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Abstract

applications in the management of neurodegenerative disorders.

Keywords

Neurodegenerative diseases pose significant health challenges, while synthetic drugs are often associated with detrimental side effects.
Hence, the search for herbal medicines is warranted. Curcuma sumatrana is traditionally used by Minangkabau people as a herbal
medicine, but it remains scientifically underexplored. This study aims to evaluate its neuroprotective potential through phytochemical
profiling, computational analyses, and biological assays. LC-MS/MS-QTOF profiling identified 13 compounds in the rhizome extract,
predominantly terpenoids. In silico analyses predicted antioxidant, anti-inflammatory, and antineurodegenerative activities, while
drug-likeness assessment suggested favorable bioavailability for all identified compounds. Furthermore, molecular docking targeting
neurodegeneration-associated proteins revealed strong interactions of compounds namely brefeldin A, nigakilactone K, genistein,
and 8-epi-loganic acid-6-O- -D-glucoside with MAPK1, TNF-a, BACE1, and CASP3, respectively. In addition, the extract exhibited
notable antioxidant activity in the DPPH assay and ameliorated monosodium glutamate-induced cognitive impairment, hippocampal
neurodegeneration, and elevated brain malondialdehyde levels in mice. Hence, C. sumatrana is a promising herbal medicine for
neurodegenerative diseases, plausibly acting through the modulation of neurodegeneration-related pathways and antioxidant
mechanisms. These findings provide a foundation for future drug discovery by identifying bioactive compounds with potential
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1. INTRODUCTION

Neurodegenerative diseases, such as Alzheimer’s and Parkin-
son’s, represent critical global health burdens, exacerbated by
aging populations and limited therapeutic options (Wang et al.,
2024). Current treatments for neurodegeneration often tar-
get symptoms rather than underlying mechanisms (Passeri
et al., 2022), while synthetic drugs are expensive and reported
to cause various detrimental side effects (FFan et al., 2022).
Hence, it is necessary to explore the safer, affordable and multi-
targeted alternative medicines including herbal medicines. Nat-
ural products, particularly those rich in antioxidant and anti-
inflammatory phytochemicals, have emerged as promising
candidates due to their ability to modulate oxidative path-
ways and neuroinflammatory cascades (Sarkar et al., 2024).
Among these, turmeric species (Curcuma spp.; Zingiberaceae)

are renowned for their medicinal properties in managing neu-
rodegeneration (Sohrab et al., 2024; Genchi et al., 2024; Po-
malango et al., 2025). A previous report demonstrated that C.
kawangsinensis extract exerts notable antioxidant effect due to its
bioactive compounds in the group of diarylheptanoids (Chen
et al., 2022). An in vitro study also reported that sesquiter-
penoids from C. aromatica could enhance endogenous antiox-
idant enzymes including superoxide dismutase, catalase, and
glutathione superoxide dismutase (Dai et al., 2023). Another
in vitro and in vivo experiment revealed the neuroprotective po-
tential of C. longa extract in alleviating corticosterone-induced
neurotoxicity (Oh et al., 2025). The protective effect of C.
longa is attributed to high level of curcuminoids content in
the rhizome (Shahrajabian and Sun, 2024). Furthermore, an
experiment conducted by Qi et al. (2025) demonstrated that
the ethyl acetate extract of C. wenyujin effectively counteracts
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Alzheimer’s disease by inhibiting pyroptosis while promoting
mitophagy and suppressing neuroinflammatory responses in
mice model. Collectively, these findings clearly indicate the po-
tential of medicinal plants in the genus of Curcuma as alternative
medicines in counteracting neurodegenerative diseases.

Konih rimbo (C. sumatrana Miq.) is one of prospective candi-
dates of alternative medicines from the genus of Curcuma. This
wild species is endemic to Sumatra Island, widely distributed
in the rain forest areas of West Sumatra (Syafira et al., 2024).
The leaves and rhizomes of C. sumatrana have been tradition-
ally used by the Minangkabaunese as an ethnomedicine to heal
gastrointestinal diseases and skin infection (Syafira et al., 2024;
Yuhendri et al., 2024). Recently, this species gains more scien-
tific attentions in term of its medicinal benefits. A previous re-
port has demonstrated antimicrobial activity of C. sumatrana ex-
tract against Staphylococcus aureus (Alamsjah et al., 2023) while
in silico simulations suggest its anticancer potential (Rahman
etal., 2022). Our previous study also revealed that C. sumatrana
ethanolic extract exerts its therapeutic effect in mice suffering
from non-alcoholic fatty liver disease (Santoso et al., 2024).
Moreover, another in silico simulation suggests the potential
of some bioactive compounds from C. sumatrana in activating
endogenous antioxidant proteins including catalase, superoxide
dismutase and Kelch-like ECH-associated protein 1 (Keapl)
(Petrovsky et al., 2026). However, no studies have so far investi-
gated its actual antioxidant activities for both in vitro and in vivo.
Moreover, scientific evidence for its anti-neurodegenerative
activities also remains limited.

In the complex pathogenesis of neurodegenerative diseases,
proteins such as mitogen-activated protein kinase 1 (MAPK1),
beta-site APP cleaving enzyme 1 (BACE1), tumor necrosis
factor alpha (TNF-a), and caspase-3 (CASP3) play critical
roles. These signalling proteins are simultaneously integrated
in pathological pathways as follows. Activation of MAPK1
contributes to microglial activation, reactive oxygen species
(ROS) generation, mitochondrial dysfunction, and increases
the expression of TNF-a (Wu et al., 2025; Jeon et al., 2025).
Furthermore, activation of MAPK1 and TNF-a pathways
upregulates BACE1 expression, thereby connecting neuroin-
flammation with amyloidogenesis (Bartoli¢ and Bosak, 2025).
Subsequently, the increased BACE1 activity activates CASP3-
mediated neuronal cell death (Shi et al., 2020). In addition,
MAPKI1 and TNF-a signaling pathways can also directly pro-
mote caspase-3 activation (Wdjcik et al., 2024). It has been
shown that TNF-a creates a neurotoxic environment that ex-
acerbates neuronal damage in neurodegenerative disorders
such as Alzheimer’s disease and Parkinson’s disease (Andronie-
Cioara et al., 2023). In addition, dysregulation of MAPK1
contributes to neuroinflammation, synaptic dysfunction, and
neuronal death (Wu et al., 2025), whereas BACE1 plays a
central role in the generation of neurotoxic amyloid-8 pep-
tides that accumulate as plaques and drive the progression of
Alzheimer’s disease pathology (Bi et al., 2025). CASP3 acts as
a key executioner protease involved in apoptotic neuronal loss
during neurodegeneration (Wdjcik et al., 2024). Therefore,
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inhibition of MAPK1, TNF-a, BACE1, and CASP3 may pro-
vide targeted control over the development and progression
of neurodegenerative diseases. However, to our knowledge,
until recently, there is no information regarding the potential
of bioactive compounds from C. sumatrana in inhibiting the
activities of these proteins.

In a study of neurodegenerative diseases, animal models
could be developed using chemical, genetic, surgical, metabolic,
or aging-related approaches to mimic neuronal degeneration,
oxidative stress, neuroinflammation, and cognitive impairment
observed in human disorders (Mishra and Upadhyay, 2025).
One of chemicals used to induce neurodegeneration is monoso-
dium glutamate (MSG). MSG is well documented to induce
excitotoxicity through excessive glutamatergic stimulation, lead-
ing to increased ROS production, mitochondrial dysfunction,
and neuroinflammation (Essawy et al., 2025). These mecha-
nisms are strongly associated with key pathological features ob-
served in neurodegenerative disorders, including Alzheimer’s
disease. Although this model does not fully recapitulate the
complete complexity of Alzheimer’s pathology (amyloid-beta
plaque formation and tau hyperphosphorylation), it is widely
used as an experimental model to study oxidative stress-media-
ted neurodegeneration and cognitive impairment (Khalil and
Khedr, 2016; Essawy et al., 2025).

In the context of neurodegenerative diseases, several species
of the genus Curcuma have been widely studied for their thera-
peutic potential (Pomalango et al., 2025; Perez et al., 2025);
however, research on C. sumatrana is still very limited. Previous
studies mainly focused on preliminary phytochemical screen-
ing, which only confirmed the presence of major secondary
metabolite groups (Alamsjah et al., 2023), without identifying
the specific compounds responsible for the biological activities.
In addition, earlier investigations generally emphasized antiox-
idant activity by in silico simulation (Petrovsky et al., 2026) and
did not explore the possible underlying mechanisms related to
neurodegenerative diseases. To date, no study has comprehen-
sively examined the neuroprotective potential of C. sumatrana
by combining detailed metabolite identification, molecular in-
teraction prediction, and biological validation in animal models.
Therefore, the present study deploys an integrative approach
by combining LC-MS/MS QTOF-based phytochemical pro-
filing to specifically identify alkaloid, flavonoid, and terpenoid
compounds, together with in silico molecular docking analysis
against neurodegeneration-related proteins, including MAPK1,
TNF-a, BACE1, and CASP3. The study also evaluates the
antioxidant activity of the extract using three different assays
(DPPH, ABTS, and FRAP) and further validates its neuro-
protective effects through MSG-induced neurodegenerative
mouse model. This study aims to elucidate the neuroprotective
potential of C. sumatrana and new mechanistic insights into its
possible role as a natural therapeutic candidate for neurodegen-
erative disorders.
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2. EXPERIMENTAL SECTION
2.1 Materials

Materials used in this study were ethanol, formic acid, acetoni-
trile, 2,2-Diphenyl-1-picrylhydrazyl (DPPH), ascorbic acid,
trolox, ferric reducing antioxidant power (FRAP) reagent, 2,2’-
Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS),
potassium persulfate, monosodium glutamate, phosphate-buffe-
red saline, neutral buffered formalin, xylene, paraffin paraplast,
hematoxylin-eosin staining kit (Sigma-Aldrich, USA), lipid
peroxidation assay kit (Abcam, USA), Ratbio (Citra Inna Feed,
Indonesia), and adult male BALB/c mice (Balai Veteriener

Baso).

Figure 1. Photograph of C. sumatrana Specimen. (a) Flower, (b)
Leaf, (c) Stem, (d) Rhizome

2.2 Methods

2.2.1 Sample Collection and Extraction

Fresh rhizomes of C. sumatrana (5 kg of wet weight) were col-
lected from a forest area in Koto Pulai, Lengayang Pesisir Se-
latan, West Sumatra (geographical coordinates: 1°35°58.2"S,
100°50’31.0"E). The species was taxonomically authenticated
by Dr. Nurainas at Herbarium ANDA of Universitas Andalas
(Voucher specimen No. 00049122; Authentication document
No. 543/K-ID/ANDA/X1/22; Figure 1). The rhizome sam-
ples were rinsed thoroughly with tap water followed by dis-
tilled water, sliced into smaller pieces, and dried at 50 °C in a
dehydrator (FDH-6 Food Dehydrator, WIRASTAR, Indone-
sia) until a constant weight was achieved. The dried material
was then pulverized using an electric grinder (P21-Philips, In-
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donesia) and subjected to maceration in 96% ethanol within a
light-protected bottle for three days, with daily agitation. The
resulting extract was filtered through filter paper, and the resid-
ual plant material underwent additional filtrations. Finally, the
combined filtrate was concentrated using a rotary evaporator
(IKA RV3-V, Thermo Fisher Scientific, USA) at 60 °C under
reduced pressure for 12 h (Wu et al., 2024).

2.8 Targeted Phytochemical Analysis Using LC-MS/MS-
QTOF

Phytochemical screening was performed to specifically tar-
get compounds in the groups of alkaloids, terpenoids and
flavonoids in the C. sumatrana ethanolic extract. In this analy-
sis, biotin was used as a standard compound. The instrument
used was Xevo G3 QTof (WATERS, USA). A gram of ex-
tract was diluted in ethanol and subsequently ultrasonicated
for 830 min. Homogenized sample was then filtered using a
General Hydrophilic Polypropylene/Polytetrafluoroethylene
(GHP/PTFE) membrane filter (mesh 0.22 um). Furthermore,
1 uL. sample was injected into UPLC (ultraperformance liquid
chromatography) system. The instrument of LC-MS/MS-
QTOF was set with details as follows: LC instrument column
C18, column temperature 400 °C, autosampler temperature
150 °C, injection volume 1 uL., mobile phase. A compossed of
0.1% formic acid in acetonitrile, mobile phase B 0.1% formic
acid in double distilled water, and flow rate 0.6 mL/min. The
MS setting was as follow: mode of operation Tof MSE, ion-
ization ESI (-)/ESI (+), acquisition range 50-1200 Dalton
(Oliveira et al., 2020). The data were analyzed using UNIFI
software from WATERS (USA).

