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Androgenetic alopecia (AGA) represents the most prevalent hair loss form,
necessitating natural treatment alternatives. This study investigated nutmeg
(Myristica fragrans Houtt.) phytochemicals as anti-alopecia agents through
molecular docking and dynamics simulations. Thirty-four compounds, including
native ligands (minoxidil, finasteride) and 32 nutmeg-derived compounds, were
evaluated against androgen receptor (PDB: 4K7A) using AutoDock4.0 and
GROMACS 2024.2. Molecular docking validation achieved successful minoxidil
redocking with 2.25 A RMSD, confirming method reliability. Geranylgeraniol (ID:
33) demonstrated optimal results with -7.00 kcal/mol binding energy, nearly
equivalent to finasteride (-7.19 kcal/mol) and superior to minoxidil (-4.85 kcal/mol).
Geranylgeraniol formed strong hydrogen bonds with GLU793 at 1.77 A distance,
with nearby residues LEU862, TYR857, ARG854, LYS861, and LEU797. Twenty-
five nanosecond molecular dynamics revealed stable complex formation with 0.23-
0.25 nm RMSD wvalues, indicating acceptable binding stability. RMSF analysis
showed geranylgeraniol induced higher structural flexibility in specific regions,
potentially enhancing biological activity. SASA analysis demonstrated lower surface
area values (112.5 nm?), indicating improved stability versus minoxidil. These
findings suggest geranylgeraniol possesses significant anti-alopecia potential with
comparable finasteride efficacy and superior minoxidil performance.

Introduction

transition to catagen (transition phase) and

Androgenetic alopecia (AGA), commonly
known as male pattern baldness, represents the
most prevalent form of progressive hair loss [1].
This condition results from genetic factors or
androgen hormone activity, particularly
dihydrotestosterone ~ (DHT). DHT, an
endogenous sex hormone, plays crucial roles in
secondary hair growth in males but exhibits
adverse effects on scalp hair follicles [2]. This
hormone is produced through testosterone
conversion by bSa-reductase (5aR) enzyme,
comprising three isoenzymes: 5aR1, 5aR2, and
5aR3. Isoenzymes 5aR1 and 5aR2 primarily
contribute to AGA, with high activity in hair
follicles, sebaceous glands, and genitourinary
tract [3].

Elevated DHT levels in hair follicles cause
follicular miniaturization, inhibiting anagen
phase (growth phase) and accelerating

telogen (resting phase) [4]. Consequently, hair
follicles become inactive, shrink, and eventually
cease producing new hair. Although AGA is not
life-threatening, its psychological impact can be
significant, including reduced quality of life and
mental health issues.

Currently, FDA-approved AGA
treatments include finasteride and minoxidil.
Finasteride inhibits 5a-reductase activity, while
minoxidil acts as a vasodilator enhancing blood
flow to hair follicles, stimulating hair growth
[5]. However, both medications have long-term
side effects, including skin irritation, itching,
redness, and risks for pregnant and nursing
mothers [4], [5], [6], [7]. Therefore, research into
alternative treatments with low toxicity and
minimal side effects becomes highly relevant.

Herbal plants have long served as
traditional medicine sources for various



diseases, including alopecia. Several
phytochemical compounds from herbal plants
reportedly possess abilities to inhibit 5a-
reductase enzyme activity and reduce DHT
levels, enabling their use as anti-alopecia agents
such as Verbascum xanthophoeniceum [8], Saw
palmetto (Serenoa repens), Green tea (Camellia
sinensis), Pumpkin seed (Curcurbita pepo),
Rosemary (Rosmarinus officinalis), Grape seed
(Vitis vinifera), and Licorice (Glycyrrhiza
glabra) [9]. One intriguing plant for exploration
is nutmeg (Myristica fragrans Houtt), known to
contain various phytochemical compounds
including monoterpenoids, sesquiterpenoids,
phenolics, and alkaloids. These compounds
possess potential as androgen receptor
inhibitors and antioxidants, potentially
reducing hair loss [10].

Nutmeg  contains bioactive
compounds including myristicin, eugenol,
elemicin, geranylgeraniol, and safrole that
demonstrate potent antioxidant and anti-
inflammatory activities [11]. Alopecia areatais a
chronic inflammatory disease characterized by
increased oxidative stress and reduced activity
of the endogenous antioxidant system. This
imbalance contributes to hair follicle damage
and the progression of hair loss [12].
Antioxidant components such as quercetin have
been proven to inhibit DHT production from
testosterone by blocking alpha-5 reductase
enzyme action and reducing oxidative stress,
indicating that the antioxidant and anti-
inflammatory  constituents of = nutmeg
potentially address both major pathogenic
factors of androgenetic alopecia through
different yet complementary pathways.

This research aims to evaluate anti-
alopecia activity of phytochemical compounds
in nutmeg through in silico study approaches.
The target protein used is androgen receptor
with PDB code 4K7A, which was selected as it
provides a validated structural template with
minoxidil as co-crystallized ligand and has been
successfully utilized in previous anti-alopecia
studies for evaluating natural compounds [13].
The androgen receptor represents a primary
target in alopecia pathogenesis through its
interaction with dihydrotestosterone (DHT),
which follicular
Ligands used in docking include various

major

causes miniaturization.

20

phytochemical compounds from nutmeg, such
as  (+)-4-Carene, +vy-Terpinene, Linalool,
Myristicin, and others [14], [15], [16]. Through
molecular docking and molecular dynamics
techniques, this study aims to identify
compounds with high binding affinity to
androgen receptors and stable binding
interactions, potentially developed as topical
medications for AGA treatment. These research
findings are expected to provide scientific
foundations for developing safer and more
effective alternative therapies for androgenetic
alopecia.

