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Abstract

Six phenylethanoid glycosides, acetylmartynoside A (1), martynoside (2), 3-O-methylpoliumoside (3), isoaceteoside (4),
leucosceptoside A (5), 2-(3-hydroxy-4-methoxyphenyl)-ethyl-O-(a-L-rhamnosyl)-(153)-O-(a-L-rhamnos-yl)-(1->6)-
4-O-E-feruloyl-p-p-glucopyranoside (6) were isolated for the first time from the whole plant of Barleria prionitis Linn.
Their structures were elucidated by 1D and 2D NMR and mass spectra. In addition, the antioxidant activity of com-
pounds 1-6 was investigated. All of the compounds showed Keapl protein inhibitory effects with estimated binding
affinities in the range of —9.639 to —9.084 kcal/mol by molecular docking and moderate DPPH free radical scavenging
activity with their ICs, values in the range of 110-389 uM. Furthermore, the predicted toxicity results of all six com-
pounds 1-6 indicated a level of 5 and a high LDs, value (LD5, = 5000 mg/kg), which showed low toxicity and high safety

for oral consumption in humans.
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1. Introduction

Baleria prionitis Linn. (Acanthaceae) is a perennial
shrub, 1-2 meters high, widely distributed throughout Af-
rica, India, Sri Lanka and tropical Asia such as China, My-
anmar, Vietnam, Thailand, and Laos.'™* B. prionitis has
been used extensively in folk medicines in several coun-
tries, such as Vietnam and Laos, for the treatment of many
common diseases such as cough, cold, sore throat, hyper-
hidrosis, detoxification, tooth decay, hemorrhoids, derma-
titis, inflammation of the lymph nodes, viral infection,
snake bite, stomach disorders, urinary infection, catarrh,
fever in children and cancer.’>”7 Phytochemical investiga-
tions of this plant revealed iridoid glycoside, phenyleth-
anoid glycoside, flavonoid, terpenoid, and phenolic acid

as its main chemical constituents.®~!! The crude extracts of
this plant have been reported for their biological activity
against respiratory syncytial virus, anti-inflammatory, an-
timicrobial, antidiabetic, anticancer, hepatoprotective, im-
munorestorative, and especially antioxidant proper-
ties.!>"1® Recently, barlerinoside, phenylethanoid glyco-
side from this plant, showed strong radical scavenging
activity in a DPPH assay with an ICs, value of 0.41 mg/
mL.% These findings encourage us to investigate its antiox-
idant constituents, especially the sample collected in Laos
that hasn’t been studied yet for its chemical constituents
and biological activities. Theoretical calculations based on
the Density Functional Theory (DFT) method have
emerged as a powerful technique for assessing structural
properties and understanding the electronic interaction be-
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tween a studied molecule and its target receptor. Numer-
ous DFT studies have been published describing a range
of properties of phenylethanoids.!®?° The molecular
docking approach is an effective strategy-to gain a deeper
understanding of ligand-receptor interactions and screen
natural compounds. The significant role of molecular
docking in drug discovery lies in its ability to predict the
optimal binding mode between natural compounds and
target proteins. Molecular docking methods have been
widely employed to analyze the biological activities of
phenylethanoids.?!2* Recent theoretical studies using
DFT and molecular docking have highlighted the signifi-
cance of analyzing ligand-receptor interactions, especially
between natural compounds and target proteins like
Keapl.252¢ Keapl, a key regulator of the Nrf2 pathway,
plays a crucial role in cellular antioxidant defense mecha-
nisms. By targeting Keapl, natural phenylethanoids from
B. prionitis could potentially enhance Nrf2 activation, of-
fering a promising strategy for combating oxidative
stress-related diseases.?” Therefore, Keapl was chosen as
the target receptor for the molecular docking studies in
this research. This paper describes the isolation, structural
elucidation, theoretical, and experimental studies on the
antioxidant activity of six phenylethanoid glycosides from
Barleria prionitis collected in Luangnamtha, Laos.

