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ABSTRACT: Gingipain K, a virulence protein from Porphyromonas gingivalis, is involved in the pathogenesis of
Alzheimer’s disease. Hence, this research aimed to investigate the potential of methanolic extract of Cratoxylum
cochinchinese leaves (CME) and the pure compound, mangiferin, in inhibiting this protein. The inhibition of gingipain K
activity was measured based on the cleaving potential of this enzyme towards Ac-Lys-pNA, a synthetic peptide substrate
containing a chromogenic leaving group. Phytocompounds present in CME were then used as ligands in a simulated
docking study with gingipain K. Results indicated that the CME was a potential inhibitor of gingipain K, reducing the
protein activity in a dose dependent manner compared with the untreated control. Molecular docking analysis of the
phytocompounds revealed mangiferin as the best inhibitor with the highest docking score. The studies showed that
mangiferin engaged in H-bonding and π-π interactions with important active site residues in vicinity, such as Asp388,
Gly445, Cys477, Trp391, and Trp513. The compound, when tested in the in vitro gingipain K inhibition assay, produced
an IC50 of 134.20 µM, which was close to the IC50 of the positive control, TLCK (IC50 = 108.40 µM). The additional
bioactivity of mangiferin as gingipain K inhibitor as reported here together with its known neuroprotective activity shall
encourage further investigation of this molecule in the treatment of such a debilitating illness, the Alzheimer’s disease.
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INTRODUCTION

Porphyromonas gingivalis is an asacharolytic, non-
motile, anaerobic Gram-negative bacterium that has
been identified as a keystone pathogen for periodon-
titis [1]. Recently, this bacterium is detected in the
cerebrospinal fluid (CSF) of subject diagnosed with
Alzheimer’s disease (AD) [2]. Intriguingly, one of its
virulence proteins, gingipain K (Kgp), a trypsin-like
cysteine protease enzyme, is found in abundance in the
cerebral cortex of AD brain, and the enzyme is found
to play a critical role in the pathogenesis of this disease
[3].

The neurotoxicity of this protease was reported
both in vitro and in vivo. The enzyme was able to break
down Tau protein through proteolysis [3]. It was pre-
viously shown capable to activate caspase-3 leading to
both Tau phosphorylation [4] and cleavage [5]. Deteri-
oration of Tau by Kgp resulted in hyperphosphorylation
of this protein, which led to formation of insoluble
paired helical filaments (PHFs) that eventually grew
into neurofibrillary tangles (NFTs) [6]. P. gingivalis
synthesised outer membrane vesicles (OMVs) enriched
with Kgp were rapidly internalised into mammalian

cells, activating NLRP3 inflammasome and initiating
the formation of ASC speck which caused cell death
through pyroptosis [7]. Activation of NLRP3 inflam-
masome in microglia and liberation of ASC specks trig-
gered β-amyloid (Aβ) aggregation and deposition [8].
It was also revealed that intraneuronal Kgp stimulated
neuronal NLRP1, leading to neuronal cell death and
secretion of neuroinflammatory interleukins IL-1β and
IL-18 [3]. In addition, triggering receptor expressed
on myeloid cells 1 (TREM1) was previously shown to
be degraded by Kgp as well [3]. The degeneration of
TREM1 by Kgp resulted in dysregulation of Aβ phago-
cytosis in the central nervous system and induced
chronic inflammation which further damaged the brain
cells [9]. Apolipoprotein E4 (APOE4) was also re-
ported as another target of Kgp. It was cleaved by this
enzyme through proteolysis and produced neurotoxic
fragments that caused the formation of Aβ plaque and
disruption of normal functioning of neurons in AD
brain [10]. As such, Kgp is regarded as an important
target in the pathogenesis of AD that warrants further
investigation.

