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Abstract

Breast cancer is the most frequently diagnosed cancer and the leading cause of cancer death among
women in Indonesia. Vascular endothelial growth factor receptor 2 (VEGFR-2), a key regulator of
tumour angiogenesis, is an established therapeutic target, but existing inhibitors are costly and
poorly tolerated. This study evaluated ten compounds reported from Kaempferia galanga rhizomes
as potential VEGFR-2 inhibitors using in silico approaches, including Lipinski’s Rule of Five,
ADMET prediction with PreADMET, pharmacophore screening with LigandScout, and molecular
docking against VEGFR-2 (PDB ID: 3VO3). All ten compounds satisfied the Rule of Five. The
selected pharmacophore model (Model 4, AUC = 0.78) retrieved eight of them as hits. Redocking of
the native imidazo[1,2-b]pyridazine ligand gave an RMSD of 1.29 A, a binding energy of -10.81
kcal/mol and a Ki of 11.93 nM, validating the protocol. Sandaracopimaradien-6p,9a-diol-1-one
gave the lowest binding energy among the test compounds (-9.23 kcal/mol; Ki 172.53 nM) but
formed no hydrogen bonds and failed the pharmacophore filter. Seven phenolic compounds
reproduced the native ligand’s hydrogen bond to Glu885. Taking drug-likeness, predicted toxicity,
pharmacophore fit and binding mode together, methyl (2R,3S)-2,3-dihydroxy-3-(4-
methoxyphenyl)propanoate was the most promising VEGFR-2 inhibitor candidate, and
confirmation by in vitro and in vivo testing is required.
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worldwide: GLOBOCAN recorded
approximately 2.3 million new cases and
) ) 685,000 deaths in 2020, making it the leading

Breast cancer is a malignant tumour cause of cancer death among women
that originates in breast tissue, arising from (Ghoncheh et al., 2016; Sung et al., 2021).
either the lobular components or the ductal Second, Indonesia carries a disproportionate
epithelium. It develops when cells lose control share of that burden. with 65.858 new breast
over normal division, leading to. abnormal, cancer cases reported annually against a
rapid and uncontrolled growth (Rizka et al., national cancer prevalence of 1,017,290 cases
2022). These abnormal cells continue to divide in RISKESDAS 2018. and breast cancer has
and form a lump in the breast, which can the highest prevalence of any cancer among
ultimately prove fatal (Satriyo et al., 2018). Indonesian women (Mboi et al., 2022). Third,
Breast cancer was chosen as the focus of this and most relevant here, breast tumours depend
study for three reasons. First, it is the most heavily on angiogenesis for growth and
frequently ~diagnosed cancer in  women metastasis, and VEGFR-2 expression in breast
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tissue is closely linked both to disease
progression and to resistance to endocrine
therapy (Luo et al., 2017; Zhu & Zhou, 2015).
Breast cancer therefore provides a clearer
mechanistic rationale for targeting VEGFR-2
than tumour types in which angiogenic
signalling is less central.

Vascular endothelial growth factor
(VEGF) is a 40-45 kDa homodimeric protein
secreted by various cells under both
physiological and pathological conditions
(Patel et al., 2023). Vascular endothelial
growth factor-A (VEGF-A) is the primary
factor regulating endothelial cell function in
vasculogenesis and angiogenesis. VEGF
consists of five members: VEGF-A, VEGF-B,
VEGF-C, VEGF-D, and placenta growth
factor. As a ligand, VEGF plays its role
through VEGF receptors (VEGFR) (Zhu &
Zhou, 2015). VEGFR-2 is the primary VEGF
receptor in humans, primarily expressed in
endothelial cells, lymphatic endothelial cells,
as well as in neurons, megakaryocytes,
hematopoietic stem cells, and various types of
cancer cells (Yang et al, 2018). Vascular
endothelial growth factor receptor (VEGFR),
particularly VEGFR-2, has been recognized as
a prominent therapeutic target among receptor
tyrosine kinases (Modi & Kulkarni, 2019).
Recent studies have demonstrated that
VEGFR-2 inhibitors not only enhance
therapeutic efficacy but also inhibit tumor
growth resistant to selective estrogen receptor
modulators (SERMs) (Luo et al., 2017).

VEGFR-2 consists of an extracellular
region comprising seven immunoglobulin-like
domains, a transmembrane domain, and an
intracellular region containing two tyrosine
kinase domains (Shah et al., 2025). Activation
of the VEGFR-2 signaling pathway plays a
pivotal role in transduction cascades that
initiate angiogenesis in pre-existing blood
vessels, leading to the formation of new
vasculature. Dysregulated angiogenesis may
contribute to tumor growth and significantly
increase the risk of cancer progression.
Inhibition of VEGFR-2 can effectively
suppress the angiogenic process (Luo et al.,
2017; Yang et al., 2018). According to Yan et
al. (2015), VEGFR-2 expression can be
observed during the epithelial-mesenchymal
transition (EMT), in which high levels of
Twistl and vimentin are associated with
elevated VEGFR-2 expression. This finding
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indicates that EMT serves as a mediator of
VEGFR-2.