Compound identification was confirmed using validation
criteria comprised: (1) mass accuracy with a mass error < 5
ppm, reflecting a low deviation between measured and theoret-
ical molecular masses; (2) isotopic pattern conformity assessed
through isotope match M/Z RMS ppm < 6 ppm and isotope
match M/Z RMS (%) < 10%, demonstrating agreement be-
tween experimental and theoretical isotopic profiles; (8) signal
quality indicated by intensity/response values > 800 to ensure
sufficient peak sensitivity and reduce background noise inter-
ference; and (4) fragment ion verification requiring at least
one corresponding mass fragment between the experimental
MS/MS spectrum and the reference database or predicted
fragmentation profile. Compounds meeting all validation re-
quirements were regarded as confidently identified (Oliveira
et al., 2020).

2.4 Evaluation of Compound Bioactivity via PASS Online
Prediction
The pharmacological potential of compounds derived from C.
sumatrana extract was investigated using the Prediction of Activ-
ity Spectra for Substances (PASS) tool, accessible through the
Way2Drug platform (http: //way2drug.com/PassOnline/). I-
nitially, compound names were entered into the PubChem
database (http://pubchem.nchi.nlm.nih.gov) to retrieve the-
ir corresponding SMILES (Simplified Molecular Input Line
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Table 1. Ligands and Their Respective CID and SMILES Prepared for Molecular Docking

Name CID SMILES

Fawcettimine 442475 C[C@@H]1C[C@H]2CC(=0)[C@@H]3
[C@]24CCCN([C@@H]4(C1)O)CCC3

Guanine 135398634 C1=NC2=C(N1)C(=O)NC(=N2)N

Genistein 5280961 C1=CC(=CC=C1C2=COC3=CC(=CC(=C3C2=0)0)0)O

Artemisic acid 10922465  C[C@@H]1CC[C@H]([C@@H]2[C@H]1CCC
(=C2)C(=C)C)C(=0)O

Brefeldin A 5287620 C[C@H]1CCC/C=C/[C@@H]2[C@@H](C[C@H]2
[C@@H](/C=C/C(=0)01)0)O

Furanodiene 9601230 C/C/1=C\CC2=C(C/C(=C\CC1)/C)OC=C2

Alpha-khusinol 917532382 CC1=C[C@H]2[C@@H](CC=C([C@@H]2
[C@HN(C1)O)C)C(C)C

Linderazulene 656393 CC1=C2C=C3C(=COC3=CC(=C2C=C1)C)C

8-Epi-loganic  acid-6’-O-beta-D- 163003828 CC1C(CC2CIC(OC=C2C(=0)0O)OC3C(C(C(C

glucoside (083)COCAC(C(C(C(04)CO)0O)O)O)O)O)O)O

Pterosin Y 46848574  O[C@H]1[C@Q@@](C(=0O)c2clec(c(c2C)CCO)CO)(CO)C

Dendronobilin F 101460596 O1[C@H]2[C@@H](O)[C@@H]3[C@H]([C@@H]3
(CO)CC[C@HJ4[C@@H](C2)C1=0)CO

Nigakilactone K 12313357  C[C@@H]1C=C(C(=0)[C@]2([C@H]1C[C@@H]3
[Cee@l4([Ce@H]2[C@H](C@H]([C@@H]
(C4=CC(=0)03)(C)O)OC)O)C)C)OC

Picrasin G 182244 C[C@@H]1C[C@H](C(=0)[C@]2([C@H]1C[C@@H]3
[Ce@4([C@@H]2C(=0)C(=C([C@@H]4
(CC(=O)03)(C)OC)C)C)O)C)O

7-[2-(Oxan-4-Ylamino)pyrimidin- 126480566 C1COCCCINC2=NC=CC(=N2)C3=CN4

4-Y1]-38,4-dihydro-2~{h}- CCNC(=0)C4=C3

Pyrrolo[1,2-A]pyrazin-1-One

(standard drug as MAPK1 inhibitor)

6,7-dimethyl-3- 5327044 CC1=CC2=C(C=C1C)OC=C(C2=0)CN(C)

[(methyl{2-[methyl({1-[8- CCN(C)CC3=CN(C4=CC=CC=C4)CH=CC

(trifluoromethyl)phenyl]- =CC(=CH)C(F)(F)F

1h-indol-3-

yl}methyl)amino]ethyl}amino)methyl]-

4h-chromen-4-one (standard drug

as TNF-a inhibitor)

(2E)-2-imino-3-methyl-5,5- 150564176  CN1C(=O)C(NC1=N)(C2CCCCC2)C3CCCCC3

diphenylimidazolidin-4-one

(standard drug as BACE1 inhibitor)

Benzyloxycarbonyl-Asp-Glu-Val- 9830615 COC(=0)CC[C@H](NC(=0)[C@H](CCC(=0)OC)

Asp-fluoromethylketone (standard
drug as CASP3 inhibitor)

NC(EO)C@H(C(C)CNC(=0)[C@H]
(CC(=O)OC)C(=0)CEF)C(=0)OCC1=CC=CC=C1

Entry System) structural notations. These SMILES data were
then input into the Way2Drug server to generate predictions
of their biological activities. Activity probabilities (Pa values)
were categorized as follows: (i) Pa > 0.7: high likelihood of
biological activity; (ii) 0.5 < Pa < 0.7: moderate likelihood;
(iii) Pa < 0.5: low probability of significant activity (Alam et al.,
2021).

© 2026 The Authors.

2.5 Assessment of Drug-Likeness via Lipinski’s Rule of Five
The drug-like properties of the compounds were analyzed in
accordance with Lipinski’s pharmacokinetic guidelines. Canon-
ical SMILES notations of the compounds were input into
the Molinspiration Cheminformatics platform (https://www.
molinspiration.com/cgi/properties) to evaluate their ad-
herence to Lipinski’s criteria. This computational tool calcu-
lated key parameters (e.g., molecular weight, logP, hydrogen
bond donors/acceptors) to predict oral bioavailability and drug-
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Figure 2. Chromatogram of Selective Compounds of C. sumatrana Extract (ECS) Based on LC-MS/MS-QTOF Elucidation. (A)
Fawcettimine, (B) Guanine, (C) Genistein, (D) Artemisic acid, (E) Brefeldin A, (F) Furanodiene, (G) Alpha-khusinol, (H)
Linderazulene, (I) Loganic acid-6’-O-beta-D-glucoside, (J) Pterosin Y, (K) Dendronobilin F, (L) Nigakilactone K, (M) Picrasin

G, (N) Biotin as a Standard Compound

likeness (Chen et al., 2020).

2.6 Pharmacokinetic and Toxicity Profiling of Phytochemi-
cal Compounds

The ADMET (absorption, distribution, metabolism and toxi-

city) profile of the compounds were predicted through com-

putational tools. First, 2D molecular structures in .sdf format

© 2026 The Authors.

and SMILES notations were retrieved from the PubChem
Database (https://pubchem.ncbi.nlm.nih.gov). ADME pa-
rameters were subsequently analyzed using the SwissADME
platform (http://www.swissadme. ch). Toxicity profiles were
evaluated using the ProTox-1I tool (http://tox-new.charite.
de/protox_II), with toxicity classifications aligned to OECD
(Organisation for Economic Co-operation and Development)
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Figure 3. Fragmentation Spectra of the Selective Compounds of C. sumatrana Extract Based on LC-MS/MS-QTOF Analysis. (A)
Fawcettimine, (B) Guanine, (C) Genistein, (D) Artemisic acid, (E) Brefeldin A, (F) Furanodiene, (G) Alpha-khusinol, (H)

Linderazulene, (I) Loganic acid-6’-O-beta-D-glucoside, (J) Pterosin Y, (K) Dendronobilin F, (L) Nigakilactone K, (M) Picrasin
G, (N) Biotin as a Standard Compound

regulatory standards (A

lam et al., 2021).

Table 2. Grid Box Coordinates Used for Molecular Docking

Simulations
Protein  PDBID Box Site (x, y, z)
MAPK1 5HNHV -15.554,13.540, 42.444
TNF-a 2AZ5 -19.162, 74.451, 33.836
BACE1l 4DJU 22.180, 34.099, 56.309
CASP3  3GJQ 28.642, 34.169, 12.047
© 2026 The Authors.

2.7 Molecular Docking

Ligand preparation: the chemical structures of ligands inl-
cuding compounds from C. Sumatrana extract and standard
drugs (inhibitors for targeted proteins) were retrieved from the
PubChem database (https://pubchem.ncbi.nlm.nih.gov/)
in Structured Data Format (SDF) using their respective Com-
pound Identity (CID) (Table 1). The canonical SMILES no-
tations were also collected for structural verification and con-
version. All SDF files were subsequently converted to Protein
Data Bank (PDB) format. Ligand preparation involved energy
minimization using the MMFF94 force field with a root mean
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Figure 4. Visualization of Redocking of Native Ligands and Targeted Proteins. (A) MAPK1, (B) TNF-«, (C) BACEL, (D)
CASP3. RMSD values <2 Alndicate a Valid Molecular Docking Protocol

square gradient of 0.001 kcal/mol/A by using Open Babel
(Shrestha et al., 2022).

Protein preparation: four target proteins associated with
neurodegenerative diseases were selected, namely MAPK1
(PDB ID: 5NHV), TNF-a (PDB ID: 2AZ)5), BACE1 (PDB
ID: 4DJU), and CASP3 (PDB ID: 3GJQ) (Table 2). The cor-
responding crystal structures were obtained from the RCSB
Protein Data Bank (https://www.rcsb.org/). Protein prepa-
ration was performed using the Molecular Operating Envi-

ronment (MOE) software version 2022.02 (CCG, Montreal,

© 2026 The Authors.

Canada) by optimizing the crystal structures obtained from
the PDB through removal of water molecules, addition of hy-
drogen atoms, and assignment of atomic charges to all protein
atoms.

Molecular docking: docking simulations using MOE em-
ployed the induced fit protocol, with ligand placement per-
formed using the Triangle Matcher/London dG method and
relinement using the Force field/GBVI-WSA dG scoring func-
tion. A total of 80 docking poses were generated, and the five
best-ranked poses were selected for further analysis (Senobari
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Figure 5. Molecular Docking Visualization of the Most Potent Ligands from C. sumatrana Extract and Targeted Proteins Involved
in Neurodegenerative Diseases. (A) Interaction Between MAPK1 and Brefeldin A, (B) TNF-a and Nigakilactone K, (C)
BACE1 and Genestein, (D) CASP3 and 8-Epi-Loganic acid-6’-O-beta-D-glucoside

et al., 2023). The docking complexes generated from molec-
ular docking simulations were subjected to interaction energy
analysis to estimate the contribution of steric, electrostatic, hy-
drogen bonding, hydrophobic, and non-covalent interactions
toward ligand binding stability. The final binding energy de-
composition values were expressed in kcal/mol and reported as
energetic contributions of steric interactions, hydrogen bond-

© 2026 The Authors.

ing/electrostatic interactions, hydrophobic interactions, and
non-covalent stabilization toward the total binding affinity of
each ligand—protein complex. In addition, to validate the dock-
ing methodology, native ligands of each protein were subjected
to redocking, with root mean square deviation (RMSD) val-
ues below 2.0 Aindicating that the docking approach used was
reliable (Ramirez and Caballero, 2018).
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Table 3. Selective Phytochemical Compounds of C. sumatrana Ethanolic Extract Determined by LC-MS/MS-QTOF

Compound Name Group Formula RT (min)  Mol. Mass (Dalton)  Total Fragments Isotope Response
Match
Fawcettimine Alkaloids Ci18HogNOg 13.45 308.2216 7 1.77 16983
Guanine Alkaloids CsH5N;0 0.6 152.0571 1 3.05 319
Genistein Flavonoids  Cy3H;905 14.07 2738.0745 2 4.32 1987
Artemisic acid Flavonoids  Cj5;Hg909 7.55 235.1691 5 0.78 2615
Brefeldin A Terpenoids  Cj6Hg4Oy 10.07 281.1747 4 0.56 1648
Furanodiene Terpenoids  Ci5HgoO 12.39 217.158 13 3.28 2555
Alpha-khusinol Terpenoids  Cj5HgsO 18.02 221.1894 25 2.55 5119
Linderazulene Terpenoids Ci5H14O 16.01 211.1107 5 441 1671
Loganic  acid-6’-O- Terpenoids CggHg4O15 6.72 539.1951 2 3.38 452
beta-D-glucoside
Pterosin Y Terpenoids  C15HgpOj 5.01 281.13877 8 2.28 1635
Dendronobilin F Terpenoids  Cj5Hg90O5 5.56 281.1395 2 4.48 1464
Nigakilactone K Terpenoids  CgoHgoO~ 12.27 405.1907 4 0.71 6523
Picrasin G Terpenoids  Cgo1HgogO7 11.18 391.175 5 0.94 6831

2.8 In Vitro Antioxidant Assays

The free radical scavenging potential of C. sumatrana extract
(ECS) was evaluated using the DPPH method (Hasballah et al.,
2026). ECS at concentrations of 50, 100, 250, and 500 ug/mL
or ascorbic acid as a standard at concentrations of 5, 10, 20, 40,
and 50 pg/mL were tested for their ability to inhibit DPPH
radicals. Briefly, 2.0 mL of sample solution (ECS or ascorbic
acid) was combined with 2.0 mL of 100 ug/mL DPPH solu-
tion. After vigorous agitation, the mixture was incubated in
darkness at ambient temperature for 30 minutes. Furthermore,
the absorbance was determined at 517 nm using a UV-Vis spec-
trophotometer (Thermo Fisher Scientific, USA). Antioxidant
capacity (% radical scavenging activity; RSA) was calculated
using a standard curve and IC50 values were extrapolated via
linear regression.