2. Experimental

2. 1. General

Thin layer chromatography (TLC) was carried out
on pre-coated Si gel GF254 (Merck). TLC spots were
viewed at 254, 302 and 365 nm and visualized by spraying
with 10% H,SO, in methanol followed by heating until the
spots appeared. Column chromatography was carried out
on silica gel 60 A°(60-100 um, Merck), Sephadex LH-20
(Amersham Pharmacia Biotech) and Diaion HP-20 (Su-
pelco). Preparative medium-pressure liquid chromatogra-
phy (MPLC) was performed with a Work-21 pump (Lab-
Quatec Co., Ltd, Japan) and a reversed phase (C-18) Lobar
column (Merck), a flow rate of 1.0 mL/min. Prepara-
tive-High performance liquid chromatography (Prep.
HPLC) was performed on a Jasco PU-2087 instrument
with a UV-2070 and RI-2031 detectors using a Waters 5C
18-AR-II column (10.0 x 250 mm), flow rate of 1.0 mL/
min. 1D and 2D NMR ('H, *C NMR, HSQC, HMBC and
ROESY) spectra were recorded on a Bruker Avance 600
MHz Instrument. The mass spectra were obtained on a
UPLC-ESI S4SH8000 (Water).

2. 2. Plant Material

The whole plant of Baleria prionitis was collected in
Luang Namtha province, Laos from July to December in
2021 and identified by Bounnam XANGYAORN, Luang-
namtha Teacher Training College, Luangnamtha, Laos.

Voucher specimen (BP2021) has been deposited at Faculty
of Chemistry, Hanoi University of Education, Vietnam.

2. 3. Extraction and Isolation

The whole dried plant of B. prionitis (10.0 kg) was
powdered and extracted five times with methanol (each 20
L) to afford the crude methanol extract (922 g), which was
partitioned between n-hexane, EtOAc, butanol and water.
The EtOAc extract (64 g) was subjected to silica gel col-
umn, using n-hexane/EtOAc gradient (from 2/1 to 1/1,
v/v) and EtOAc/MeOH (from 98:2 to 80:20 v/v) to give 10
fractions (BPE1-10). Fraction BPE5 (4.1335 g) was further
isolated by silica gel column, using a gradient elution of
CHCl;/MeOH (from 40:1 to 7:1, v/v) to give 12 sub-frac-
tions (BPE5A-L). Sub-fraction BPE5I (93.4 mg) was sepa-
rated by MPLC, using a solvent system of CH,CN/H,0
(2:3, v/v) to yield compound 1 (22 mg). Fraction BPE7 (4.5
g) was subjected to Sephadex LH-20 column, eluting with
MeOH/CHCI; (7:3, v/v) to give 7 sub-fractions (BPE7A-G).
Sub-fraction BPE7B (3.2 g) was further chromatographed
on a silica gel column, eluting with CHCl;/MeOH/H,0
gradient (from 25:2:0.1 to 25:3.5:0.1, v/v/v) to give 13
sub-fractions (BPE7B1-13). Then sub-fraction BPE7B12
(181 mg) was purified by MPLC, MeOH/H,O (6:4, v/v) to
yield compound 2 (27.8 mg).

The BuOH extract (147 g) was subjected to Diaion
HP-20 column, eluting with H,O 100%, H,0/MeOH gra-
dient (from 95:5 to 30:70, v/v) and MeOH 100% to give 12
fractions (BPB1-12). Fraction BPB9 (298 mg) was further
isolated by MPLC, using a solvent system of CH;CN/H,0
(25:75, v/v) to give 4 sub-fractions (BPB9A-D). Sub-frac-
tion BPB9A (53.5 mg) was further chromatographed on
Sephadex LH-20 column, eluting with MeOH 100%, fol-
lowed by a silica gel column, CHCl;/MeOH/H,0 (25:7:0.1,
v/v/v) to yield compound 3 (4.8 mg). Sub-fraction BPB9B
(36 mg) was isolated by HPLC with a reversed phase col-
umn (C-18), using solvent system of CH;CN/H,O (25:75,
v/v), rt. 60.12 min. to give sub-fraction BPB9B2, which
was further isolated by Sephadex LH-20 column, MeOH
100% to afford 4 (2.7 mg). Sub-fraction BPBIC (45.6 mg)
was purified by Sephadex LH-20 column, eluting with
MeOH 100%, followed by HPLC, EtOAc/MeOH/H,0
(10:1:0.1, v/v/v), rt. 25.30 min. to yield compound 5 (3
mg). Finally, compound 6 (12.4 mg) was obtained from
sub-fraction BPBID (63 mg) by Sephadex LH-20 column,
MeOH 100%, followed by a silica gel column, with solvent
system of CHCl;/MeOH/H,0 (25:5:0.1, v/v/v).

