PubChem database in addition to the
native ligand (cocrystallized objO1/117 extracted from the
drug target IHWK). Before docking the phytochemicals, each
statin was redocked into the HMG-binding site. The resulting
poses, binding interactions, and binding energies were
compared with those in the literature, especially the origi-
nal crystallographic data (PDB IDs: 1IHWK, 1THWI, IHWL,
1HWIJ, 1HWS, and 1HW9) [14] reported by Istvan and
Deisenhofer [5]. The consistency between the docked results
and published experimental data validated the efficiency and
accuracy of the Autodock Vina docking algorithm. After
this validation, the docking of the 32 hit (screened) phyto-
chemicals was performed. Their results were exported as
PDBQT files and visualized using PyMOL and Discovery
Studio to evaluate the best poses (binding modes), hydrogen
bonding, hydrophobic interactions, and molecular fit within
the binding pocket. Their binding energy scores were saved
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in excel format for statistical analysis. The docking process
was repeated for all 84 phytochemicals without screening,
to determine whether potential inhibitors, which might have
been previously screened out, could be identified as drug
candidates. To generate the docking scores for the compounds
and statins, another round of docking was performed using
the “Dock structure into protein cavity” tab on DataWarrior.

The docking score and binding energy score are two key
metrics used in this molecular docking study (Tables 3 and
4). The docking score was a value generated by DataWarrior
software to represent the quality of the ligand’s fit into the
receptor’s binding site and is derived using a scoring function
based on factors such as hydrogen bonding, van der Waal’s,
hydrophobic, and electrostatic interactions [35]. The docking
score was mainly used to rank the different compounds in
terms of how well they bind to the HMG-binding site of
HMGR and to compare the quality and fitness of their binding
with those of statins. Higher docking scores (more negative)
generally indicate a better fit between the compounds and
HMGR, and vice versa. However, the docking score is not an
absolute energy value.

https://bio.jmirx.org/2025/1/e71675
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In contrast, the binding energy score, represented as the free
energy of binding (AG) and measured in kcal/mol, refers to
the binding affinity and strength of the interaction between a
ligand and its target. It was generated by the AutoDock Vina
algorithm in PyRx. The binding energy score predicts how
strongly a compound will bind to the HMGR under physio-
logical conditions, with higher (more negative) values
indicating a stronger binding and more thermodynamically
favorable formation of complexes [42]. Unlike the docking
score, the binding energy score was directly correlated with
inhibition constant (Ki) value using the formula
{Ki = eAG/RT}, where R is molar gas constant (1.987
cal/mol/K), and T is standard temperature in Kelvin (298K).
Therefore, the selection of compounds was focused on those
with stronger interactions and more effective binding energies
rather than on the ones with good docking scores, in addition
to using their drug-likeness and ADMET properties.

Statistical Analysis

All binding affinity scores for test compounds and control
ligands were expressed as the means of 9 determinations
each representing 9 different binding modes and SE of the
mean. Statistical evaluation of data was performed using
one-way ANOVA on Graphpad Prism (version 8.0; Graphpad
Software Inc.). Significance levels were tested at P<.05.

Ethical Considerations

This study did not require ethical approval because it
involved only computational analyses and did not include
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any human participants, identifiable personal data, or animal

experiments, in accordance with institutional and interna-
tional guidelines.