Materials and Methods

Hardware and Software

The hardware utilized in this research
included a PC with Linux Ubuntu operating
system, AMD Ryzen 9 9900X 12-Core 4.40 GHz
processor, NVIDIA RTX 4080 Super graphics
card, and 32 GB RAM. Analysis was conducted
using Discovery Studio Visualizer, AutoDock 4,
ADME-Tox pkCSM tools, and GROMACS
2024.2.

Materials

The crystal structure of androgen receptor
(PDB code 4K7A) shown in Figure 1 was
obtained from the Protein Data Bank (PDB)
database. Structural data for minoxidil and
finasteride compounds were accessed through
the PubChem database. A total of 32 test ligands
whose structures are displayed in Table 1 were
obtained from various previous research
articles [14-16].

Ligand Structure Preparation

The tested ligand molecules consisted of 34
compounds comprising 2 mnative ligands
(Minoxidil and Finasteride) and 32 ligands
identified in nutmeg from several literature
sources [16], [17] as shown in Table 1. The 3D
ligand structures were obtained from
https://pubchem.ncbi.nlm.nih.gov/ and
subsequently optimized using Avogadro
software with geometry optimization using
MMFF9%4 with 10,000 steps. The ligands were
further prepared using AutoDockTools 4
software for water molecule removal, hydrogen
atom addition, Gasteiger charge addition, non-
polar hydrogen merging, and rotational bond
configuration for flexibility. The ligand files
were then saved in pdbqt format.



Table 1. Two Dimentional of Minoxidil, Finasteride, and Ligand Test
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CH,

HyC OH

L-alpha-Terpineol

cis-4-methoxy thujane

Geraniol

Safrole

alpha-Cubebene

Copaene

Methyleugenol

Caryophyllene

Bergamotene
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24

25

26

27

Alloaromadendrene

Humulene

gamma-Muurolene

1,6-Cyclodecadiene

Aromadendrene

beta-Bisabolene

Myristicin

Asarone

trans-Z-alpha-
Bisabolene epoxide
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28

29

30

31

32

33

34

Guaiol

Isoelemicin

2-
Naphthalenemethanol

5-Azulenemethanol

1-H-Naphtho[2,1-b]
pyran-1-one, 3-(2-
hydroxyphenyl)

Geranylgeraniol

Longifolene

Protein Structure Preparation

The target protein was the crystal structure
of androgen receptor ligand-binding domain in
complex with minoxidil (PDB: 4K7A) obtained
from https://www.rcsb.org/. This receptor was
selected as the target due to its role in hair
follicle regulation through interaction with
dihydrotestosterone (DHT). 4K7A activation by
DHT causes follicular  miniaturization,
contributing to hair loss [18]. Protein structure
preparation was performed using
AutoDockTools software. Preparation steps
included native ligand separation from target
protein, water molecule removal, hydrogen
atom addition, Gasteiger charge addition, and
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non-polar hydrogen merging. The target
protein was then saved in pdbqt format.

Molecular Docking Method Validation
Molecular docking method validation was
performed by redocking minoxidil to the target
protein separated from androgen receptor using
AutoDock Tools 1.5.7. The validation process
involved redocking native minoxidil ligand to
androgen receptor 4K7A after separating native
DHT and minoxidil ligands from protein
receptor, then adjusting grid box position on
minoxidil  ligand.  Subsequently,
redocking was performed to determine root-
mean-square deviation (RMSD) values by

native


https://www.rcsb.org/

superimposing separated native ligand before
docking with redocked native minoxidil ligand.
This method was considered successful if
RMSD values obtained were <3A [19].

Docking Simulation

Molecular docking was performed using
AutoDock4.0 (AD4.0) and AutoDockTools
(ADT). Grid parameters were set with center
coordinates -2.562, 0.432, -6.758 and grid size 20
x 20 x 20. Search parameters included 100 GA
runs and population size 150. AutoDock4.2
parameters used Parameter_File
AD4.1_bound.dat. Results were analyzed and
visualized using Biovia Discovery Studio
software.

Discovery  Studio was wused for
visualization to determine hydrogen bond
distances (A) and nearest amino acid residues
from docking results.

Molecular Dynamics Simulation

Molecular dynamics simulation evaluated
interactions between compounds and androgen
receptor 4K7A, using finasteride and minoxidil
as reference ligands. Ligand parameters and
topology were prepared using ACPYPE [17],
while Ewald particle mesh method was applied
for electrostatic force calculations [21], [22]. The
system was neutralized with Cl- and Na* ions,
and cubic TIP3P water model was used as
solvent. The simulation protocol consisted of
energy minimization, followed by NVT
equilibration (100 ps, 310 K) and NPT
equilibration (100 ps, 310 K, 1 bar) phases. The
production run was performed under NPT
ensemble conditions with 2 fs timestep for 25 ns
using GROMACS 2024.2 [23], then run with 2 fs
timestep for 25 ns using GROMACS 2024.2.
Post-simulation analysis included Root Mean
Square Deviation (RMSD) for protein-ligand
complex stability evaluation, Root Mean Square
Fluctuation (RMSF) for protein backbone
flexibility identification, and Solvent Accessible
Surface Area (SASA) for assessing protein
surface area changes during ligand interaction.