In the past, a number of naturally derived and
synthetic molecules were reported to inhibit the Kgp
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of P. gingivalis. Natural inhibitors were characterised
through the screening of bioactive substances while
synthetic inhibitors were designed and synthesised
based on the specificity of the active site. The natural
inhibitors of Kgp were mostly derived from plants
such as canavanine in sword bean extract (SBE) [11],
catechins in green tea extract [12], Sanggenol A
from Morus alba root bark [13], and quercetin [14].
Likewise, Kgp activities could also be suppressed by
synthetic inhibitors such as KYT-36 [15], COR119,
COR271 [3], A71561, and tetracyclines [16]. How-
ever, these molecules proved unsuitable in in vivo
studies due to their interference with important host
proteolytic enzymes [16]. Hence, inhibitors from natu-
ral sources, especially from plants are much promising
in this regard.

Cratoxylum cochinchinense is a perennial tree
species widely distributed in Southeast Asia. It is
classified under the Hypericaceae family and is known
as ‘tue gliang’ in Thailand. This plant has been
broadly used as traditional medicine to treat numer-
ous illnesses such as itches, cough, diarrhea, burns,
fever, and abdominal pain [17]. Previous findings
reported that different parts of C. cochinchinense plant
(leaves, stems, barks, branches and twigs, fruits,
resins, and roots) contained abundance of polypheno-
lic compounds such as xanthones [18], tocotrienols,
anthraquinones [19], and triterpenoids [20]. The
leaves specifically were found to contain phenolic
components such as mangiferin, vismiaquinone A, α-
tocopherol, δ-tocotrienol, and canophyllol, a triter-
pene [1].

The polyphenolic mangiferin had demonstrated
noteworthy efficacy in neurodegenerative diseases, in-
cluding Alzheimer’s disease (AD) and Parkinson’s dis-
ease [21]. A 60-day oral dose of mangiferin restored
the morphology of neurons and mitochondria in the
hippocampus region of accelerated aging and demen-
tia mice models, resulting in close-to-normal, more
compact, and ordered structure. Treatment with this
compound was also found to reduce the aggregation of
β-amyloid (Aβ) [22]. Furthermore, a 6-week continu-
ous intragastric administration of mangiferin exhibited
beneficial effects on formaldehyde-induced neurotoxi-
city (AD-like model) in both in vitro and in vivo studies.
This effect was attributed to the inhibition of crosstalk
between endoplasmic reticulum stress and the hyper-
phosphorylation of Tau protein, involving downstream
kinases like GSK-3β and CaMKII [23]. The highlighted
morphological and biochemical improvements were
corroborated by enhanced learning and memory per-
formance in AD mice models tested using Morris water
maze, Y-maze, and Novel Object Recognition (NOR)
examinations [22, 23]. Collectively, these findings
underscore the potential of mangiferin as a promising
therapeutic agent in the context of Alzheimer’s disease.

Importantly, C. cochinchinense leaves extract was

recently shown to inhibit citrullination activity of pep-
tidyl arginine deiminase (PAD), another virulence pro-
tein from P. gingivalis, linked to AD. Its phytocom-
pound, mangiferin displayed potential inhibitory ef-
fect in silico towards this bacterial PAD as well [1].
Therefore, in this study, we investigated the Kgp in-
hibitory activities of the methanolic leave extract of
C. cochinchinense and the pure compound, mangiferin,
through in silico and in vitro approaches. Both CME
and mangiferin, if potent, could be a novel treatment
for Alzheimer’s disease.

MATERIALS AND METHODS

Plant extraction

C. cochinchinense was obtained from a local farm,
Herbal Oasis, located in Negeri Sembilan, Malaysia.
The plant was identified, and the voucher specimen
(Voucher No: MFI 0229/21) was deposited at Herbar-
ium, Biodiversity Unit, Universiti Putra Malaysia. The
leaves of C. cochinchinense were cleaned and dried in
the oven at 40 °C until a constant weight was obtained.
The dried leaves were ground into fine powder and
stored in an airtight bag under 4 °C. The extraction was
done by macerating 200 g of dried leaves in a 1:10
(w/v) ratio of 80% methanol. After 48 h, approxi-
mately 200 ml of the 80% methanol was collected and
500 ml of fresh 80% methanol was then added. This
process was repeated every two days and the extract
solvent was collected on the ninth day of maceration.
The extract solvent was filtered and concentrated by
a rotary evaporator to obtain the methanolic extract
of C. cochinchinense (CME). The CME was stored in a
−20 °C freezer [1] until use.

