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Abstract: Among ten extracts of indigenous medicinal plants, the MeOH extract of Terminalia triptera
Stapf. (TTS) showed the most efficient mammalian «-glucosidase inhibition for the first time. The data
of screening bioactive parts used indicated that the TTS trunk bark and leaves extracts demonstrated
comparable and higher effects compared to acarbose, a commercial anti-diabetic drug, with half-
maximal inhibitory concentration (IC50) values of 181, 331, and 309 pg/mL, respectively. Further
bioassay-guided purification led to the isolation of three active compounds from the TTS trunk
bark extract and identified as (—)-epicatechin (1), eschweilenol C (2), and gallic acid (3). Of these,
compounds 1 and 2 were determined as novel and potent mammalian o-glucosidase inhibitors. The
virtual study indicated that these compounds bind to x-glucosidase (Q6P7A9) with acceptable RMSD
values (1.16-1.56 A) and good binding energy (DS values in the range of —11.4 to —12.8 kcal/mol)
by interacting with various prominent amino acids to generate five and six linkages, respectively.
The data of Lipinski’s rule of five and absorption, distribution, metabolism, excretion and toxicity
(ADMET)-based pharmacokinetics and pharmacology revealed that these purified compounds
possess anti-diabetic drug properties, and the compounds are almost not toxic for human use. Thus,
the findings of this work suggested that (—)-epicatechin and eschweilenol C are novel potential
mammalian x-glucosidase inhibitor candidates for type 2 diabetes treatment.

Keywords: medicinal plants; Terminalia triptera Stapf.; x-glucosidase inhibitors; (—)-epicatechin;
eschweilenol C; Q6P7A9; E De Ethnic Tribe; virtual study

1. Introduction

Recently, type 2 diabetes (T2D) has been the most popular chronic metabolic disorder
demonstrating serious effects and reduction in the life quality of people worldwide [1].
Some therapies, including the use of x-glucosidase inhibitors (aGls), have been used for
the management of T2D [2-4]. Several commercial aGIs like acarbose, voglibose, and
miglitol are available; however, the therapies using these commercial aGIs may cause some
side effects, including flatulence, diarrhea, and abdominal discomfort [5]. Thus, there is a
significant demand for the discovery of new natural drugs for the management of T2D.

The approach of using natural products, especially indigenous medicinal plants, is
receiving great attention in study and usage for disease treatment and health care for people
worldwide [6-8]. Nearly 80% of the global population is estimated to rely on plant-derived
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medicines to address their healthcare needs [9]. The World Health Organization 2011 report
also stated that 80% of the population of developing countries used traditional remedies
from medicinal plants for the treatment of various diseases, including diabetes. In Vietnam,
an estimated 75% percent of the population uses traditional medicine as their primary
source of treatment for common health problems [10].

Vietnam is a tropical country, currently ranked the sixteenth most biodiverse, with
more than 10,000 reported plant species. Of these, around 4000 herbal species have been
used as folk medicinal, and about 700 species have been used in traditional medicine [10].
Dak Lak Province is one of five provinces located in the Central Highlands of Vietnam;
the area has several national parks and nature reserves, including Yok Don and Chu Yang
Sin National Parks and Ea So and Nam Ka Nature Reserves. These locations provide
relatively diverse and populous flora. Dak Lak province has a population of around
1.87 million (2019), with 45 ethnic minorities comprising mainly of the E De and M’ Nong
ethnic groups [11]. E De ethnic tribes that live in the buffer zones of national parks and
nature reserves have valuable indigenous knowledge about traditional remedies from local
herbals for the management of various diseases, including cancer, diabetes, and others [5].

To date, there have been various studies on the investigation, identification, and
listing of plant species in the Central Highlands and of medicinal plants used by the ethnic
minorities living in Dak Lak and conservation studies. However, very few studies have been
conducted on screening bioactivities, purification, and identification of chemical structures
of bioactive compounds from these diverse medicinal plants for the development of drugs
or functional foods [12-14]. This study aimed to screen, purify, and identify chemical
structures of aGIs from medicinal plants used by the E De ethnic tribe for the potential
management of T2D. The docking study was also conducted to investigate the interaction
and binding energy of the ligands (aGls) towards the targeting enzyme in this work.

2. Results and Discussion
2.1. Screening and Evaluation of Medicinal Plants with Potent Inhibition of a-Glucosidase

Among various extracts of medicinal plant samples (Table 1), the MeOH extract of
Terminalia triptera Stapf. (TTS) demonstrated the efficient inhibition against mammalian o-
glucosidase with low half-maximal inhibitory concentration (IC50) values of 178.8 ug/mL
compared to other herbal samples (IC50 values greater than 3356 pug/mL) and acarbose, a
commercial anti-diabetic drug (IC50 values, 310 ng/mL) (Table 1). Recently, several medic-
inal plants collected from Dak province were also reported to show anti-x-glucosidase
inhibitory activity; these plants included Euonymus laxiflorus Champ. trunk bark [5], Cin-
namomum cassia . S. Presl. trunk bark [5], Terminalia bellirica leaves [5], Terminalia bellirica
trunk bark [15], Terminalia corticosa [15], Psidium littorale Raddi leaves, and Dalbergia tonki-
nensis heartwood [12] and their IC50 values for the inhibition of mammalian «-glucosidase
were in the range of 360-1720 pug/mL. In this work, we found that the TTS extract showed
a lower IC50 value of 178.8 ng/mL; therefore, TTS is suggested as a potential mammalian
x-glucosidase inhibitor candidate.