2.4. Density functional theory, molecular
docking and oral toxicity prediction
studies

The 2D and 3D chemical structures of isolated com-
pounds (1-6) from B. prionitis were generated using
ChemSketch software. Subsequently, the geometry of phe-
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nylethanoid glycosides was optimized based on density
functional theory (DFT) with the B3LYP/6-311g(d, p) the-
oretical level using Gaussian 09 software. The HO-
MO-LUMO diagram was visualized using VMD software,
and the molecular electrostatic potential (MEP) map of
the molecule was computed and displayed using Gauss-
View 06 software. The energy gap AE was calculated as the
difference between the LUMO and HOMO energies, indi-
cating the potential electron transfer from the ground state
to the excited state of the molecule.

For protein target preparation, the crystal structure
of Kelch-like ECH-associated protein 1 (Keapl) (PDB en-
try: 4L7B) was downloaded in *.pdb format from the
RCSB Protein Data Bank (https:/www.rcsb.org/struc-
ture/4L7B).? In the downloaded file, PyMOL v.2.5.7 soft-
ware was used to visualize and remove water molecules,
ions, and co-crystallized molecules. The Keapl protein
structure was supplemented with hydrogen atoms and
subjected to Kollman calculations. All ligand and protein
files were saved in *pdbqt format for the docking process.
Docking parameters were set, including the grid box
center and size based on the centroid of the co-crystallized
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Figure 1. Chemical structures of compounds 1-6 from B. prionitis

ligand and coverage of important amino acids. An exhaus-
tiveness value of 400 was chosen, and docking simulation
was performed using AutoDock Vina v1.2.3.3° The results
of the interaction analysis between compounds (1-6) and
Keapl residues were visualized using Discovery Studio
Visualizer software.

The toxicity prediction of the studied compounds was
also conducted to assess their toxicity levels and predict the
lethal dose (LDs) using the ProTox 3.0 web server.’!

2. 5. Biological Assays

Free radical scavenging activity was determined us-
ing DPPH as a reagent.>

3. Results and Discussion
3. 1. Chemistry

The methanolic extract of B. prionitis L. was divided
into four fractions, and followed by silica gel, sephadex
LH-20, Diaion HP-20 column chromatography, and pre-
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Figure 2. Results of the highest occupied molecular orbital
(HOMO) and the lowest occupied molecular orbital (LUMO) for
compounds 1-6
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parative HPLC to give six phenylethanoid glycosides na-
med acetylmartynoside A (1),> martynoside (2),%*
3-O-methylpoliumoside (3),%® isoaceteoside (4),%¢ leuco-
sceptoside A (5),%” 2-(3-hydroxy-4-methoxyphenyl)-e-
thyl-O-(a-L-rhamnosyl)-(153)-O-(a-L-rhamnos-yl)-
-(1-6)-4-O-E-feruloyl-B-D-glucopyranoside ~ (6)*®  as
described in the experimental section.

3. 2. DFT Properties

The results of the DFT calculations can help deter-
mine the reactivity of compounds 1-6 when they interact
with the researched protein, providing a profound insight
into the chemical activities from a quantum mechanics
perspective.®® Figure 2 illustrates the Highest Occupied
Molecular Orbital (HOMO) and Lowest Unoccupied Mo-
lecular Orbital (LUMO) of the optimized structures 1-6,
and Table 1 shows the energy parameters of HOMO, LU-
MO, and the energy gap between them. In drug develop-
ment, the concepts of HOMO and LUMO are crucial for
understanding the electronic properties of molecules. HO-
MO represents the tendency for electrons, while LUMO
represents the opposite.’® As observed in Figure 2, the
HOMO representation of 2, 3, 4, 5, and 6 is mainly distrib-
uted over the benzene ring and the oxygen atoms attached
to this ring of the phenethyl alcohol group, while 1 con-
centrates its distribution on the trans-feruloyl group, with
4 distributing over both benzene rings in the molecule. On
the other hand, in contrast to HOMO, the LUMO of 2, 3,
5,and 6 is mainly distributed over the trans-feruloyl group,
and the LUMO of 1 and 4 also distributes over this group.
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Table 1. HOMO and LUMO energies, binding affinity, and molecular interactions of isolated compounds from B. prionitis.

