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dynamic of antimicrobial activities, alpha-
glucosidase, and anti-inflammatory activity of
compounds from the aerial parts of Mussaenda
saigonensis†
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Twelve compounds were isolated fromMussaenda saigonensis aerial parts through phytochemical analysis

and the genus Mussaenda is the first place where the compounds 4–6 and 11–12 have been found. Based

on the ability to inhibit NO production in RAW264.7 cells, compound 2 has demonstrated the strongest

anti-inflammatory activity in vitro with an IC50 of 7.6 mM, as opposed to L-NMMA's IC50 of 41.3 mM.

Compound 12 was found to be the most effective inhibitor of alpha-glucosidase enzyme in vitro, with an

IC50 value of 42.4 mM (compared to 168 mM for acarbose). Compounds 1–12 were evaluated in vitro for

antimicrobial activity using the paper dish method. Compound 11 demonstrated strong antifungal activity

against M. gypseum with a MIC value of 50 mM. In silico docking for antimicrobial activity, pose 90 or

compound 11 docked well to the 2VF5 enzyme, PDB, which explains why compound 11 had the highest

activity in vitro. Entry 2/pose 280 demonstrated excellent anti-inflammatory activity in silico. The stability

of the complex between pose 280 and the 4WCU enzyme for anti-inflammatory activity has been

assessed using molecular dynamics over a simulation course ranging from 0 to 100 ns. It has been found

to be stable from 60 and 100 ns. The Tyr 159 (95%, H-bond via water bridge), Asp 318 (200%, multiple

contacts), Met 273 (75%, hydrophobic interaction via water bridge), and Gln 369 (75%, H-bond via water

bridge) interacted well within the time range of 0 to 100 ns. It has more hydrophilic or polar

pharmacokinetics.
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1 Introduction

Mussaenda (Rubiaceae) is found in tropical and subtropical
regions. Some of its plants are utilized in traditional Chinese
medicine.1 Saponins, terpenoids, iridoids, and avonoids are
the major components found in the Mussaenda genus.2–14

Mussaenda plants have been found to have a variety of medic-
inal qualities, including antioxidant, anticancer, and anti-
inammatory effects.15–19 There are two native species in Viet-
nam: Mussaenda recurvata and Mussaenda saigonensis.20 M.
recurvata is thought to be a good source of anti-inammatory
chemicals.21,22 Previous research on this Vietnamese plant
found nine anti-inammatory compounds: ve saponins and
four oleanane-type triterpenes.21,22 However, not much is known
about Mussaenda saigonensis's chemical and biological data.
The potential of M. recurvata components as alpha-glucosidase
and NO inhibitors and the high potent activity ofM. saigonensis
extracts in these assays encouraged us to investigate the titled
plant. The main objective of the research was to explore the
potential of isolated compounds in suppressing alpha-
RSC Adv., 2024, 14, 12081–12095 | 12081
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glucosidase activity and NO production. In this paper, the
phytochemical investigation of the aerial parts of Mussaenda
saigonensis has performed resulting in the isolation of 12
compounds: shanzilactone (1), 6-acetyl shanzhiside methyl
ester (2), barlerin (3), harpagoside (4), (3S,5R,6R,7E,9S)-
megastiman-7-ene-3,5,6,9-tetraol (5), indole-3-carboxylic acid
(6), ursolic acid (7), quinovic acid (8), rotundic acid (9), clethric
acid (10), martynoside (11), and verbacoside (12) as seen in
Fig. 1.
2 Materials and methods
2.1. Materials

For nuclear magnetic resonance (NMR) and high-resolution
electrospray ionization mass spectroscopic (HRESIMS)
spectra, the Bruker Avance III and MicrOTOF-Q mass spec-
trometers have been selected. The following deuterated solvents
were used to record the 1H NMR (500, 600 MHz) and 13C NMR
(125, 150 MHz) spectra: CDCl3, DMSO-d6, and CD3OD. Normal-
phase and reverse-phase silica gel (Merck) were used for thin-
layer chromatography (TLC). The Himedia silica gel 60 was
utilized for the column chromatography (CC) procedure. For the
alpha-glucosidase inhibitory experiment, yeast Saccharomyces
cerevisiae, a-glucosidase enzyme (Sigma-Aldrich, EC3.2.1.20)
and the positive control acarbose (Sigma-Aldrich, EC260-030-7)
were acquired. For the NO inhibition experiment, Griess'
Fig. 1 Structures of compounds 1–12 have been isolated from M. saigo