Cultivation of P. gingivalis

40.0 g of Trypticase Soy Agar (TSA), 5 g of yeast extract
and 5 ml of 1 mg/ml hemin were added into 1000 ml
of distilled water in a flask and autoclaved. 10 ml
of filter sterilised and freshly prepared 5% L-cysteine
and 2 ml of 0.5 mg/ml menadione (Vitamin K; Sigma-
Aldrich, Germany) were pipetted into the flask before
preparation of agar plates. The TSA plates were then
pre-reduced for a minimum of 24 h by placing them in
an anaerobic condition at 37 °C. The P. gingivalis strain
(ATCC 33277) was inoculated on the media by using
four quadrant streak plate method. The TSA-plates
were then incubated anaerobically at 37 °C for 7 days
for bacterial growth [24].

Gingipain K enzymatic assay

Assay was performed based on published works with
minor modifications [24]. P. gingivalis bacteria from
a seven-day culture on agar plates were suspended
in gingipain assay buffer, containing 200 mM Tris-
hydrochloride (Tris.Cl) pH 7.6, 5 mM calcium chlo-
ride (CaCl2), 150 mM sodium chloride (NaCl), and
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0.02% sodium azide (NaN3) with freshly neutralised
10 mM L-cysteine HCl, to an OD660 of 0.03. Then,
100 µl of this mixture was added into the wells
of the 96-well flat-bottom plate prior to the addi-
tion of 90 µl of test samples of different concentra-
tions. For the negative and positive controls, 90 µl
of samples were replaced with 1% dimethyl sulfoxide
(DMSO) and 50 µM N-α-tosyl-L-lysine-chloromethyl-
ketone hydrochloride (TLCK; Sigma-Aldrich), respec-
tively. Then, 0.5 mM substrate, N-α-acetyl-L-lysine-
4-nitroanilide hydrochloride (Ac-Lys-ρNA; Bachem,
Fisher Scientific, USA), was added to each well, except
for the blank control. The absorbance of the solutions
was read at the wavelength of 405 nm using a Tecan
Infinite M200 PRO microplate reader (Tecan, Switzer-
land) over a period of 15 min. The protease activity
was then obtained by subtracting the background ab-
sorbance (negative control) from the individual sam-
ples. The IC50 graphs of percentage of Kgp inhibition
against concentrations were plotted using GraphPad
Prism version 9.

Molecular docking of selected ligands against Kgp

Molecular docking simulation of five main phyto-
chemicals (Fig. 1), namely mangiferin (1), vismi-
aquinone A (2), δ-tocotrienol (3), α-tocopherol (4),
and canophyllol (5) [1, 18–20] present in the leave
extract of C. cochinchinense was performed on the
P. gingivalis Kgp (PDB ID: 6I9A) [15] via Schrödinger
modeling software (Maestro version 12.7) [25]. The
structure of each ligand was prepared and optimised
via LigPrep [26] before the docking. The structure was
minimised under OPLS-2005 force field; the possible
ionization states of the structure at neutral pH 7 were
generated by using Epik program. Tautomers and
stereoisomers of the structure were also generated; for
each ligand, at most 8 tautomers and 32 stereoisomers
per ligand were set to be generated. The crystal
structure of the Kgp was downloaded from the Protein
Data Bank and prepared using the Protein Preparation
module [27] in Maestro. Missing hydrogens were
added, and bond orders were assigned. Crystallo-
graphic waters were removed, and hydrogen bond-
ing networks were automatically optimised by using
PROPKA set at pH 7. The heavy atoms were min-
imised under OPLS-2005 force field with converging
the heavy atoms to RMSD = 0.3 Å. Docking grid
was centered on the binding site of the co-crystallised
ligand, KYT-36 with grid coordinates of x: 3.41, y:
−12.18, z: 11.12. The grid box encompassed the active
site residues consisting of Asp388, His444, Gly445,
Cys477, Trp391, Tyr512, Trp513 and His575 [15].
The docking calculations were carried out using Glide
Standard Precision (SP) protocol [28]. During dock-
ing, active site residues were kept rigid while flexible
ligand sampling was used. Post-docking minimization
in the field of receptor was performed to produce better