Compound  Eyomo Erumo AE AGgo Hydrogen bond interactions Hydrophobic interactions
with residues with residues
1 -6.052 -1.796 4.256 -9.084 Val604, Leu365, Arg4l5, Tyr334, TYR334, TYR525, ALA556
Asn382, Asn387, Tyr572
2 -5.982 -2.083 3.899 -9.097 SER363, TYR572, ARG415, TYR525, TYR572, TYR334,
LEU365 ALA556, ARG415
3 -5.559 -2.021 3.537 -9.329 TYR334, ARG415, ILE416 TYR525, TYR572
4 -7.406 -0.995 6.411 -9.637 ASN387, GLN530 TYR334, ALA556,
TYR572, PHE577
5 -7.084 -1.023 6.061 -9.639 ASN382, ILE416, VAL463, SER508 ARG415, ALA556, TYR525
6 -5.770 -2.032 3.738 -9.166 LEU365, ARG415, ARG483 ALA556, TYR525, GLY462
The phenylethanoid compounds (1-6) exhibit ener- the lowest HOMO-LUMO gap is seen in 3. Furthermore,
gy gaps of 4.256 €V, 3.899 eV, 3.537 eV, 6.412 €V, 6.061 €V, the Epomo value of 3 is the highest, indicating its good
and 3.738 eV, respectively. A higher HOMO-LUMO ener- electron-donating ability compared to the other com-
gy gap indicates higher electron stability. As observed in pounds whereas the Ejo energy of 2 is the lowest, sug-

Table 1, the highest energy gap is calculated for 4, while gesting a good electron-accepting capability. Additionally,
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Figure 3. Results of the molecular electrostatic potential (MEP) for compounds 1-6

Keomanykham et al.: Structures and Properties of Phenylethanoid Glycosides ...



200

Acta Chim. Slov. 2025, 72, 195-204

the phenylethanoids have Eyoyo values arranged in as-
cending order as 4 < 5 < 1 < 2 < 6 < 3, while the Ejy;y0
values indicate2 <6 <3 <1<5<4.

The Molecular Electrostatic Potential (MEP) map is
established for the analysis and prediction of molecular
behavior, used to identify electron-rich and electron-defi-
cient sites as well as the potential to form hydrophobic in-
teractions with target biological molecules.*’ This map in-
dicates positive and negative regions on the molecule,
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aiding in predicting interactions between the molecule
and other molecules. Additionally, this method is extre-
mely useful in determining the relationship between phy-
sical properties and molecular structure. The color scales
in the MEP map represent the distribution of charge on
the molecular surface, with red representing electron-rich
regions (or electrophilic reactivity), while blue indicates
electron-deficient regions (or nucleophilic reactivity). The
gradual transition from navy blue to green, yellow, orange,
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Figure 4. Molecular interactions of isolated compounds 1-6 with amino acid residues in the Keap1 active site.
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and red describes the electrostatic potential on the mole-
cule's surface.

Based on the fully optimized geometry structure at
the B3LYP/6-311G (d,p) theoretical level, MEP maps for
all six isolated compounds were calculated. As detailed in
Figure 3 analysis, high electronegative static regions con-
centrate on the oxygen atoms on the ring and ketone
groups in phenylethanoids. Meanwhile, high electropositi-
ve regions primarily focus on the hydroxyl proton attached
to C-3, feruloyl and caffeoyl substituents. The hydroxyl
groups of phenylethanoids (1-6) act as electron-acceptor
sites capable of forming hydrogen bonds with amino acid
residues at protein binding sites and donating hydrogen
atoms to free radicals. At these positions, the potential
values for phenylethanoids (1-6) are 7.201 x 1072 eV, 7.548
x107%eV,7.483 x 1072eV,6.351 x 1072 eV, 7.643 x 10~% eV,
and 7.626 x 1072 eV, respectively, indicating potential
nucleophilic attack sites. Based on these findings, we can
predict positions where nucleophilic and electrophilic at-
tacks might occur, elucidating the assembly outcomes rela-
ted to the hydrogen bonding and other interactions of
each molecule with the amino acid residues at the active
site of the studied protein.