ABTS radical scavenging activity of ECS was assessed us-
ing the ABTS+decolorization method (Hussen and Endalew,
2023). ABTS" radicals were synthesized by reacting 5 mL of
7 mM ABTS with 88 ulL. of 140 mM potassium persulfate,
followed by 16-hour dark incubation. The solution was diluted
with ethanol to attain an absorbance of 0.7 at 784 nm. For
testing, 10 uL of sample of ECS at concentrations of 25, 50,
100, and 200 ug/mL or trolox as standard at concentrations
of 6.25, 12.5, 25, 50, and 100 ug/mL was mixed with 290
L diluted ABTS" solution in a 96-well plate and incubated in
darkness for 6 minutes. Absorbance was measured at 734 nm
using UV-Vis spectrophotometer. Antioxidant capacity (% rad-
ical scavenging activity; RSA) was calculated using a standard
curve and 1Cj( values were extrapolated via linear regression.

The FRAP (Ferric Reducing Antioxidant Power) assay was
also performed to analyze the reducing power of ECS according
to Spiegel et al. (2020). In a 96-well plate, 20 uL. of ECS
sample at concentrations of 6.25, 12.5, 25, 50, 100 ug/mL or
ascorbic acid as a standard at concentrations of 7.8125, 15.625,
31.25, 62.5, and 125 ug/mL were reacted with 280 ul. FRAP
reagent and incubated at 37 °C for 10 minutes. Absorbance

© 2026 The Authors.

was measured at 593 nm using a UV-Vis spectrophotometer.
A standard curve was used to convert absorbance to relative
reducing power (RP). RP50 values were determined via linear
regression.

2.9 In Vivo Study on Animal Models

2.9.1 Procurement of Animal Models and Treatments

The protocols for animal use in this experiment have been ap-
proved by the Committee of Research Ethics (No.231/A/N.11-
/UA/2025). Adult male mice (n = 25; BALB/c strain; 20-
25 g of body weight) were provided by Balai Veteriner Baso
West Sumatra. Prior to experimental treatment, mice were
acclimated in the animal room with regulated temperature,
humidity, and dark/light-cycle (260C, 67-68%; 12/12-h, re-
spectively) for seven consecutive days while food (Ratbio), and
drinking water (tap water) were provided ad libitum. Furter-
more, mice were randomly divided equally into five groups
such as control group (without any treatments), MSG-fed group
(treated with 2.5 g/kg BW of monosodium glutamate only),
and MSG combined with ECS at doses of 75, 150, and 300
mg/kg BW, respectively. MSG was provided in drinking water
bottle continously during 28-day treatment following a previ-
ously established protocol (John et al., 2022). ECS was diluted
in 1% carboxyl methyl cellulose and fed to mice through oral
gavage on a daily basis for four weeks.

2.10 Behavioral Cognitive Tests

Cognitive tests were carried out according to previously de-
scribed procedures (Sudhishma et al., 2021). Memory intelli-
gence was assessed using the Hebb-Williams Maze Test. Prior
to testing, each animal underwent a 3-day training period (20
min/day) within the maze apparatus. The primary parameter
measured was the time required for the animal to traverse the
maze from the entry to the exit. Testing was conducted during
the mice’s active period (4:30 PM) to align with their circadian
rhythm. Spatial intelligence was evaluated via the Morris Water
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Figure 7. Effect of C. sumatrana Extract (ECS) on Cognitive Function and Oxidative Stress of High-MSG-Fed Mice. (A)
Completion Time of Mice in Hebb-William Maze Test. (B) Latency Finding Flatform of Mice in Morris-Water Maze Test. (C)
Head-Dipping Frequency of Mice in Hole Board Test. (D) MDA Levels in Brain Tissue of Mice After 28-Day Treatment.
Notations (a,b,c) Letters Above the Bars Refer to Significant Differences Statistically. Data are Presented as Mean + SD

Maze. During a 30-min pre-test training phase, the platform
was positioned 1 inch above the water surface to familiarize
mice with its location. For the actual test, the platform was
submerged just below the water surface. Mice were released
into a designated quadrant, and escape latency (time taken to
reach the platform) was recorded. Exploratory behavior was
analyzed using the Hole-Board Test. The number of head dips
into the holes (frequency) during a 5-min observation period
was quantified as the primary parameter.

© 2026 The Authors.

2.10.1 Malondialdehyde (MDA) Measurements

The concentration of MDA in the brain tissue was analyzed ac-
cording to previously described protocols (Santoso et al., 2023).
Brain tissues in the area of cerebrum were harvested immedi-
ately following euthanasia of the mice. For each animal, 0.25
g of tissue was weighed, rapidly frozen, and stored at -80°C.
The frozen samples were homogenized in phosphate-buffered
saline with a Tissueruptor II homogenizer (Qiagen, Germany),
followed by centrifugation at 5000 rpm for 15 min. MDA
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levels were quantified using a commercial lipid peroxidation  2.10.2 Histopathological Examinations of the Brain
assay kit. Absorbance readings were obtained with a UV-Vis  Brain tissues were harvested and immersed in neutral buffered

spectrophotometer to determine MDA concentrations.

© 2026 The Authors.

formalin for 24 hours for fixation. The samples underwent de-
hydration through a graded alcohol series, followed by xylene
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Table 4. Spectrum of Bioactivity of Compounds from C. sumatrana Extract Based on PASS Online Test

Compound Activity Probability of Probability of Criteria of Activity
Activity (Pa) Inactivity (Pi)
Fawcettimine Neuroprotective 0.62 0.18 Moderate
Anti-inflammatory 0.58 0.22 Moderate
Antioxidant 041 0.36 Low
Antineurodegenerative 0.54 0.24 Moderate
Acetylcholinesterase  in- 0.67 0.15 Moderate
hibitor
Guanine Antioxidant 0.36 0.48 Low
Neuroprotective 0.33 0.51 Low
Anti-inflammatory 0.28 0.57 Low
Anti-Alzheimer’s 0.3 0.55 Low
Genistein Antioxidant 0.89 0.01 High
Anti-inflammatory 0.86 0.02 High
Neuroprotective 0.78 0.05 High
Antineurodegenerative 0.74 0.07 High
Anti-Alzheimer’s 0.71 0.09 High
Anti-apoptotic 0.75 0.08 High
Artemisic acid Anti-inflammatory 0.73 0.08 High
Antioxidant 0.52 0.28 Moderate
Neuroprotective 0.55 0.25 Moderate
Antineurodegenerative 0.48 0.34 Low
Brefeldin A Anti-inflammatory 0.69 0.11 Moderate
Anti-apoptotic 0.61 0.19 Moderate
Neuroprotective 0.5 0.29 Moderate
Antioxidant 0.44 0.37 Low
Furanodiene Anti-inflammatory 0.77 0.06 High
Neuroprotective 0.59 0.21 Moderate
Antioxidant 0.46 0.34 Low
Antineurodegenerative 0.53 0.27 Moderate
Alpha-khusinol Anti-inflammatory 0.72 0.09 High
Antioxidant 0.57 0.23 Moderate
Neuroprotective 0.6 0.22 Moderate
Anti-Alzheimer’s 0.51 0.3 Moderate
Linderazulene Antioxidant 0.68 0.12 Moderate
Anti-inflammatory 0.75 0.07 High
Neuroprotective 0.63 0.17 Moderate
Antineurodegenerative 0.55 0.25 Moderate
8-Epi-loganic Antioxidant 0.71 0.1 High
acid-6’-O-B-D-
glucoside
Neuroprotective 0.66 0.16 Moderate
Anti-inflammatory 0.62 0.19 Moderate
Anti-Alzheimer’s 0.58 0.23 Moderate
Pterosin Y Antioxidant 0.64 0.17 Moderate
Anti-inflammatory 0.61 0.2 Moderate
Neuroprotective 0.56 0.26 Moderate
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Dendronobilin F Anti-inflammatory 0.76 0.06 High
Neuroprotective 0.69 0.12 Moderate
Antioxidant 0.6 0.2 Moderate
Anti-apoptotic 0.65 0.18 Moderate

Nigakilactone K Anti-inflammatory 0.81 0.04 High
Neuroprotective 0.72 0.09 High
Antineurodegenerative 0.7 0.11 Moderate
Antioxidant 0.55 0.26 Moderate

Picrasin G Anti-inflammatory 0.83 0.03 High
Neuroprotective 0.74 0.08 High
Antineurodegenerative 0.72 0.09 High
Antioxidant 0.58 0.24 Moderate

Table 5. Assessment of Drug-Likeness Characteristics of Of Selective Phytochemical Compounds from C. Sumatrana Extract by

Lipinski’s Rule of Five Test

Characteristics based on Lipinski Rule of Five

Mf)l' LogP Hydrogen Hydrogen Molar Rule
Weight .. D
Compound (<500 Donor Acceptor  Refractivity ~ Violation

Dalton) (<5) (<5) (<10) (40-130) =
Fawcettimine 307 2.18 1 3 72.42 0
Guanine 151 -0.9 4 5 37.33 1
Genistein 270 241 3 5 70.81 0
Artemisic acid 234 3.64 1 2 68.63 0
Brefeldin A 280 1.96 2 4 75.91 0
Furanodiene 216 4.85 0 1 67.6 0
Alpha-khusinol 220 3.55 1 1 68.06 0
Linderazulene 232 4.3 0 0 68.4 0
8-Epi-Loganic 538 -4.41 5 9 114.84 1

acid-6’-O-beta-D-glucoside

Pterosin Y 280 0.25 4 5 72.37 0
Dendronobilin F 282 -0.07 3 5 68.4 0
Nigakilactone K 406 1.37 2 7 102.46 0
Picrasin G 392 1.15 2 7 96.76 0

clearing and paraffin infiltration. The tissues were embedded
in paraffin blocks, trimmed, and sectioned at 5 um thickness
with a rotary microtome (Leica, USA). Sections underwent
staining with a hematoxylin and eosin kit. Histological sections
were observed under a light microscope (Olympus, Japan) and
representative images were captured for quantitative evaluation
using digital image analysis with the Image] software (NITH,
USA). From each section, five different microscopic fields were
selected and examined, resulting in a total of 25 fields ana-
lyzed per brain. Histopathological changes were specifically
assessed in the cornu ammonis (CA1 and CA3) regions of the
hippocampus, focusing on degenerated and non-degenerated
cells.

© 2026 The Authors.

2.11 Data Analysis

Quantitative data were analyzed using Levene’s test for ho-
mogeneity and Shapiro-Wilk test for normality followed by
analysis of variance (ANOVA) and Bonferroni test. Signif-
icance level was set at p < 0.05. The statistical analysis was
performed using SPSS 26 (IBM, USA). Data are presented as
Mean + SD.

3. RESULT'S AND DISCUSSIONS

3.1 Phytochemical Profile of C. sumatrana

Selective LC-MS/MS-QTOF analysis of C. sumatrana ethano-
lic extract identified 18 phytochemical compounds categorized
into alkaloids (2), flavonoids (2), and terpenoids (9), with the lat-
ter dominating the phytochemical profile (Figures 2 and 3; Ta-
ble 3). Retention times (RT) ranged from 0.6 min (guanine) to
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16.01 min (linderazulene), reflecting variability in compound
polarity. Molecular masses spanned 152.0571 Da (guanine) to
539.1951 Da (loganic acid-6’-O-beta-D-glucoside), highlight-
ing structural diversity. Total {ragments per compound varied
widely, from 1 (guanine) to 25 (alpha-khusinol), suggesting
differences in structural complexity. Response values ranged
from 319 (guanine) to 16,983 (fawcettimine), indicating sig-
nificant disparities in relative abundance. The terpenoid class
included compounds such as brefeldin A, furanodiene, and
alpha-khusinol, with picrasin G (response 6,831) and nigak-
ilactone K (response 6,523) exhibiting the highest responses
in this group. The alkaloid fawcettimine showed the highest
overall response (16,983), suggesting its prominence in the ex-
tract. However, in the present study, the compounds were only
tentatively identified based on accurate mass measurements
and MS/MS fragmentation patterns without quantitative val-

© 2026 The Authors.

idation. Therefore, this should be considered a limitation of
the study, and further confirmation and quantification analyses
are recommended in future investigations.