Though various medicinal plants have been found to possess potential x-glucosidase
inhibitory property, a-glucosidase from yeast have been used for the enzyme inhibition
assay [13]. However, mammalian a-glucosidases are suggested as the better enzyme
source for the evaluation of potent inhibitors because of their similarities with human
a-glucosidases [12]. In this study, rat x-glucosidases were conducted for the test. Until
now, there have been few reports on the TTS collected in the Central Highland of Vietnam
that has been rarely for its rat intestinal «-glucosidase effect. Thus, this result may enrich
the valuable effect of TTS for potential use in T2D.

To explore the most functional part for use, the leaves, trunk bark, and heartwood
of TTS were also collected, and their MeOH extracts were tested for anti-o-glucosidase
activity (Table 1). Acarbose was also tested for comparison. The extract of heartwood
showed weak activity (IC50 > 1000 ng/mL), while the leaves extract showed comparable
activity (IC50 = 331 ug/mL) to that of acarbose (IC50 = 309 pg/mL), and the trunk bark
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extract exhibited the highest activity (IC50 = 181 ug/mL). Thus, this part used was further
used for the purification of active compounds.

Table 1. Assessment of the a-glucosidase inhibitory effect of extracts of the medicinal plant used by
the E De ethnic tribe in Vietnam.

Inhibition of Rat
No. Scientific Name of Medicinal Plants Codes Parts Used a-Glucosidase
(And Namely by E De Ethnic Tribe)
% ICsp (ng/mL)
1 Lagerstroemia calyfulata Kurz. LCK Trunk bark 30.06 >12 667
(Ana tluol)
Vernonia cinerea (L.) Less.
>
2 (Hbao boong) VCL Whole plant >5683
3 Antidesma bunius EL.) Spreng. ABS Trunk 12.06 >5650
(Mong mubch)
Leea rubra Blume
>
4 (Ana bho jao mdié) LRB Whole plant 41.05 >6117
Cratoxylon formosum (Jack) Dyer ssp.
5 pruniflorum (Kurz.) Gog. CFDG Trunk bark 97.2 3356
(Ana éngiéng)
L Trunk bark 99.51 178.8
6 Ter’”mﬁza t”é't.eg Stapf. TTS Leaves 94.2 331
nadr Heartwood 48.4 >1000
Dalbergia nigrescens Kurz
7 var. anomala (Pierre) Niyomdham DNKN Trunk bark 39.36 >3716
(Ana mkul)
Combretum quadrangulare Kurz.
>
8 (Ana kit dir) CQK Trunk bark 18.72 >6083
9 Vitex pinnata L. var. ?tzlota (P.Dop.) VLVP Trunk bark 3774 > 4450
(Ana plai)
Solanum torvum Swartz
10 STS Trunk bark 18.38 >9700
(Trong lao)
Acarbose (commercial inhibitor) 92 310

2.2. Purification and Identification of Active Compounds from Terminalia triptera Stapf.

The targeting inhibitors were isolated from TTS based on bioassay-guided purification,
and the assessment of the activity of the crude sample fractions, sub-fractions, and purified
compounds are presented in Table 2. TTS was first divided into five fractions (named
TTS1, TTS2, TTS3, TTS4, and TTS5) via the Diaion HP-20 column. Of these, fraction TTS3
showed the most bioactivity and was chosen for further purification via LH-20 column to
obtain seven sub-fractions (TTS31-TTS37). Sub-fraction TTS31 demonstrated the highest en-
zyme inhibition and was further purified by pre-high-performance liquid chromatography
(pre-HPLC), and three compounds were isolated (TTS32-1, TTS32-2, and TTS32-3). The pu-
rification process of these compounds was summarized in Scheme 1. Before conducting the
bioactivity assay and identification of chemical structures, these isolated compounds were
confirmed by HPLC for their high purity. All three isolated compounds, TTS32-1, TTS32-2,
and TTS32-3, appeared as clear single peaks at the retention time of 5.25 min, 9.0 min,
and 9.25 min, respectively, in their HPLC fingerprints (Figure 1), indicating that these
isolated compounds had good purity grades and were quailed for chemical identification
and testing activity.
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Table 2. The docking study results of ligands (L) and acarbose binding with targeting protein (P)
a-glucosidase.

Amino Acids Interacting

No Livands sg’fn;l_’l‘,’l RMSD DS Linkases with the Ligands
: 8 (A) (kcal/mol) 8 [Distance (A)/E (kcal/mol)/
Complex .
Linkage Type]
ASP282 (3.31/—0.9/H-donor)
5 linkages ASP282 (2.99/—1.9/H-donor)
1. (—)-epicatechin ECC-Q6P7A9 1.56 —-114 (4 H-donor, MET519 (3.43/—1.5/H-donor)
1 H-acceptor) ASP616 (2.86/—4.4/H-donor)
ARG600 (3.34/—0.4/H-acceptor)
ASP282 (2.80/—5.8/H-donor)
6 linkages ASP518 (3.13/—1.5/H-donor)
. B ASP404 (3.36/—1.4/H-donor)
2. Eschweilenol C EWC-Q6P7A9 1.16 12.8 1(1?1 i;ccisnt(zz) ASPA404 (2.65,/—0.7/H-donor)
P ASP518 (2.71/ —2.7 /H-donor)
ALA284 (3.09/—1.1/H-acceptor)
3 linkages MET519 (3.14/—2.9/H-donor)
3. Gallic acid GA-Q6P7A9 0.77 —-10.1 (1 H-donor, ARG600 (3.05/—1.4/H-acceptor)
2 H-acceptor) TRP613 (3.26/—1.0/H-acceptor)
ASP91 (2.94/—2.1/H-donor)
5 linkages GLY119 (3.35/—0.6/H-donor)
4. Acarbose AC-Q6P7A9 0.94 —11.4 (2 H-donor, TRP126 (3.35/—1.1 H-acceptor)
3 H-acceptor) ARG275 (2.93/—2.8 H-acceptor)
CYS127 (3.36/ —0.6 H-acceptor)
TTS
(Crude ample)
555¢)
lDiaion HP-20 column MeOH/ H,O
] 15% Meon J30%Meon  [45%6 MeoH [60% MeOH ] 100% MeOH
Fr. 1-2 Fr.3 Fr. 4 Fr.5 Fr. 6-7
(20.1 g) (7.9 2) (16.2 g) (7.7 2) 299

lLH-ZO column,MeOH/ H,0O
85% & 70%

llOO% MeOH |100% MeOH l

MeOH
TAD31 TAD32 TAD33-7
(1.1g)
Pre. HPLC
10% MeOH

Compd 1 (23.1mg)
Compd 2 (24.2 mg)
Compd 3 (9.5 mg)