3. 3. Docking and Oral Toxicity Prediction
Results

The optimal geometry of isolated compounds
(1-6) was further subjected to virtual screening on the po-
tential antioxidant target Keapl. Prior to the screening pro-
cess, the validation of the docking procedure was conduc-
ted, and the root-mean-square deviation (RMSD) value was
determined to be 0.77 A (< 2 A), indicating a high reliability
of the docking process (Figure S1).*! The binding mode of
the crystallographically co-crystallized ligand (1S,2R)-2-
{[(1S)-1-[(1,3-diox0-1,3-dihydro-2H-isoindol-2-yl)
methyl]-3,4-dihydroisoquinolin-2(1H)-yl]carbonyl} cyclo-
hexanecarboxylic acid (1VV) with the Keap1 active site was
elucidated in Figure S1, and the results were consistent with
previously reported data.” The binding affinity and pro-
tein-ligand interactions of the six phenylethanoids are de-
tailed in Figure 4 and Table 1. The binding affinities of the
investigated compounds demonstrated strong interactions
with amino acid residues in the Keapl active site, with
AG,¢ values ranging from —9.639 to —9.084 kcal/mol. Ad-
ditionally, the interaction types and docked poses of com-
pounds 1-6 were observed, as depicted in Figure 4 and S2.
Specifically, compound 1 exhibited a binding affinity of
-9.084 kcal/mol, forming seven hydrogen bonds with amino
acid residues including Val604, Leu365, Arg4l5, Tyr334,
Asn382, Asn387, and Tyr572. Moreover, hydrophobic inter-
actions were observed for the Keap1-1 complex with Tyr525,
Ala556 (m-alkyl interaction), Tyr334 (n-m stacked interacti-
on), and Tyr572 (n-o0 interaction). While compound 2 la-
cked acetyl groups at positions 2”-O- and 3”-O-, the AG gy
value showed minimal change (AGyoq = —9.097 kcal/mol).

Compound 2 also formed hydrogen bonds with Arg415,
Leu365, and Tyr572 residues, and additionally, established
hydrogen bonds with Ser363 and other hydrophobic inter-
actions. The absence of a methyl group at position 4-O- in
the molecule showed that compound 5 had the strongest
binding affinity among the studied compounds with AG g,
= -9.639 kcal/mol. This was contributed by hydrogen bond
interactions with amino acid residues Ser508, Asn382,
Tle416, and Val463, as well as mt-7t stacked interactions with
Tyr525, m-cation interactions with Arg415, and n-alkyl in-
teractions with Tyr525 and Arg415 in the benzene ring.
Compound 4, with an additional rhamnose moiety compa-
red to compound 2, exhibited increased binding affinity
(AGgoek = —9.637 kcal/mol), nearly equal to compound 5. In
contrast to compound 4, the absence of a methyl group in
compound 6 weakened its binding affinity. In terms of inter-
actions in the Keapl active site, compound 4 formed two
hydrogen bonds with Asn387 and GIn530, while compound
6 established three hydrogen bonds with Arg415, Leu365,
and Arg483. Finally, the docking result of compound 3 sho-
wed AG = —9.329 kcal/mol. In the Keap] active site, hydro-
gen bonds were formed between amino acid residues
Tyr334, Arg415, and Ile416, and compound 3, in particular,
it also exhibited m-n T-shape and mn-alkyl interactions with
Tyr572 and Tyr525, respectively. Notably, the complex of
Keap1 with the co-crystallized compound 1VV revealed the
formation of a hydrogen bond with the crucial residue
Arg415, which was also observed in compounds 1, 2, 4, and
6. Arg4l15 plays a crucial role in the active binding site of
Keap1 with Nrf2, particularly in the P1 sub-pocket. Arg415,
along with Arg483, is involved in electrostatic interactions
with the substrate due to the highly positive charge of this
pocket. These interactions are significant for the binding ca-
pability of Keapl, contributing to the maintenance of the
interaction between Keap1 and Nrf2.#2 This finding suggests
that these compounds may have inhibitory potential similar
to the co-crystallized compound 1VV. In addition, the po-
tential toxicities of compounds 1-6 were predicted using the
ProTox II website, as shown in Table S1. It can be observed
that all tested compounds from the whole Barleria prionitis
plant exhibited toxicity below the threshold of 5, with pre-
dicted LDs, values of 5000 mg/kg, indicating low toxicity
and high safety for oral consumption in humans. In the pre-
vious research, phenylethanoids also demonstrated effective
inhibitory capabilities on Keap1.** For instance, forsythosi-
de B and alyssonoside were isolated from Callicarpa kwang-
tungensis, a traditional Chinese herb that could act as the
inhibitors of Keap1-Nrf2 interaction via in vitro assay and
molecular docking.** Therefore, phenylethanoids isolated
from B. prionitis may be potential candidates for future an-
tioxidant biological tests.

