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Introduction: Inflammation plays a central role in various chronic diseases. Flavonoids are 
widely recognized for their pharmacological potential, including anti-inflammatory properties. 
This study aimed to isolate O-methylated flavonols from Alpinia monopleura and to predict 
their potential anti-inflammatory activity using computational approaches. 
Methods: Rhizomes of A. monopleura were extracted with methanol, partitioned, and 
fractionated by vacuum liquid chromatography (VLC). Isolated compounds were characterized 
by 1H- and 13C-NMR spectroscopy. The anti-inflammatory potential was evaluated by 
molecular docking against multiple inflammation-related targets using AutoDock Vina, with 
native ligands as references, followed by in silico pharmacokinetic and toxicity predictions using 
pkCSM and ProTox 3.0. 
Results: Two O-methylated flavonols, kaempferol 3,7,4′-trimethyl ether (2a) and quercetin 
3,7,4′-trimethyl ether (2b), were isolated from the ethyl acetate fraction of A. monopleura. 
Both compounds exhibited favorable binding energies toward multiple inflammatory targets. 
Compounds 2a and 2b showed stronger binding than native ligands against inducible nitric 
oxide synthase (iNOS), lipoxygenase (LOX), and mPGES-1, and interacted with COX-2, IKK, 
JAK2, and NOX5, which are key proteins regulating inflammatory signaling pathways, with 
binding energies generally below −8.0 kcal/mol. Predicted pharmacokinetic profiles indicated 
good intestinal absorption and membrane permeability, with acceptable toxicity, with binding 
energies generally below −8.0 kcal/mol. Predicted pharmacokinetic profiles indicated good 
intestinal absorption and membrane permeability, with acceptable toxicity.
Conclusion: O-methylated flavonols from A. monopleura showed potential as multi-target anti-
inflammatory leads based on in silico analyses. These findings provide a scientific basis for 
further experimental studies and support the exploration of A. monopleura–derived flavonols 
as candidate compounds for the development of safer anti-inflammatory agents. Future in vitro 
and in vivo studies are warranted to validate their pharmacological efficacy and relevance to 
clinical practice.
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Introduction
Chronic inflammation plays a pivotal role in the 
pathogenesis of various degenerative and metabolic 
diseases, including arthritis, cardiovascular disorders, 
and neurodegenerative conditions (1-3). Therefore, the 
search for novel anti-inflammatory agents with effective 
activity and favorable toxicity profiles remains a priority 
in pharmaceutical and medicinal chemistry research. 
Flavanols such as kaempferol and quercetin have long 
been recognized for their antioxidant properties and their 
ability to modulate key inflammatory mediators, including 
the enzymes cyclooxygenase (COX), lipoxygenase (LOX), 
and inducible nitric oxide synthase (iNOS), as well as 
the transcription factor nuclear factor kappa B (NF-
κB), which regulates the expression of multiple pro-
inflammatory genes. Consequently, their derivatives, 
particularly methylated compounds at phenolic positions, 
have emerged as attractive targets for pharmacological 
and mechanistic studies (4-7). 

The Zingiberaceae family represents an important 
source of bioactive compounds with anti-inflammatory 
potential (8,9). Several members of the genera Alpinia and 
Etlingera have been reported to exhibit anti-inflammatory 
effects in both in vitro and in vivo assays, largely attributed 
to their diverse mixtures of flavonoids, diarylheptanoids, 
phenolics, and essential oils (10-14). Recent review articles 
have highlighted the activity of numerous Alpinia species 
against inflammatory mediators, positioning this genus 
as a promising candidate for the discovery of novel anti-
inflammatory molecules (15).

Alpinia monopleura is a Zingiberaceae species native 
to eastern Indonesia and is relatively less documented 
than its close relatives. Preliminary studies on this 
species have reported its secondary metabolite profile 
and biological activities, including antioxidant and 
antibacterial effects from its extracts and essential 
oils, reinforcing its pharmacological potential as a 
source of bioactive compounds (13,16). Furthermore, 
extracts and fractions have also demonstrated potential 
anticancer and anti-inflammatory activities (13,17). 
The anti-inflammatory potential has been attributed 
to strong interactions with COX-2 by compounds 
such as 3′,5-dihydroxy-7,4′-dimethoxyflavone and 
5-hydro-7,8,2′-trimethoxyflavanone, which effectively 
reduce inflammation. These findings provide a solid 
foundation for the isolation and characterization of minor 
compounds, including flavanols methyl ethers, and for 
further evaluation of their anti-inflammatory activities.