Results

To investigate the mechanism of binding and inhibition of
the bioactive compounds isolated from C planchonii and
C tinctorium on human HMGR activity, statins and each
compound were docked against the HMG-binding pocket
of the enzyme. The docking study results revealed that 10
lead compounds, each at 9 different binding poses, exhibited
strong binding affinities, with binding energy (AG) scores
ranging from —4.6 to —6.0 kcal/mol (Figure 3; Table 3). These
phytochemicals also interacted well with the relevant amino
acid residues at the HMG-binding pocket of the enzyme
(Figure 4 and Figures S1-S5 in Multimedia Appendix 2)
when compared with the interactions of statins (Figure S6 in
Multimedia Appendix 3). Their AG scores were comparable
to or exceeded those of the control ligands (4.6 to —5.7 kcal/
mol; Table 4). Their docking scores (—13.272 to —32.103)
also compared favorably with those of statins (-25.939 to
—36.584). One of the lead compounds, 3-O-methylellagic acid
(ID_13915428) demonstrated stronger and more substantial
binding interactions with the HMG-binding pocket residues
of the drug target than any compound, including statins,
in addition to exhibiting high binding energy (Table S4 in
Multimedia Appendix 4).
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Figure 3. Binding potential of statins (red) and top-ranked phytochemicals (blue) at 3-hydroxy-3-methylglutaric acid-binding pocket of human
3-hydroxy-3-methylglutaryl-coenzyme A reductase (Protein Data Bank ID: IHWK).
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Figure 4. 2D representation showing the binding interactions of (A) Protein Data Bank ID_117/0bjt01 from literature, (B) ID_64715 pose 1,(C)
ID_13915428 pose 1, and (D) ID_535203 pose 1, with 3-hydroxy-3-methylglutaric acid—binding pocket residues of human 3-hydroxy-3-methylglu-

taryl-coenzyme A reductase.
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Discussion

Principal Findings

The molecular docking analysis of the two best binding
modes of the 10 top-ranked phytochemicals demonstrated
their cholesterol-lowering potential, as they clearly showed
strong biochemical interactions and high binding affinities
with the relevant amino acid residues that constitute the
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HMG-binding pocket (residues 682-694) of human HMGR
(Tables S4-S13 in , Multimedia Appendix 4; Figures 3 and
4), comparable to or better than statins (Tables S14-S20 in
Multimedia Appendix 5). This suggests that the phytochem-
icals could hinder the binding of the substrate HMG-CoA
through competitive inhibition, in a similar binding mecha-
nism as statins.
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As shown in Table 3, the 10 top-ranked phytochemi-
cals identified in this study, in no particular order, com-
prise 2 hydrolysable tannins (ellagitannins): ellagic acid
(ID_5281855) and 3-O-methylellagic acid (ID_13915428); 4
flavonoids: catechin (ID_9064), epigallocatechin (ID_72277),
3,7-Di-O-methylquercetin (ID_5280417), and 3.4'-O-Dime-
thylquercetin  (ID_44446550); 2 triterpenoid saponins:
arjunolic acid (ID_73641) and alphitolic acid (ID_12305768);
1 carotenoid: cochloxanthin (ID_101202074); and 1
benzothiazole derivative, 3-(Azepan-1-yl)-1,2-benzothia-
zole-1,1-dioxide (ID_535203).

Compatrison to Prior Work

Several polar interactions with the cis-loop residues (Arg>®,

Ser®®*, Asn8°, Asp690, Lyssgl, Lys692) of HMGR, are formed
by the hydroxyl (-OH) groups of the aromatic rings,
carbonyl groups (C=0), and lactone ring oxygen atoms
of the ellagitannins. Their bulky rings also establish sev-
eral electrostatic and hydrophobic contacts with residues
Valo®3, Argsgo, Ser®4, Asp69°, Lys691, and Lys692 (Multimedia
Appendices 2 and 4). No interactions of these polyphenols
were observed with other residues within the HMGR-binding
site. Among all the compounds, including statins, 3-O-meth-
ylellagic acid (ID_13915428) exhibits the greatest number
(26) of binding interactions, indicating that this polyphenolic
compound could be a viable drug candidate for HMGR
inhibition. A recent in vivo and in vitro study by Lee et
al [43] demonstrated that ellagic acid inhibits HMGR by
activating AMP-activated protein kinase (AMPK), leading
to the phosphorylation and subsequent inactivation of the
enzyme. This study, which included rats fed with a high-cho-
lesterol diet, revealed that the administration of ellagic acid (4
mg/kg/d, orally) resulted in significant reductions in serum
total cholesterol, LDL-C, and triglyceride levels. Ellagic
acid was also found to downregulate the gene expression
of sterol regulatory element-binding protein-2 (SREBP-2)
and its target protein HMGR, thereby reducing cholesterol
biosynthesis in the liver [43]. In addition to its roles in
cholesterol metabolism, ellagic acid and its derivatives also
exhibit antioxidant and anti-inflammatory properties, which
contribute to their protective effects against cardiovascular
diseases [44].