poses of ligand. Binding poses and interactions of each
compound with adjacent residues of the binding pocket
were subsequently analysed. Binding pose with the
highest docking score was selected for each compound.
Docking score is the sum of GlideScore and state
penalty for a given protonation or tautomeric state
for a ligand, known as Epik state penalty; GlideScore
is an empirical scoring function to rank-order ligands
and separate ligands with strong binding affinity from
those with little to no binding ability [28].

Quantification of mangiferin through high
performance liquid chromatography (HPLC)

Mangiferin was identified through HPLC (Thermo
Scientific Dionex Ultimate 3000, USA) coupled with
Eclipse Plus C18 column (Agilent, USA; 4.6×250 mm;
5 µm) using the Agilent 1260 DAD spectrum of 254 nm.
The mobile phase of HPLC consisted of (A) 1.5% (v/v)
of phosphoric acid in water and (B) acetonitrile. It
was performed on an isocratic solvent system of 25%
of B at a flow rate of 0.8 ml/min. The column
temperature was maintained at 40 °C. The absolute
quantity of mangiferin in C. cochinchinense was deter-
mined based on comparison with the standard curve
(Fig. S1) of mangiferin pure compound (ChemFaces,
China). The injection volume of the standard and
sample (1 mg/ml) for analysis was 1 µl. All standards
and samples for injection were filtered through 0.2 µm
nylon membrane prior to the analysis.

Statistical analysis

Statistical analyses of results obtained from the Kgp
enzymatic assay of plant extract were performed as
follows: the data were first tested for homogeneity of
variances by the test of Levene; for multiple compar-
isons, one-way ANOVA was followed by Bonferroni test
when variances were homogeneous, or by Tamhane
test when variances were not homogeneous. SPSS
program (version 19.0) was used. Unpaired t-test was
employed to compare the IC50 of mangiferin and TLCK
inhibitory actions. IC50 was generated using GraphPad
Prism (version 9). All data were tested at the level of
significance where p < 0.05.

RESULTS

Kgp enzymatic assay for CME

P. gingivalis cell lysate was used to investigate the
inhibitory properties of CME against the activities of
Kgp. TLCK was selected as the positive control for
the inhibition of Kgp. A dose dependent increase in
the inhibitory activities of the plant extracts towards
Kgp was observed from concentrations of 0.0625
to 0.25 mg/ml. The inhibitory action of CME at
0.25 mg/ml (29.41%) was found to be as effective as
the positive control (33.45%) (Fig. 2).
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Fig. 1 Phenolic compounds identified as main components in the leave extract of C. cochinchinense: (1), mangiferin; (2), vismi-
aquinone A; (3), δ-tocotrienol; (4), α-tocopherol; and (5), canophyllol.

Fig. 2 Inhibition of Kgp activity after treatment with TLCK
(positive control) and different concentrations of CME. Data are
expressed as means±SD (n = 3). Bars with different alphabets
are significantly different from each other, p < 0.05.

Table 1 Docking scores of KYT-36 and the five ligands based
on Glide SP protocol.

Compound Docking score (kcal/mol)

KYT-36 −9.345
Mangiferin −5.970
Vismiaquinone A −4.485
δ-Tocotrienol −4.461
α-Tocopherol −4.251
Canophyllol −4.011

Molecular docking of selected ligands against Kgp

The reference ligand (KYT-36, a co-crystallised ligand
in 6I9A) was re-docked into the binding pocket of Kgp
protein to validate the docking protocols employed.
The binding mode of the re-docked ligand was then
compared with that of the co-crystallised ligand; both

Fig. 3 Superimposition of re-docked KYT-36 (yellow) with co-
crystallised KYT-36 (grey) in the binding pocket of Kgp (PDB ID:
6I9A).