Result and Discussion

The binding analysis results between
minoxidil and androgen receptor are presented
in Table 2. Native minoxidil formed hydrogen
bonds with androgen receptor at amino acid
residues HIS789 and GLU793 with hydrogen
bond distances of 294 A and 3.63 A,
respectively. The resulting binding energy was
-4.85 kcal/mol. The nearest identified amino
acid residues were LYS861, LEU797, TYRS857,
and GLN858.

Figure 1. Overlay of docked pose of
minoxidil with that of the co-crystallized ligand
of 4K7A

Based on visual analysis results shown in
Figure 1, minoxidil molecular docking
validation demonstrated good agreement with
the cocrystal ligand from 4K7A structure with
RMSD value of 225 A. The RMSD value
obtained was less than 3 A, indicating that the
molecular docking method used was valid and
reliable for predicting ligand docking poses
[19]. Compared to similar research, there were
differences from results reported by
Abdurahman, who explained that minoxidil
formed hydrogen bonds with amino acid
residues SER865 and GLU793 [24], while as
shown in Table 2, hydrogen bonding in this
molecular docking occurred at residues HIS789
and GLU793. Another study by Albalawi et al.
showed that minoxidil formed hydrogen bonds
with GLU793, identifying nearest amino acid
residues as LEU862, LYS861, and TYR857, with
two residues identical to this research: LYS861
and TYRS857 [18].

Table 2. Results of Molecular Docking Method Validation

Protein Compound Binding RMSD  Hydrogen Bound Nearest
Energy Bond Amino Amino Acids
(kcal/mol) Distance (A) Acids
4K7A Minoxidil -4.85 2.25 2.94, 3.63 HIS789, LYS861,
Native GLU793 LEU797,




TYRS857,
GLN858

Based on available data, GLU793 residue
was identified as forming hydrogen bonds with
minoxidil in all three studies, indicating the
significance of this residue in minoxidil-
androgen receptor interaction. Variations in
amino acid residues forming hydrogen bonds
and other nearest residues influence binding
energy and ligand-receptor complex stability.
This aligns with Albalawi's research showing
that differences in amino acid residues forming
hydrogen bonds with androgen receptor are
factors affecting binding energy [18].

Molecular interaction analysis of protein-
ligand complexes in Table 3 demonstrates that
hydrogen bonds play important roles in
molecular interactions at AGA receptors, where
hydrogen bonds are key in determining protein-
ligand binding affinity and selectivity [25].
GLU793 residue dominance as the primary
hydrogen bond former in 13 of 34 analyzed
compounds shows the importance of specific
electrostatic interactions. Optimal hydrogen
bond distances observed in the 1.66-2.04 A
range are consistent with findings that
hydrogen bond interaction patterns at protein-
ligand interfaces require specific geometric
requirements for optimal stability [26]. Binding
site characteristics in this research were
dominated by hydrophobic residues LEU797
(76.5%), LEU862 (73.5%), and LYS861 (82.4%).

Table 3. Molecular Docking Result

This interaction pattern confirms that
combinations of selective hydrogen bonds with
polar residues and hydrophobic interactions
with leucine clusters form the basis of effective
molecular recognition in  protein-ligand
systems.

Structure-activity ~ relationship ~ (SAR)
analysis showed terpenoid compounds with
Geranylgeraniol (-7.00 kcal/mol) had good
binding strength nearly matching Finasteride
affinity (-7.19 kcal/mol), indicating terpenoid
potential as anti-alopecia lead compounds.
Geranylgeraniol was selected for molecular
dynamics analysis as it demonstrated the
highest binding affinity among nutmeg
compounds and formed a hydrogen bond with
GLU793 at 1.77 A with favorable interactions at
key binding site residues, while other nutmeg
compounds showed considerably lower
binding energies with the second-best being ID:
32 at -6.19 kcal/mol. Structural advantages of
terpenoids, particularly those with hydroxyl
groups, demonstrate optimal complementarity
with binding sites rich in hydrophobic residues
and  hydrogen bond  donors/acceptors,
consistent with understanding that terpenoid
cyclases catalyze the most complex chemical
reactions in biology where more than half of
substrate carbon atoms undergo bond and
hybridization changes [27].

Energi Ikatan Jarak Ikatan

ID Senyawa (kcal/mol) Hidrogen (A)

Asam Amino
pada Ikatan
Hidrogen

Residu Asam Amino
Terdekat

2 -7.19 2.84,3.62

33 -7.00 1.77

32 -6.19 2.98

18 -5.77 -

15 -5.58 -

24 -5.44 -

GLNS858, LEU862, LEU797,
LYS861, TYR857, ARG854,
HIS789, LEU790
LEUS862, TYR857, ARG854,
LYS861, LEU797
GLU?793, LEUS862, LYS861,
LEU797
GLU?793, SER865, LEU790,
- GLN858, LEU797, LYS861,

LEUS862, HIS789
SER865, GLU793, LEU862,
- LEU797, GLN858, ASP864,
LYS861
TYRS857, GLN858, LYS861,
- SER865, TRP796, LEUS862,
GLU793, LEU797

SERS865,
GLU793

GLU793

GLN858

26



28 -5.43 1.66
30 -5.29 1.96
14 -5.11 -
21 -5.03 -
23 -5.01 -
26 -4.9 2.76,3.2

1 -4.85 2.94,3.63
25 -4.85 -

6 -4.84 1.81
31 -4.83 1.92
19 -4.82 -
29 -4.78 -
17 -4.75 -
12 -4.71 1.97
20 -4.69 -
27 -4.69 -
34 -4.68 -
16 -4.58 2.04