The 4 flavonoids identified, belonging to the catechin
and quercetin classes of polyphenols (ID_9064, ID_72277,
ID_5280417, and ID_44446550), demonstrated their potential
to mimic the binding of statins by forming polar hydro-
gen bonds with cis-loop residues (Arg>®, Ser®*, Asn®,
Asp®, Lys®!, and Lys®?) and other residues (Asn%® and
Glu®®). They also formed several electrostatic and nonpo-
lar hydrophobic interactions with Val®®® and other residues,
including Met®>, Met®’, and Ser®', at the HMGR-active
site. This capability is attributed to their basic flavan-ring
structure with multiple polar -OH, C=0, pyran ring oxygen
atoms, and methoxy (-OCHj3) groups (Multimedia Appen-
dices 2 and 4). An in vitro experiment showed that cate-
chin isolates from Uncaria gambir, an Indonesian plant,
exhibit strong inhibitory activities against HMGR with
97.46% efficacy, compared to 85.74% for simvastatin, a
performance suggesting it could stand out as a promising

https://bio.jmirx.org/2025/1/e71675
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therapy for hypercholesterolemia treatment [45]. Surprisingly,
epigallocatechin gallate has been shown to potently and
reversibly inhibit HMGR in vitro by competing with its
cofactor NADPH and binding at the cofactor site instead
of the HMG-binding pocket [46]. However, this present
study suggests that epigallocatechin gallate may possess
both capabilities. Quercetin dihydrate and gallate supple-
ments have also been reported to lower plasma and hepatic
cholesterol levels in rats fed with a cholesterol-rich diet.
The results of the study concluded that quercetin dihy-
drate significantly reduced hepatic HMGR activity compared
to normal control groups [47]. Furthermore, other several
studies have elucidated the ability of quercetin to drastically
reduce HMGR activity, inhibit fatty acid and triacylglycerol
synthesis in hepatocytes, and alleviate endothelial dysfunction
associated with age-related cardiovascular diseases [48-50].

Alphitolic acid and arjunolic acid are the two pentacyclic
triterpenoids examined in this study. They generally exhibited
fewer binding interactions with the HMG-binding site of
HMGR, possibly due to their bulky and less polar triterpene
core structure. However, the -OH and carboxylic (-COOH)
groups present at both ends of their side chains formed polar
hydrogen interactions with relevant residues such as Asp®°,
Lys®!, Lys%2, Asn®®, and Glu®®. In addition, their penta-
cyclic rings engaged in non-polar hydrophobic interactions
with important residues including Val®3 and Lys®' (Mul-
timedia Appendices 2 and 4). Direct studies on the inhib-
ition of HMGR by alphitolic acid and arjunolic acid are
currently lacking. However, several studies have shown
that other structurally related triterpenoids possess direct
inhibitory effects on HMGR. For example, 3a,26-dihydrox-
ytirucalla-7 24-dien-21-oic acid (ARM-2) and 3p-hydroxyla-
nosta-9,24-dien-21-oic acid (RA-5), isolated from Protorhus
longifolia, demonstrated potent HMGR inhibition with ICs
values lower than lovastatin and simvastatin [51]. Similarly,
Shen et al [52] reported that the doses of 25 and 125
pg/mL of oleanolic acid, a pentacyclic triterpenoid found
in Cassia mimosoides, showed inhibitory effects on HMGR
that were comparable to those of standard pravastatin groups.
A patent report by Woéhrle et al [53] also identified several
polyhydroxylated pentacyclic triterpenes as novel HMGR
inhibitors, highlighting the therapeutic potential of this class
of compounds. Moreover, arjunolic acid has been repor-
ted to protect against atorvastatin-induced oxidative stress
and apoptosis in renal and hepatic tissues [54]. Its role
in activating AMPK and suppressing neuroinflammation in
animal models further suggests it may exert an indirect
regulatory effect on HMGR inhibition [55].