Scheme 1. A scheme of separation, purification, and identification of active compounds from the
MeOH extract of Terminalia triptera Stapf. (TTS). Three purified compounds were (—)-epicatechin
(compd 1), eschweilenol C (compd 2), and gallic acid (compd 3).
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Figure 1. The high-performance liquid chromatography fingerprintings of compounds: (—)-
epicatechin (a), eschweilenol C (b), and gallic acid (c). The chemical structures of (—)-epicatechin
(1), eschweilenol C (2), and gallic acid (3) purified from the MeOH extract of Terminalia triptera
Stapf. (TTS).

Analysis of the mass, nuclear magnetic resonance (NMR) spectra, and comparison
with previously reported constituents revealed that the chemical structures of purified
compounds (TTS312-1, TTS312-2, and TTS312-3) were (—)-epicatechin (1) [16], eschweilenol
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C (2) (EAR) [17], and gallic acid (GA) (3) [18]. The chemical structures of these identified
compounds are shown in Figure 1, and their NMR and mass spectra data were recorded
and are summarized below:

(—)-Epicatechin (1) (ECC) was obtained as a white amorphous powder; heated electro-
spray ionization-mass spectrometry (HESI-MS) m/z: 289.0720 [M—H]~; 'H-NMR (500 MHz,
MeOH-d4): § 4.84 (‘H, brs, H-2), 5 4.20 (‘H, m, H-3), 5 2.88 (H, dd, ] = 4.5, 16.0 Hz, H-4a),
52.75 (*H, dd, ] = 3.0, 16.0 Hz, H-4b), 5 5.96 ('H, d, ] = 2.0 Hz, H-7),  5.94 ('H, d, ] = 2.0 Hz,
H-9),56.70 ('H, d, ] =2.0 Hz, H-2'), § 6.78 (\H, d, ] = 8.0 Hz, H-5), 5 6.82 (‘H, ddd, J = 1.0,
2.0, 8.0 Hz, H-6'); 3C-NMR (125 MHz, MeOH-d4): § 78.5 (C-2), 66.1 (C-3), 27.9 (C-4), 98.7
(C-5), 156.6 (C-6), 95.0 (C-7), 156.3 (C-8), 94.5 (C-9), 156.0 (C-10), 130.9 (C-1"), 113.9 (C-2'),
144.6 (C-3'), 144.4 (C-4'), 114.5 (C-5'), 118.0 (C-6').

Eschweilenol C (2) (EWC) was obtained as a yellow amorphous powder; HESI-MS
m/z: 447.0577 [M—H]~; '"H-NMR (400 MHz, pyridine-d5): § 8.46 (‘H, s, H-3), § 8.11 ('H, s,
H-3'), § 6.39 ('H, s, H-1"), § 4.91 (‘H, brs, H-2"), § 4.77 ('H, brd, | = 7.2 Hz, H-3"), § 4.40
(*H, t, ] = 7.2 Hz, H-4"), § 4.60 (‘\H, m, H-5"), § 1.64 (3H, d, ] = 6.0 Hz, H-6"); 3C-NMR
(100 MHz, pyridine-d5): 5 107.9 (C-1), 115.6 (C-2), 114.6 (C-3), 147.6 (C-4), 144.0 (C-5), 137.7
(C-6),160.1 (C-7),108.8 (C-1'), 112.5 (C-2"), 111.6 (C-3'), 150.8 (C-4'), 141.8 (C-5'), 137.8 (C-6'),
160.1 (C-7"),101.9 (C-1"), 71.7 (C-2"), 72.3 (C-3"), 73.5 (C-4"), 71.2 (C-5"), 18.4 (C-6"). For
further confirming this isolated compound (2) as eschweilenol C, this isolated compound
and a stardar compound of eschweilenol C were analyzed by HPLC. The data in Figure Al
(in the Appendix A) showed that both the stardar compound and compound 2 appeared at
the same retention time of approximate 9.8 min.

Gallic acid (3) (GA) was obtained as a white amorphous powder; HESI-MS m/z:
169.0130 [M—H]~ 'H-NMR (400 MHz, MeOH-d4): 5 7.05 (2H, s, H-2/H-6); 3C-NMR
(100 MHz, MeOH-d4): § 122.0 (C-1), 110.3 (C-2), 146.4 (C-3), 139.6 (C-4), 146.4 (C-5), 110.3
(C-6), 170.4 (C-7). To date, various natural compounds have been purified from Terminalia
species worldwide, and their chemical structures have been elucidated [17,19-22]. Though
several Terminalia species growing in the Central Highland of Vietnam are reported to
possess some potential medical effects [15], there are only a few studies on the purification
and identification of bioactive compounds from these herbal species collected from this
region. Notably, this study is the first to report the anti-diabetic effect of herbal TTS. Besides,
the bioactive compounds were also isolated and their chemical structures were elucidated.
Thus, this study contributes to the novel medical effect of TTS extract and adds to the list of
phytochemical compounds of this herbal species.