ligands were found closely superimposed onto each
other and had similar binding modes within the bind-
ing pocket of 6I9A (Fig. 3). The RMSD between the
re-docked KYT-36 and the co-crystallised KYT-36 was
found to be 1.8429 Å. Considering that 2.0 Å is the
threshold value differentiating between correct and
incorrect docking solutions as described by Gohlke et al
[29], this indicated that the docking protocols used in
the present study could well predict the binding pose
and the interactions between the ligand and the adja-
cent residues in the binding site of 6I9A. KYT-36 was
found to form a salt bridge and π-cation interaction
with Asp516 and Trp513, respectively. It was also
engaged in hydrogen bonding with adjacent Thr442,
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(A) (C)

(B) (D)

Fig. 4 Binding orientation and interactions of KYT-36 (highlighted in yellow) (A) and mangiferin (highlighted in magenta) (C)
in the binding pocket of Kgp (PDB ID: 6I9A). Blue dotted line, π-π stacking; yellow dotted line, hydrogen bonding; green
dotted line, π-cation interaction; and magenta dotted line, salt bridge. 2D ligand interaction diagrams of KYT-36 (B) and
mangiferin (D) depicting interactions between the ligand and binding site residues. Green line, π-π stacking; purple line,
hydrogen bonding; red line, π-cation interaction; and red-blue line, salt bridge.

Cys477, and Asp516. Besides, it was also delineated by
residues in proximity, such as Trp391, Ala451, His444,
and Ile478 (Fig. 4(A,B)).

All five ligands were found situated within the
binding cleft at the cusp. Superimposition of the
five ligands in the binding cleft was illustrated in
Fig. S2. Among the ligands, mangiferin (1) involved
in a substantial number of interactions with adjacent
residues of the binding pocket, including Asp388,
His444, Gly445, Cys477, Trp391, Tyr512, Trp513, and
His575. Specifically, magniferin engaged by hydrogen
bonding with Asp388, Ala443, Gly445, Cys477, and
Ser511; while π-π stacking interaction was observed
with Trp391 and Trp513. In addition, the ligand per-
formed interactions with hydrophobic residues, such
as Cys476 and Tyr512; and polar residues, like His444
and His575 (Fig. 4(C,D)). On the other hand, vis-
miaquinone (2), δ-tocotrienol (3), α-tocopherol (4),
and canophyllol (5) performed same types of binding
interactions with residues in vicinity, such as hydrogen
bonding, π-π stacking and hydrophobic interaction;
but with relatively less numbers of interactions in com-
parison to mangiferin. The binding orientation and

interactions of these four ligands in the binding pocket
of Kgp were illustrated in Fig. S3–Fig. S6. The docking
scores of KYT-36 and the ligands were tabulated in
Table 1.

Kgp enzymatic assay for mangiferin

Based on the molecular docking results, mangiferin
was the best inhibitor among the phytocompounds
identified in C. cochinchinense extracts. In view of
that, the inhibitory effects of mangiferin and YLCK
(the positive control) were compared. The results
revealed that the IC50 of mangiferin (134.2±9.36 µM)
was not significantly different from the positive control
(108.4±20.76 µM).

Identification and quantification of mangiferin in
CME

HPLC was used to confirm the presence of mangiferin
in CME. The mangiferin showed its identity at reten-
tion time of 2.69 min under isocratic system (Fig. 5).
With reference to the standard curve (Fig. S1), it
was found that the relative contents of mangiferin in
C. cochinchinense was 55% in 1 mg/ml of extract. Thus,
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Fig. 5 Chromatograms of xanthone, mangiferin in: (A), standard (⩾ 98%); and (B), CME. Both peaks appearing in the
chromatograms are indicative of mangiferin and its isomer.

it was deduced that this bioactive compound might
play a significant role in the exertion of Kgp inhibitory
effect. Isomerism was also observed in the current
study, which was supported by another study reporting
the presence of mangiferin isomer in the HPLC profile
of coffee leaves [30].