7 -4.46 -

9 -4.42 1.97
11 -4.36 -
10 -4.31 1.75
13 -4.3 2.16

8 -4.23 1.88
22 -3.85 -

3 -3.76 -

4 -3.73 -

5 -3.55 1.88

GLU793
GLU793

LEU797, LYS861, TYR857
LEU797, LYS861, TYR857
GLU?793, LEU797, LYS861,
TYR857
- GLU793, LEU797, LYS861
GLU?793, LEU797, LYS861,
TYR867
LEU797, LEU862, TYR857,
LYS861, LYS861, SER865
LYS861, LEU797, TYRS857,
GLN858
LEUS862, LEU797, GLU793,
SER865, LYS861
LEUS862, LEU797, SER865,
GLU793 LYS861
GLU793 LEU862, SER865, LYS861
- LYS861, LEU862
- LEUS862, LYS861, TYR857
LYS861, TYR857, GLNS58,
- LEU797, GLU793, LEU862,
SER865
LEUS862, LEU797, LYS861
GLU?793, SER865, LYS861,
- LEU 862, LEU797,
GLN858, TYRS857
TYR857, SER865, GLU793,
- LEUS862, LEU797, GLN858,
LYS861
GLN858, LEU862, LYS861,
LEU797
LEU797, LYS861, TYRS857,
LEUS862
LEUS862, LYS861
LEUS862, LYS861
LYS861, LEU797
LYS861, TYR857
GLN858 LYS861, LEU797, LEU862
GLU793 LYS861
- LYS861
- LYS861, LEU797
- GLU793, LYS861, LEU862
GLU793 LEUS862, LYS861

GLU793

HIS789,
GLU793

GLN858

GLN858

GLN858

GLU793

Minoxidil (ID: 1), the standard topical
therapy for AGA, demonstrated weaker
binding energy (-4.85 kcal/mol) with two
hydrogen bonds at HIS789 (2.94 A) and GLU793
(3.63 A) residues Figure 2 (B). Nearest amino
acid residues included LYS861, LEU797,
TYRS857, and GLN858. This result is consistent
with the fact that Minoxidil does not work
through direct 5a-reductase inhibition, but
rather through KATP channel activation [28].
Research shows that human hair follicles
contain two forms of KATP channels, with only
one being sensitive to minoxidil [29]. Minoxidil
activates mitochondrial KATP channels with
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EC50 7.3 pM, which is 25-fold more sensitive
compared to sarcolemma channels [30]. This
vasodilator mechanism enhances hair follicle
perfusion and prolongs anagen phase,
fundamentally different from enzymatic
inhibition performed by Finasteride.

Further analysis of Table 3 reveals that
GLU793 is a crucial residue that interacts with
all three test compounds. Crystallographic
research by Xiao et al. (2020) identified this
glutamate residue (E57 in their structural
numbering) along with Y91 as important
catalytic residues in 5a-reductase enzymatic
mechanism [31]. E57Q and Y91D mutations



proved to significantly reduce enzyme activity,
showing the importance of these residues in
catalysis [32]. Recent virtual screening studies
identified that Trp53, Glu57, Tyr91, Arg94,
Tyr98, Asnl60, Aspl64, Asnl93, Phel%4,
Glul197, Phe223, and Leu224 residues are
common residues that interact with 5a-
reductase inhibitors including finasteride [33].
This interaction pattern similarity between
Finasteride and Geranylgeraniol shown in
Figure 2 (A) and (C) indicates that
Geranylgeraniol potentially occupies the same

H-Bonds
Donor

Acceptor L

active site and potentially has similar inhibition
mechanisms. Interestingly, although
Finasteride forms two hydrogen bonds,
Geranylgeraniol with one shorter hydrogen
bond (1.77 A vs 2.84 A and 3.62 A) can achieve
nearly equivalent binding energy. This shows
that individual hydrogen bond strength and
hydrophobic interactions with residues like
LEUS862, LEU797, and electrostatic interactions

with LYS861 and ARG854 contribute
significantly to complex stability.
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Figure 2. Molecular docking visualization between androgen receptor and (a) Minoxidil, (b)
Finasteride, and (c) compound 33 (Geranylgeraniol)

Geranylgeraniol is a C20 isoprenoid found
naturally in fruits, vegetables, and grains [34].
As a food substance, Geranylgeraniol is
categorized as 'Generally Recognized as Safe'
(GRAS) by the FDA [33]. In the mevalonate
pathway, GGOH functions as a precursor for
vitamin K2 MK-4 biosynthesis, coenzyme Q10,
and various proteins undergoing prenylation
[36] [37]. Several supplement formulations have
begun using Geranylgeraniol with claims that it
can act as a bSa-reductase inhibitor that
maintains testosterone [38]. Compared to
finasteride, which has risks of systemic side
effects, Geranylgeraniol has several potential
advantages including GRAS status indicating
good safety profile, natural occurrence in food,

additional benefits for mitochondrial health and
cellular energy production, and can be
administered both topically and orally.