2.3. Evaluation of the a-Glucosidase Inhibitory Effect of Purified Compounds from Terminalia
triptera Stapf.

The three compounds, including ECC, EWC, and GA purified in this work, were
assessed for their bioactivity against mammalian x-glucosidase. Acarbose was also tested
for comparison. As shown in Figure 2, these compounds showed a positive x-glucosidase
inhibitory effect. Of these, EWC showed the highest activity with the maximum inhibition
(93%) and the lowest IC50 value (191 pg/mL), while ECC showed a comparable effect to
that of acarbose with the maximum inhibition and IC50 values in the range of 84-85%, and
304-431 pug/mL, respectively. GA (3) demonstrated a weak enzyme inhibition effect, with
maximum inhibition and IC50 values of 80%, and 973 ug/mL, respectively.

The isolation and identification of phenolic compounds from various medicinal plants
have been widely reported [18,23-28]. Of the three phenolics isolated from TTS in this work,
ECC and GA are common phenolic compounds, and their bioactivities, including the anti-«-
glucosidase inhibition of these compounds, have been often reported [23,27,29]. However,
the data concerning the inhibitory effect of these two phenolics against mammalian «-
glucosidase are rarely available. In contrast, there are only a few reports on the purification
of phenolic compounds EWC from herbs, and this is the first to report on the isolation of
this compound from Terminalia triptera Stapf. species. According to the literature, EWC was
found to be a novel mammalian enzyme-targeting anti-diabetic drug. The current study
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suggested that TTS extract could be considered a promising anti-diabetic alternative drug
due to its containing potent bioactive compounds.
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Figure 2. The a-glucosidase inhibitory effect of purified compounds from Terminalia triptera Stapf.
The activity was expressed as inhibition values (a) and IC50 values (b). The purified compounds,
including (—)-epicatechin (ECC), eschweilenol C (EWC), and gallic acid (GA), and acabose (AC)
were tested.

2.4. Docking Analysis to Study the Mechanism of Interaction of Purified Compounds with the
Target Enzyme, x-Glucosidase

Recently, docking studies have been widely utilized for investigation of the interaction
and binding energy of inhibitors toward targeting enzymes for drug discovery [30-34]. The
docking study was performed to elucidate the interaction and the binding energy of the
inhibitors toward the target enzyme (mammalian x-glucosidase, Q6P7A9). The protein
structure data of the target enzyme was obtained from the Worldwide Protein Data Bank.
Then, the most active zones for docking the ligands into were found using the site finder
function of the MOE-2015.10 software. Based on the output data of MOE, four binding
sites (BSs) were found (Figure 3a), and the amino acid residues in these BSs were also
determined and presented in the Appendix A (Table A1). The output data of MOE show
that all of the three purified active compounds ECC, EWC, and GA) interacted the most
effectively with the enzyme at binding sites 1 (BS1), while acarbose (AC) bound effectively
to the enzyme at binding sites 4 (BS4).

To determine whether or not these BS of ligands are covered by the catalytic site
(active site) of enzyme, we utilized the CASTp3.0 server for prediction of the catalytic site of
Q6P7A9. The 3D structure of the catalytic site was shown in Figure 3b, and the detailed data
of this catalytic site of Q6P7A9 are presented in the Appendix A (Table A2). The volume
and the surface area of this active site were found to be 15,668.797 A3 and 4922.961 A2,
respectively. As shown in Figure 3, three binding sites (BS1, BS2, and BCS4) were located in
the catalytic site. Since the three compounds (ECC, EWC, and GA) isolated in this work
and acabose were found most effectively with the enzyme at BS1 and BS4, respectively,
as such, all these inhibitors show high possibility binding to the enzyme Q6P7A9 at the
catalytic site.
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i & )

\351 BS2 BS3 BS4
(a)

Figure 3. Protein a-glucosidase and the most binding sites (BSs) (a) found on a-glucosidase via using
the site finder function of the MOE-2015.10 software. The catalytic site prediction of extracellular
domain of x-glucosidase (b) found via using the CASTp3.0 server [35].

In docking performance, the root mean square deviation (RMSD) and docking score
(DS) are commonly considered important values for determining the successful interaction
and potent inhibition of a ligand (inhibitor) towards a target protein (enzyme). When a
ligand interacts with its targeting enzyme with RMSD and DS values of less than 2.0 A and
less than —3.20 kcal /mol, respectively, it should be proposed as an effective inhibitor with
significant interaction and binding energy toward the targeting enzyme [36,37]. As summa-
rized in Table 2, all the examined four ligands, including ECC, EWC, GA, and acarbose,
successfully interacted with mammalian x-glucosidase (Q6P7A9) with low RMSD values,
respectively, of 1.56, 1.16, 0.77, and 0.94. In addition, the DS values of these four ligands
interacting with a-glucosidase were in the range of —10.1 (kcal/mol) to —12.8 kcal/mol),
indicating that they are potent enzyme inhibitors. Based on the comparison of binding
energy (DS), EWC was the strongest inhibitor [DS = —12.8 (kcal/mol)], while that of ECC
and acarbose were in the range of —11,4 and —11.4 kcal/mol, respectively, and the DS
value of GA, when bound to the enzyme, was the highest at —10.1 kcal /mol. These virtual
data seem in agreement with the experimental data shown in Figure 2.