The current breast cancer treatment
modalities in Indonesia include chemotherapy,
radiotherapy, and surgical intervention (Yan et
al., 2015). However, these therapeutic
approaches are often associated with
substantial adverse effects. Furthermore, the
financial burden of treatment remains
relatively high. To minimize the potential
adverse effects associated with current
therapies, herbal medicines may serve as an
alternative approach. Herbal remedies have
gained increasing public interest due to their
traditional use across generations and their
reported therapeutic activities. Moreover, they
are generally considered to possess lower
toxicity compared to synthetic drugs.
Nevertheless, further investigations are
required to comprehensively characterize their
pharmacological properties and therapeutic
potential against specific diseases.

One medicinal plant that has attracted
considerable attention for its pharmacological
activities is the rhizome of Kaempferia
galanga L. According to Yao et al. (2018),
seventeen compounds have been isolated from
the rhizome, including seven phenolics, six
diarylheptanoids, one phenolic glycoside, one
cyclic lipopeptide, and two esters. Galangal
rhizome has been reported to exhibit
antimicrobial, antioxidant, anti-inflammatory,
analgesic, anti-tuberculosis, antithrombotic,
anti-angiogenic, and anticancer effects
(Swapana et al., 2018). Several studies have
shown that p-methoxycinnamic acid and ethyl
p-methoxycinnamate from galangal rhizomes
display strong anticancer activity against
various cancer cell lines (Kumar, 2020), and
rhizome extracts suppress VEGF and COX-2
expression in the chorioallantoic membrane
model (Hamid et al., 2019; Huang et al., 2024).

To date, the anti-angiogenic activity of
K. galanga has been demonstrated only for
whole extracts or a small number of cinnamate
derivatives, and described
phenomenologically: VEGF and COX-2
expression fall, and endothelial tube formation
is reduced. Which individual constituents are
responsible, and whether any of them act
directly on VEGFR-2 rather than upstream of
it, has not been determined. No study has yet
evaluated the rhizome's phenolic and
diterpenoid constituents against the VEGFR-2
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kinase domain, so no structure-activity
rationale explains why the rhizome is anti-
angiogenic. An in silico approach was chosen
to address this gap. Computational screening
resolves this by evaluating each constituent
individually and by reporting the binding mode
rather than only the outcome, so that the
residues engaged by each compound can be
compared directly with those engaged by a
validated VEGFR-2 inhibitor. Combining four
complementary filters (Lipinski’s Rule of Five,
ADMET prediction, ligand-based
pharmacophore screening, and molecular
docking) further allows candidates to be
ranked on drug-likeness and predicted safety
as well as on affinity, which narrows the list
before laboratory work is committed.
Accordingly, ten compounds reported from the
rhizome of K. galanga were evaluated in silico
for their potential to inhibit VEGFR-2 in breast
cancer.

Methods

Physicochemical Property Prediction

The prediction of the physicochemical
properties of compounds in Kaempferia
galanga rhizomes was carried out following
the Lipinski Rule of Five (ROS). The analysis
was performed using a personal laptop with the
following specifications: Intel Core 15-10210U
CPU @ 1.60 GHz, 2.11 GHz, 8.00 GB RAM,
running the Windows 11 64-bit operating
system on an x64-based processor. The
analysis was performed using ten active
compounds, namely vanillic acid, ferulic acid,
methyl 3.,4-dihydroxybenzoate, p-
methoxybenzoic acid, p-hydroxybenzoic acid,
methyl (2R,3S)-2,3-dihydroxy-3-(4-
methoxyphenyl)propanoate, p-
hydroxycinnamic acid, ethyl (2R,3S)-2,3-
dihydroxy-3-(4-methoxyphenyl)propanoate,
sandaracopimaradien-6f,90-diol-1-one, and 4-
methoxycinnamic acid derived from the
rhizome of Kaempferia galanga using the
Mcule platform (https.//mcule.com/).

Prediction of ADME and Toxicity Profiles

The ten compounds that were tested
and analyzed for their physicochemical
properties were subsequently evaluated for
ADME (Absorption, Distribution, Metabolism,
and Excretion) and toxicity profiles using
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PreADMET (Incheon, South Korea;
https://preadmet.webservice.bmdrc.org/).  In
this in silico study, the ADME parameters
analyzed included human intestinal absorption
(HIA), Caco-2 permeability, plasma protein
binding (PPB), and blood-brain barrier (BBB)
penetration, while the toxicity parameters
included mutagenicity and carcinogenicity.
The compound structures were drawn using
the features provided on the online platform
and subsequently submitted, after which the
generated data were analyzed.