12082 | RSC Adv., 2024, 14, 12081–12095
reagent (Sigma-Aldrich, EC215-981-2) and the positive control,
L-NMMA (Merck, M7033), were utilized.
2.2. Plant materials

In November 2020, plant material belonging to Mussaenda sai-
gonensis was gathered in Tay Ninh province, Vietnam. For the
study, the aerial sections were chosen. Dr Dang Van Son used
the voucher specimen (VNM_Tri467) kept in the VNM
Herbarium to identify the botanical name.
2.3. Extraction and isolation

Aer being dried and ground, 8.0 kg of M. saigonensis material
was allowed tomacerate in 3× 40 L of EtOH (24 h each), and the
mixture was then concentrated using the aid of an evaporator to
yield 1.200 g of EtOH extract. Step-by-step liquid–liquid parti-
tioning was carried out with solvents that becamemore polar: n-
hexane, dichloromethane, and ethyl acetate. The resulting
extracts were n-hexane (70.0 g), CH2Cl2 (300.0 g), and EtOAc
(410.0 g), in that order. Eight fractions, E1–E8, were obtained by
applying the (EtOAc, 410.0 g) extract to silica gel CC using the
gradient system of CH2Cl2 : MeOH (30 : 1–0 : 1, v/v).

Six fractions, E2.1–E2.6, were obtained by further fraction-
ating fraction E2 (32.0 g) using silica gel CC eluted with CH2-
Cl2 : MeOH (30 : 1–5 : 1, v/v). Compounds 1 (8.0 mg) and 5 (12.0
mg) were obtained by rechromatographing the fraction E.2.2
(2.5 g) on silica gel CC with the n-hexane–CH2Cl2–MeOH (3 : 1 :
nensis material.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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0.1, v/v/v) solvent system. Four subfractions (E2.5.1–E2.5.4) have
been created from the further chromatography of fraction E2.5
(4.8 g) on silica gel CC. Combinations of n-hexane and EtOAc
were used to elute the fraction (2 : 1, 1 : 1, 1 : 2, and 1 : 5, v/v). In
order to collect compounds 7 (20.0 mg) and 9 (6.0 mg), sub-
fraction E2.5.3 (690 mg) was passed over a silica gel CC with an
eluent of n-hexane : EtOAc (1 : 1). Subsequently, six fractions,
E5.1–E5.6, were obtained by dissolving the 42 g of fraction E5
employing a gradient system of CH2Cl2–MeOH (10 : 1–0 : 1, v/v).
This was done using silica gel CC. Five fractions (E5.3.1–5.3.5)
were isolated by rechromatographing fraction E5.3 (11.0 g)
using a gradient of CH2Cl2 : MeOH (10 : 1 / 1 : 1, v/v).
Compounds 6 (5.0 mg) and 8 (7.0 mg) were extracted by
repeated the subfraction E5.3.2 (950 mg) by chromatography on
a silica gel column eluting with CH2Cl2 : MeOH (10 : 1, v/v). By
implementing n-hexane : CH2Cl2 : MeOH (1 : 7 : 1, v/v/v) as an
eluent, column chromatography was used to separate sub-
fraction E5.3.4 (860 mg), yielding compounds 10 (12.0 mg) and
4 (8.0 mg). Compounds 2 (14.0 mg) and 3 (10.0 mg) were ob-
tained from fraction E5.4 (12 g) by two consecutive silica gel CC:
a normal-phase column with a mobile phase as n-hexane :
CH2Cl2 : MeOH (1 : 5 : 1 to 1 : 2 : 1, v/v/v) and a C-18 reverse-
phase column using a solvent system of MeOH : H2O (3 : 1, v/
v). A gradient system of EtOAc–MeOH was used to elute the
silica gel CC used to extract fraction E7 (53 g) (10 : 1 to 0 : 10, v/v)
to give ve subfractions. E7.1–E7.5. Subfraction E7.3 (14.0 g)
was fractionated by silica gel CC using a solvent system con-
sisting of n-hexane, ethyl acetate, and methanol (1 : 10 : 0.1 to
1 : 2 : 0.1, v/v/v) to afford six fractions. E7.3.1–E7.3.6. Fraction
E7.3.4 (945 mg) was applied to C-18-RP silica gel CC, eluted with
MeOH : H2O (2 : 1, v/v) to afford compounds 11 (8.0 mg) and 12
(11.0 mg).
2.4. Alpha-glucosidase inhibition