Methylation of phenolic groups in flavonoids 
enhances lipophilicity and metabolic stability, thereby 
improving bioavailability and prolonging residence time 
in circulation (18). This modification simultaneously 
reduces the proton-donating capacity of phenolic 
groups and hydrogen bond formation, which may alter 
flavonoid affinity patterns toward their targets (19). Its 
impact on enzymes and anti-inflammatory pathways 

such as COX, LOX, mPGES-1, iNOS, and NF-κB/
JAK is structurally specific (20-23). However, despite 
increasing reports on methylated flavonoids, systematic 
information regarding the target selectivity and binding 
behavior of flavonol methyl ethers, particularly those 
derived from underexplored Alpinia species, remains 
limited. Therefore, a comprehensive study using in silico 
approaches is highly relevant to elucidate the mechanisms 
of action and prioritize the most susceptible targets for 
these compounds.

To date, no study has specifically reported the isolation 
and structure-based in silico evaluation of flavonol methyl 
ethers from A. monopleura in relation to key inflammatory 
signaling targets. Most previous studies have focused 
on crude extracts, major constituents, or biological 
screening without providing molecular-level insight into 
ligand–target interactions or target prioritization. This 
gap limits mechanistic understanding and rational lead 
identification for anti-inflammatory drug discovery from 
this species.

Based on this research gap, the present study aims 
to isolate flavonol methyl ethers from A. monopleura, 
elucidate their chemical structures, and systematically 
evaluate their interactions with multiple inflammation-
related protein targets using molecular docking and 
computational analysis. The novelty of this work lies in the 
first report of flavanols methyl ethers from A. monopleura 
combined with a structure-based in silico assessment 
to identify their most promising anti-inflammatory 
targets. The findings are expected to provide preliminary 
molecular evidence supporting the potential of these 
compounds as early-stage lead candidates and to guide 
future experimental validation in vitro.

Material and Methods
Sample preparation and extraction 
The rhizomes of A. monopleura were collected from 
Southeast Sulawesi and botanically identified at the 
Herbarium of the Faculty of Pharmacy, Halu Oleo 
University (Voucher No. 179/UN29.18/PP/2025). 
The plant material was thoroughly washed, dried at a 
temperature not exceeding 40 °C until constant weight 
was reached, and ground into fine powder (mesh size 
40–60). A total of 500 g of the dried powder was extracted 
with 80% methanol (MeOH:H2O, v/v) using maceration at 
room temperature for three consecutive 24-hour periods. 
The combined filtrates were concentrated under reduced 
pressure at ≤40 °C to obtain a viscous extract (13,24).

Fractionation and purification
The methanol extract was partitioned with n-hexane to 
remove non-polar compounds, followed by extraction 
with ethyl acetate (3 × 300 mL). The resulting ethyl 
acetate fraction was evaporated to dryness (25,26). 
This semi-polar fraction was subsequently fractionated 
using vacuum liquid chromatography (VLC) on silica 
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gel 60 GF254 with a sample-to-silica ratio of 1:30 and a 
gradient system of n-hexane: ethyl acetate (9:1, 8:2, 7:3, 
5:5) and ethyl acetate: methanol (8:2). The obtained 
fractions were monitored by thin layer chromatography 
(TLC) using n-hexane: ethyl acetate (9:1) as the solvent 
system. Visualization was performed under UV 254 nm 
and by spraying with CeSO₄–H₂SO₄ reagent. Fractions 
with similar chromatographic profiles were pooled for 
subsequent purification (17).

Further purification was carried out using radial 
chromatography on silica gel 60 GF254 containing 
gypsum with n-hexane: ethyl acetate (7:3), followed by 
100% ethyl acetate as eluents. The fractions obtained from 
radial chromatography were monitored by TLC until a 
single band was achieved (10).
Structure elucidation
The purified isolate (± 8–10 mg) was dissolved in 0.6 mL 
of deuterated solvent CDCl₃ and transferred into a 5 mm 
NMR tube. Spectra were recorded on a Jeol JNM-ECS400 
spectrometer operating at 400 MHz for ¹H and 100 MHz 
for ¹³C at 25 °C. Chemical shifts (δ) were referenced to 
the residual solvent signals (CDCl₃: δH 7.26; δC 77.0). 
The ¹H NMR spectrum was acquired with 500 scans, 
relaxation delay (D1) of 1.04 s, and a spectral window of 
12 ppm, while the ¹³C NMR spectrum was obtained with 
32,000 scans using broadband proton decoupling (27). 
Data analysis was performed by combining information 
from ¹H and ¹³C NMR (number of atoms, integration, 
multiplicity, and coupling constants). The presence of 
methoxy groups was confirmed by proton singlet signals at 
δH 3.6–3.9 ppm (δC 55–61 ppm). The obtained data were 
compared with literature values of O-methyl flavonols to 
confirm the structural assignment.