Based on RMSD data displayed in Figure 3,
stability analysis of protein-ligand complexes
during 25 ns molecular dynamics simulation
showed characteristic stability patterns for all
three test compounds. RMSD (Root Mean
Square Deviation) values are commonly used
measures for different
conformations of specific molecular systems
[39] and specific conformational stability is
typically indicated by structural changes or
deviations over certain time periods [40].

comparing

RMSD Comparison

0.25

0.20

RMSD (nm)
o
G

o
S

0.05

0.00

— Finasteride
—— Minoxidil
—— Geranylgeraniol

Time (ns)

15 20 25

Figure 3. Root Mean Square Deviation (RMSD) Analysis of Androgen Receptor 4K7A Protein
Structure in Complex with Ligands During 25 ns Simulation
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Finasteride (red line) showed the most
stable RMSD pattern with convergence values
around 0.20-0.22 nm throughout the simulation
period. This stability profile reflects
finasteride's ability to maintain consistent
conformation in complex with androgen
receptor. This high conformational stability is
consistent with finasteride characteristics as an
effective competitive inhibitor, where stable
and consistent interactions with enzyme active
site are required for optimal biological activity.
The relatively flat RMSD pattern after initial
nanoseconds indicates that the finasteride-
protein  complex has reached stable
conformational equilibrium.

Minoxidil (black line) showed different
RMSD characteristics with values ranging
between 0.21-0.23 nm and demonstrated greater
fluctuations  compared to  finasteride.
Minoxidil's RMSD profile indicates higher
conformational dynamics in the protein-ligand
complex. This can be explained by fundamental
differences in minoxidil's mechanism of action,
which does not work as a direct 5a-reductase
inhibitor but through KATP channel activation.
Additionally, the relatively low binding energy
observed in molecular docking results in Table
3 is also a factor influencing these high
fluctuations [41]. Greater fluctuations in RMSD
values indicate that minoxidil has the ability to
adopt various conformations in the binding site,

0.250

which may relate to different mechanisms of
action and lower affinity toward target protein.

Geranylgeraniol (green line) showed
RMSD patterns with the highest values ranging
between 0.23-0.25 nm throughout the
simulation. Although geranylgeraniol's RMSD
values were higher compared to the other two
compounds, RMSD values from all three
compounds ranging between 0.2-0.3 nm (2-3 A)
are still acceptable and considered to have
stable binding [42], [43]. This flexibility may
provide advantages for geranylgeraniol's
biological activity, as it can facilitate interactions
with various residues in the protein active site.

The different RMSD patterns of the three
compounds  reflect unique interaction
characteristics of each with androgen receptor.
Finasteride with the lowest and most stable
RMSD shows strong and specific interactions,
consistent with the most negative binding
energy (-7.19 kcal/mol). Geranylgeraniol with
slightly higher but still stable RMSD
demonstrates the ability to form effective
complexes with target protein, supported by
binding energy nearly equivalent to finasteride
(-7.00 kcal/mol). Minoxidil with RMSD patterns
showing greater fluctuations reflects weaker
interactions and different mechanisms of action,
consistent with lower binding energy (-4.85
kcal/mol) (Table 3).

RMSF Comparison

0.225 1

0.200

0.175

0.150 1

RMSF (nm)

0.125 4

0.100 1

0.075 1

0.050 -

—— Finasteride
— Minoxidil
— Geranylgeraniol

680 690 700 710 720 730 740 750 760 770 780 790 800 810 820 830 840 850 860 870 880 890 900

Residue Index

Figure 4. Root Mean Square Fluctuation (RMSF) Analysis of Androgen Receptor 4K7A Protein
Backbone for Main Chain Flexibility Evaluation
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The Root Mean Square Fluctuation (RMSF)
analysis of the androgen receptor protein
backbone during 25 ns molecular dynamics
simulation presented in Figure 4 reveals distinct
fluctuation patterns for the three test ligands.
The RMSF graph demonstrates several regions
with  significant fluctuations, indicating
structural dynamic changes in the protein
during ligand interactions. At residue index
690, finasteride and geranylgeraniol exhibit
nearly identical fluctuation patterns with the
highest RMSF values of approximately 0.2 nm,
while minoxidil shows lower fluctuations at
0.13 nm. Based on previous studies, this region
encompasses residue 693, which has been
identified as one of the loop regions in the
androgen receptor protein structure. This loop
possesses inherently high flexibility, explaining
the substantial fluctuations observed [24].

A significant difference is observed in the
region around residue index 730, where
finasteride demonstrates the highest RMSF
value (0.145 nm). This region is adjacent to
residues 726 and 729, which have also been
reported as parts of protein loops that naturally
possess high flexibility and are responsive to

ligand binding. In the region around residue
index 820, all three ligands show increased
fluctuations with similar patterns. This can be
attributed to this region's proximity to residue
796, which is also known to be part of a loop
structure. This loop likely undergoes similar
conformational changes due to interactions
with all three ligands.

In the region around residue indices 840-
850, geranylgeraniol induces the highest
fluctuations up to 0.17 nm in the protein
structure. The high fluctuations induced by
geranylgeraniol indicate significant structural
flexibility, which may be important for its
biological activity. Geranylgeraniol from
nutmeg demonstrates a distinct capability as a
natural ligand to induce higher fluctuations in
several regions, including those correlated with
identified protein loops, compared to
finasteride and minoxidil. Residues or groups of
residues exhibiting higher RMSF levels indicate
increased flexibility related to enhanced
potential for ligand molecule interactions, while
lower RMSF fluctuations signify reduced
flexibility, thereby diminishing interaction
potential [44].