The phytochemical richness of C. sumatrana, particularly
its terpenoid abundance (9 of 18 identified compounds), estab-
lishes a compelling foundation for its neuroprotective potential.
Terpenoids like brefeldin A, alpha-khusinol, and nigakilactone
K demonstrated notable structural complexity and abundance,
aligning with their established roles in mitigating neurode-
generation through antioxidant, anti-inflammatory, and anti-
apoptotic mechanisms in medicinal plants such as C. kwangsien-
sis, C. longa, and C. zedoaria (Elhawary et al., 2024; Zhang et al.,
2024). The prominence of the alkaloid fawcettimine also high-
lights the importance of constituents with high bioactivity, a
phenomenon observed in other neuroprotective botanicals like

Picrorhiza scrophulariiflora (Mehla et al., 2020).
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Table 6. Predictive Pharmacokinetic Properties of Compounds in C. sumatrana Extract

Pharmacokinetic Properties

Human

Compounds inleslir.lal pefnigaoljity Bioavailability ~ CYP2D6 QYI"?DG (1){21}1‘}12 Log S (ESOL)
absorption _6 score substrate  inhibitor
%) (x107° cm/s) substrate

Fawcettimine 94.848 1.892 0.55 (good) No No No -2.64 (soluble)

Guanine 60.702 -0.298 0.55 (good) No No No -1.70 (soluble)
Genistein 93.387 0.9 0.55 (good) No No No -4.40 (moderately

soluble)

Artemisic acid 95.706 1.6 0.85 (good) No No No -3.52 (soluble)

Brefeldin A 95.36 1.01 0.55 (good) No No No -2.85 (soluble)

Furanodiene 0.8 0.73 0.55 (good) No No No -3.73 (soluble)

Alpha-khusinol 100 1.293 0.55 (good) No No No -2.98 (soluble)
Linderazulene 80 1.2 0.55 (good) No No No -5.8 (poorly soluble)
8-Epi-Loganic 0 -0.477 0.11 (poor) No No No -0.28 (very soluble)

acid-6’-O-beta-D-glucoside

Pterosin Y 72.277 0.526 0.55 (good) No No No -1.45 (very soluble)
Dendronobilin F 54.769 -0.097 0.55 (good) No No No -1.48 (very soluble)

Nigakilactone K 100 0.646 0.55 (good) No No No -2.80 (soluble)

Picrasin G 93.796 0.648 0.55 (good) No No No -2.54 (soluble)

The present study employed LC-MS/MS-QTOF analy-
sis for qualitative phytochemical screening and tentative com-
pound identification rather than quantitative determination
of analyte concentrations. Therefore, comprehensive chro-
matographic validation parameters such as limit of detection
(LOD), limit of quantification (LOQ), linearity, precision, and
repeatability, which are typically required for fully validated
quantitative analytical methods, were not the primary objec-
tive of this investigation. Compound annotation was instead
supported by high-resolution mass spectrometric parameters
including accurate mass measurement, isotope pattern match-
ing, and MS/MS fragmentation profile analysis. Accordingly,
the LC-MS/MS data generated in this study should be inter-
preted as putative or tentative metabolite identification suitable
for phytochemical screening purposes, rather than definitive
quantitative confirmation. Additional analytical validation us-
ing authentic standards and fully validated chromatographic
methods would be required for absolute quantification and
definitive structural confirmation.

3.2 Predictive Bioactivity, Drug-Likeness and ADMET Pro-
file of Bioactive Compounds from C. sumatrana
PASS online prediction suggested that several bioactive com-
pounds may possess neuroprotective-related activities, as in-
dicated by Pa values higher than Pi values (Table 4). Among
them, genistein showed high probabilities for antioxidant (Pa
0.89), anti-inflammatory (0.86), neuroprotective (0.78), an-
tineurodegenerative (0.74), anti-Alzheimer’s (0.71), and anti-
apoptotic (0.75) activities. Similarly, picrasin G and nigak-
ilactone K demonstrated high anti-inflammatory (0.83 and
0.81, respectively) and neuroprotective potentials (0.74 and
0.72), with additional strong antineurodegenerative predic-

© 2026 The Authors.

tions. Dendronobilin F, furanodiene, and linderazulene were
predominantly anti-inflammatory (Pa 0.75-0.77) with moder-
ate neuroprotective activity. Artemisic acid also showed high
anti-inflammatory activity (0.73) but moderate neuroprotec-
tive probability. Fawcettimine presented moderate multitarget
potential including AChE inhibition (0.67). In contrast, gua-
nine exhibited uniformly low probabilities (Pa < 0.36), indi-
cating minimal predicted neuroprotective relevance. However,
these findings are based solely on computational prediction and
should be interpreted as preliminary indications rather than
confirmed biological activities. In line with this prediction, a
previous experimental study reported that compounds such
as genistein exhibited neuroprotective effects in an ouabain-
induced neurotoxicity model, potentially through antioxidant,
anti-inflammatory, and anti-apoptotic pathways (Arafat et al.,
2025).

The drug-likeness assessment of C. sumatrana phytochemi-
cals via Lipinski’s Rule of Five (Table 5) revealed that all of the
compounds adhered to the criteria (<1 violation), suggesting fa-
vorable oral bioavailability potential (Chen et al., 2020). Most
compounds exhibited molecular weights (MW) below 500 Da,
except 8-epi-loganic acid-6’-O-beta-D-glucoside (538 Da).
LogP values ranged from -4.41 (8-epi-loganic acid deriva-
tive) to 4.85 (furanodiene), with all compounds within the
acceptable threshold (<5). Hydrogen bond donors (<5) and ac-
ceptors (<10) were compliant for most. Guanine (1 violation)
exceeded no individual rule but showed borderline parame-
ters, while molar refractivity values (37.83—-114.84) aligned
with typical drug-like ranges (40-130) for all except guanine.
Notably, genistein, artemisic acid, brefeldin A, and terpenoids
like khusinol and picrasin G demonstrated strong adherence,
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Table 7. Predictive Toxicity Profile of Compounds from C. sumatrana Extract

Toxicity criteria

Compound (ri{g)/ll;{(;) Toxicity Class Hepatotoxicity Immunotoxicity =~ Mutagenicity =~ Cytotoxicity
Fawcettimine 3 I (fatal if swallowed) No Yes No No
Guanine 800 111 (toxic if swallowed)
Genistein 2500 V (harmful if swallowed) No No No No
Artemisic acid 1000 IV (harmful if swallowed) Yes Yes No No
Brefeldin A 841 IV (harmful if swallowed) No Yes No No
Furanodiene 116 111 (toxic if swallowed) No No No No
Alpha-khusinol 1016 IV (harmful if swallowed) No Yes No Yes
Linderazulene 1000 IV (harmful if swallowed) Yes Yes No Yes
8-Epi-Loganic acid-6’-O- 2000 IV (harmful if swallowed) No Yes No No
beta-D-glucoside
Pterosin Y 1600 IV (harmful if swallowed) No No No No
Dendronobilin F 26000 VI (non-toxic) No No No No
Nigakilactone K 400 IV (harmful if swallowed) No Yes No No
Picrasin G 79 11 (toxic if swallowed) No Yes No No

Table 8. RMSD and Binding Affinity Values of Selected Compounds from C. sumatrana Extract to Targeted Proteins Involved in
Neurodegenerative Diseases Based on Molecular Docking Simulations

Targeted Proteins

MAPK1 TNF-a BACE1 CASP3
Compounds RMSD  Affinity RMSD  Affinity RMSD  Affinity RMSD  Affinity
(A) (kcal/mol) (A) (kcal/mol) (A) (kcal/mol) (A) (kcal/mol)
Fawcettimine 1.07 -7.80 0.90 -7.70 1.09 -8.00 1.21 -7.20
Guanine 1.22 -6.60 1.62 -5.50 1.82 -5.70 1.86 -5.40
Genistein 1.55 -8.30 0.83 -7.50 0.98 -9.40 1.78 -7.60
Artemisic acid 0.72 -8.00 1.16 -6.90 1.72 -6.90 1.08 -6.70
Brefeldin A 1.50 -9.00 0.72 -7.30 1.01 -7.90 1.08 -8.10
Furanodiene 1.21 -7.90 1.14 -7.10 1.02 -7.20 0.70 -6.70
Alpha-khusinol 1.18 -7.70 1.50 -7.00 141 -7.40 0.90 -6.50
Linderazulene 0.63 -7.20 0.57 -6.80 1.52 -5.50 1.70 -6.00
8-Epi-Loganic acid-6’-O-  1.93 -8.20 1.39 -7.60 1.62 -8.10 1.92 -9.00
beta-D-glucoside

Pterosin Y 0.98 -7.20 1.15 -6.80 1.38 -6.70 1.42 -6.50
Dendronobilin F 1.91 -5.90 0.70 -6.60 1.66 -6.60 1.12 -6.20
Nigakilactone K 0.55 -6.90 0.65 -8.60 0.66 -8.50 1.85 -7.90
Picrasin G 1.24 -6.90 1.86 -8.30 1.09 -8.10 1.80 -7.80
Native inhibitor 0.72 -7.66 1.52 -7.94 1.29 -5.40 1.81 -8.12
Standard drug 1.34 -9.30 1.70 -9.00 1.63 -9.00 1.96 -8.10

highlighting their potential as orally bioavailable candidates.
These results demonstrate the drug-like properties of most C.
sumatrana compounds.

The ADME prediction results (Table 6) demonstrated
that several bioactive compounds identified in the C. suma-
trana extract possess favorable pharmacokinetic characteris-
tics, indicating their potential suitability as drug candidates.
Most compounds showed high human intestinal absorption val-

ues, including artemisic acid (95.706%), brefeldin A (95.36%),

© 2026 The Authors.

genistein (93.887%), picrasin G (93.796%), and alpha-khusinol
(100%), suggesting good oral absorption potential. In agree-
ment with these findings, the majority of compounds also ex-
hibited positive CaCo-2 permeability values, indicating accept-
able intestinal membrane permeability. Artemisic acid showed
the highest bioavailability score (0.85), while most other com-
pounds presented good bioavailability scores of 0.55, support-
ing their potential systemic availability following oral adminis-
tration. In contrast, 8-epi-loganic acid-6’-O-beta-D-glucoside
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Table 9. Binding Energy Decomposition of Selected Compounds from C. sumatrana Extract to Targeted Proteins Involved in

Neurodegenerative Diseases Based on Molecular Docking Simulations

Carbon van der Non-
Hydrogen Hvd Waals/ Covalent Total

Protein Compounds Bond Energy yarosen Hydrophobic  Interaction Affinity

Energy
(kcal/mol) (keal/mol) Energy Energy (kcal/mol)
(kcal/mol) (kcal/mol)

MAPKI1 Native inhibitor -5 -1 -1.7 - -7.66
Standard drug -6 -0.8 -2.5 - -9.8
Artemisic acid -3.5 -2 -2.5 - -8

Brefeldin A -5.5 -0.6 -2.9 - -9
Dendronobilin F -3.5 -0.5 -1.9 - -5.9
Fawcettimine -3.5 -0.8 -3.5 - -7.8
Furanodiene 0 0 -7.9 - -7.9
Genistein -6.2 -0.5 -1.6 - -8.3
Guanine -5 0 -1.6 - -6.6
Alpha-khusinol -2 0 -5.7 - -7.7
Linderazulene 0 0 -7.2 - -7.2
8-Epi-Loganic -6.8 -04 -1 - -8.2

acid-6’-O-beta-D-glucoside

Nigakilactone K -38.5 -1 -2.4 - -6.9
Picrasin G -3 -0.7 -3.2 - -6.9
Pterosin Y -5.5 0 -1.7 - -7.2

TNF-a Native inhibitor -2.5 -0.8 -3 -1.6 -7.94
Standard drug -2.5 -0.5 -6 - -9
Artemisic acid -4 -0.5 -2.4 - -6.9

Brefeldin A -2 0 -5.3 - -7.3
Dendronobilin F -2.5 0 -4.1 - -6.6
Fawcettimine - -0.7 -5 - -7.7
Furanodiene 0 0 -7.1 - -7.1
Genistein -4 0 -8.5 - -7.5
Guanine -4 0 -1.5 - -5.5
Alpha-khusinol 0 0 -7 - -7
Linderazulene 0 -0.5 -6.3 - -6.8
8-Epi-Loganic -4.5 -1.2 -1.9 - -7.6
acid-6’-O-beta-D-glucoside
Nigakilactone K -2 -1 -5.6 - -8.6
Picrasin G -2.5 0 -5.8 - -8.3
Pterosin Y -4.5 -0.5 -1.8 - -6.8