Molecular docking for anti-inflammatory activity
The potential anti-inflammatory activity of flavonoid 
compounds was evaluated computationally using 
molecular docking simulations against several biological 
targets, namely BTK (PDB ID 3OCS), CASP1 (PDB ID 
6PZP), COX-2 (PDB ID 3LN1), IKK (PDB ID 4KIK), 
INOS (PDB ID 3E7G), JAK2 (PDB ID 4IVA), LOX (PDB 
ID 6N2W), MPG1 (PDB ID 4AL0), MPO (PDB ID 5QJ2), 
NOX5 (PDB ID 8U85), PLA2 (PDB ID 5Y5E), and TACE 
(PDB ID 2OI0). Target structures were obtained from 
the RCSB Protein Data Bank and prepared by removing 
water molecules and non-essential ligands, adding polar 
hydrogen atoms, and assigning Kollman charges using 
MGLTools v1.5.6 (28).

The flavonoid structures were retrieved from the 
PubChem database. Reference compounds corresponded 
to the native ligands extracted directly from the 
crystallographic structures of each target. All ligand 
structures were further prepared by adding hydrogen 
atoms and assigning Gasteiger charges using AutoDock 
Tools v1.5.6 (29).

Docking simulations were carried out using AutoDock 

Vina v1.1.2 with default parameters (30). Docking 
validation was performed by redocking the native ligands 
into the binding sites of their respective targets, with 
acceptable reliability criteria referring to RMSD values 
below 2 Å (31). Binding energies were further analyzed, and 
molecular interactions between the flavonoid compounds 
and the targets were visualized using Discovery Studio 
Visualizer (32).

Pharmacokinetic and toxicity analysis
The pharmacokinetic and toxicity profiles of the flavonol 
methyl ethers isolated from A. monopleura were evaluated 
using computational approaches. Pharmacokinetic 
parameters, including absorption, distribution, 
metabolism, and excretion (ADME), were predicted using 
the pkCSM platform, which applies graph-based signatures 
to model compound behavior in biological systems (33). 
The toxicity of each compound was subsequently assessed 
using the ProTox 3.0 webserver, which predicts multiple 
toxicity endpoints through advanced machine-learning 
algorithms (34).

Results 
Extraction
Extraction of A. monopleura rhizomes (500 g) using 80% 
methanol yielded 28.4 g of crude extract with a recovery 
of 5.7%. The subsequent liquid–liquid partitioning of 
the methanol extract produced an ethyl acetate fraction 
weighing 8.7 g, representing 30.6% of the total extract.

Fractionation and purification
The ethyl acetate fraction (8.7 g) was further fractionated 
using VLC on silica gel 60 GF254 with a stepwise gradient 
system of n-hexane: ethyl acetate (9:1, 8:2, 7:3, 5:5) and 
ethyl acetate: methanol (8:2). This process yielded five 
major fractions with distinct spot profiles. Monitoring 
of fractions (1 to 5) using n-hexane: ethyl acetate (9:1) as 
the mobile phase showed that fractions 1 and 2 contained 
dominant spots with strong fluorescence under UV light 
at 254 nm, while fractions 3–5 exhibited minor spots 
with weaker intensity. Visualization with CeSO₄–H₂SO₄ 
reagent revealed yellow–brown and blue–purple spots 
characteristic of flavonoids (Figure 1A).

Further purification of the dominant fraction (B) 
using radial chromatography provided sharper and faster 
separations (Figure 1B), affording two major compounds 
as pale-yellow solids, each showing a single spot on TLC 
with n-hexane: ethyl acetate (7:3) as the mobile phase. 
Compound 2a (42 mg) displayed a yellowish-green 
visualization, while compound 2b (65 mg) exhibited a 
blue–purple coloration upon spraying with CeSO₄–H₂SO₄ 
reagent.

Structure elucidation
Isolates 2a and 2b were subsequently characterized using ¹H 
and ¹³C NMR spectroscopy (Figures 2-5). Residual CDCl₃ 
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peaks at δH ≈ 7.26 ppm and δC ≈ 77 ppm were clearly 
observed and did not interfere with the interpretation of 
core signals. Peak intensity and resolution were sufficient 
to reliably assign multiplicities and coupling constants (J).
Both compounds displayed a carbon resonance at δC ≈ 
178.9 ppm, corresponding to the carbonyl carbon (C-4) 
typical of flavonols. Two meta-coupled aromatic protons 
on the A-ring (H-6 and H-8) appeared as doublets—
compound 2a: δH 6.27 (d, J = 2.0 Hz) and 6.44 (d, J = 2.0 
Hz); compound 2b: δH 6.38 (d) and 6.76 (d), confirming 
a 5,7-dioxygenated substitution pattern.