Cochloxanthin is a carotenoid pigment found in certain
plants, including Cochlospermum species. This compound
showed polar hydrogen interactions between its polar side
chain (-OH and -COOH groups) and a few HMG-bind-
ing residues, such as Asp®®, Lys®2, and others Glu®®.
Additionally, hydrophobic bonds were formed between the
carbon atoms of its long polyene chain and relevant resi-
dues, including Val®®? and Lys®' (Multimedia Appendices
2 and 4). These relatively few binding interactions likely
occurred due to the compound’s linear long-chain skeleton,
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which may not fit properly into the narrow HMG-binding
pocket of the enzyme. Metibemu et al [56] in their in-silico
study, investigated several carotenoids isolated from Spondias
mombin and suggested that these compounds possess strong
HMGR inhibitory effects, along with antilipidemic and
anticancer properties, but there was no direct link established
with cochloxanthin. Similarly, in vitro studies by Alvi et al
[57] reported that lycopene, a red carotenoid predominantly
found in tomatoes, demonstrated significant inhibitory effects
on HMGR, with an ICs( value of 36 ng/mL, which surpassed
that of pravastatin (IC59=42 ng/mL). Their molecular docking
analyses also revealed that lycopene binds effectively to the
hydrophobic portion of the HMGR active site, showing a
competitive inhibition [57]. In addition, Moreno et al [58]
in their own study involving rat liver tissues showed that
the administration of 70 mg/kg P-carotene (a precursor of
vitamin A) led to a 50% reduction in hepatic HMGR mRNA
expression. The authors suggested the role of -carotene
in modulating cholesterol biosynthesis at post-transcriptional
level [58].

3-(Azepan-1-yl)-1,2-benzothiazole-1,1-dioxide is a
heterocyclic sulfonamide derivative with a benzothiazole
scaffold and an azepane ring structure, isolated from C
tinctorium. Interestingly, this compound revealed promising
polar interactions between the sulfonyl functional group
(SOy) of its benzothiazole ring and nitrogen atom with
HMG-binding residues including Arg>?, Ser%®*, Asp®°,
and Lys®?. Additionally, its benzene and azepane rings
formed several catalytically important hydrophobic contacts
with residues Val®®?, Lys®! Asp®, and Met®’ (Multime-
dia Appendices 2 and 4). These interactions suggest the
compound may serve as a novel, natural inhibitor of human
HMGR. Currently, there is no information available on
the effect of this compound on HMGR activities. Neverthe-
less, a molecular docking study by Ikpa and Tochukwu
[59] demonstrated that this compound exhibited higher
antiulcer potential than omeprazole by binding strongly to
the H*/K*-ATPase receptor, a key drug target for proton
pump inhibitors. The authors suggested that the compound
may have superior gastric proton pump inhibitory potential
compared to omeprazole, justifying its traditional use for
relieving ulcer in patients.

Strengths and Limitations

This study has several strengths. Firstly, it is the first
computational study to virtually screen and identify spe-
cific bioactive compounds isolated from two indigenous
Cochlospermum species as potential inhibitors of human
HMGR, through a structured and comprehensive literature
review. Secondly, the study integrates several open-source
and cost-effective software applications known for their high
accuracy and reproducibility, such as PyMOL, PyRx, Open
Babel, DataWarrior, and Discovery Studio, in the phytochem-
ical screening and molecular docking analysis. This approach
enhances the strength of the findings without the need for
immediate wet-lab resources in the discovery of potential
drug candidates, thus saving time and cost in the early stages
of drug discovery. Lastly, the use of a validated human
HMGR structure, with docking focusing on its HMG-binding
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pocket (cis-loop), a critical region responsible for its catalytic
activity, ensures the biological relevance of the docking
results. In addition, the inclusion of known statin inhibitors
and the native ligand as controls provides a robust benchmark
for comparing and assessing the inhibitory potential of the
phytochemicals of interest.