BACE1 Native inhibitor 0 -0.5 -4.9 - -5.4
Standard drug -5.5 -0.7 -2.8 - -9
Artemisic acid 0 0 -6.9 - -6.9

Brefeldin A -4 -0.5 -3.4 - -7.9
Dendronobilin F -2.5 -0.5 -3.6 - -6.6
Fawcettimine -2 0 -6 - -8
Furanodiene 0 0 -7.2 - -7.2
Genistein -5.5 -0.5 -3.4 - -9.4
Guanine -5 0 -0.7 - -5.7
Alpha-khusinol 0 0 -7.4 - -7.4
Linderazulene 0 0 -5.5 - -5.5
8-Epi-Loganic -6 -0.6 -1.5 - -8.1
acid-6’-O-beta-D-glucoside
Nigakilactone K -8.5 -1.2 -3.8 - -8.5
Picrasin G 0 -0.8 -7.3 - -8.1
Pterosin Y -5.5 -0.5 -0.7 - -6.7
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CASP3 Native inhibitor -5
Standard drug -6
Artemisic acid -3.5

Brefeldin A -4
Dendronobilin F -2.5
Fawcettimine -2
Furanodiene 0

Genistein -4.2

Guanine -3.8
Alpha-khusinol 0
Linderazulene 0

8-Epi-Loganic -6.5

acid-6’-O-beta-D-glucoside

Nigakilactone K -38.5
Picrasin G -3
Pterosin Y -4

-0.7 -1 -14 -8.12
-0.5 -1.6 - -8.1
0 -3.2 - -6.7
-0.6 -3.5 - -8.1
-0.5 -3.7 - -6.2
0 -5.2 - -7.2
-0.5 -4.5 -1.7 -6.7
0 -2 -1.4 -7.6
0 -0.6 -1 -5.4
-0.5 -6 - -6.5
0 -4.4 -1.6 -6
-0.8 -1.7 - -9
-0.6 -3.8 - -7.9
-0.8 -4 - -7.8
0 -2.5 - -6.5

demonstrated poor pharmacokinetic properties, including 0%
predicted intestinal absorption, negative CaCo-2 permeability,
and a low bioavailability score (0.11), suggesting limited oral
bioavailability. Importantly, none of the identified compounds
were predicted to act as CYP2DG6 substrates or inhibitors, in-
dicating a lower possibility of CYP2D6-mediated metabolic
interactions and reduced risk of adverse drug—drug interactions.
In addition, all compounds were predicted to be non-substrates
of renal OCT2 transporters, suggesting minimal involvement
in OCT2-mediated renal transport pathways. Solubility pre-
diction based on Log S (ESOL) further showed that most com-
pounds were categorized as soluble to very soluble, although
genistein and particularly linderazulene displayed lower solu-
bility profiles, with linderazulene categorized as poorly soluble.
Opverall, these findings suggest that several compounds from C.
swmatrana possess promising pharmacokinetic properties that
may support their biological activities and potential therapeu-
tic application, although compounds with lower solubility or
absorption may require formulation optimization to improve
their bioavailability (Divyashri et al., 2021).

Predictive toxicity assessment of C. sumatrana compounds
(Table 7) revealed variable toxicity profiles, with fawcettimine
exhibiting the highest acute toxicity (LDj5o: 8 mg/kg; Class I,
fatal if swallowed) and notable immunotoxicity. Most com-
pounds fell into Class IV (harmful if swallowed; e.g., artemisic
acid, LDj3g: 1000 mg/kg) or Class III (toxic if swallowed;
e.g., furanodiene, LDji: 116 mg/kg), while dendronobilin
F emerged as non-toxic (LDj¢: 26,000 mg/kg; Class VI). Hep-
atotoxicity was observed in artemisic acid, linderazulene, and
khusinol, whereas immunotoxicity was widespread, affecting
fawcettimine, artemisic acid, brefeldin A, khusinol, linderazu-
lene, and others. Cytotoxicity was limited to khusinol and
linderazulene, while mutagenicity was absent across all com-
pounds. Notably, picrasin G (LDj3g: 79 mg/kg; Class III) and
nigakilactone K (LDjg: 400 mg/kg; Class IV) demonstrated
moderate toxicity with immunotoxic effects. These results high-
light dendronobilin F as a promising low-risk candidate, while
empbhasizing the need for caution with highly toxic compounds
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like fawcettimine and cytotoxic terpenoids. The absence of mu-
tagenicity suggests potential for therapeutic exploration with
appropriate safety mitigation.

3.3 Molecular Docking of Bioactive Compounds from C.
sumatrana and Proteins Involved in Neurodegenerative
Diseases

Molecular docking simulations were performed to reveal the

plausible inhibitory interactions between bioactive compounds

from C. sumatrana extract and proteins involved in the develop-
ment and progression of neurodegenerative diseases (MAPK1,

TNF-a, BACEIL, and CASP3) (Table 8; Figures 4 and 5). It

was validated using the docking performance of the standard

drugs toward the targeted proteins. The standard drugs exhib-

ited strong binding affinities with docking scores of -9.30, -9.00,

-9.00, and -8.10 kcal/mol against MAPK1, TNF-«a, BACEL,

and CASP3, respectively, indicating stable ligand—protein in-

teractions and serving as a benchmark for evaluating the tested
compounds. In addition, the RMSD values of the standard
drugs ranged from 1.84 to 1.96 A, which fall within the accept-
able threshold (< 2.0 A) for reliable docking conformations,
suggesting that the predicted binding poses are structurally
consistent and valid. Similarly, the native inhibitors demon-
strated comparable binding orientations with RMSD values
between 0.72 and 1.81 A and moderate docking scores. These
results confirm that the docking protocol applied in this study
is reliable and capable of reproducing stable ligand—protein in-
teractions, thereby validating the simulation used to assess the
binding potential of the investigated compounds. In addition,
the molecular docking protocol was also validated by redocking
the native ligand into each target protein. As shown in Figure

4, the redocking results were considered valid, as indicated by

RMSD values of all native ligand—protein complexes below 2

A.

Molecular docking analysis revealed that several compounds
in C. sumatrana extract exhibited competitive binding affini-
ties against neurodegenerative disease-associated proteins com-
pared to standard drugs (inhibitors) (Tables 8 and 9; Figure 5).
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Among the tested compounds, genistein showed the strongest
aflinity toward BACE1 with a total binding energy of -9.4 kcal/-
mol, exceeding the standard drug (-9.0 kcal/mol). This strong
interaction was primarily supported by substantial hydrogen
bond energy (-5.5 kcal/mol), together with carbon hydrogen
interactions (-0.5 kcal/mol) and hydrophobic interactions (-
3.4 kcal/mol), indicating stable ligand-protein binding. Genis-
tein also demonstrated strong affinity toward MAPK1 (-8.3
kcal/mol), mainly contributed by hydrogen bonding energy
of -6.2 kcal/mol, suggesting the importance of polar interac-
tions in stabilizing the complex. Brefeldin A exhibited notable
inhibitory potential against MAPK1 with a binding affinity
of -9.0 kcal/mol, closely matching the standard drug (-9.3
kcal/mol). Its interaction was supported by strong hydrogen
bonding energy (-5.5 kcal/mol) and hydrophobic interactions
(-2.9 kcal/mol). Similarly, brefeldin A displayed equivalent
binding affinity to the standard drug against CASP3 (-8.1 kcal/-
mol), with interaction stability contributed by hydrogen bonds
(-4.0 kcal/mol), carbon hydrogen interactions (-0.6 kcal/mol),
and hydrophobic energy (-3.5 kcal/mol). 8-epi-loganic acid-
6’-O-beta-D-glucoside demonstrated particularly strong inter-
action with CASP8, exhibiting a total affinity of -9.0 kcal/mol,
comparable to the standard inhibitor (-8.1 kcal/mol). This in-
teraction was mainly dominated by high hydrogen bond energy
(-6.5 kcal/mol), supported by additional carbon hydrogen in-
teractions (-0.8 kcal/mol) and hydrophobic interactions (-1.7
kcal/mol). The same compound also showed strong binding
toward MAPK1 (-8.2 kcal/mol) and BACE1 (-8.1 kcal/mol),
suggesting potential multi-target inhibitory activity mediated
predominantly through hydrogen bonding interactions. Ni-
gakilactone K exhibited strong affinity toward TNF-a (-8.6
kcal/mol) and BACE1 (-8.5 kcal/mol), closely approaching
the binding energies of the standard compounds. Its interaction
with TNF-a was largely stabilized by hydrophobic interactions
(-5.6 kcal/mol), along with hydrogen bonding (-2.0 kcal/mol)
and carbon hydrogen interactions (-1.0 kcal/mol). Similarly,
its binding to BACE1 involved balanced contributions from hy-
drogen bonding (-8.5 kcal/mol), carbon hydrogen interactions
(-1.2 kcal/mol), and hydrophobic interactions (-3.8 kcal/mol).
Picrasin G also displayed robust binding toward TNF-a (-8.3
kcal/mol) and BACE1 (-8.1 kcal/mol), with hydrophobic in-
teractions representing the major stabilizing force, particularly
against BACE1 (-7.3 kcal/mol). Overall, the binding energy
decomposition analysis suggested that both hydrogen bonding
and hydrophobic interactions played essential roles in stabiliz-
ing ligand—protein complexes.

The results of interaction recidue analysis (Table 10) in-
dicated that within MAPK1, ligand binding was mainly char-
acterized by hydrogen bonding with Lys54 and Asp167, key
residues associated with ATP-binding and catalytic activity
(Wuetal., 2025), alongside hydrophobic interactions involving
Tyr36, Val39, lled1, Ala52, and Leul56. Genistein, pterosin
Y, nigakilactone K, and loganic acid derivatives showed inter-
action patterns comparable to the native inhibitor and com-
mercial drug, suggesting possible occupancy of the MAPK1
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active site. Moreover, in TNF-a, binding was dominated by
hydrophobic and aromatic interactions with Tyr119, Tyr59,
and Leu57, while hydrogen bonds with Tyr151 and Gly121
may contribute to ligand orientation. Compounds such as
artemisic acid, genistein, and pterosin Y exhibited interaction
profiles similar to the commercial drug, potentially indicating
interference with TNF-a receptor interactions. Next, within
BACEI], ligand binding relied predominantly on hydropho-
bic enclosure involving Trp137, Tyr259, Phel69, and Asp93,
while selective hydrogen bonding with Asp93 and Ile187 was
observed for compounds including genistein, guanine, and ni-
gakilactone K, suggesting possible relevance to amyloidogenic
pathways (Bartoli¢ and Bosak, 2025). In CASP3, recurrent
hydrogen bonding with Arg207, Argb64, His121, and Thr62,
together with hydrophobic stabilization by Trp206, Tyr204,
and Phe256, was observed across several ligands. Notably,
genistein, pterosin Y, and nigakilactone K demonstrated inter-
action patterns comparable to the commercial drug, suggesting
potential modulation of apoptotic signaling (Shi et al., 2026).
However, all observations are based on molecular docking pre-
dictions and require further biochemical and experimental
validation.

Molecular docking provided mechanistic insights, revealing
competitive binding of key compounds in C. sumatrana to neu-
rodegenerative targets. Brefeldin A showed a strong affinity to
MAPKI, a signaling protein that has been shown to contribute
to neurodegenerative pathology by promoting tau hyperphos-
phorylation, neuroinflammation, oxidative stress, and synaptic
dysfunction (Wang et al., 2021). Moreover, genistein exhibited
a highest affinity to BACE1, suggesting its potential to inhibit
amyloid- 8 production, a hallmark of Alzheimer’s pathology
(Satir et al., 2020). Similarly, brefeldin A and nigakilactone K
showed strong inhibitory interactions with CASP3 and TNF-«,
implicating them in apoptosis regulation and neuroinflamma-
tion modulation-pathways central to neurodegenerative dis-
eases (Zhang et al., 2025). These findings align with a previous
in silico study demonstrating that curcumin from C. longa had a
strong inhibitory interaction with TNF-a (Singh et al., 2025)
while bisdemethoxycurcumin and demethoxycurcumin from
C. longa also had an inhibitory interaction with BACE1 (Shakira
and Maulina, 2025). Another molecular docking simulation in-
dicated that nano-curcumin had an inhibitory interaction with
CASP3 (Kh et al., 2025) while apigenin, demethoxycurcumin,
quercetin and curcumin from C. longa also had a high affinity
to MAPK1 to elicit inhibitory effect (Han et al., 2023).