Both compounds showed three singlet signals at δH 
3.82–3.99 ppm and δC 55–60 ppm, corresponding to 
three methoxy groups. Compound 2a exhibited signals at 
δH 3.99 (two closely spaced singlets) and 3.93 (singlet), 
while compound 2b displayed δH 3.94, 3.94, and 3.82 
(singlets). These observations indicated the presence of 
three O-methyl groups, consistent with a trimethyl ether 
substitution (3,7,4′-O-Me).

The B-ring proton patterns differed between the two 
compounds. Compound 2a exhibited a para-substituted 
B-ring pattern with ortho-coupled protons at δH 8.12 
(dd, J = 2.4, 8.4 Hz, H-2′,6′) and 7.10 (dd, J = 2.4, 8.4 Hz, 
H-3′,5′), whereas compound 2b displayed an ABX pattern 

Figure 1. Thin layer chromatography (TLC) profiles of fractionation (A) 
and compound purification (B) from Alpinia monopleura rhizomes with 
n-hexane: ethyl acetate (9:1), 254 nm and CeSO₄–H₂SO₄.

Figure 2. ¹³C NMR spectrum of compound 2a from Alpinia monopleura.

Figure 3. ¹H NMR spectrum of compound 2a from Alpinia monopleura.

Figure 4. ¹³C NMR spectrum of compound 2b from Alpinia monopleura.

Figure 5. ¹H NMR spectrum of compound 2b from Alpinia monopleura.

typical of a 1,2,4-trisubstituted ring with δH 7.56 (d, J = 
2.0 Hz, H-2′), 7.11 (d, J = 8.0 Hz, H-5′), and 7.72 (dd, J = 
2.0, 8.0 Hz, H-6′).

Based on the complete NMR analysis (Tables 1 and 
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2) and comparison with literature data, compound 2a 
was identified as kaempferol 3,7,4′-trimethyl ether, 
and compound 2b as quercetin 3,7,4′-trimethyl ether. 
The diagnostic evidence supporting these assignments 
includes the carbonyl signal near δC 178.9 ppm (C-4), the 
meta-coupled A-ring proton pattern, the presence of three 
methoxy substituents and distinct B-ring substitution 
systems corresponding to kaempferol- and quercetin-type 
skeletons (Figure 6).

Anti-inflammatory activity
Molecular docking analysis was performed to assess 
the binding profiles of flavonoid compounds 2a and 2b 

against several protein targets involved in inflammatory 
pathways. The calculated binding energies for all ligand–
protein complexes are summarized in Table 3. In general, 
more negative binding energy values indicate stronger 
predicted binding affinity, while values comparable to 
those of the native ligands suggest similar interaction 
strength.

Compounds 2a and 2b exhibited more negative 
binding energies than the native ligands toward iNOS, 
LOX, and MPG1. For iNOS, both flavonoids showed 
identical binding energies of -8.5 kcal/mol, which were 
slightly lower than that of the reference ligand AT2 (-8.2 
kcal/mol). For LOX, compound 2a (-7.5 kcal/mol) and 

Table 1. NMR data for compound 2a from Alpinia monopleura and Kaempferol 3,7,4′-trimethyl ether from the literature

No. C
Compound 2a Kaempferol 3,7,4′-trimethyl ether (35)

δC (ppm) δH (ppm);  ∑H; mult; J (Hz) δC (ppm) δH (ppm); ∑H; mult; J (Hz)

2 157.0 - 156.0 -

3 139.3 - 138.9 -

4 178.9 - 178.8 -

4a 105.4 - 106.1 -

5 160.3 - 161.7 -

6 98.3 6.27 (1H, d, 2.0) 97.7 6.34 (1H, d, 2.0)

7 165.5 - 165.4 -

8 92.3 6.44 (1H, d, 2.0) 92.1 6.44 (1H, d, 2.0)

8a 157.9 - 156.7 -

9 59.9 3.99 (3H, s) 59.9 3.84 (3H, s)

10 55.6 3.99 (3H, s) 55.9 3.88 (3H, s)

1’ 122.3 - 122.8 -

2’ 132.8 8.12 (1H, dd, 2.4 & 8.4) 130.1 8.06 (1H, d, 9.0)

3’ 115.9 7.10 (1H, dd, 2.4 & 8.4) 114.0 7.10 (1H, d, 9.0)

4’ 162.0 - 162.0

5’ 115.9 7.10 (1H, dd, 2.4 & 8.4) 114.0 7.10 (1H, d, 9.0)

6’ 132.8 8.12 (1H, dd, 2.4 & 8.4) 130.1 8.06 (1H, d, 9.0)