To inside understand the interaction of ligands and enzyme, the detailed binding at
the BSs were recorded and are presented in Figure 4 (2D structures) and Figures A2—-A5
(3D structures, in the Appendix A). Of these, ligand (—)-epicatechin was bound to BS1 on
mammalian «-glucosidase (Q6P7A9) via interaction with some prominent amino acids,
including ASP282, MET519, MET519, ASP616, and ARG600, resulting in the formation
of five bonds. ASP282 was found to form 2 H-donor linkages via interaction with O 14
of (—)-epicatechin, and MET519 also created one H-donor linkage by linking to O 14 of
(—)-epicatechin. ASP616 and ARG600 interacted, respectively, with O 20 and O 14 to form
one H-donor and one H-acceptor linkage. The distance and energy of these linkages are
recorded in Table 1.
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EWC-Q6P7A9

(b)

GA-Q6P7A9 / AC-Q6P7A9 /

(0 (d)

Figure 4. The interaction of ligands with the enzyme at the binding sites (2-dimensional structures).
Of these, (—)-epicatechin (ECC), eschweilenol C (EWC), gallic acid (GA), and acarbose (AC) interacted
with mammalian x-glucosidase (Q6P7A9) at the active zones, namely, as ECC-Q6P7A9 (a), EWC-
Q6P7A9 (b), GA-Q6P7A9 (c), and AC-Q6P7A9 (d), respectively.

The ligand EWC was found to bind to BS1 on Q6P7A9 by six linkages by interacting
with some prominent amino acids. ASP518 interacted with C 26 and O 32 of ligand EWC
for the creation of 2 H-donor linkages. ASP404 contacted with O 30 and O 31 of ligand
EWC, and 2 H-donor linkages were also formed. ASP282 and ALA284 were found to bind
to O 28 and O 20 for creating two linkages, respectively, of H-donor and H-acceptor. The
binding distance and energy of these linkages are also recorded in Table 1. Ligand GA could
also bind to Q6P7A9 at the BS1 via interaction with three prominent amino acids, MET519,
ARG600, and TRP613 at O 7, O 11, and O12, respectively, to form three linkages, including
1 H-donor, 2 H-acceptors. Acarbose, a commercially available inhibitor, was also assessed
in the virtual study. This ligand was found to affect the binding to BS1 by interacting with
some amino acids and formed 5 linkages (2 H-donor, 3 H-acceptors). The distance and
binding energy of these linkages of these ligands towards the targeting enzyme were also
recorded and are summarized in Table 1.

Being common phenolics compounds, the bioactivities of ECC and GA were widely
investigated via experimental studies and virtual performance. The docking study to
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inside understand the interaction and energy binding of these two compounds have
been performed for some sources of x-glucosidase; however, the docking analysis of
the interaction of these three ligands with mammalian «-glucosidase has been rarely
reported. Notably, this is the first report on the interaction inside the cavity and the
binding energy of EWC at the most active zone on the target enzyme, «-glucosidase.
According to the experimental analysis and the virtual evaluation, the isolated compounds,
including ECC and EWC, are suggested as potential candidates for the management of
T2D. However, further studies in various animal models and clinical studies are needed for
the development of these potential inhibitors into anti-diabetes drugs.

2.5. The Lipinski’s Rule of Five and Absorption, Distribution, Metabolism, Excretion, and Toxicity
(ADMET)-Based Pharmacokinetics and Pharmacology

The Lipinski’s rule of five has been widely applied to determine whether a compound
processing drug properties according to the five rules, including: “molecular mass must
be less than 500 Da, high lipophilicity with LogP value < 5, hydrogen bond donors < 5,
hydrogen bond acceptors < 10, and the molar refractivity should be between 40-130". A
high probability of success to drug-likeness for compounds complying with more than
two of Lipinski’s rule of five can thus be predicted [38]. According to the results presented
in Table 3, ECC, EWC, and GA complied with five, three, and Lipinski’s rule of five; as
such, these inhibitor compounds have a high probability of successfully being developed
as a drug. Acarbose, a commercial anti-diabetic drug, was also analyzed by these rules;
however, this commercial compound only satisfied approximately two rules.

Table 3. The Lipinski’s rule of five of purified compounds from Terminalia triptera Stapf. (TTS).

Compound  0IC) BomdDamor  Acoiptors ¥ Refracivty
ECC 290.00 5 6 1.546 72.62
EWC 448.00 6 12 —1.898 95.17
GA 170.00 3 5 —0.833 35.766899
AC 646.00 15 19 —9.591 136.52

Lipkin’s rules <500 <5 <10 <5 40-130

(—)-epicatechin (ECC), eschweilenol C (EWC), gallic acid (GA), and acarbose (AC).

The ADMET properties of the compounds purified from TTS were also accessed and
presented in Table 4. Concerning the absorption ability of a drug, a compound is considered
a poor absorption agent if the ADMET value is recorded under 30%. As summarized in
Table 4, all these compounds showed a high level of intestinal absorption (human) values
in the range of 40.154-72.619%, while acarbose showed a low absorption value of 4.172%.
Considering drug distribution, ECC and EWC possessed the log VDss values of 0.215
and 0.53 log L.kg ™!, respectively, indicating that these inhibitors show a plasma-tissue
balance (—015 < log VDss < 0.45), while GA and acarbose were not able to cross the
blood-brain barrier (BBB) due to their low BBB permeability values (logBB < —1). The
three compounds purified in this work showed a slight effect on the central nervous system
(logPS in the range of —3.403 to —4.501), while acarbose, with very low CNS permeability
(logPS < — 6.438), showed a significant effect on the central nervous system. Concerning
metabolism, all these examined compounds displayed no effects on the inhibitors and
substrates related to the cytochromes P450 family, indicating that these molecules may not
be oxidized by the liver and have a longer stay in the living system [39]. Regarding excretion,
the prediction of all the compounds was carried out via the Organic Cation Transporter 2,
with their total clearance values in the range of 0.2-1.5 log mL.min~!.kg™!. In terms of
toxicity, the three inhibitors (EWC, GA, and AC) were identified as safe molecules for
human use with no mutagenic potentials (AMES toxicity), no potential for fatal ventricular
arrhythmia (hERG inhibition), and no potential for hepatotoxicity as well as no toxicity to
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skin sensitisation. Only, the compound 1 (ECC) showed its positive result to AMES toxicity,
while it showed no positive result with other toxicity tests, including hERG I inhibitor,
hERG II inhibitor, hepatotoxicity, and skin sensitisation.