The molecular docking findings of the present study are rel-
evant to several FDA-approved drugs that have demonstrated
clinical efficacy against neurodegenerative diseases, namely
donepezil, memantine, and aducanumab. A previous study has
reported that donepezil can interact with BACE1 in addition to
its established acetylcholinesterase inhibitory activity (Gabr and
Abdel-Raziq, 2018). Another study showed that aducanumab
possesses a strong binding affinity for amyloid- 8 in vitro (Soder-
berg et al., 2023). In addition, memantine has been shown
to modulate signaling pathways involved in excitotoxicity and
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Table 10. Binding Types and Interacting Residues of Ligand—Protein Complexes Based on Molecular Docking Simulations

MAPK TNF-a BACE1 CASP3
Compounds Binding Residue Binding Residue Binding Residue Binding Residue
Native  In-  Hydrogen Aspl67, Lys54, Met108 Hydrogen Tyr C:151 Hydrogen - Hydrogen Ser B:209, Arg B:207, His
hibitor A:121, Gly A:122, Thr
A:62
Carbon Hy-  Asnl54, Serl58, Aspl11, Aspl06  Carbon Hy-  Ser C:60, Gln C:61 Catbon Hy-  Ser96 Carbon Hy-  Asn B:208, Phe B:250
drogen drogen drogen drogen
Hydrophobic 6, Val39, lle31, Ala52,  Hydrophobic C:59, Leu C:57, Leu  Hydrophobic  11e179, Gly291, Asp93, 11e287,  Hydrophobic
Leul56, GIn105, 1le84, Leul07, , Tyr D:59, Leu B:55 Asp289, Thr292, Gly95, Tyr259,
GIn109, Thr110 11e287, Arg189, Val130, Pro131, :
Trp137, Phel69, Tyr132 Glu A:123, Met A:61, Ser
B:205, Tyr B:204, Arg
A:64, Gln A:161, Phe
B:256, Leu A:168, Trp
B:206
Non- Tyr D:119, Tyr C:119 Non- Lys A:163
Covalent covalent
Interaction interaction
Commercial Hydrogen Lys54, GIn103, Asp167, Asp111 Hydrogen Gly C:122 Hydrogen Tyr259, 1le187, Asp93 Hydrogen Arg B:207, Thr A:62, His
Drug A:121, Cys A:163, Ser A:65
Carbon Hy- Lys151, GInl1035, Carbon Hy- Leu D:120 Pi-Donor Hy- Trpl37 Carbon Hy- Phe B:250, Ser 205
drogen drogen Bond drogen Bond drogen
Hydrophobic Cys166, Leul56, Ala52, Val39, Hydrophobic C:120, Tyr D:119, Tyr Hydrophobic Argl89, Prol31, Val130, Ser97, Hydrophobic Asn B:206, Trp B:206,
1led1 119, Gly D:121, Leu Asn98, Ser96, Phel69, Trpl76, Tyr B:204, Gly A:60, Met
, lle D:58, Gly D:122, 1lel171, Leu91, I1le179, Gly291, A:61, Gln A:161 A:64,
157, Leu D:57, Tyr Tyr132, Gly9s Ser A:120, Ala A:162, Gly
A:122, Tyr B:204, Phe
7, Tyi 4 256, Ser B:251, Ser
Tyr D:151, Gln B:209, Ser B:249, Trp
D:61, Ser D:60, Leu B:214
Artemisic Hydrogen GIn105, Lys54 Hydrogen Ser D:60, Tyr D:151, Gly ~ Hydrogen - Hydrogen Cys A:168, Arg B:207, Arg
acid C:121
Carbon Hy-  Leul07, AsplO6, Vall04, lle53,  Carbon Hy-  Leu C:120 Catbon Hy- - Catbon Hy- -
drogen 11e103, Gly71, Aspl67, Tyr36,  drogen drogen drogen
Aspll, Asnl54, Ser153, Ile31
Hydrophobic ~ Met108, Ala52, lle84, Leul56,  Hydrophobic ~ Leu D:57, Tyr C:59, Tyr  Hydrophobic  Argl89, Vall30, Trp137, Phel69,  Hydrophobic  Ser B:205, Phe B:256, Trp
Val39, Cys166 C:151, Ser C:60, Tyr Leu9l, Tyr132, 1le179, Tyr259, B:206, Tyr B:204, Thr
C:119, GIn D:61, Tyr Gly291, Asp289, Thr292, Gly95, A:62, His A:121, Ser A:120,
D:119, Leu D:120, Gly Asp938, Ser96 Ala A:161, GIn A:161
D:121, Tyr D:59, Leu
, Gly C:122, Ile D:155
Brefeldin A Hydrogen Asp167, Lys54 Hydrogen Tyr D:151 Hydrogen Tyr259, lle187 Hydrogen Arg A:64, Arg B:207
Catbon Hy-  Serl53 Catbon Hy- - Catbon Hy-  Ser96 Carbon Hy-  Ser A:120
drogen drogen drogen drogen
Hydrophobic ~ Lys151, Aspl11, lle81, Leul07,  Hydrophobic ~ Tyr D:59, Gly C:121, Gly  Hydrophobic 11179, Trp187 Hydrophobic ~ Ser B:205, Ala A:162,
Aspl06, GIn105, Tyr85, Cys166, C:122, Leu C:120, Tyr Gly A:122, Thr A: Trp
Val39, Leuls6, Ala52, Met108, C:119, Ser A B:206, Tyr B:204, Phe
Tle84 Gln C:61, Tyr B:256, Leu A:168
D:121, Leu D:120, Tyr
D:119, Gln D:61, Ser D:60
Dendronobilin ~ Hydrogen Tyr 86, Ser153 Hydrogen Gly C:121 Hydrogen Tip137 Hydrogen Arg B:207
Carbon Hy- Tyrd6 Carbon Hy- - Carbon Hy- Gly291 Carbon Hy- His A:121
drogen drogen drogen drogen
Hydrophobic Lys34, Asp167, Asn154, Met108, Hydrophobic Gly D:121, Leu D:120, Hydrophobic Trpl76, lle171, Phel69, Leu9l, Hydrophobic Tyr B:204, Phe B: N
lled1, Aspl11, Lys114, Thr110, Ile D:155, Leu D:57, Ser Ile179, Asp93, Vall30, Gly95, Trp B:206, Arg 64,
Vald9, Glud3, Gly32, Leuls6, D:60, Tyr D:59, Leu C:57, Ser96 Gln A:161, Thr A:62, Ser
Cys166 Gly C:122, Tyr C:59, Tyr B:205
D:151, Gln D:61, Leu
C:120, Tyr D:119, Tyr
C:119
Fawcettimine  Hydrogen Lyss4, Ser153 Hydrogen Gly C:122 Hydrogen Gly291 Hydrogen Arg B:207
Carbon Hy-  Aspl67 Carbon Hy-  LeuD:120 Carbon Hy- - Carbon Hy- -
drogen Bond drogen Bond drogen Bond drogen Bond
Hydrophobic Ala52, Leuls6, Tyr36, Val39, Hydrophobic Leu D:57, Tyr C:59, lle Hydrophobic Asp93, Thr133, Gly95, Tyr259, Hydrophobic Ser A:65, Tyr B:204, Phe
Cys166 D:155, Val C:123, Leu Ser96, Trp187, Val130, Phel69, B:256, Cys A:163, Trp
C:57, Tyr D:59, Gly C:121, Trp176, Lys168, Tyr132, Asp289, B:206, Ser B:205, Gln
Tyr D:151, GIn D:61, Ser 1le179, Thr292, Leu9l A:161, Ser A:120, Ala
D:60, Leu C:120, Tyr A:162, Arg A64, Gly
D:119, Tyr C:119, Gly A:122, His A:121, Thr
D:121, Leu B: Tle D:58, A:62
Gly D:122, Leu B:157
Furanodiene Hydrogen - Hydrogen - Hydrogen - Hydrophobic ~ Arg A:64, Thr A:62, Arg
Bond B:207, Ser B:205, Phe
B:256, Tyr B:204, Leu
A:168, His A:121
Catbon Hy- - Catbon Hy- - Catbon Hy- - Catbon Hy-  Trp B:206
drogen drogen drogen drogen
Hydrophobic 181, Leul56, Ala52, Ile84,  Hydrophobic ~ TyrC:119, Tyr D:119,Ser  Hydrophobic ~ Tyr132, Phel69, Val130, Asn98,  Non- Cys A:163
Cys166, Tyr36, Lys54, Val39 C:60, GIn C:61, Tyr C:151, Trpl87, le179, Ser96, Argl89, covalent
C:59, Leu C:120, GIn D:61, 1le187, Gly95, Tyr259, Asp93 interaction
Gly C:121, Tyr D:151, Ser
D:60, Gly C:122, Tyr D:59,
Leu D:120, Gly D:121
Genistein Hydrogen Met108, Aspl11, Lys114 Hydrogen Gly C:121, Tyr D:151 Hydrogen 1le187, Gly291 Hydrogen Arg A:64, Ser A:120, Phe
B:256
Catbon Hy-  Thrl10 Catbon Hy- - Catbon Hy-  Ser96 Hydrophobic ~ Tyr B:204, His A:121, Gly
drogen drogen drogen A:122, Ala A:162, Gln
A:161, Ser B:213, Ser
B:205, Trp B:206
Hydrophobic Glu71, Aspl67, Lys54, Cys166, Hydrophobic Leu B:157, Val B:123, Hydrophobic Alal88, Argl89, Ser97, Asn98, Non- Cys A:163, Arg B:207
Val39, Leul56, Glul109, Leul07, Val D:123, Leu B:55, Gly Val130, Trp137, Tyr132, Phel69, covalent
Ala52, GIn105, 1le103 D:122, Leu D:57, Gly Trpl76, llel171, Leu91, 1le179, interaction
D:121, Leu D:120, Tyr Thr292, Asp93
D:122, Leu D:57, Tyr
D:119, Ser D:60, GIn D:61,
Leu C:120, Gly C:122
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Guanine Hydrogen GIn105, Asp106, Met108 Hydrogen Tyr D:151, Gly G:121 Hydrogen 1le187, Asn98, Trpl87 Hydrogen Ser A:120, Arg A:G4, His
Bond A:l121
Carbon Hy- - Catbon Hy- - Catbon Hy- - Hydrophobic ~ Trp B:206, Ser B:205, Gln
drogen drogen drogen A:161, Ala A:162, Gly
A:122
Hydrophobic ~ Ile84, Val39, Ala52, Cysl66,  Hydrophobic ~ Leu D:57, Tyr D:59, Gly  Hydrophobic  Alal88, Argl89, Val130, Tyr132,  Non- Arg B:207, Cys A:163
Leul56, Iled1, Leul07 C:122, Leu C:120, Gln Phel69, 1le179, Ser96, Ser97 covalent
D:61, Tyr D:119, Ser D:60, interaction
Leu D:120, Gly D:121, Gly
D:122
Alpha- Hydrogen Lys54 Hydrogen - Hydrogen - Hydrogen -
Khusinol
Carbon Hy- - Catbon Hy- - Catbon Hy- - Carbon Hy-  His A:121
drogen drogen drogen drogen
Hydrophobic 1158, Ala52, 1e31, Val39,  Hydrophobic ~ Tyr C:119, Gly D:121,  Hydrophobic  Phel69, Asp93, Trp187, lle179,  Hydrophobic ~ Tyr B:204,
Leul07,  Met108,  Asplll, Leu B:55, Leu B:157, Gly Asn98, Vall80, Ser96, Argl89, Cys A:163,
Leul56, Ser158, Tyr36, Aspl67, D:122, Val B:123, Val 1le187, Gly291, Gly95, Tyr132, Thr A:62, Ser B:205, Arg
Asnl54 D:123, Leu D:57, Tyr Thr133 B:207, Ser B:213, GIn
D:59, Gly C:122, Gly A:161, Ala A:162, Arg
C:121, Leu C:57, Tyr A:64, Ser A:120
D:151, Ser D:60, Leu
D:120, Tyr D:119
Linderazulene  Hydrophobic ~ Leul56, Cys166, Val39, Tyr36,  Hydrogen - Hydrogen - Hydrogen -
1184, Ala52, Lys54
Catbon Hy- - Catbon Hy-  Gly C:121 Catbon Hy- - Hydrophobic ~ Trp B:206, Ser B:205, Ser
drogen drogen drogen B:213, Gln A:161, Arg
A:64, Ser A:120, His A:121,
Ala A:162, Gly A:122, Tyr
B:204
Hydrophobic Ser153, Tyr36, Val39, Leul56, Hydrophobic Tyr D:119, GIn D:61, Ser Hydrophobic Asp289, Ser96, Gly95, Thr292, Non- Arg B:207, Cys A:163
lled1, Ile84, Met108, Leul07, D:60, D:120, Gly291, Asp93, 1lel179, Leu9l, covalent
Aspl06, GIn105, Glu71, Lys54, C:122, Tepl76, lle171, Phel69, Tyr132,  interaction
Aspl67, Cys166 Tyr D .2 Tip137, Vall30
C:128, Leu C:57, Tyr C:59
Ser C:60, Tyr C:119, Leu
C:120, Tyr C:151
Loganic acid  Hydrogen Lys151, Serl53, Asp167, Lys54,  Hydrogen Gly B:121, Tyr A:121 Hydrogen Gly291,  Thr292,  Asp289,  Hydrogen Phe B:250, Arg B:207,