7’ 55.3 3.93 (3H, s) 55.3 3.86 (3H, s)

Table 2. NMR data for compound 2b from Alpinia monopleura and Quercetin 3,7,4’-trimethyl ether from the literature

No C
Compound 2b Quercetin 3,7,4’-trimethyl ether (36)

δC (ppm) δH (ppm); ∑H; mult; J (Hz) δC (ppm) δH (ppm); ∑H; mult; J (Hz)

2 158.0 - 155.4 -

3 139.4 - 138.9 -

4 178.9 - 178.9 -

4a 105.4 - 106.0 -

5 162.0 - 161.9 -

6 98.1 6.38 (1H, d, 2.0) 97.7 6.34 (1H, d, 2.2)

7 165.4 - 165.0 -

8 92.3 6.76 (1H, d, 2.0) 91.9 6.44 (1H, d, 2.2)

8a 157.9 - 156.4 -

9 59.9 3.94 (3H, s) 60.0 3.86 (3H, s)

10 55.9 3.82 (3H, s) 55.6 3.87 (3H, s)

1’ 123.6 - 123.5 -

2’ 115.8 7.56 (1H, d, 2.0) 114.1 7.69 (1H, d, 2.2)

3’ 147.2 - 145.2 -

4’ 150.8 - 148.4 -

5’ 112.1 7.11 (1H, d, 8.0) 110.4 6.97 (1H, d, 8.6)

6’ 121.0 7.72 (1H, dd, 2.0 & 8.0) 121.4 7.72 (1H, dd, 2.2 & 8.6)

7’ 55.6 3.94 (3H, s) 55.8 3.96 (3H, s)
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compound 2b (-7.2 kcal/mol) displayed binding energies 
close to that of the control ligand 30Z (-7.1 kcal/mol). In 
the case of MPG1, compound 2b demonstrated a lower 
binding energy (-6.3 kcal/mol) compared to compound 2a 
(-6.0 kcal/mol). Both flavonoids showed more favorable 
binding energies than the native ligand GSH (-5.4 kcal/
mol) at this target.

Analysis of binding interactions revealed that, in the 
iNOS binding site (Figure 7A-C), compounds 2a and 
2b formed hydrogen bonds with Tyr347 and Tyr373. 
Additional electrostatic interactions were observed with 
Asp382 for compound 2a and Arg388 for compound 2b. 
In the LOX complex (Figure 7D-F), both compounds 
established hydrogen bonds with Gln363 and His432, 
accompanied by hydrophobic interactions involving 
Phe359 and Leu368. For MPG1 (Figure 7G-I), the two 
flavonoids interacted with Arg73, His113, Tyr117, and 
Arg126, a set of residues that also participate in the 

Figure 6. Structures of kaempferol 3,7,4′-trimethyl ether (2a) and quercetin 
3,7,4′-trimethyl ether (2b).

Figure 7. Molecular interactions of flavanol methyl ethers with iNOS, LOX, and mPGES-1. Compound 2a (A), compound 2b (B), and the reference ligand AT2 
with inducible nitric oxide synthase (C); compound 2a (D), compound 2b (E), and the reference ligand 30Z with lipoxygenase (F); compound 2a (G), compound 
2b (H), and the reference ligand GSH with microsomal prostaglandin E synthase-1 (I).

Table 3. Summary of binding energies (kcal/mol) of flavanol methyl ethers 
against several inflammation-related targets

Targets Compound 2a Compound 2b Native ligand

BTK -7.7 -7.9 -12.0 (746)

CASP1 -6.3 -6.3 -6.5 (P7S)

COX-2 -9.0 -8.8 -12.3 (celecoxib)

IKK -8.3 -8.4 -11.8 (KSA)

iNOS -8.5 -8.5 -8.2 (AT2)

JAK2 -8.1 -8.3 -9.4 (1J5)

LOX -7.5 -7.2 -7.1 (30Z)

MPG1 -6.0 -6.3 -5.4 (GSH)

MPO -7.2 -7.2 -7.7 (JXS)

NOX5 -8.4 -8.5 -11.6 (FAD)

PLA2 -7.9 -7.9 -8.8 (7W3)

TACE -7.8 -8.1 -8.0 (283)

binding of the native ligand GSH.
For COX-2, IKK, JAK2, and NOX5, both compounds 

showed binding energies lower than -8.0 kcal/mol. Among 
these targets, COX-2 exhibited the most negative binding 
energies for compounds 2a (-9.0 kcal/mol) and 2b (-8.8 
kcal/mol), although these values were still higher than 
that of the selective inhibitor celecoxib (-12.3 kcal/mol). 
In the IKK binding site, compounds 2a and 2b showed 
binding energies of -8.3 and -8.4 kcal/mol, respectively, 
compared with -11.8 kcal/mol for the native ligand KSA. 
A comparable binding energy range was observed for 
JAK2, with values of -8.1 kcal/mol for compound 2a and 
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-8.3 kcal/mol for compound 2b. For NOX5, compound 
2a exhibited a binding energy of -8.4 kcal/mol, while 
compound 2b showed a slightly lower value of -8.5 kcal/
mol, compared with -11.6 kcal/mol for the native ligand 
FAD.