Pharmacophore Screening

Pharmacophore modeling was
performed to identify hit compounds capable
of exerting pharmacological activity through
the presence of pharmacophoric groups. On the
DUDE online platform (San Francisco, USA;
https://dude.docking.org/targets), this process
was applied to expand the list of active
compounds by generating an Active/Decoy
Database. The target protein used was
VEGFR2, a vascular endothelial growth factor
receptor 2, with PDB ID 2P2I. In the
LigandScout application (Vienna, Austria) all
active and decoy types were changed to
training, while all test compounds were set to
“Test”, and the other fields were left blank.
Once these modifications were made, one
training type was obtained for each cluster
after opening the minimized active database
file. The process was then followed by the
pharmacophore model formation. The model
was therefore derived from the ligand set
rather than from a single receptor structure,
while the docking stage wused the co-
crystallised VEGFR-2  structure 3VO3
described below; the two stages probe
complementary  aspects of  molecular
recognition rather than duplicating each other.

A total of 10 pharmacophore models
were transferred and validated using the "copy
to other perspective" feature to the screening
perspective.  Active  compounds  were
highlighted in green, and decoys were marked
in red, resulting in the best ROC curve. The
pharmacophore  screening continued by
transferring the database of test compounds
into another database. Additionally, green
coloring was applied to the test compound
database, and any markers on the other
databases were removed. The best model was
then transferred to the screening perspective,
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followed by performance screening to identify
the hit compounds.

Molecular Docking

The research process began by
downloading the protein corresponding to the
target receptor from the Protein Data Bank
(New Brunswick, USA;
https://www.rcsb.org/), using the VEGFR-2
protein database with PDB ID code 3VO3 in
pdb file format. Re-docking was then
performed using BIOVIA Discovery Studio
(San Diego, USA), along with AutoDock
Tools-1.5.6 (La Jolla, USA) to validate the
device, resulting in the native ligand
imidazo[1,2-b]pyridazine derivative and the
VEGFR2 receptor. The re-docking yielded an
RMSD of 129 A, with the grid box
coordinates set at X =40; Y = 40; Z = 40, and
the grid coordinates X = 4.638; Y = -26.834; Z
= -31.463, with a spacing of 0.375 A. This was
followed by the docking process of the
VEGFR2 receptor with the test compounds
(Ismail et al., 2025).

Result and Discussion

Galangal  rhizomes  (Kaempferia
galanga L.) are widely recognized by the
public as a culinary spice and are also known
for their health benefits. Numerous studies
have investigated galangal for its anticancer
and antiangiogenic properties, particularly in
breast cancer, using in silico, in vitro, and in
vivo approaches that involve various receptors.
These studies have demonstrated that several
compounds from galangal exhibit promising
anticancer and antiangiogenic activities and
could serve as potential candidates for the
development of new breast cancer therapies.
Research also indicates that isolates of p-
methoxycinnamic acid and ethyl p-
methoxycinnamate from galangal rhizomes
exhibit potent anticancer activity against
various cancer cell lines (Kalontong et al.,
2022; Kumar, 2020).

The antiangiogenic mechanism of
galangal involves inhibiting the growth and
spread of cancer cells by blocking the
formation of new blood vessels. Other
antiangiogenic effects include the inhibition of
endothelial cell activity such as proliferation,
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migration, and tube formation, and the
suppression ~ of  pro-angiogenic  factor
expression, particularly VEGF and COX-2
(Hamid et al., 2019; Huang et al., 2024).
Despite the presence of many active
compounds in galangal rhizomes, these
findings are still in the preclinical research
phase and require further clinical studies to
better evaluate the potential of K. galanga as a
complementary therapy for breast cancer.
Identifying which individual constituents are
responsible for this activity, and on which
molecular target they act, is therefore a
necessary step before any clinical evaluation
can be designed.

Pharmacophore modeling and docking
are essential methods in the drug discovery
process. Pharmacophore modeling allows us to
identify the structural similarities between test
compounds and known active compounds.
Docking, on the other hand, helps us
understand how the test compounds interact
with receptors, providing clearer insights into
how well the test compounds can bind to
molecular targets and their potential as drugs
(Yasmin & Beloshe, 2025). Therefore, the
pharmacophore procedure we carried out
involved applying Lipinski’s rule of five
prediction, determining ADMET properties,
performing pharmacophore screening, and
conducting molecular docking.