6’-O-beta-D-

GIn105, Asp111, Lys114, Asp106,

Trpl37, Asn98, Argl89, 1le187,

,

A:122, Ser

glucosid Met108, Asnl54, Tyr36 Phel69 B:205, Arg A:64
Carbon Hy- Thr110 Carbon Hy- Leu D:157, Leu B:120, Tyr Carbon Hy- Gly95 Carbon Hy- Ser B:249, Ser A:120
drogen drogen B:119, Ser B:60 drogen drogen
Hydrophobic Val A:39, Ile A:31, Leu:156, Ala Hydrophobic TyrA:119 Hydrophobic Val393, 11e287, Ser96, Vall30, Hydrophobic Trp B:206, Ser B:251, Phe
A:52 Ser97, Tyr259, Tyr132, Ile179, B:256, Ser A:65, Thr A:62,
Lys168, Trp176, Ile171, Leu9l, Tyr B:204, Cys A:163, Ala
GIn73, Gly74 A:162, Gln A:161, Asn
B:208, Lys B:210
Nigakilactone ~ Hydrogen Aspl11, Tyr36 Hydrogen - Hydrogen Trpl87, Asp93 Hydrogen Arg B:207, Thr A:62
K
Catbon Hy-  GInl05, Thrl10 Carbon Hy-  Ser D:60, Tyr D:151 Catbon Hy-  Gly95, Asp289, Gly291 Carbon Hy-  His A:121
drogen drogen drogen drogen
Hydrophobic 11103, Ala52, 1le53, Leul56,  Hydrophobic ~ Leu B:157, Tyr C:119,  Hydrophobic  Ser96, Tyr259, 11287, Thr292,  Hydrophobic  Ser B:209, Ser A:65, Met
Cys166, Met108, Glul09, Ile, Tyr D:119, Tyr C:59, Leu9l, Gly74, GIn73, Ilel71, A:61, Tyr B:204, Phe
Lys114, Ser158, Gly82, Asnl54, Leu C:120, Gly C:121, Lys168, Trp176, Phel69, 1le179, B:256, Cys A:163, Ser
Glud3, Lys54, Asp167 Gln D:61, Tyr D:59, Leu Thr133, Tyr132, Val130 B:205, Trp B:206
D:120, Gly D:121, Leu
B:55, Leu D:57, Val D:123,
D:122, Ile D:58, Val
B:123
Picrasin G Hydrogen Asp106, Met108 Hydrogen Gly D:122 Hydrogen - Hydrogen Cys A:163, Arg B:207
Carbon Hy- Aspl67 Hydrophobic Val D:123, Val B:123, Carbon Hy- Gly291 Carbon Hy- Ser B:206
drogen Leu B:55, Leu B:157, drogen drogen
Gly D:121, Tyr D:119,
Ser D:60, Leu D:120,
Tyr D:59, Tyr D:151,
Leu C:120, Tyr C:59,
Gly C:122, Leu C:57, lle
D:155, Leu D:57
Hydrophobic ~ Glu71, Ala52, Leul56, Leul07, Hydrophobic Thr133, Hydrophobic Ser  B:209,
Lys114, Thr110, Glu109, Ile31, Gln134, Trp  B:206,
Aspl11, Gly32, Tyrl13, Glu33, Lys168, Arg  A64,
Ser153, Tyr36, Asn154, Lys151, Thr291, Gln  A:161,
Cys166, Lys54 Asn294, Ser  A:120,
Thr293, His  A:121,
Gly72, Ala  A:162,
llel71, Gly A:122,
Gly74, Thr A:62,
GIn73, Tyr  B:204,
Trpl76, Phe B:256
Leu91,
Tlel179,
Phel69,
Tyr132,
Ser96,
Tyr132,
Iipl87
Pterosin Y Hydrogen Lys54, Aspl67, GIn105, Met108,  Hydrogen Gly C:121, Tyr C:151, Gln~ Hydrogen Ser96, 11187, Ser97, Argl89 Hydrogen Arg B:207, Arg A:64
Lys114, Asp111 :
Hydrophobic ~ Glu71, Tyr86, Asnl54, Serl53,  Carbon Hy-  Ser C:60 Catbon Hy-  Asp93 Hydrophobic A:163, Trp B:206,
Leul57, Thr110, Glul09, Tle31, drogen drogen 256, Gly A:122, Ala
Leul07, Val39, e84, 1le53 A:162, Ser B:213, Gln
A:161
Hydrophobic Hydrophobic ~ Leu91, Tle179, Gly181, Ala100,

Tyr C:59, Leu C:57, Tle
C:58, lle D:155, Leu D:57,
01192, Tyr D:59, Ser
D:60, Tyr D:151, Tyr
D:119, Leu C:120, Tyr
C:119

Trpl37, Asn98,
Gly95, V

la188, Tyr259,
al130, Tyr132, Phe169

neuroinflammation (Sato et al., 2021). In the present study,
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several bioactive compounds identified from C. sumatrana ex-
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hibited strong binding aflinities toward BACE1, with some
compounds demonstrating docking scores comparable to those
of reference ligands. These findings suggest that the predicted
neuroprotective potential of C. sumatrana may, at least in part,
be mediated through modulation of the BACE1-associated
amyloidogenic pathway, a mechanism that is highly relevant to
currently approved anti-neurodegenerative therapies.

Although molecular docking provides valuable preliminary
insight into the binding affinity and potential interactions be-
tween bioactive compounds of C. sumatrana and target proteins,
the stability and dynamic behavior of these ligand—protein
complexes under physiological conditions are more accurately
evaluated through molecular dynamics (MD) simulations. MD
simulations are important for validating docking results be-
cause they can assess conformational stability, interaction per-
sistence, binding flexibility, and the overall reliability of the
predicted complexes over time (Ramirez and Caballero, 2018).
However, due to current limitations in computational facili-
ties and resources, MD simulations could not be performed
in the present study. Therefore, comprehensive MD simula-
tion analysis should be considered a major priority for future
investigations to further validate and strengthen the molec-
ular interaction findings reported in this study. In addition,
the potential inhibitory interactions between bioactive com-
pounds from C. sumatrana extract and the MAPK1, BACEI,
TNF-a, and CASP3 proteins were predicted solely through in
silico simulations. Therefore, further validation using gene and
protein expression analyses, such as qPCR and Western blot-
ting, for MAPK1, BACE1, TNF-a, and CASP3 is necessary to
confirm the proposed molecular mechanisms underlying their
biological activities.

3.4 Antioxidant Capacity of C. sumatrana Extract

The antioxidant capacity of C. sumatrana extract was evaluated
using DPPH, ABTS, and FRAP assays (Figure 0), revealing
dose-dependent activity across all tests. In the DPPH assay,
radical scavenging activity increased from 48.01% at 50 ug/mL
to 78.05% at 500 ug/mlL, with an ICj5y of 52.6 ug/mL, indi-
cating strong free radical neutralization potential. The ABTS
assay showed lower scavenging activity, ranging from 3.05% at
25 pug/mL to 20.45% at 200 ug/mlL, yielding a higher 1Cj5q
(497.7 pug/mlL), suggesting reduced eflicacy in this system. For
the FRAP assay, the extract demonstrated moderate reduc-
ing power (RP), with RP;y of 195.2 ug/mL. These results
collectively highlight the strongest antioxidant performance
in the DPPH model, followed by FRAP and ABT'S, aligning
with its potential as a natural source of free radical scavengers,
particularly effective at higher concentrations. The marked
differences in 1C50/RP50 values across assays likely reflect vari-
ations in antioxidant mechanisms and sensitivity to the tested
phytochemical constituents.

Science and Technology Indonesia, 11 (2026) 1212-1240

DPPH assay (IC59 52.6 pg/ml.) indicates superior hydrogen-
donating ability-a property crucial for quenching lipid peroxi-
dation cascades in neuronal membranes (Syukur et al., 20238;
Durand et al., 2025). A strong DPPH scavenging activity of
ECS likely attributes to the ability of bioactive compounds in
the groups of flavonoids and terpenoids that serve as hydro-
gen donor to neutralize stable radicals. Otherwise, terpenoids,
as major group found in C. sumatrana, is lacking of hydroxyl
groups which are crucial for efficient electron or hydrogen trans-
fer in neutralizing free radicals under FRAP and ABTS assays
(Mohandas and Kumaraswamy, 2018). The potent DPPH
scavenging is consistent with structure-activity relationships
where hydroxylated flavonoids and terpenoids excel at radical
stabilization (Sui et al., 2024) and may also contribute to chain-
breaking antioxidant actions in lipid-rich environments like the
brain tissue (Gutiérrez-Del-Rio et al., 2021; Chen et al., 2025).
The DPPH scavenging activity of ECS surpasses C. aeruginosa
extract (DPPH ICj50 89.90 ug/mL) (Nurcholis et al., 2017)
and Zingiber zerumbet extract (IC5y 100 ug/mL) (Assiry et al.,
2023). However, it is lower than C. longa (IC5y 87.1 ug/mL)
(Sabir et al., 2021), C. aromatica (IC5y 15.3 ug/mL) and C. an-
gusetifolia extract (IC50 16.08 pg/mL) (Albagami et al., 2022)
and curcumin from C. zedoaria (1C50 44.06 ug/mL) (Shofia
etal., 2024). The differences among species could be attributed
to variations in their phytochemical constituents. Future com-
parative phytochemical profiling is needed to elucidate it.

The antioxidant activity observed in the present study should
be interpreted as preliminary evidence based on chemical an-
tioxidant assays. Among the assays performed, only the DPPH
assay demonstrated strong antioxidant activity. While the re-
sults suggest that C. sumatrana possesses noticeable antioxidant
potential, these assays do not fully reflect the complexity of an-
tioxidant mechanisms in biological systems. Therefore, direct
interpretation regarding intracellular oxidative stress modula-
tion or cellular antioxidant effects cannot be drawn from the
current findings alone. More comprehensive approaches, such
as Oxygen Radical Absorbance Capacity (ORAC) analysis and
cellular reactive oxygen species (ROS) assays, would provide
stronger mechanistic evidence and greater biological relevance
(Thanuma et al., 2025). However, these analyses were beyond
the scope of the present study and could not be performed
at this stage. Consequently, future studies should prioritize
cellular and mechanistic antioxidant evaluations to validate the
biological significance of the antioxidant activity observed and
to further elucidate the underlying mechanisms of action of C.
sumatrana extract.

It should also be akcnowledged that there is a discrepancy
between moderate antioxidant activity of C. sumatrana in vitro
and strong binding aflinities of the compounds in the extract
toward MAPK1, TNF-a, BACE1, and CASP3 in silico. This
discrepancy may be attributed to the different mechanisms eval-

The in vitro antioxidant profile of ECS reveals a dose-dependentuated by these approaches. While DPPH, ABTS, and FRAP

capacity to neutralize free radicals, though its efficacy varied
significantly across assays (stronger in DPPH assay but weaker
in FRAP and ABTS assays). Its strongest performance in the

© 2026 The Authors.

assays measure the direct radical-scavenging and reducing ca-
pacities of the extract (Rumpf et al., 2023), molecular docking
predicts the ability of individual compounds to interact with
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proteins involved in neuroinflammation, amyloidogenesis, and
apoptosis. Nevertheless, these mechanisms are closely inter-
connected (Bi et al., 2025), as oxidative stress can activate in-
flammatory, amyloidogenic, and apoptotic pathways, whereas
inhibition of these proteins may indirectly reduce oxidative
damage and neuronal injury. Therefore, the neuroprotective
potential of C. sumatrana may be mediated through a combi-
nation of moderate direct antioxidant activity and modulation
of multiple molecular targets involved in neurodegenerative
disease progression.

3.5 Anti-Neurodegenerative Activity of C. sumatrana Ex-
tract

The ECS significantly attenuated MSG-induced cognitive deficits
across multiple behavioral paradigms (Figure 7). In the Hebbs-
William Maze test, one-way ANOVA showed a significant dif-
ference in transfer latency among groups (F(4,20) = 16.38, p <
0.0001, n% = 0.77) (Figure 7A), indicating a very large treat-
ment effect. The MSG group exhibited significantly higher
transfer latency than the control group (p < 0.0001, Cohen’s
d = 8.11), whereas ECS at 75, 150, and 300 mg/kg BW sig-
nificantly reduced latency compared with the MSG group (p
=0.014, 0.001, and < 0.0001; Cohen’s d = 1.76, 2.84, and
3.89, respectively). No significant differences were observed
between ECS 150 and 800 mg/kg BW (p = 0.284, Cohen’s d =
0.88) or between the control and ECS 150 mg/kg BW groups
(p = 0.771, Cohen’s d = 0.42), indicating substantial cognitive
recovery at higher doses.