SASA Comparison

130.0

Area (nm)

—— Finasteride
—— Minoxidil
—— Geranylgeraniol

i |

Uil e “".-1' I

0 5 10

15 20 25

Time (ns)

Figure 5. Solvent Accessible Surface Area (SASA) Analysis of Androgen Receptor Protein 4K7A

Solvent Accessible Surface Area (SASA)
analysis is employed to measure the surface
area of the androgen receptor protein exposed
to solvent [45] and to evaluate the stability of
protein-ligand complexes during 25 ns
molecular dynamics simulation. The SASA
graph in Figure 5 demonstrates dynamic
changes in the protein surface with the three
ligands, where finasteride, minoxidil, and
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geranylgeraniol exhibit fluctuations within the
range of 112.5-130 nm? throughout the
simulation. During the initial phase (0-5 ns), all
three complexes show relatively high SASA
values with large fluctuations, indicating
systems still undergoing conformational
adjustments. A decreasing trend in SASA
values is observed from the middle to the final
phases of simulation, with finasteride showing



the most significant decrease, followed by
geranylgeraniol which demonstrates more
stable SASA reduction compared to minoxidil,
particularly during the 10-15 ns phase where
geranylgeraniol reaches the lowest value of
approximately 112.5 nm?2. Lower SASA values
indicate that the complex system becomes more
stable and compact. This demonstrates that
geranylgeraniol from nutmeg possesses better
complex stability compared to minoxidil,
although it remains below finasteride. Based on
these results, it can be concluded that the
compound from nutmeg has potential as an
androgen receptor inhibitor with reasonably
good complex stability.

Conclussion

This computational study successfully
identified geranylgeraniol from nutmeg
(Myristica fragrans Houtt.) as a promising
natural compound for androgenetic alopecia
treatment  through  androgen  receptor
inhibition. Molecular docking analysis revealed
that geranylgeraniol exhibits strong binding
affinity (-7.00 kcal/mol) to the androgen
receptor, approaching the efficacy of finasteride
(-7.19 kcal/mol) and substantially
outperforming minoxidil (-4.85 kcal/mol). The
compound demonstrates favorable binding
characteristics  through  hydrogen bond
formation with GLU793 and favorable
interactions with key residues in the receptor
binding site.

Molecular dynamics simulation over 25 ns
confirmed the stability of the geranylgeraniol-
androgen receptor complex, with consistent
RMSD values (0.23-0.25 nm) indicating
maintained binding throughout the simulation
period. The RMSF analysis revealed that
geranylgeraniol induces strategic structural
flexibility —in  specific protein regions,
particularly in loop structures, which may
enhance its biological activity. Furthermore,
SASA  analysis demonstrated improved
complex compactness and stability compared to
minoxidil, suggesting better therapeutic
potential. However, the 25 ns simulation
duration may not be sufficient to evaluate true
complex  stability = and  capture rare
conformational events. Future work should
consider extending the simulation time to
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provide more comprehensive evaluation of
binding stability and long-term protein-ligand
interactions.

These computational findings provide
strong evidence for geranylgeraniol's potential
as an effective natural alternative for
androgenetic  alopecia  treatment. = The
compound's comparable efficacy to finasteride,
combined with its natural origin, makes it an
attractive candidate for further experimental
validation. However, in vitro and in vivo
studies are essential to confirm these
computational predictions and establish the
compound's safety profile and therapeutic
efficacy in clinical applications.

Bibliography

1. Todeschini, D.; Pedro Martinez, I1.C.; Dutra
Duque, M. Topical finasteride dose
evaluation for treatment of androgenetic
alopecia using computer simulations. Ann
Pharm Fr 2022, 80, 169-175,
doi:10.1016/j.pharma.2021.08.002.

2. Bhargava, S. Increased DHT levels in
androgenic alopecia have been selected for
to protect men from prostate cancer. Med
Hypotheses 2014, 82, 428-432,
doi:10.1016/j.mehy.2014.01.016.

3. Ru, Q; Huang, K;; Yu, R;; Wu, X; Shen, J.
Effects of Camellia oleifera seed shell
polyphenols and 1,3,6-tri-O-galloylglucose
on androgenic alopecia via inhibiting 5a-
reductase and regulating Wnt/B-catenin
pathway. Fitoterapia 2024, 177, 106116,
doi:10.1016/j.fitote.2024.106116.

4. Song, L.;Cui, Y.; Xiao, L.; Yu, S.; He, ]. DHT
and E2 synthesis-related proteins and
receptors expression in male yak skin
during different hair follicle stages. Gen
Comp Endocrinol 2020, 286, 113245,
doi:10.1016/j.ygcen.2019.113245.

5. Jang, W.Y,; Kim, M.-Y; Cho, ].Y.
Antioxidant, Anti-Inflammatory, Anti-
Menopausal, and Anti-Cancer Effects of
Lignans and Their Metabolites. Int ] Mol
Sci 2022, 23, 15482,
doi:10.3390/ijms232415482.

6. Irwig, M.S.; Kolukula, S. Persistent Sexual
Side Effects of Finasteride for Male Pattern
Hair Loss. ] Sex Med 2011, 8, 1747-1753,



10.

11.

12.

13.

14.

15.

doi:10.1111/j.1743-6109.2011.02255.x.
Sharma, D.; Mo, L.; Piontkowski, A.; Patel,
D.; Medina, C.; Ungar, B. LB920 Patient-
reported side effects of oral minoxidil in
treating female pattern hair-loss. Journal of
Investigative Dermatology 2024, 144, 5161,
doi:10.1016/;.jid.2024.06.1092.