DISCUSSION

The Kgp assay employed to test the inhibitory activities
of the plant extracts is mainly based on the enzymatic
hydrolysis of the substrate, Ac-Lys-ρNA, with a chro-
mogenic leaving group [24]. During the hydrolysis, the
peptide-ρNA bond will be cleaved; and p-nitroaniline,
that absorbs light at 405 nm, will be released. Inhibi-
tion of Kgp activity by plant extracts interfered with the
cleavage of the substrate and, thus, resulting in lower
absorbance as compared with the untreated control.

As reported previously, a number of polyphenolic-
rich plant extracts were shown to be potential Kgp
inhibitor such as sword bean [11], roselle calyx [31],

green tea [12], tart cherry [32], and fennel [33]. In
our present study, we found that the CME could inhibit
this bacterial protease as well. Explicitly, the inhibitory
effect of CME was comparable to that of roselle calyx
[31] but stronger than tart cherry [32]. At different
concentrations of 0.0625, 0.125 and 0.250 mg/ml,
the CME inhibited Kgp activities by 14%, 27%, and
29% while tart cherry showed inhibition of 8%, 17%,
and 38%, respectively. However, both green tea and
n-hexane extracted fennel were better Kgp inhibitors
than CME; as they displayed inhibitory action of more
than 50% at a low concentration of 0.06 mg/ml.

C. cochinchinense leaves were reported to mainly
contain phenolic components such as mangiferin, vis-
miaquinone A, α-tocopherol, and δ-tocotrienol; and
canophyllol, which is a triterpene [1]. These phyto-
compounds were used in the molecular docking anal-
ysis to evaluate their binding interactions in the active
site of Kgp. Based on the docking results, mangiferin
(1) formed a total of six hydrogen bonds with adjacent

www.scienceasia.org

http://www.scienceasia.org/
www.scienceasia.org


ScienceAsia 50 (4): 2024: ID 2024073 7

residues. One hydrogen bond was formed between
the hydroxyl groups on xanthone nucleus and the car-
boxylate side chain of Asp388, while another hydroxyl
group of C6-glucosyl moiety engaged in forming three
hydrogen bonds with –C−−O backbone of Ala443 as
well as -NH backbone of Gly445 and Cys477. The other
two hydrogen bonds were observed between the -NH
backbone of Gly445 and –C−−O backbone of Ser511
through adjacent methoxy and another hydroxyl group
on the glucosyl moiety, respectively. Several π-π
stacking interactions were seen between the xanthone
nucleus of ligand and indole side chains of Trp391 and
Trp513. Hydrophobic residues, Cys476 and Tyr512,
bordered the non-polar moieties of ligand as well.
Furthermore, polar residues, including His444 and
His575, were also found to interact with polar groups
of the ligand such as hydroxyl groups on the xanthone
nucleus and glucosyl moiety (Fig. 4(C,D)). Among
all the residues, Asp388, His444, Gly445, Cys477,
Trp391, Tyr512, and Trp513 have been shown to play
the important role in ligand binding and recognition
[15].

On the contrary, prenyl group on the C2 position
of anthraquinone nucleus in vismiaquinone (2) failed
to form any hydrogen bonding with residues in the
binding site as compared with the glucosyl moiety
in mangiferin; nonetheless, a hydrogen bonding (via
Ser511) and π-π stacking interactions (via Trp391
and Trp513) were observed with the one of the hy-
droxyl groups and anthraquinone nucleus, respectively
(Fig. S3(A,B)). Similarly, the elongated unsaturated
isoprenoid side chain and alkyl chain in δ-tocotrienol
(3) (Fig. S4(A,B)) and α-tocopherol (4) (Fig. S5(A,B))
were also unable to engage in any hydrogen bonding
with nearby residues. The phenyl group of chro-
manol ring in δ-tocotrienol (3) was found to form
a π-π stacking interaction with Trp391, while the
hydroxyl on the phenyl group of chromanol ring in
α-tocopherol (4) formed a hydrogen bonding with
Thr574. Likewise, the rigid fused ring structure of
canophyllol (5) could barely form hydrogen bonding
with residues in proximity; a hydroxyl group extended
from the structure was found to form a hydrogen
bonding with adjacent Trp391 (Fig. S6(A,B)). Indeed,
higher negative docking score indicated tighter binding
at the target site [34]. The considerable number of
hydrogen bonds observed for mangiferin is deduced to
have contributed to its higher negative docking score
attained in relative to the other compounds (Table 1).
Hence, it was suggested that mangiferin is the potential
phytochemical that confers the inhibitory activities
against Kgp. In comparison to KYT-36, the presence of
strong non-covalent interaction of salt-bridge between
terminal ϵ-amino group of KYT-36 with carboxylate
side chain of Asp516 and π-cation interaction between
the ϵ-amino group of KYT-36 with phenyl side chain
of Trp513 (Fig. 4(A,B)) could have contributed to its