Isolated compounds were evaluated for the alpha-glucosidase
inhibition using the same procedure reported previously.23

Each sample was dissolved in DMSO, then diluted in different
concentrations. The alpha-glucosidase enzyme and p-nitro-
phenyl-D-glucopyranoside (pNPG) were dissolved in sodium
phosphate buffer at pH 6.9. The prepared samples (each 50 mL)
were preincubated with alpha-glucosidase at 37 °C for 20 min.
The mixture then added by 40 mL of pNPG and continued for
20 min. Finally, sodium carbonate (130 mL, 0.2 M) was added to
stop the reaction. Each sample has been evaluated in triplicate
at nine different concentrations surrounding the IC50 values,
and the average values were used for further analysis.
2.5. Measurement of NO production assay

NO inhibition of compounds 1–12 were determined with the
same procedure reported previously.21,22 Dulbecco's Modied
Eagle's Medium (DMEM) contained L-glutamine (2 mM), HEPES
(10 mM), sodium pyruvate (1 mM), and 10% fetal bovine serum
(FBS). RAW 264.7 cells were cultured in DMEM, seeded in 96-
well culture plates (each well 2 × 105 cells), and incubated for 3
days (the tested condition: 37 °C in 5%-CO2 humidied air). NO
© 2024 The Author(s). Published by the Royal Society of Chemistry
amount was measured using the Griess reagent. L-NMMA was
used as a positive control.

2.6. In vitro anti-microbial activities

The antimicrobial and antifungal activity of compounds 1–12,
and control drugs such as ampicillin and uconazole have been
performed based on paper disk diffusion for quality and fol-
lowed article.24 All compounds, 1–13 had performed for its
inhibition activity against bacteria Escherichia coli (E.C), Pseu-
domonas aeruginosa (P.A), Streptococcus faecalis (S.F) and
methicillin-resistant (MRSA) and fungi Candida albicans, T.
mentagrophytes, and T. rubrum, and M. gypseum by the disk
diffusion method. The ampicillin and uconazole had been
used as standard drugs at a concentration of 1 mg mL−1. The
microbial test organisms were prepared in LB broth for 24 hours
at 37 °C. Muller–Hinton agar (MHA) or Potato Dextrose Agar
(PDA) media have been used to prepare gel plates for bacteria or
fungi. Each strain was swabbed uniformly into the individual
plate using sterile cotton swabs. The paper dishes of 6 mm
diameter were put on surfaces of MHA disks. For this step,
entries 1–12 at the concentrations from 3.125 to 300 mM were
taken equally at 30 mL, meanwhile, each bacterium sample were
added with positive drug into a paper disk. (The 30 mL of every
sample of entries 1–12 and the positive drug put each of paper
disk for every bacterium/fungus.) Aer incubation at 25 °C for
24 hours, measuring the level of inhibited zone was conducted.

2.7. In silico docking study and MD

2.7.1. Procedure docking. In silico docking study of
compounds has performed based on Scheme 1, for antimicro-
bial activity of compounds, enzyme 2VF5: PDB are used to
explain the mechanism why compound has shown good inter-
actions with enzyme in silico docking and led compound
inhibited well with enzyme.1,26 The active center on 2VF5 has
determined at coordination of X, Y, Z: 26.577, 22.697, 8.113,
respectively.27 The docking parameters has determined by
spacing, the numbers of elements on X, Y, Z axis are 0.500 and
(60, 60, 60), respectively. For docking to account for the activity
inammatory, the 4WCU enzyme has been selected to calcu-
lated docking.26 In docking of ligand or the best pose, the
docking parameters has been set up as active center, spacing,
and the numbers of elements on X, Y, and Z axis that are (X, Y,
and Z of 29.286, −50.843, and −26.674), 0.5, and (60, 60, and
60).