Marcoccia, D.; Georgiev, M.I; Alipieva,
K.I.; Lorenzetti, S. Inhibition of the DHT-
induced PSA secretion by Verbascum
xanthophoeniceum and Serenoa repens
extracts in human LNCaP prostate
epithelial cells. J Ethnopharmacol 2014,
155, 616-625, doi:10.1016/j.jep.2014.06.003.
Dhariwala, M.Y., Ravikumar, P. An
overview of herbal alternatives in
androgenetic alopecia. ] Cosmet Dermatol
2019, 18, 966-975, doi:10.1111/jocd.12930.
Zhao, Y., et al. Ethnic, Botanic,
Phytochemistry and Pharmacology of the
Acorus L. Genus: A Review. Molecules
2023, 28, 7117,
doi:10.3390/MOLECULES28207117.
Abdurrahman, Syawal, et al. Molecular
docking studies and ADME-Tox prediction
of phytocompounds from Merremia
peltata as a potential anti-alopecia
treatment.  Journal of  Advanced
Pharmaceutical Technology & Research
12.2 (2021): 132-139. doi:
10.4103/japtr.JAPTR_222_20

Shakoei, Safoura, et al. Oxidative stress and
antioxidant markers in patients with
alopecia areata: A comparative cross-
sectional study. Indian Journal of
Dermatology, Venereology and Leprology
89.3 (2023): 411-415. doi:
10.25259/IJ]DVL_228_20

Muchtaridi; Subarnas, A.; Apriyantono, A.;
Mustarichie, R. Identification of
Compounds in the Essential Oil of Nutmeg
Seeds (Myristica fragrans Houtt.) That
Inhibit Locomotor Activity in Mice. Int |
Mol  Sci 2010, 11, 47714781,
doi:10.3390/ijms11114771.

Petretto, G.; et al. Chemical composition
and antimicrobial activity of essential oils
from Cuminum cyminum L. collected in
different areas of Morocco. Food Biosci
2018, 22, doi:10.1016/j.fbio.2018.01.004.
Okiki, P.A; Nwobi, C.P.; Akpor, O.B.;
Adewole, E.; Agbana, R.D. Assessment of
nutritional and medicinal properties of

33

16.

17.

18.

19.

20.

21.

22.

23.

24.

nutmeg. Sci Afr 2023, 19,
doi:10.1016/j.sciaf.2023.e01548.
Al-Rawi, S.S.; Ibrahim, A.H.; Ahmed, H.J.;
Khudhur, Z.0. Therapeutic, and
pharmacological prospects of nutmeg
seed: A comprehensive review for novel
drug potential insights. Saudi
Pharmaceutical Journal 2024, 32, 102067,
doi:10.1016/].JSPS.2024.102067.

Albalawi, M.; et al. The medicinal activity
of lyophilized aqueous seed extract of
Lepidium sativum L. in an androgenic
alopecia model. Sci Rep 2023, 13,
doi:10.1038/s41598-023-33988-1.

Jain, A.N.; Nicholls, A. Recommendations
for evaluation of computational methods. J
Comput Aided Mol Des 2008, 22, 133-139,
doi:10.1007/s10822-008-9196-5.

Sousa Da Silva, AW.; Vranken, W.F.
ACPYPE - AnteChamber PYthon Parser
interfacE. BMC Res Notes 2012, 5, 367,
doi:10.1186/1756-0500-5-367.
Abdurrahman, S.; Ruslin, R.; Hasanah,
AN, Ifaya, M. Mustarichie, R. Anti-
Alopecia Activity of Coumarin Derivatives
Isolated from Merremia peltata Leaves and
Computational Study of Their Binding to
Androgen Receptors Using Molecular

e01548,

Docking and  Molecular  Dynamic
Simulation. Pharmaceuticals 2023, 16, 669,
doi:10.3390/PH16050669.

Essmann, U.; Perera, L.; Berkowitz, M.L.;
Darden, T.; Lee, H.; Pedersen, L.G. A
smooth particle mesh Ewald method. ]
Chem Phys 1995, 103, 8577-8593,
doi:10.1063/1.470117.

Mark, P.; Nilsson, L. Structure and
dynamics of the TIP3P, SPC, and SPC/E
water models at 298 K. Journal of Physical
Chemistry A 2001, 105, 9954-9960,
doi:10.1021/JP0O03020W.

Abdurrahman, S.; Ruslin, R.; Hasanah,
A.N.; Mustarichie, R. Molecular docking
studies and ADME-Tox prediction of
phytocompounds from Merremia peltata
as a potential anti-alopecia treatment. |
Adv Pharm Technol Res 2021, 12, 132-139,
doi:10.4103/japtr.JAPTR_222_20.

Bulusu, G.; Desiraju, G.R. Strong and Weak
Hydrogen Bonds in Protein-Ligand
Recognition. ] Indian Inst Sci 2020, 100, 31—



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

41, doi:10.1007/541745-019-00141-9.
Mukherijee, S, Majumdar, S,
Bhattacharyya, D. Role of hydrogen bonds
in protein-DNA recognition: Effect of
nonplanar amino groups. Journal of
Physical Chemistry B 2005, 109, 10484-
10492, d0i:10.1021/JP0446231.

Young, T.; Abel, R.; Kim, B.; Berne, B.J;
Friesner, R.A. Motifs for molecular
recognition  exploiting  hydrophobic
enclosure in protein-ligand binding. Proc
Natl Acad Sci U S A 2007, 104, 808-813,
doi:10.1073/PNAS.0610202104.
Messenger, A.G.; Rundegren, J. Minoxidil:
Mechanisms of action on hair growth.
British Journal of Dermatology 2004, 150,
186-194, doi:10.1111/].1365-
2133.2004.05785.X.