Interaction analysis at the COX-2 active site (Figure 8A-
C) indicated that both flavonoids formed hydrogen bonds 
with Ser339, Phe504, and Ala513, along with hydrophobic 
interactions involving Val335 and Leu517. These 
interactions partially overlapped with those observed 
for celecoxib. However, additional hydrogen bonds with 
Gln178, Leu338, and Arg499, as well as hydrophobic 
interactions with Leu370, Tyr371, and Trp373, were only 
observed in the celecoxib complex.

In the IKK binding site (Figure 8D-F), compounds 2a 
and 2b displayed similar interaction patterns, forming 
hydrogen bonds with Asn28, Glu97, and Gly102, and 

hydrophobic interactions with Leu21, Val29, Ala42, Cys99, 
Val152, and Ile165. The native ligand KSA shared some 
of these interactions but additionally formed hydrogen 
bonds with Gly22 and Glu149, as well as hydrophobic 
interactions with Lys44 and Met96.

For JAK2 (Figure 8G-I), both flavonoids exhibited 
comparable binding modes, characterized by hydrogen 
bonds with Gly856, Glu930, Gly935, and Asn981, and 
hydrophobic interactions involving Leu855, Val863, 
Leu983, and Asp994. In contrast, the native ligand 1J5 
formed hydrogen bonds with Leu932 and Ser936 and 
showed overlapping hydrophobic interactions, along with 
additional contacts involving Ala880, Val911, and Met929.
At the NOX5 binding site (Figure 8J-L), compound 2a 
formed hydrogen bonds with Thr447, Arg463, and Thr548, 
and hydrophobic interactions with Tyr430, Pro445, and 
Phe446. Compound 2b exhibited a similar interaction 

Figure 8. Molecular interactions of flavanol methyl ethers with COX-2, IKK, JAK2, and NOX5. Compound 2a (A), compound 2b (B), and the reference ligand 
celecoxib with cyclooxygenase-2 (C); compound 2a (D), compound 2b (E), and the reference ligand KSA with IκB kinase (F); compound 2a (G), compound 2b 
(H), and the reference ligand 1J5 with Janus kinase 2 (I); compound 2a (J), compound 2b (K), and the reference ligand FAD with NADPH oxidase (L). 
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pattern, with additional hydrogen bonds involving 
Arg251, Asp262, and His461. The native ligand FAD 
formed multiple hydrogen bonds with residues Pro445, 
Thr447, His461, Arg463, Gln465, Gly466, Gln467, and 
Trp468, as well as hydrophobic interactions with Ile265, 
Arg344, Tyr430, His444, and Phe446.

Pharmacokinetics profile
The pharmacokinetic characteristics of the flavonol methyl 
ethers were predicted in silico, as summarized in Table 4. 
All compounds exhibited high Caco-2 permeability (log 
Papp > 0.9), indicating strong passive diffusion across 
the intestinal epithelium and suggesting favorable oral 
bioavailability. Consistently, intestinal absorption values 
exceeded 90%, further supporting the likelihood of 
effective systemic uptake following oral administration.

The flavanols’ methyl ethers also showed low steady-
state volume of distribution (VDss > –0.15), suggesting 
limited extravascular distribution and a greater tendency 
toward plasma retention (33). Both compounds were 
predicted to inhibit CYP3A4, suggesting potential drug–
drug interaction risks through altered metabolic clearance, 
bioavailability, and half-life of co-administered substrates 
(37). In addition, the low total systemic clearance values 
indicate relatively slow elimination, which may contribute 
to prolonged pharmacological exposure.

Toxicity profile
The predicted toxicity profiles provide important insight 
into the potential adverse effects of the flavanols methyl 

ethers, an essential consideration in early drug discovery. 
Overall, both compounds (2a and 2b) exhibited a 
generally favorable safety profile, although several organ-
specific risks were identified (Table 5). Both compounds 
were predicted to be non-hepatotoxic, indicating a 
low likelihood of liver injury. Likewise, predictions 
for neurotoxicity, cardiotoxicity, mutagenicity, and 
carcinogenicity were classified as inactive, suggesting 
minimal risk of central nervous system impairment, 
cardiac toxicity, genetic damage, or carcinogenic potential. 
Compound 2a demonstrated a high probability of non-
cytotoxicity (0.99), and Compound 2b also showed a low 
cytotoxicity risk (0.66), supporting their overall cellular 
safety.