However, there are some limitations. Due to resource
constraints, this study did not include molecular dynamics
simulation (MDS), a computational technique that could
have provided additional insights into the dynamic behavior,
conformational flexibility, and stability of the HMGR-phyto-
chemical complexes over specific time. Also, the docking
approach used was semirigid, where the crystal structure of
HMGR is kept rigid and only the statins and phytochemicals
have conformational flexibility. This method may not fully
account for induced-fit effects, which could potentially lead
to an underestimation of the compounds binding affinities and
specificities, or a misinterpretation of their binding interac-
tions.

In order to address these limitations, a pragmatic alter-
native was taken. The accuracy of the PyRx Autodock
Vina docking algorithm was validated by cross-checking its
docked statin results against the previously reported wet-
lab experimental data of statins from the literature, before
docking the phytochemicals. The consistency between the
docking results and validated data from the literature supports
the efficiency, reliability, and accuracy of the computational
tools utilized in this study.

Future Directions

Although the literature review approach adopted in this study
was crucial in the identification of bioactive compounds
isolated from C planchonii and C tinctorium, however, it
did not meet the full PRISMA (Preferred Reporting Items
for Systematic reviews and Meta-Analyses) criteria for a
systematic review, due to limitations in the coverage of
database, the lack of a second reviewer, and absence of a
registered protocol. Therefore, a more extensive systematic
review of phytochemicals from all species of cochlospermum
is recommended for future studies, as this would help in
the identification of potential drug candidates for HMGR
inhibition that were not evaluated in this study.

Building on this study’s findings, future work should
include MDS to better capture the dynamic behavior,
stability, and conformational changes of the HMGR-phyto-
chemical complexes over time. These simulations can help
in validating the docking results and reveal the compounds
potential to maintain stable interactions with HMGR under
physiological conditions. Furthermore, introducing other
computational techniques such as quantitative structure-activ-
ity relationship (QSAR) modeling and free energy calcula-
tions (eg, MM/PBSA or MM/GBSA) would also improve the
predictive accuracy of the binding affinities of the phyto-
chemicals.

To complement these computational techniques, the 10
top-ranked phytochemicals identified in this study should
be subjected to in vitro enzymatic assays and cell-based
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experiments in order to evaluate their actual inhibitory effects
on HMGR activity. These efforts should also be followed
by in vivo pharmacokinetic and toxicological studies which
are necessary to determine the safety profile and therapeu-
tic viability of these natural compounds. In the end, these
combined computational and experimental approaches will be
essential in translating the results of this study into meaning-
ful advances in drug discovery.

Conclusions

This study has identified several bioactive compounds
isolated from C planchonii and C tinctorium with potential
to inhibit the activity of HMGR. The molecular docking
results showed that compounds such as ellagic acid and
its derivative, flavonoids, triterpenoids, carotenoids, and a
benzothiazole derivative, exhibited significant biochemical
interactions with the cis-loop residues of the enzyme, in

Olatoye

addition to their high binding affinities. This demonstrates
the ability of these phytochemicals of interest to potentially
serve as natural and safer alternatives for hypercholesterole-
mia treatment, addressing the limitations posed by synthetic
statins.

The findings are also consistent with previous studies that
support the cholesterol-lowering and cardioprotective effects
of these compounds, either directly or indirectly, through
mechanisms such as AMPK activation, HMGR downregula-
tion, and antioxidant properties. Although this study provides
valuable computational insights into the molecular interac-
tions of the compounds with HMGR, further advanced
computational, in vitro, and in vivo studies are still necessary
to validate their inhibitory potential and therapeutic applica-
tions.
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