Lipinski’s Rule of Five (ROS5) Prediction

Lipinski’s Rule of Five (ROS5) is a
widely used guideline in drug discovery that
predicts the likelihood of a compound being
orally active in humans. According to this rule,
good oral bioavailability is expected if the
compound does not violate more than one of
the following criteria: molecular weight < 500
Da, LogP < 5, fewer than five hydrogen bond
donors, and fewer than 10 hydrogen bond
acceptors (Lipinski et al., 2001). Based on the
results of the tests summarized in Table 1, in
accordance with the predictions of Lipinski’s
Rule of Five, it can be concluded that 10
compounds from the rhizomes of Kaempferia
galanga L. meet the criteria of Lipinski’s Rule
of Five (ROS5). Therefore, these compounds
have the potential to be considered as
candidates for further development as oral-
administrated drugs.
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Table 1. Results of Lipinski’s Rule of Five (RO5) Prediction

Molecular Weight Log P Hydrogen Bonds
Compound Name <500 Da) 1 Da= Remark
P ( lg /11301) (<5)  Donor (<5) Acceptor (<10)
Vanillic acid 168.15 1.40 2 4 Pass
Ferulic acid 194.18 1.50 2 4 Pass
Methyl 3,4-dihidroxybenzoate 168.15 1.48 2 4 Pass
p-Methoxybenzoicacid 152.14 1.39 1 3 Pass
p-Hydroxybenzoicacid 138.12 1.09 2 3 Pass
Methyl(2R,3S)-2,3-dihydroxy-3- 226.22 0.26 ) 5 Pass
(4-methoxyphenyl)propanoate
p-Hydroxycinnamic acid 164.15 1.49 2 3 Pass
Ethyl (2R,35)-2,3-dihydroxy-3- 24025 0.65 ) 5 Pass
(4-methoxyphenyl) propanoate
Sandaracoplmaradlen-6[3,9a- 302.45 499 1 ) Pass
diol-1-one
4-Methoxycinnamic acid 178.18 1.79 1 3 Pass
Determination of ADMET therefore adequate but not outstanding, and

ADMET (absorption, distribution,
metabolism, excretion and toxicity) prediction
is a crucial step in evaluating drug-likeness,
because it anticipates the pharmacokinetic
behaviour and safety of candidate compounds
before isolation or synthesis is attempted
(Koutroumpa et al.,, 2025; Li, 2001). The
profiling was performed on the compounds
that complied with Lipinski’s Rule of Five and
is presented in Table 2. Each parameter is
interpreted below in terms of what it means for
an orally administered anti-angiogenic
candidate.

Human intestinal absorption (HIA)
predicts the percentage of an oral dose crossing
the intestinal epithelium, with values above
70% classed as well absorbed and below 20%
as poorly absorbed. All ten compounds fell in
the well-absorbed class, ranging from 84.94%
for methyl 3,4-dihydroxybenzoate to 100.00%
for sandaracopimaradien-6f3,9a-diol-1-one.
None would therefore be lost to poor oral
uptake, but because the whole set clusters at
the top of the scale, HIA does not discriminate
between the candidates.

Caco-2 permeability models transport
across the intestinal monolayer, with values
above 70 nm/s classed as high, 4—70 nm/s as
moderate and below 4 nm/s as low. None of
the ten compounds exceeded 70 nm/s. The
values clustered narrowly between 19.93 and
23.41 nm/s, which places every compound in
the moderate class rather than the high-
permeability class. Intestinal transport is
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formulation strategies that enhance
permeability may be worth considering should
any of these compounds progress.

Plasma protein binding (PPB)
determines how much drug remains free and
pharmacologically active, with values above
90% indicating strong binding and a
correspondingly small free fraction. Only
sandaracopimaradien-6f3,9a-diol-1-one was
strongly bound (100.00%). The remaining nine
compounds bound weakly, from 8.04% for p-
hydroxybenzoic acid to 76.02% for 4-
methoxycinnamic acid, leaving a larger free
fraction available to reach the tumour
vasculature. For an agent intended to act on
endothelial VEGFR-2, this is favourable, and it
counts against the diterpenoid.

Blood-brain barrier (BBB) penetration
is reported as the brain-to-blood concentration
ratio: values above 2.0 indicate ready entry
into the central nervous system, 0.1-2.0
moderate entry and below 0.1 little or none
(Xiong et al., 2021). Low CNS exposure is
preferable for a peripherally acting anti-
angiogenic agent because it limits neurological
side effects. Eight compounds showed
moderate  penetration  (0.40-1.74), ethyl
(2R,3S)-2,3-dihydroxy-3-(4-
methoxyphenyl)propanoate gave the lowest
value at 0.06, and sandaracopimaradien-6f,9a-
diol-1-one was a clear outlier at 16.13,
predicting substantial CNS exposure and an
associated risk of central effects.
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Table 2. Results of ADMET Determination