Shorter, K.; Farjo, N.P.; Picksley, S.M.;
Randall, V.A. Human hair follicles contain
two forms of ATP-sensitive potassium
channels, only one of which is sensitive to
minoxidil. The FASEB Journal 2008, 22,
1725-1736, doi:10.1096/F].07-099424.
Hayashi, M.; Novak, I. Molecular basis of
potassium channels in pancreatic duct
epithelial cells. Channels 2013, 7, 432,
doi:10.4161/CHAN.26100.

Xiao, Q.; et al. Structure of human steroid
5a-reductase 2 with the anti-androgen
drug finasteride. Nature Communications
2020, 11, 1-11, doi:10.1038/s41467-020-
19249-z.

Azzouni, F.; Godoy, A.; Li, Y.; Mohler, J.
The 5 Alpha-Reductase Isozyme Family: A
Review of Basic Biology and Their Role in
Human Diseases. Adv Urol 2012, 2012,
530121, doi:10.1155/2012/530121.

Shaikh, S.; et al. Virtual Insights into
Natural Compounds as Potential 5a-
Reductase Type II Inhibitors: A Structure-
Based Screening and Molecular Dynamics
Simulation Study. Life 2023, 13, 2152,
doi:10.3390/LIFE13112152.

Gupta, P.; Phulara, S. Terpenoids: Types
and their application. Biotechnology of
Terpenoid Production from Microbial Cell
Factories 2021, 47-78, doi:10.1016/B978-0-
12-819917-6.00006-5.

FDA. GRAS Notices. Available online:
https://www.hfpappexternal.fda.gov/scrip

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

ts/fdcc/index.cfm?set=GRASNotices
(accessed on 27 May 2025).

Verdaguer, 1.B.; Crispim, M.; Hernandez,
A.; Katzin, AM. The Biomedical
Importance of the Missing Pathway for
Farnesol and Geranylgeraniol Salvage.
Molecules 2022, 27, 8691,
doi:10.3390/MOLECULES27248691.
Fernandes, N.V.; et al. Geranylgeraniol
suppresses the viability of human DU145
prostate carcinoma cells and the level of
HMG CoA reductase. Exp Biol Med 2013,

238, 1265-1274,
doi:10.1177/1535370213492693.
Kumar, N.; Rungseevijitprapa, W.;

Narkkhong, N.A.; Suttajit, M.; Chaiyasut,
C. 5a-reductase inhibition and hair growth
promotion  of Thai  plants
traditionally used for hair treatment. ]
Ethnopharmacol 2012, 139, 765-771,
doi:10.1016/].JEP.2011.12.010.

Martin, J.; Frezza, E. A dynamical view of
protein-protein complexes: Studies by
molecular dynamics simulations. Front
Mol Biosci 2022, 9, 970109,
doi:10.3389/FMOLB.2022.970109.

Wu, N.; Zhang, R.; Peng, X; Fang, L.; Chen,
K.; Jestild, ].S. Elucidation of protein-
ligand interactions by multiple trajectory
analysis methods. Physical Chemistry
Chemical Physics 2024, 26, 6903-6915,
doi:10.1039/D3CP03492E.

Nambiar, M.P.; Ashwanikumar, N,
Anoop, A. Biju, A.R. Binding energy
analysis and  molecular  dynamic
simulation studies of the designed orally
active, non-toxic GABARAP modulators. |
Biomol Struct Dyn 2023, 41, 6394-6412,
doi:10.1080/07391102.2022.2107571.
Arthur, MIN.; et al. Design of Inhibitors
That Target the Menin-Mixed-Lineage
Leukemia Interaction. Computation 2024,
12, 3,
do0i:10.3390/COMPUTATION12010003.
Xiao, Q.; et al. Structure of human steroid
5a-reductase 2 with the anti-androgen
drug finasteride. Nature Communications
2020, 11, 1-11, doi:10.1038/s41467-020-
19249-z.

Sharma, J.; Kumar Bhardwaj, V.; Singh, R.;
Rajendran, V.; Purohit, R.; Kumar, S. An in-

some



44.

45.

silico evaluation of different bioactive
molecules of tea for their inhibition
potency against non structural protein-15
of SARS-CoV-2. Food Chem 2020, 346,
128933,

doi:10.1016/]. FOODCHEM.2020.128933.
Borjian ~ Boroujeni, M.;  Shahbazi
Dastjerdeh, M.; Shokrgozar, M.A.; Rahimi,
H.; Omidinia, E. Computational driven
molecular dynamics simulation of
keratinocyte growth factor behavior at
different pH conditions. Inform Med
Unlocked 2021, 23, 100514,
doi:10.1016/].IMU.2021.100514.
Ravikumar, Y,; Koonyosying, P,;
Srichairatanakool, S.; Ponpandian, L.N.;
Kumaravelu, J.; Srichairatanakool, S. In
Silico Molecular Docking and Dynamics
Simulation Analysis of Potential Histone
Lysine Methyl Transferase Inhibitors for
Managing [-Thalassemia. Molecules 2023,
28, 7266,
doi:10.3390/MOLECULES28217266.

(©MOM

2025 by the authors. Licensee Fullerene Journal Of Chem.
This article is an open access article distributed under the

terms and conditions of the Creative Commons Attribution

(cc

BY) license

(http://creativecommons.org/licenses/by/4.0/).

35


http://creativecommons.org/licenses/by/4.0/)