higher docking score than that of mangiferin (Table 1).
Several hydrogen bonds were also formed between the
–C−−O carbonyl and terminal ϵ-amino groups of KYT-
36 with Thr442, Cys477, and Asp516. Hydrophobic
benzyl and phenyl groups of KYT-36 were found to
interact with nearby residues, such as Trp391, Ala451,
His444, and Ile478 (Fig. 4(A,B)). These binding inter-
actions and residues were similar with those reported
by Guevara et al [15] which described the crystal
structure of Kgp co-crystallised with KYT-36.

The results of HPLC analysis further confirmed
the presence of mangiferin as a major xanthone in
C. cochinchinense. Previously, mangiferin was reported
to be one of major antioxidant compounds in the leave
extract of C. cochinchinense [35]. The chromatograms
generated from our recent work (Fig. 5) also revealed
the existence of mangiferin isomer. Isomangiferin
was normally present in lower concentration than
mangiferin [30]. Interestingly, the results obtained
from this analysis indicated that the abundance of
isomangiferin surpassed that of the main compound.
Hence, further study should be performed to determine
the effects of mangiferin isomers in C. cochinchinense
towards various bioactivities.

With the molecular docking results substantiating
the potential of mangiferin in conferring inhibition
towards the Kgp, its activity was therefore compared
with the positive control TLCK for the in vitro Kgp
inhibitory activities. TLCK, also known as N-α-tosyl-
L-lysine-chloromethyl-ketone hydrochloride, was se-
lected as the positive control because it is an irre-
versible cysteine protease inhibitor known to inhibit
the Kgp activity. It functions by reacting non-selectively
with the thiol group present in the active site of the
enzyme, hence inactivating its catalytic activity [36].
Based on the IC50 values obtained from mangiferin
(134.20±9.36 µM) and TLCK (108.4±20.76 µM),
we concluded that the two compounds possessed sig-
nificantly comparable activities. This experimental
finding was congruent with the high docking score
observed with mangiferin in the molecular docking
studies. However, the synthetic TLCK cannot be used
in the prevention and the treatment of periodontitis
as it is toxic to oral epithelial cells at the inhibitory
concentration for Kgp activity [11].

Comparison of Kgp inhibitory effect of mangiferin
with epigallocatechin-3-gallate (EGCG), a pure
polyphenolic compound isolated from green tea; it
was revealed that mangiferin was a more superior
inhibitor. EGCG demonstrated a dose dependent
inhibitory activity from 31.25 µM to 250 µM but
with lower inhibitory potential ranging from 5% to
15% [12]. In the present study, mangiferin at a low
concentration of 12.5 µM was able to inhibit the
Kgp by 6.26%. This indicated that the mangiferin
exerted a higher degree of inhibition towards this
protease in comparison to the EGCG. However,
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mangiferin exhibited slightly weaker inhibitory effect
compared with the other two polyphenols; Sanggenol
A extracted from Morus alba root bark [13] and
quercetin (3,3′,4′,5,7-pentahydroxyflavone) present
in vegetables and fruits [14]. Sanggenol A and
quercetin inhibited approximately 10% of Kgp activity
at concentrations of 10 µM and 12.5 µM, respectively.