Absorption Distribution Toxicity
Compound Name HIA Caco-2 PPB Carcinogen
(%) (nm/sec) (%) BBB  Mutagen Rat Mouse
Vanillic acid 85.36 19.93 5210  0.62  Mutagen Neiatw Positive
Ferulic acid 90.60 21.11 50.41 0.75 Mutagen Negeatlv Positive
_ Methyl 3,4- 8494 1993 7228 050  Mutagen 8V poginive
dihidroxybenzoate e
. Negativ .
p-Methoxybenzoicacid 94.33 20.79 45.90 1.35 Mutagen . Negative
p-Hydroxybenzoicacid 88.13 20.31 8.04 0.64 Mutagen Negéatlv Negative
Methyl(2R,3S)-2,3-
dihydroxy-3-(4- 86.16  21.25 3718 040  Mutagen Y Neoative
methoxyphenyl)propano e
ate
p-Hydroxycinnamic acid ~ 92.09 21.10% 63.05 0.69 Mutagen Negeatlv Positive
Ethyl (2R,3S)-2,3-
dihydroxy-3-(4- 8756 2181 4405 006 Mutagen Y Neoative
methoxyphenyl) e
propanoate
Sandaracopimaradien- Negativ ..
. 100.00 23.41%* 100.00 16.13 Mutagen Positive
6B,9a-diol-1-one e
4-Methoxycinnamic acid ~ 96.72 21.42 76.02 1.74 Mutagen  Positive Positive

The toxicity predictions were the most
restrictive filter. All ten compounds were
predicted mutagenic in the Ames model, which
reflects the phenolic and a,p-unsaturated
carbonyl motifs common to this compound
class; this is a general caution rather than a
discriminating result, and experimental Ames
testing will be required before any of these
compounds is taken further. Carcinogenicity
prediction separated the set more usefully.
Four compounds were predicted non-
carcinogenic in both rat and mouse: p-
methoxybenzoic acid, p-hydroxybenzoic acid,
methyl (2R,3S)-2,3-dihydroxy-3-(4-
methoxyphenyl) propanoate and ethyl (2R,3S)-
2,3-dihydroxy-3-(4-methoxyphenyl)
propanoate. Five were negative in rat but

positive in mouse, and 4-methoxycinnamic
acid was positive in both species, which makes
it the least attractive candidate on safety
grounds despite its favourable pharmacophore
fit.

Taken together, the ADMET profile
favours the two propanoate esters and the two
benzoic acids: all four are well absorbed,
moderately permeable, weakly protein-bound,
predicted to have limited CNS exposure and
non-carcinogenic in both rodent species.
Sandaracopimaradien-6f3,9a-diol-1-one is the
least favourable compound on this evidence,
combining complete plasma protein binding
with high predicted BBB penetration and
predicted  carcinogenicity =~ in = mouse.

% retrieved actives)

Sensitivity (8

p-Methoxybenzoic acid

1 - Specificity (% retrieved decoys)

AUCI100% = 0,78
297 Compound Hits

Figure 1. ROC Curve of Model 4 from Pharmacophore Screening
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Pharmacophore Screening

Pharmacophore screening is a ligand-
based drug discovery technique that identifies
the essential three-dimensional structural
features responsible for biological activity in
known active compounds. By constructing and
validating pharmacophore models, researchers
can efficiently distinguish active from inactive
molecules and perform virtual screening of
large compound libraries to identify potential
drug candidates (Pal et al., 2019). A model
with a ROC curve AUC value greater than 0.7
is considered capable of distinguishing active
from inactive compounds (Wolber & Langer,
2005). Among the ten ROC curve models
constructed, Model 4 was selected as the
optimal model because it had an AUC value of
0.78, indicating good discriminatory ability by
this criterion. Model 4 retrieved 297 hits from
the 500-compound validation set, comprising
89 of the 100 known actives and 208 of the
400 decoys, and its early enrichment was high,
with AUC values of 1.00, 1.00 and 0.97 at the
1%, 5% and 10% cut-offs respectively (Figure
1). The model therefore ranks true actives at
the top of the list even though it retrieves a
substantial number of decoys overall.

Table 3. Hit Compound Screening Results

Of the ten test compounds, eight
mapped onto Model 4 and were retrieved as
hits; p-hydroxybenzoic acid and
sandaracopimaradien-6p3,90-diol-1-one  were
not. p-Hydroxybenzoic acid is the smallest
member of the set and cannot span the distance
between the model’s hydrogen-bonding
features, whereas sandaracopimaradien-6f3,9a-
diol-1-one is a hydrophobic diterpenoid that
lacks the donor and acceptor groups the model
requires. Both exclusions are therefore
consistent with the chemistry of the model
rather than artefacts. The compound that
showed  the best interaction was
Methyl(2R,35)-2,3-dihydroxy-3-(4-
methoxyphenyl)propanoate, with a fit score of
38.35%. These results indicate that the eight
compounds exhibit activity and interact with
the VEGFR2 receptor. Therefore, it is
expected that these 8 test compounds may
exhibit significant anti-breast cancer activity
and thus serve as candidates for the
development of herbal medicines as
complementary therapies in breast cancer
treatment, as presented in Table 3.