Table 4. The absorption, distribution, metabolism, excretion, and toxicity (ADMET)-based pharma-

cokinetics and pharmacology of the purified compounds from Terminalia triptera Stapf. (TTS) and

acarbose.
Property ECC EWC GA AC Unit
Absorption
Water solubility —3.196 —2.946 —1.355 —1.482 log mol/ L1
Caco?2 permeability —0.402 0.622 —0.023 —0.481 log Papp (107% cm/s™1)
Intestinal absorption (human) 72.619 53.062 40.154 4.172 %
Skin permeability —2.735 —2.735 —2.755 —2.735 log Kp
P-glycoprotein substrate Yes Yes No Yes Yes/No
P-glycoprotein I inhibitor No No No No Yes/No
P-glycoprotein II inhibitor No No No No Yes/No
Distribution
VDss (human) 0.215 0.53 —0.421 —0.836 log L/kg™!
Fraction unbound (human) 0.139 0.131 0.413 0.505 log L/ kg*1
BBB permeability —1.069 —1.519 —-1.111 -1.717 log BB
CNS permeability —3.403 —4.501 —4.157 —6.438 log PS
Metabolism
CYP2D6 substrate No No No No Yes/No
CYP3A4 substrate No No No No Yes/No
CYP1A2 inhibitor No No No No Yes/No
CYP2C19 inhibitor No No No No Yes/No
CYP2C9 inhibitor No No No No Yes/No
CYP2D6 inhibitor No No No No Yes/No
CYP3A4 inhibitor No No No No Yes/No
Excretion
Total clearance 0.29 0.561 0.625 0.428 log mL/min~!/kg~!
Renal OCT2 substrate No No No No Yes/No
Toxicity
AMES toxicity Yes No No No Yes/No
Max. tolerated dose (human) 0.448 0.561 0.611 0.435 log mg/kg~!/day~!
hERG I inhibitor No No No No Yes/No
hERG II inhibitor No No No Yes Yes/No
Oral Rat Acute Toxicity (LD50) 2.129 2.499 1911 2.449 mol/kg ™!
Oral Rat Chronic Toxicity (LOAEL) 2.032 4.035 2.865 5.319 log mg/ kg_l_bw/ (:12:1y_1
Hepatotoxicity No No No No Yes/No
Skin Sensitisation No No No No Yes/No
T. Pyriformis toxicity 0.345 0.285 0.087 0.285 log pg/L~!
Minnow toxicity 1.926 2.529 2.187 16.823 log mM
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3. Materials and Methods
3.1. Materials

The samples of medicinal plants were collected from the Central Highland of Vietnam
in 2018. The name and parts used by these herbals are mentioned in Table 1. The dried
plant parts were then packed in PE bags and stored at —30 °C before use. Acarbose
was purchased from Sigma Chemical Co. (St. Louis, MO, USA). Rat intestinal acetone
powders (rat x-glucosidase) were purchased from Sigma Aldrich, Singapore. p-Nitrophenyl
glucopyranoside (Pnpg) was purchased from Sigma Aldrich (3050 Spruce Street, St. Louis,
MO, USA). Diaion HP-20 was purchased from the Mitsubishi Chemical Co. (Tokyo, Japan).
The solvents, reagents, and other commonly used chemicals were of the highest grade
available.

3.2. General Process for Purification and Elucidation of Chemical Structures of Inhibitors Compounds

Fifty-five grams of methanol extract of TTS were separated via the Diaion HP-20 col-
umn by eluting with MeOH in water at 15%, 30%, 45%, 60%, and 100% gradient to obtain
five fractions named TTS1, TTS2, TTS3, TTS4, and TTS5, respectively. TTS3 was chosen for
further separation by LH-20 column and eluted with MeOH in water at 70-100% gradient,
and seven sub-fractions were obtained (named from TTS31-TTS37). The application of
pre-HPLC for TTS32 and elution at 10 MeOH yielded three compounds named TTS32-1,
TTS32-2, and TTS32-3. The separation and purification process of these compounds from
TA extract are summarized in Figure 1. The chemical structures of purified compounds
were elucidated after analyzing their masses, NMR spectra, and comparison with the
previously reported constituents. The 'H and 13C-NMR spectra and the 2D-NMR spectra
were measured in MeOH-d4 on a Bruker AVX NMR spectrometer (Bruker, Karlsruhe, Ger-
many), operated at 600 MHz for 1-12 h and 150 MHz for 13C spectra measurement, and
the MeOH-d4 solvent peak was used as the internal standard (6H 3.317, 6C 49.1 ppm).

3.3. High-Performance Liquid Chromatography Analysis

The compounds were dissolved in MeOH at 1 mg/mL and filtered using a 0.45 um
PVDF membrane filter (Millipore Sigma, Billerica, MA, USA) before use. Ten microliters
of the compound solution were injected into the column (Cosmosil 5Cyg-AR-II, 5 um,
250 x 4.6 mm i.d.) and separated by HPLC (SHIMADZU SIL-40C) at 45 °C with a mobile
phase of acetonitrile (ACN) and water containing 0.3% phosphoric acid. The mobile phase
program was set at 5-5-15-45-100% ACN from 0-10-20-40-50 min, respectively. The flow
rate was set at 1 mL/min, and the compounds were detected at 210 nm.