Mangiferin has not only a strong antioxidative na-
ture but also neuroprotective abilities. Its antioxidative
nature was the key contributing factor to its neuropro-
tective potential as it protected the neurons against
oxidative stress in AD patients [37]. Mangiferin is
a strong ROS scavenger as well as an efficient metal
chelator [38]. Furthermore, mangiferin could enhance
the endogenous antioxidative system by increasing the
enzymatic activities of SOD and catalase [37] like an-
other neuroprotective phytochemical, resveratrol [39].

Moreover, mangiferin was found to mitigate mi-
tochondrial damage by inhibiting the activation of
caspase. The caspase cascade was normally initiated
by the discharge of cytochrome c from the inner
mitochondrial membrane into the cytosol, eventually
resulting in the apoptotic process. With the attenu-
ation of cytochrome c by mangiferin in the cytosol,
the apoptosis process was reduced; and, thus, both
cell death and neuronal injury were prevented [37].
The present research was the first to report on the
inhibition of Kgp by mangiferin. With this ability,
mangiferin would be able to mitigate the cleavage and
the hyperphosphorylation of Tau protein as well as
formation of NFTs [2]. Furthermore, the inactivation
of NLRP3 inflammasome and neuronal NLRP1 due to
Kgp inhibition would block the release of interleukins,
IL-1β and IL-18, the causal agents of pyroptosis among
neuronal cells. Neuroinflammation by intraneuronal
Kgp due to the activation of caspase-1 would certainly
be hindered all together. In addition, mangiferin was
reported for being able to cross the blood brain barrier
to confer neuronal protection. Traces of mangiferin
were detected in the brain of rats orally administered
with the extract from Rhizoma anemarrhenae [40].

CONCLUSION

To date, there has been no effective therapeutic agent
that can retard or attenuate AD progression. As Kgp
from P. gingivalis has been linked to the pathogenesis
of AD, our findings certainly highlighted the potential
of mangiferin as inhibitor of Kgp for future treatment
of AD. Furthermore, in our previous work, we reported
the ability of this compound to inhibit PAD, another
virulence factor of P. gingivalis, that is associated with
AD [1]. As such, in vivo studies using animal models
are vital to further validate the results obtained to
confirm mangiferin, a dual inhibitor of both virulence
factors of P. gingivalis, as a novel treatment strategy for
Alzheimer’s disease.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found at http://dx.doi.org/10.2306/scienceasia1513-1874.
2024.073.
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Appendix A. Supplementary data

Fig. S1 Mangiferin calibration curve.

Fig. S2 Superimposition of mangiferin (magenta), vismiaquinone A (cyan), δ-tocotrienol (orange), α-tocopherol (blue), and
canophyllol (purple) within the binding cleft of Kgp.
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(A) (B)

Fig. S3 Binding orientation and interaction of vismiaquinone A (highlighted in cyan) in the binding pocket of Kgp (PDB
ID: 6I9A). (A), binding orientation: blue dotted line, π-π stacking; yellow dotted line, hydrogen bonding. (B), 2D ligand
interaction diagrams of vismiaquinone A depicting interactions between the ligand and binding site residues: green line, π-π
stacking; purple line, hydrogen bonding.

(A) (B)

Fig. S4 Binding orientation and interaction of δ-tocotrienol (highlighted in orange) in the binding pocket of Kgp (PDB ID:
6I9A). (A), binding orientation: blue dotted line, π-π stacking; (B), 2D ligand interaction diagrams depicting interactions
between the ligand and the binding site residues: green line, π-π stacking.
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(A)

(B)

Fig. S5 Binding orientation and interaction of α-tocopherol (highlighted in blue) in the binding pocket of Kgp (PDB ID: 6I9A).
(A), binding orientation: yellow dotted line, hydrogen bonding; (B), 2D ligand interaction diagrams depicting interactions
between the ligand and binding site residues: purple line, hydrogen bonding.
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(A)

(B)

Fig. S6 Binding orientation and interactions of canophyllol (highlighted in purple) in the binding pocket of Kgp (PDB ID: 6I9A).
(A), binding orientation: yellow dotted line, hydrogen bonding; (B), 2D ligand interaction diagrams depicting interactions
between the ligand and the binding site residues: purple line, hydrogen bonding.
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