Compound

3D Result

2D Result Fit Score

Vanillic acid

Ferulic acid

HBA

_o
OH 35.28

38.01

HBA
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Table 3. Continued

Compound

3D Result

2D Result Fit Score

Methy! 3,4-dihidroxybenzoate

Methyl(2R,35)-2,3-dihydroxy-3-(4-
methoxyphenyl)propanoate

p-Hydroxycinnamic acid

Ethyl (2R,3S)-2,3-dihydroxy-3-(4-
methoxyphenyl) propanoate

4-Methoxycinnamic acid

AR

/° @{o 36.35

HBA

~0 H
OH
38.35
O on
b A
HBD
e
38.05
H
36.25
o " HBA
AR
38.07

HBA

Molecular Docking

The validity of the docking protocol
was assessed from the RMSD of the redocked
native ligand, which measures the deviation
between the redocked pose and the
crystallographic pose and is regarded as
acceptable at < 2.0 A. A low RMSD indicates

Biota: Jurnal Ilmiah Ilmu-Ilmu Hayati, 11(3), Oktober 2026

that the protocol reproduces the experimentally
observed binding mode. The validation
parameters are collected in Table 4. Binding
energy (AG) and the inhibition constant (Ki)
are not independent quantities: they are linked
by AG = RT In Ki, where R is the gas constant
and T the absolute temperature. A more
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negative AG therefore corresponds to an
exponentially smaller Ki, and the two
parameters always rank compounds in the
same order; Ki simply restates the same
affinity on a concentration scale, as the

predicted concentration at which half of the
receptor is occupied (Forli et al.,, 2016;
Sangande et al., 2020). The complete docking
results are summarised in Table 5.

Table 4. Validation of the molecular docking protocol by redocking of the native ligand

Validation parameter

Value

Receptor
Native ligand
RMSD (A)
Binding energy (kcal/mol)
Inhibition constant, Ki
Grid box size
Grid centre (X, y, 7)

VEGFR-2 (PDB ID: 3V03)
Imidazo[1,2-b]pyridazine derivative
1.29
-10.81
11.93 nM
40 x 40 x 40 points, spacing 0.375 A
4.638, -26.834, -31.463

Table 5. Molecular Docking Result

Interaction with Amino Acids

Binding
Compound energy Ki
(kcal/mol) Hydrogen Other Interactions
Bonds
Alkyl & Pi-Alkyl: Val A: 848, Phe
A: 918, Leu A: 1035, Ala A: 866
Leu A: 840 ” o _’
Imidazo[1,2-blpyridazine  -10.81 193 Glua:gss Yl A: 899, Leu A-1019, Val A:
nM Cvs A- 1045 898, His A: 1026
ys A Pi-Sigma: Val A: 916
Pi-Sulfur: Lys A: 868, Cys A: 919.
Vanillic acid Lys A: 868 Alkyl .& Pi-Alkyl :
6.04 37.25 Glu A- 885 Ala A: 866,
’ M C sA-' 919 Leu A: 1035,Val A: 848, Val A:
ys A 899, Phe A: 918, Leu A: 840
Ferulic acid Lys A: 868 Alkyl .& Pi-Alkyl :
6.04 37.21 Glu A- 885 Ala A: 866,
' M C sA.' 919 Leu A: 1035,Val A: 848, Val A:
ys A 899, Phe A: 918, Leu A: 840
Methyl 3,4- ) Alkyl & Pi-Alkyl :
dihidroxybenzoate 605 3703 Sgg Ala A: 866,
’ uM C sA.' 919 Leu A: 1035,Val A: 848, Val A:
e 899, Leu A: 840, Phe A: 918
p-Methoxybenzoicacid Alkyl & Pi-Alkyl :
6.04 37.65 Asp A: 1046 Val A: 899, Phe A: 918, Leu A:
’ uM Cys A: 919 840, Val A: 848, Ala A: 866, Leu
A: 1035
p-Hydroxybenzoicacid Alkyl & Pi-Alkyl :
3733  Asp A: 1046 i ) )
-6.04 uM Cys A: 919 Ala A: 866, Val A: 848, Leu A:

840, Phe A: 918, Leu A: 1035

413

Biota: Jurnal Ilmiah Ilmu-Ilmu Hayati, 11(3), Oktober 2026



Galangal Rhizomes Phytoconstituents

Table 5. Continued

Interaction with Amino Acids

Binding
Compound energy Ki
(kcal/mol) Hydrogen Other Interactions
Bonds
Methyl(2R,3S)-2,3- . Alkyl & Pi-Alkyl :
dihydroxy-3-(4- 6.04 37.43 éﬁ ’:j ggg Ala A: 866,
methoxyphenyl)propano ’ pM Cvs A.' 919 Leu A: 1035,Val A: 848, Val A:
ate sk 899, Leu A: 840, Phe A: 918
p-Hydroxycinnamic acid Lys A: 868 Alkyl .& Pi-Alkyl :
-6.04 37.61 Glu A 885 Ala A: 866,
’ uM C sA.' 919 Leu A: 1035,Val A: 848, Val A:
e 899, Leu A: 840, Phe A: 918
Ethyl (2R,35)-2,3- Alkyl & Pi-Alkyl :
dihydroxy-3-(4- 3740 Cys A: 919 Phe A: 918
methoxyphenyl) -6.04 M Glu A: 885 Ala A: 866, Leu A: 840, Val A:
propanoate K Lys A: 868 899, Val A: 848,
Leu A: 1035
Sandaracopimaradien- Alkyl & Pi-Alkyl :
6pB,9a-diol-1-one Cys A: 919, Leu A: 840, Phe A:
172.53 918, Phe A: 1047, Ala A: 866, Val
-9.23 nM - A: 848, Val A: 899, Val A: 916, Lys
A: 868, Val A: 914,
Cys A: 1045,
Leu A: 1035
4-Methoxycinnamic acid . Alkyl & Pi-Alkyl :
6.04 37.53 éﬁ ﬁ: Sgg Ala A: 866, Val A: 848, Val A:
’ uM Cvs A.' 919 899, Phe A: 918, Leu A: 840, Leu
sk A: 1035
Vanillic Acid Ferulic Acid Methyl 3.4- -Methoxybenzoicacid -Hydroxybenzoicacid
aniic AcCK cerulic AcCid dihidroxybenzoate P C XYybenzoicact P yi XY ZO1cacl
L p : [. [. ; /_\ L :
7 e T ke s

Methyl(2R38)-2.3- dihydroxy-3- p-Hydroxycinnamic acid  Ethyl GR.38)-2,3-dihydroxy-3-(4- Sandaracopimaradien-
(4-methoxyphenyl)propanoate = methoxyphenyl) propanoate 6B.9a-diol-1-one
)

SR G LY f}m\a

4-Methoxycinnamic acid

=2

Figure 2. Visualization of Molecular Docking Simulation of Test Compounds
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Validation was performed by re-
docking the VEGFR2 receptor (PDB ID:
3VO03) with its native ligand, an Imidazo[1,2-
b]pyridazine derivative known to inhibit
VEGFR2 tyrosine kinase activity. The re-
docking produced an RMSD of 129 A, a
binding energy of -10.81 kcal/mol, and an
inhibition constant of 11.93 nM, confirming
the validity of the molecular docking protocol.
Validation is a crucial step in molecular
docking studies to ensure the accuracy of
binding predictions (Nursanti et al., 2022).

Applying that relationship to the
present data, the native imidazo[l,2-
b]pyridazine ligand bound most strongly (AG
=-10.81 kcal/mol; Ki = 11.93 nM). Among the
test compounds, sandaracopimaradien-6f,9a-
diol-1-one was the only one to approach it (-
9.23 kcal/mol; Ki = 172.53 nM), roughly
fourteen times weaker than the native ligand.
The eight phenolic compounds formed a tight
cluster between -6.04 and -6.05 kcal/mol, with
Ki values of 37.03-37.65 pM, about three
orders of magnitude weaker than the native
ligand. The near-identical scores within this
cluster reflect their close structural similarity,
since all are small benzoic or cinnamic acid
derivatives of comparable size and polarity
occupying the same pocket. Docking energy
alone therefore cannot rank them, and
discrimination has to come from the
pharmacophore fit and the ADMET profile.

The interactions themselves account
for these differences. The native ligand is
anchored by three hydrogen bonds to Leu840
and Glu885 in the hinge and gatekeeper region
and to Cys1045 in the DFG motif, supported
by an extensive alkyl and pi-alkyl network
with Val848, Ala866, Leul035, Val§899,
Phe918 and Leul019, a pi-sigma contact with
Val916 and pi-sulfur contacts with Lys868 and
Cys919. Hydrogen bonding to Glu885 and
Cys1045 is characteristic of type Il VEGFR-2
inhibition, because it locks the kinase in the
inactive DFG-out conformation and prevents
ATP binding. The functional consequence is
loss of receptor autophosphorylation and
suppression of the downstream PLC-
gamma/ERK and PI3K/AKT cascades that
drive endothelial proliferation, migration and
tube formation, which is the molecular basis of
the anti-angiogenic effect sought here.