3.4. Alpha-Glucosidase Inhibition Assay

- Enzyme solution preparation: Enzyme solution was then sonicated 24 times, each
for 12 s at 4 °C, and then centrifuged for 20 min at 10,000 g, 4 °C. The residue part
was re-suspended twice with 15 mL of the same buffer (0.1 mol/L NPB, pH 7), as
described above. All supernatants were mixed together and dialyzed for a half day at
4-6 °C to obtain the enzyme solution, which was then used for further analyses.

- Reaction and estimation of inhibitory activity: The enzyme inhibition assay was done
according to Kwon et al. 2006 [40] with slight modification. The enzyme solution
(50 uL) and the sample solution (50 uL) were mixed in 150 pL of 0.1 mol/L NPB,
pH 7. This mixture was pre-incubated at 37 °C for 15 min. The reaction was started by
adding 50 pL of the substrate pNPG (10 mmol/L) into this mixture solution, and this
duration was kept at 37 °C for 30 min, then 325 pL of 1 mol/L Nap,COj3 solution were
added to terminate the reaction. This absorption of the final solution was measured at
410 nm (namely, E) using a UV spectrometer (UV-2550, Shimadzu, Japan) to estimate
the enzymatic activity, and the control experiment was also conducted similarly, but
instead of the inhibitor solution, 50 uL 0.1 mol/L potassium phosphate buffer (pH 7)
and the absorbance was measured at 410 nm (namely, C). The inhibitory effect (%)
was calculated using the equation below:
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o~Glucosidase inhibition (%) = (C — E)/C x 100,

where E denoted the optical density of the solution reaction in the presence of both «-
glucosidase and the sample, and C is the optical density of the reaction blank. The IC50
value was defined as the concentration of an enzyme inhibitor required to inhibit 50% of
the a-glucosidase activity under the assay conditions.

3.5. Computation
3.5.1. Molecular Docking Simulation

The virtual simulations were done following some typical steps previously presented
in the earlier reports [41-45]:

Protein (x-glucosidase) structure preparation and finding the active site on an enzyme:
The data structure of protein enzyme «-glucosidase was obtained from the Worldwide
Protein Data Bank to prepare its 3-D structure using the software MOE-2015.10. The virtual
pH was set at 7 for the preparation of the x-glucosidase structure. The function of the
site finder in MOE-2015.10 software was used for finding the most active zone on the 3-D
x-glucosidase structure.

Ligands (enzyme inhibitors) preparation: The structure of three inhibitor ligands
and acarbose were prepared using ChemBioOffice 2018 software, then their structures
were further optimized using MOE-2015.10 software. The parameters included force field
MMFF94x; R-field 1:80; cutoff, rigid water molecules, space group p1, cell size 10, 10, 10; cell
shape 90, 90, 90; gradient of 0.01 RMS kcal.mol~'A~2; virtual pH 7 was set for preparing
the structures of the ligands.

Docking and harvesting the output data: The ligands were docked into the active zone
of the targeting protein using MOE-2015.10 software, and some output data, including
DS, RMSD, linkage types, compositions of amino acids, and the linkages distances, were
obtained for analysis.

3.5.2. The Lipinski’s Rule of Five and Absorption, Distribution, Metabolism, Excretion, and
Toxicity Analysis Protocol

A virtual study to investigate the Lipinski’s rule of five was performed using the soft-
ware online accessed at (http://www.scfbioiitd.res.in/software/drugdesign/lipinski.jsp;
accessed on 3 March 2023). Some pharmacokinetic parameters, including ADMET, were
obtained for analysis via using a web tool SwissADME (http://www.swissadme.ch/,
accessed on 18 April 2023). The output data of theoretical interpretations of pharmacoki-
netic parameters have been previously described [46] and used as public reference online
accessed at (http:/ /biosig.unimelb.edu.au/pkesm/theory; accessed on 18 April 2023).

4. Conclusions

Among various sample extracts of indigenous medicinal plants, the MeOH extract of
TTS showed the most efficient inhibition against mammalian «-glucosidase. The targeting
inhibitor compounds were isolated from TTS based on bioassay-guided purification and
identified as ECC, EWC, and GA. In the activity evaluation, EAR demonstrated significant
oa-glucosidase inhibition—reported for the first time—and this effect is higher than acarbose,
a commercially available anti-diabetic compound, while ECC showed comparable activity
to that of acarbose. Of the purified compounds, GA was less effective against x-glucosidase.
The docking study was also conducted to elucidate the interaction and energy binding of
these inhibitor compounds toward the targeting enzyme. The data of this work contribute
to the reclamation of novel in vitro anti-diabetic effects of TTS and enrich the list of phy-
tochemical compounds from this herbal species. Based on the analysis of the Lipinski’s
rule of five and ADMET-based pharmacokinetics and pharmacology, these inhibitors were
found to possess drug properties, and almost all of these inhibitors exhibited no toxicity.
The experimental data and the virtual evaluation showed that the two isolated compounds,
including (—)-epicatechin and EWC, are potential candidates for T2D treatment. However,
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more studies concerning the evaluation of the effect and toxicity of these candidates in
various animal models and clinical studies should be further conducted for the assessment
and development of these potential inhibitors into anti-diabetes drugs.
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Appendix A

Table Al. The detailed data of the binding sites (BSs) found on a-glucosidase via using the site finder
function of the MOE-2015.10 software.