3. 4. Biological Activities

B. prionitis has been widely used in the treatment of
various diseases in traditional medicine and its crude ext-
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racts also showed many good biological properties. In this
section, we had evaluated the DPPH free radical scavenging
activity of six pure compounds, isolated from B. prionitis
(Table 1). All of these compounds 1-6 were found to be
strong to moderate antioxidant active in this assay with an
ICs, value in the range of 110-389 uM. Among them, isoace-
teoside (4) showed the strongest activity with its ICs, value of
110.91 + 2.48 uM as compared to positive control, ascorbic
acid (IC5, 158.82 + 8.97 uM). As mentioned in the previous
section, the docking results suggest that the isolated com-
pounds (1-6) have the ability to effectively inhibit the Keapl
protein, which is associated with antioxidant activity. This
indicates that the two approaches (molecular docking and
the DPPH assay) provide a more comprehensive understan-
ding of the antioxidant efficacy of the studied compounds.

Table 2. DPPH free radical scavenging activity of compounds 1-6

Compound ICsyvalue (uM) Compound ICsyvalue (uM)

1 389.43 £ 55.85 5 296.57 +12.02
2 327.07 £11.81 6 338.37 £ 34.57
3 239.68 +20.40 Ascorbic 158.82 +£8.97
4 110.91 £ 2.48 acid

4. Conclusions

Six secondary metabolites, acetylmartynoside A (1),
martynoside (2), 3-O-methylpoliumoside (3), isoaceteosi-
de (4), leucosceptoside A (5), and 2-(3-hydroxy-4-me-
thoxyphenyl)-ethyl-O-(a-L-rhamnosyl)-(153)-O-(a-L-
rhamnosyl)-(1-6)-4-O-(E)-feruloyl-B-D-glucopyranosi-
de (6), isolated from the Laotian medicinal plant Barleria
prionitis Linn, were evaluated for their antioxidant activity.
Their effectiveness was assessed both in vitro through
DPPH radical scavenging assays and in silico via molecular
docking against the Keapl protein. Thus, it is possible to
apply this methodology to discovering antioxidant consti-
tuents in natural products.

Data Availability

All spectral data, figures S1, S2 and table S1 are up-
loaded as Supplementary Materials
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Iz cele rastline Barleria prionitis Linn smo prvi¢ izolirali Sest feniletanoidnih glikozidov: acetilmartinozid A (1), mar-
tinozid (2), 3-O-metilpoliumozid (3), izoaceteozid (4), levkoskeptozid A (5) in 2-(3-hidroksi-4-metoksifenil)-etil-
O-(a-L-ramnozil)-(153)-O-(a-L-ramnozil)-(1-56)-4- O-E-feruloil-B-D-glukopiranozid (6). Njihove strukture smo do-
lo¢ili s pomo¢jo 1D in 2D NMR ter masne spektrometrije. Poleg tega smo raziskali antioksidativno aktivnost navedenih
spojin. Vse spojine so pokazale zaviralne ucinke na protein Keapl, pri c¢emer so imele ocenjene vezavne afinitete v ob-
modju od -9,639 do -9,084 kcal/mol z metodo molekularnega sidranja. Prav tako so imele zmerno sposobnost lovljenja
prostih radikalov DPPH, pri cemer so njihove IC5, vrednosti znasale med 110 in 389 uM. Za vse spojine smo ocenili
toksi¢nost na stopnjo 5 z visokimi vrednostmi LDs, (LDsy = 5000 mg/kg), kar kaze na nizko toksi¢nost in visoko varnost

za peroralno uzivanje pri ljudeh.
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