In contrast, both molecules showed active predictions 
for nephrotoxicity, with moderate probabilities (0.58 for 
2a and 0.59 for 2b), indicating a possible risk of kidney-
related effects. Respiratory toxicity was also predicted for 
both compounds (0.73 for 2a and 0.77 for 2b), suggesting 
a potential impact on respiratory function. Notably, 
immunotoxicity predictions differed between the two 
flavanols: Compound 2a was classified as inactive (0.63), 
whereas Compound 2b exhibited a high probability of 
immunotoxicity (0.88), indicating potential differences in 
their immunomodulatory properties. 

Discussion
Methanol was chosen as the primary solvent due to 
its polar and semi-polar nature, which enables the 
dissolution of a wide range of secondary metabolites, 

Table 4. Pharmacokinetics profile of flavanol methyl ethers from Alpinia monopleura

Pharmacokinetics profiles Compound 2a Compound 2b

Caco2 permeability (log Papp in 10-6 cm/s) 1.161 1.374

Intestinal absorption (% absorbed) 95.355 91.735

Distribution volume (log L/kg) -0.162 -0.169

CYP2D6 Inhibitor No No

CYP3A4 Inhibitor Yes Yes

Total clearance (log mL/min/kg) 0.725 0.661

Table 5. Toxicity profile of flavanol methyl ethers from Alpinia monopleura

Target
Compound 2a Compound 2b

Prediction Probability Prediction Probability

Hepatotoxicity Inactive 0.69 Inactive 0.70

Neurotoxicity Inactive 0.79 Inactive 0.83

Nephrotoxicity Active 0.58 Active 0.59

Respiratory toxicity Active 0.73 Active 0.77

Cardiotoxicity Inactive 0.64 Inactive 0.67

Carcinogenicity Inactive 0.57 Inactive 0.63

Immunotoxicity Inactive 0.63 Active 0.88

Mutagenicity Inactive 0.70 Inactive 0.77

Cytotoxicity Inactive 0.99 Inactive 0.66
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including flavonoids, alkaloids, phenolics, and glycosides. 
Methanol is also widely employed for the initial extraction 
of plants from the Zingiberaceae family, as it efficiently 
extracts both bound and free phenolic compounds 
(25,38,39). This result indicates that a considerable 
proportion of the active metabolites was distributed in 
the medium-polar fraction. Ethyl acetate is known to 
be selective for flavonoids, particularly in their aglycone 
form and derivatives, including flavanols methyl ethers, 
which exhibit low solubility in highly polar solvents but 
also limited solubility in nonpolar solvents (40,41). These 
characteristics are consistent with previous reports in 
Alpinia and Etlingera species, where ethyl acetate fractions 
are often enriched in O-methylated flavonoids (42).

VLC was chosen because it enables the separation 
of compound groups based on polarity with high 
reproducibility and has been proven effective for isolating 
flavonoids from plant extracts (43,44). The distinct 
fluorescence and color reactions observed in the VLC 
fractions suggest the presence of polyhydroxylated and 
O-methylated flavonoids, which are commonly found in 
the Alpinia genus. The subsequent radial chromatography 
step successfully isolated two pure compounds, as 
indicated by single TLC spots. The differences in spot color 
yellowish-green for compound 2a and blue–purple for 
compound 2b are consistent with variations in the number 
of free hydroxyl groups, supporting the classification of 
these isolates as O-methylated flavanols. Such compounds 
are frequently reported in Alpinia and Etlingera species, 
which are known for their diverse methylated flavonoid 
profiles contributing to biological activities such as 
antioxidant and anti-inflammatory effects (45,46).

NMR spectral interpretation confirmed that both 
isolated compounds belong to the flavonol subclass of 
flavonoids, characterized by a C-4 carbonyl and the 
typical meta-coupled proton pattern on the A-ring 
(45). The consistent presence of three O-methyl groups 
indicates extensive methylation, a common modification 
in Alpinia species that enhances compound lipophilicity 
and influences biological activity (47).

The B-ring substitution pattern provided the key 
distinction between compounds 2a and 2b. The 
para-substituted pattern of 2a corresponds to the 
kaempferol nucleus (4′-hydroxy substitution), while the 
1,2,4-trisubstituted pattern of 2b matches the quercetin 
nucleus (3′,4′-dihydroxy substitution). This differentiation 
is typical of methoxylated flavonols isolated from members 
of the Zingiberaceae family, where O-methylation 
frequently occurs at C-3, C-7, and C-4′ positions (48).