Colour Binding Site Size Residues

ALA24 VAL25 ILE26 LEU27 GLY28 HIS29 LEU32 ARG33
ARG281 ASP282 VAL283 ALA284 TYR292 TRP376
ASP404 LEU405 ARG411 ILE441 LYS479 VAL480 TRP481
GLY483 TRP516 ASP518 MET519 ASN524 PHES525 ILE526
ARG527 ALA555 ARG600 TRP613 GLY615 ASP616
TRP618 ASP645 PHE649 GLN650 GLY651 ARG672
HIS674 ASP676 LEU677 ASN678 SER679

237
amino acids

ARGS9 PHE90 ASP91 MET122 GLY123 PRO125 PHE129

2 27 . . GLN247 SER249 TRP273 VAL321 GLN323 THR329
amino acids
ARG331
59 PHE362 MET363 ARG594 PRO595 ARG608 HIS714
3 amino acids HIS717 VAL718 PHE859 ASP861 SER865 LEU866 GLY867
VALS868 LEU869 GLU870
ASP91 ALA93 PRO94 ASP95 LYS96 GLY97 ILE98 TRP110
ALA113 GLY114 GLN115 VAL116 LEU117 PRO120
4 184 VAL121 MET122 GLY123 GLN124 PRO125 TRP126
amino acids CYS127 HIS263 LEU264 SER265 PRO266 MET268 LEU269

SER270 GLU272 TRP273 THR274 ARG275 ILE276 THR277
GLN287 GLY288 VAL289
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Table A2. The detailed data of the active site (catalytic site) prediction of extracellular domain of
a-glucosidase found via using the CASTp3.0 server.

Name of Protein Surface Area (SA) A? Volume (SA) A3
Mammalian «-glucosidase (Q6P7A9) 4922961 15,668.797

3D structure of Q6P7A9 3D structure of AS of Q6P7A9

. Active site (AS)of Q6P7A9
Amino acids located at the active site of Q6P7A9:

MET1, ASN2, ILE3, ARG4, LYS5, PRO6, LEU21, THR22, THR23, ALA24, VAL25, ILE26, LEU27, GLY28, HIS29, LEU30, MET31,
LEU32, ARG33, GLU34, LEU35, MET36, LEU37, LEU38, PRO39, GLN40, ASP41, LEU42, HIS43, GLU44, SER45, SER46, SER47,
GLY48, LEU49, TRP50, LYS51, THR52, TYR53, ARG54, PRO55, HIS56, HIS57, GLUS9, SER60, TYR61, PRO63, ALA64, PRO65,
LEU66, HIS67, ILE68, GLN69, GLU70, HIS71, GLU73, GLN74, LEU75, ARG76, ALA77, VAL78, PRO79, CYS82, ARG89, PHE90,
ASP91, ALA93, PRO9%4, LYS96, GLY97, ILE98, THR99, GLN100, GLU101, GLU104, CYS109, TRP110, VAL111, PRO112, ALA113,
GLN115, VAL116, LEU117, ASN118, GLY119, PRO120, VAL121, MET122, GLY123, GLN124, PRO125, TRP126, CYS127, PHE129,
ALA237, GLN247, SER249, GLY259, LEU260, GLY261, GLU262, HIS263, LEU264, SER265, PRO266, LEU267, MET268, LEU269,
SER270, TRP273, THR274, ARG275, ILE276, THR277, ARG281, ASP282, VAL283, ALA284, PRO285, SER286, GLN287, GLY288,
VAL289, ASN290, TYR292, ASP319, VAL321, GLN323, THR329, ARG331, TRP376, ASP404, LEU405, ASP409, ALA410, ARG411,
ARG412, ASN417, GLN418, ASP419, ILE441, SER447, SER449, GLY450, PRO451, SER454, TYR455, LYS479, VAL480, TRP 481,
PRO482, GLY483, SER484, TRP516, ASP518, MET519, SER523, ASN524, PHE525, ILE526, ARG527, TYR543, VAL544, PRO545,
GLY546, VAL547, VAL548, GLY549, ALA551, ALA554, ALA555, ARG600, TRP613, GLY615, ASP616, TRP618, SER619, SER620,
TRP621, GLU622, HIS623, ALA625, TYR626, PRO629, GLU630, GLN633, PHE634, LEU637, ASP645, PHE649, GLN650, GLY651,

ASN652, THR653, THR654, GLU656, LEU657, ARG672, HIS674, ASP676, LEU677, ASN678, SER679, ARG742, LEU756, GLU757,
PRO758, LYS760.
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Figure Al. HPLC fingerprinting of stardar compound of eschweilenol C and compound 2. A
Shimadzu SIL-40CX3 series apparatus was used for HPLC separation with a photodiode array
detector under the following conditions: a mobile phase of HyO containing 0.3% phosphoric acid
and MeCN;; a gradient system of 5-5% MeCN from 0 to 10 min, 5-15% MeCN from 10 to 20 min; a
Cosmosil 5C1g-AR-II column (5 pm, 250 mm x 4.6 mm i.d.) with a flow rate of 1.0 mL/min at 45 °C;
and detection of the UV absorption spectrum at 210 nm. The final concentration of each isolated
compound was approximately 1.0 mg/mL. The injection volumes of sample solution was 1 uL.

Figure A2. Interaction of (—)-epicatechin with mammalian x-glucosidase ((A), full three-dimensional
(8D) structures of ligand and enzyme). The 3D structures of ligand (—)-epicatechin at the active zone
1 of «-glucosidase (B).
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Figure A3. Interaction of eschweilenol C (EWC) with mammalian «-glucosidase ((A), full three-
dimensional (3D) structures of ligand and enzyme). The 3D structures of ligand EAR at the active
zone 1 of a-glucosidase (B).

Figure A4. Interaction of gallic acid with mammalian x-glucosidase ((A), full three-dimensional
(8D) structures of ligand and enzyme). The 3D structures of ligand gallic acid at the active zone 1 of
a-glucosidase (B).
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Figure A5. Interaction of acarbose with mammalian o-glucosidase ((A), full three-dimensional (3D)
structures of ligand and enzyme). The 3D structures of ligand acarbose at the active zone 4 of
a-glucosidase (B).
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