Similarly, in the Morris Water Maze test, significant differ-
ences in escape latency were observed among groups (F(4,20)
=12.94, < 0.0001, »? = 0.72) (Figure 7B). The MSG group
showed significantly impaired spatial memory compared with
the control group (p = 0.001, Cohen’s d = 2.45). ECS at 150
and 300 mg/kg BW significantly reduced escape latency rel-
ative to the MSG group (p = 0.018 and < 0.0001; Cohen’s d
= 1.52 and 2.87, respectively). Notably, no significant differ-
ence was found between the control and ECS 300 mg/kg BW
groups (p = 0.964, Cohen’s d = 0.19), suggesting near-complete
restoration of spatial memory performance.

In the hole-board test, one-way ANOVA also revealed sig-
nificant differences in exploratory behavior (F(4,20) = 7.86, p
=0.0006, 72 = 0.61) (Figure 7C). The MSG group displayed
significantly reduced exploratory activity compared with the
control group (p = 0.008, Cohen’s d = 3.01), while ECS treat-
ment at 75, 150, and 300 mg/kg BW significantly improved
exploratory behavior (p = 0.019, 0.011, and 0.001; Cohen’s d
=2.11, 1.79, and 2.84, respectively). No significant difference
was observed between the control and ECS 300 mg/kg BW
groups (p = 0.638, Cohen’s d = 0.46). Overall, these findings
demonstrate that ECS effectively ameliorated MSG-induced
impairments in learning, memory, and exploratory behavior,
with the 300 mg/kg BW dose showing the strongest neuropro-
tective effect.

In this present study, higher doses of ECS effectively nor-
malized spatial learning, memory retrieval, and exploratory

© 2026 The Authors.
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behavior. Similarly, a previous study also demonstrated that
C. zedoaria extract could improve memory and learning in
pentylenetetrazole-induced cognitive impairment in rats (Mah-
moudi et al., 2020). Likewise, curcumin from C. longa is ca-
pable of preserving spatial memory in genetically engineered
mouse model of Alzheimer’s disease (Lamichhane et al., 2024),
while a study by Kumar et al. (2023) indicated that curcumin
could improve learning and memory in AICI3-induced Alzhei-
mer’s rat model. The complete reversal of cognitive deficits at
highest dose of ECS in our study mirrors effects seen with cur-
cumin from C. longa in MSG-induced rats (Khalil and Khedr,
2016). Notably, the restoration of exploratory behavior, even
at lower doses of ECS in our study, suggests early effects on
motivational circuits, possibly via modulation of dopaminergic
or glutamatergic systems-mechanisms previously implicated
for terpenoids (Manayi et al., 2016), a major constituent of
ECS.

Biochemical measurement revealed that MSG administra-
tion significantly elevated MDA levels in brain tissue, indicating
increased lipid peroxidation. One-way ANOVA demonstrated
a statistically significant difference in MDA levels among the
experimental groups (F(4,20) = 8.73, p = 0.0008, 2 = 0.64)
(Figure 7D). ECS treatment attenuated this effect in a dose-
dependent manner. Mice receiving the lowest ECS dose (75
mg/kg BW) showed no significant reduction in MDA levels
(» = 0.936, Cohen’s d = 0.18). However, higher ECS dose
(300 mg/kg BW) significantly lowered MDA concentrations
(» = 0.0389, Cohen’s d = 1.42). While the 300 mg/kg BW
ECS group exhibited the strongest reduction, its MDA levels
remained significantly higher than those of the control group (p
= 0.043, Cohen’s d = 1.62), suggesting partial but incomplete
normalization of oxidative stress. These results demonstrate
that higher ECS doses (300 mg/kg BW) effectively mitigate
MSG-induced oxidative damage, with efficacy proportional to
dosage.

MDA-a terminal product of polyunsaturated fatty acid
oxidation-is a well-established marker of oxidative stress, el-
evated in Alzheimer’s and Parkinson’s patients(Sethiya et al.,
2024). The dose-dependent MDA reduction directly correlates
with the ECS in vitro antioxidant capacity, suggesting that its
free radical scavenging activity translates to in vivo neuroprotec-
tion. This aligns with reports on curcumin of C. longa showing
that its antioxidant properties mediate its anti-amyloidogenic
effects ((Kleinrichert and Alappat, 2019).

The C. sumatrana extract (ECS) significantly mitigated MSG-
induced histopathological damage in the hippocampal CA1 and
CA3 regions of mice (Figures 8 and 9). Histopathological analy-
sis revealed significant differences in hippocampal cell integrity
among treatment groups. In the CA1 region, one-way ANOVA
demonstrated a highly significant difference in degenerative
cell counts (F(4,20) = 41.82, p < 0.0001, n% = 0.89) (Figure
9A), indicating a very large treatment effect. Bonferroni post
hoc analysis showed significantly higher degenerative cell num-
bers in the MSG and ECS 75 mg/kg BW groups compared
with the control group (both p < 0.0001; Cohen’s d = 4.12 and
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8.58, respectively). In contrast, ECS 150 and 300 mg/kg BW
significantly reduced degenerative cell counts compared with
the MSG group (p = 0.002 and 0.001; Cohen’s d = 2.74 and
2.81, respectively), with no significant difference between ECS
150 and 300 mg/kg BW (p = 0.991, Cohen’s d = 0.09). Simi-
larly, in the CA8 region, one-way ANOVA revealed significant
differences in degenerative cell counts (F(4,20) = 87.56, p <
0.0001, 2 = 0.88) (Figure 9C). Bonferroni analysis indicated
significantly increased degeneration in the MSG and ECS 75
mg/kg BW groups compared with the control group (both p
< 0.0001; Cohen’s d = 8.76 and 3.41, respectively), whereas
ECS 150 and 300 mg/kg BW significantly reduced degenera-
tion relative to the MSG group (p = 0.001 and 0.002; Cohen’s
d = 2.63 and 2.49, respectively). No significant difference was
observed between ECS 150 and 300 mg/kg BW (p = 0.873,
Cohen’s d = 0.18).

For viable cells, no significant difference was detected in
the CA1 region (F(4,20) = 2.11, p = 0.118, 2 = 0.29), and all
pairwise comparisons were non-significant (p > 0.05) (Figure
9B). However, significant differences were observed in viable
cell counts within the CA3 region (F(4,20) = 8.94, p = 0.0003,
n? = 0.64) (Figure 9D). Bonferroni analysis demonstrated that
the MSG group had significantly fewer viable cells than the
control, ECS 75 mg/kg BW, ECS 150 mg/kg BW, and ECS
300 mg/kg BW groups (p = 0.004, 0.011, 0.015, and 0.009;
Cohen’s d = 1.92, 1.44, 1.88, and 1.51, respectively), whereas
no significant differences were found among the ECS-treated
groups (p > 0.05). Overall, these findings indicate that ECS
treatment effectively reduced hippocampal neurodegeneration
and preserved neuronal viability, particularly in the CA3 re-
gion.

Histopathological examination provided supportive evi-
dence that C. sumatrana protected the hippocampus from MSG-
induced neuronal damage. As a brain region that plays a central
role in learning and memory, the hippocampus is highly vul-
nerable to oxidative stress and excitotoxic injury, making it one
of the most affected areas in neurodegenerative disorders such
as Alzheimer’s disease (Pluta et al., 2021). In the present study,
ECS at higher doses significantly reduced neuronal degener-
ation in both the CA1 and CA3 regions, whereas the lower
dose was insufficient to produce a comparable protective ef-
fect. Interestingly, increasing the dose of ECS from 150 to
300 mg/kg BW did not result in additional protection, sug-
gesting that the optimal neuroprotective effect may already
have been achieved at 150 mg/kg BW. The preservation of
viable neurons, particularly in the CA8 region, further high-
lights the ability of ECS to maintain hippocampal integrity
under neurotoxic conditions. The CA3 region appeared to re-
spond more favorably to treatment, as reflected by the greater
preservation of non-degenerated neurons. This finding may
be related to differences in the expression of neuroprotective
factors, such as Brain-Derived Neurotrophic Factor (BDNF)
and Nerve Growth Factor (NGF), which play important roles
in neuronal survival and synaptic plasticity (Wihadmadyatami
et al., 2025). Consistent with the present findings, C. longa and
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its major bioactive compound, curcumin, have been reported
to protect neurons in the hippocampal CA1l and CA83 regions
and improve brain health in experimental models (Banji et al.,
2021; Gonzadlez-Granillo et al., 2022).

The neuroprotective effects of C. sumatrana are likely at-
tributable to the diverse bioactive compounds present in the
extract. It is speculated that these compounds exert their bene-
ficial effects through several mechanisms, including reducing
oxidative stress, suppressing inflammatory signaling pathways
(such as TNF-a and MAPK), and inhibiting apoptosis. This is
particularly important because oxidative stress, neuroinflam-
mation, and apoptosis are recognized as key contributors to
hippocampal degeneration and the progression of neurode-
generative diseases (Dash et al., 2025). Therefore, targeting
these pathological processes is crucial for maintaining neuronal
health and slowing disease progression (Adamu et al., 2024;
Altahrawi et al., 2025).

The phytochemical constituents identified in the extract
may exhibit both synergistic and antagonistic interactions that
collectively influence their potential neuroprotective activity
against neurodegenerative diseases. Several compounds, par-
ticularly Genistein, Artemisic acid, Furanodiene, and 8-Epi-
loganic acid-6’-O-beta-D-glucoside, may act synergistically
through complementary mechanisms involving antioxidant,
anti-inflammatory, and anti-apoptotic pathways. Genistein
is widely associated with suppression of TNF-a, NF-xB, and
MAPK signaling (Khairudin et al., 2025), while sesquiterpenoid
compounds such as artemisic acid and furanodiene may con-
tribute to the reduction of oxidative stress, mitochondrial dys-
function, and neuronal apoptosis (Yan et al., 2021). In addi-
tion, iridoid glycosides such as 8-epi-loganic acid-6’-O-beta-
D-glucoside may enhance cellular resilience and neuropro-
tective signaling. Alkaloid compounds such as Fawcettimine
may further support neurotransmission and neuronal survival,
potentially enhancing cognitive protection through choliner-
gic modulation. Moreover, sesquiterpenoids including Alpha-
khusinol and Linderazulene may synergistically stabilize neu-
ronal membranes and attenuate lipid peroxidation. Quassinoid
compounds such as Nigakilactone K and Picrasin G may also
cooperatively regulate inflammatory and apoptotic signaling
pathways associated with MAPK1, TNFa, and CASP3 modu-
lation. However, potential antagonistic interactions may also
occur. Brefeldin A, despite possessing certain bioactivities,
is known to induce Golgi and endoplasmic reticulum stress
(Oh-Hashi et al., 2021), which at higher concentrations may
enhance neuronal apoptosis and counteract neuroprotective
effects. Competition among lipophilic terpenoid compounds
for metabolic enzymes, plasma protein binding, or blood-brain
barrier transport may additionally alter compound bioavailabil-
ity and pharmacological effectiveness. Therefore, the neuro-
protective activity of the extract is likely mediated by a complex
polypharmacological interaction network involving both syner-
gistic and antagonistic mechanisms among its phytochemical
constituents.
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4. CONCLUSIONS

This study demonstrated the neuroprotective potential of C.
sumatrana through phytochemical, computational, in vitro, and
in vivo analyses. LC-MS/MS-QTOF profiling identified 13
compounds, predominantly terpenoids. In silico analyses pre-
dicted antioxidant, anti-inflammatory, and antineurodegener-
ative activities, while drug-likeness assessment suggested fa-
vorable bioavailability for all identified compounds. ADMET
prediction highlighted artemisic acid, genistein, picrasin G,
brefeldin A, and a-khusinol as the promising pharmacoki-
netic candidates, whereas dendronobilin F exhibited the low-
est predicted toxicity. Furthermore, molecular docking tar-
geting neurodegeneration-associated proteins revealed strong
interactions of brefeldin A, nigakilactone K, genistein, and
8-epi-loganic acid-6’-O-B-D-glucoside with MAPK1, TNF-
a, BACE1, and CASP3, respectively. In addition, the rhi-
zome extract exhibited antioxidant activity, particularly in the
DPPH assay, and significantly ameliorated MSG-induced cog-
nitive impairment, hippocampal neurodegeneration, and ele-
vation of brain MDA levels in mice. Collectively, these find-
ings suggest that C. sumatrana is a promising source of neuro-
protective agents, plausibly acting through the modulation of
neurodegeneration-related pathways and antioxidant mecha-
nisms. Further studies are needed to isolate the active com-
pounds and validate their therapeutic efficacy and molecular
mechanisms.
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