The identification of kaempferol 3,7,4′-trimethyl ether 
and quercetin 3,7,4′-trimethyl ether in A. monopleura adds 
to the growing evidence that this genus is a rich source 
of O-methylated flavonoids. These compounds are often 
associated with strong antioxidant, anti-inflammatory, 
and anticancer properties due to their structural balance 
between hydrophobic methoxy groups and hydrophilic 

hydroxyl sites (45,49).
This study explores the molecular basis underlying the 

anti-inflammatory potential of kaempferol 3,7,4′-trimethyl 
ether (2a) and quercetin 3,7,4′-trimethyl ether (2b), two 
O-methylated flavonols derived from A. monopleura, 
using a multi-target docking strategy. The computational 
findings delineate interaction patterns that may explain 
how structural variations among methylated flavonoids 
influence their engagement with inflammatory regulators. 
A central structural feature influencing the interactions of 
both compounds is O-methylation of the flavonol scaffold. 
In compound 2a, the reduced hydroxylation pattern on 
the B-ring shifts the electronic distribution toward a more 
hydrophobic and conformationally rigid scaffold (50). 
Such structural characteristics are consistent with COX-
2 recognition, given the predominance of hydrophobic 
contacts within the COX binding pocket. This observation 
is aligned with previous reports indicating that methylated 
kaempferol analogues exhibit enhanced COX-2 selectivity 
through strengthened hydrophobic interactions, including 
π–π stacking and van der Waals contacts (21). In addition, 
reported anti-inflammatory mechanisms of kaempferol, 
such as suppression of NF-κB signaling and modulation of 
upstream kinases including Src, Syk, IRAK1, and IRAK4, 
further support the relevance of the computational 
predictions (51).

In contrast, compound 2b retains a higher degree of 
polarity due to its quercetin-derived B-ring substitution 
pattern (52). The presence of additional hydroxyl groups 
facilitates a more diverse hydrogen-bonding network, 
which may favor interactions with kinase-associated and 
redox-sensitive targets (53). This structural characteristic 
provides a plausible explanation for its predicted affinity 
toward signaling hubs such as IKK and JAK2, which 
play central roles in coordinating NF-κB and JAK/STAT-
mediated inflammatory responses (54,55). Moreover, the 
interaction of compound 2b with enzymes involved in 
reactive oxygen and nitrogen species production supports 
the notion that quercetin methyl ethers may influence 
inflammatory processes at both transcriptional and 
oxidative levels (56).

The multi-target interaction patterns observed for 
both compounds are consistent with previous reports 
on methylated flavonoids isolated from Alpinia 
species, including kaempferide, isorhamnetin, and 
methoxygalangin derivatives, which have demonstrated 
broad bioactivity against inflammation, hyperlipidemia, 
and cancer (57,58). In addition, kaempferol has been 
reported to exhibit anti-inflammatory effects across various 
disease models, including atherosclerosis, osteoarthritis, 
and colitis (59-61). The in silico pharmacokinetic 
assessment suggests that both compounds possess 
physicochemical properties compatible with oral 
administration, including favorable intestinal absorption 
and membrane permeability. At the same time, although 
the predicted toxicological profiles were generally 
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favorable, these findings still warrant careful experimental 
validation.

Overall, this computational investigation provides 
a mechanistic framework suggesting that kaempferol 
3,7,4′-trimethyl ether and quercetin 3,7,4′-trimethyl ether 
may engage multiple nodes within inflammatory signaling 
networks. However, as these findings are derived from 
docking-based simulations, further experimental studies 
are required to confirm their biological activities and to 
assess their therapeutic feasibility as anti-inflammatory 
agents.

Conclusion
In this study, phytochemical investigation of A. monopleura 
led to the isolation and structural identification of two 
O-methylated flavonols, kaempferol 3,7,4′-trimethyl ether 
(2a) and quercetin 3,7,4′-trimethyl ether (2b). Using a 
multi-target in silico approach, these compounds were 
suggested to possess potential anti-inflammatory activity. 
Both flavonols were predicted to interact with several 
key proteins involved in inflammatory signaling and 
mediator synthesis, including pathways associated with 
prostaglandin production, cytokine regulation, nitric 
oxide generation, and oxidative stress.
In silico pharmacokinetic and toxicity predictions 
indicated physicochemical properties compatible 
with oral administration and generally acceptable 
safety profiles, supporting their suitability for further 
investigation. However, as the present findings are derived 
exclusively from computational analyses, comprehensive 
in vitro validation is required to confirm the predicted 
pharmacological activities of these flavonol methyl ethers.
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