Seven test compounds, namely vanillic
acid, ferulic acid, methyl 3,4-
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dihydroxybenzoate, = methyl  (2R,3S)-2,3-
dihydroxy-3-(4-methoxyphenyl)propanoate, p-
hydroxycinnamic acid, ethyl (2R,3S)-2.3-
dihydroxy-3-(4-methoxyphenyl)propanoate
and 4-methoxycinnamic acid, reproduced part
of this pattern. Each formed hydrogen bonds
with Lys868, Glu885 and Cys919 together
with alkyl and pi-alkyl contacts to Ala866,
Val848, Val899, Leu840, Phe918 and
Leul035. Retention of the Glu885 hydrogen
bond matters, because this is the residue
through which the native ligand stabilises the
inactive conformation; it indicates that these
compounds occupy the same pocket and could
in principle act by the same mechanism,
although at much lower affinity. p-
Methoxybenzoic acid and p-hydroxybenzoic
acid instead hydrogen-bonded to Asp1046 and
Cys919 without engaging Glu885, so their
binding mode diverges from that of the native
ligand. Sandaracopimaradien-63,9a-diol-1-one
formed no hydrogen bonds at all; its low
binding energy derives entirely from twelve
alkyl and pi-alkyl contacts.  Purely
hydrophobic binding of this kind is less
specific and more readily displaced than a
hydrogen-bonded complex, which is an
important qualification on its apparent
potency.

These observations resolve the
apparent contradiction between the two
screening stages. Sandaracopimaradien-6f3,9a-
diol-1-one ranked first in docking yet was not
retrieved by the pharmacophore model, and it
was excluded for a consistent reason rather
than by error: the model encodes the hydrogen-
bond donor and acceptor features shared by
known VEGFR-2 actives, and a diterpenoid
that binds purely through hydrophobic contact
possesses none of them. The two methods are
not in conflict; they measure different
properties, and this compound satisfies one
criterion while failing the other. Its ADMET
profile reinforces the point, since it was the
only compound combining complete plasma
protein binding with high predicted BBB
penetration.

Judged on all four filters together
rather than on docking score alone, methyl
(2R,35)-2,3-dihydroxy-3-(4-
methoxyphenyl)propanoate is the most
promising candidate from K. galanga. It
satisfies all four Lipinski criteria; it was
predicted non-carcinogenic in both rat and
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mouse, one of only four compounds in that
category; it is weakly protein-bound (37.18%)
with low predicted CNS exposure (BBB 0.40);
it obtained the highest pharmacophore fit score
of the hit set (38.35); and it reproduces the
native ligand’s hydrogen bond to Glu885
within the same binding pocket. No other
compound meets all five conditions. Ferulic
acid, p-hydroxycinnamic acid and 4-
methoxycinnamic acid have comparable fit
scores but each is predicted carcinogenic in at
least one rodent species, and
sandaracopimaradien-6f3,9a-diol-1-one, despite
the lowest binding energy, fails both the
pharmacophore filter and the safety filter.

The in silico findings suggest that
compounds from galangal rhizomes possess
promising potential as anticancer agents and
VEGFR2 inhibitors. Nevertheless, further
validation through in vitro and in vivo studies
is essential to confirm their efficacy, establish
their safety profiles, and evaluate their
prospects for therapeutic development.

Conclusion

Taking  drug-likeness,  predicted
toxicity, pharmacophore fit, and binding mode
together, methyl (2R,3S)-2,3-dihydroxy-3-(4-
methoxyphenyl)propanoate emerges as the
lead candidate, supported by four parameters:
no Lipinski violation, predicted non-
carcinogenicity in both rodent species, the
highest pharmacophore fit score of the hit set
(38.35), and retention of the Glu885 hydrogen
bond. Sandaracopimaradien-6f,9a-diol-1-one
gave the lowest binding energy (-9.23
kcal/mol) but binds only through hydrophobic
contacts and was unfavourable in plasma
protein binding, BBB penetration, and
pharmacophore fit, so it is not recommended
as a lead.

Two  limitations  bound  these
conclusions: all ten compounds were predicted
mutagenic in the Ames model, and the
affinities of the phenolic compounds remain
three orders of magnitude below that of the
native ligand. The immediate prospects are
therefore threefold. First, molecular dynamics
simulation should test whether the Glu885
hydrogen bond in the lead compound persists
over time. Second, in vitro confirmation by
VEGFR-2 kinase inhibition and endothelial

Biota: Jurnal Ilmiah Ilmu-Ilmu Hayati, 11(3), Oktober 2026

tube-formation assays is needed, with
experimental Ames testing alongside. Third,
structural modification of the propanoate
scaffold should be explored to raise affinity,
since the present results identify the
dihydroxy-propanoate arm reaching Glu885 as
the feature to preserve during optimisation.
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