2.7.2. MD simulation. The complex of the best docking
pose 280 (the best conformation docking among 500 confor-
mations, run = 500 models), the best conrmation of
compound (4) and the crystal structure 4WCU enzyme had been
saved in complex_pose_280_4WCU.pdb le by autodock tools,
and has imported the structure of this complex to Desmond
Schrodinger 2018, version 4 in Linux operation system for
molecular dynamic (MD).28–31 The MD simulation course
focuses on utilizing thermostat and barostat to maintain
constant temperature (T = constant) in a system with variables
N, V, and E. The Nosé–Hoover thermostat is typically used in
molecular dynamics simulations. Barostats, which can uctuate
RSC Adv., 2024, 14, 12081–12095 | 12083
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Scheme 1 General docking procedure of the best docking pose of ligand to target enzyme.
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based on cell volume in liquids or cell parameters in solids, are
also commonly employed.32 When combined with the
Charmm36 force eld, the SPC water model is the most effective
option.33,34 In order to derive the protein force eld and the
atomic partial charges, quantum chemical calculations were
performed on the interactions that occurred between model
compounds and water via Scheme 2. The parameters set up in
system were 300 K, 100 atm of pressure, 100 ns of simulation
time, 24 of CPU, 1000 trajectory course in molecular dynamic
panel. The initial conditions had been chosen via Desmond
system builder panel including solvation and ions. The MD
simulation course in Desmond – Schrodinger soware in Linux
has 3 part need to be nished: (1) preparing protein wizard, (2)
Desmond system builder, and (3) MD simulation.
3 Results and discussions
3.1. Isolation and identication of isolated compounds

12 compounds have isolated from Mussaenda saigonensis. To
conrm the chemical structures, the NMR and HRESIMS
spectroscopic methods were used. Shanzilactone (1), 6-acetyl
shanzhiside methyl ester (2), barlerin (3), harpagoside (4), and
(3S,5R,6R,7E,9S)-megastiman-7-ene-3,5,6,9-tetraol (5), indole-
3-carboxylic acid (6), ursolic acid (7), quinovic acid (8),
rotundic acid (9), clethric acid (10), martynoside (11) and
verbacoside (12). Iridoids (1–4), sesquiterpenes (5), alkaloids
(6), triterpenes (7–10), and phenylethanoid derivatives (11 and
12) are the ve types of skeletons. All data NMR of entry 1–12
and heteronuclear multiple bond correlations (HMBC)
12084 | RSC Adv., 2024, 14, 12081–12095
described in Tables S1–S12 and Fig. S13.1 to S24.5.† Iridoids
1–3 were discovered in Mussaenda plants: shanzilactone (1)
fromM. incana,35 6-acetyl shanzhiside methyl ester (2) fromM.
pubescens and barlerin (3) from M. pubescens.36 Harpagoside
(4), (3S,5R,6R,7E,9S)-megastiman-7-ene-3,5,6,9-tetraol (5), and
indole-3-carboxylic acid (6) were discovered for the rst time in
Mussaenda. Triterpenoid and triterpenoid glycosides are well-
known in Mussaenda plants, including ursolic acid (7) fromM.
recurvata,22 quinovic acid (8) from M. pilosissima and M. gla-
bra,12,14 rotundic acid (9) from M. macrophylla,8 and clethric
acid (10) from M. pubescens.4 This is the rst time a phenyl-
ethanoid skeleton (compounds 11 and 12) has been discovered
in the Mussaenda genus. Compounds 11 and 12 are new
members that have contributed to the Mussaenda genus'
chemical data. Our preliminary study on this species indicated
the presence of six compounds: 2a,3b-dihydroxyurs-12-en-28-
oic acid, 3b,23-dihydroxyurs-12-en-28-oic acid, coumaric
acid, caffeic acid, aloe-emodin and 11-O-a-
rhamnopyranosylaloe-emodin. They are anthraquinones,
phenolic monocyclic compounds, and triterpenes that were
found for the rst time in Mussaenda saigonensis. However, no
biological activity of compounds was reported. This paper
focused on the bioguided-isolation based on antimicrobial
activities, alpha-glucosidase, and anti-inammatory activity to
investigated bioactive components from Mussaenda
saigonensis.37

The physicochemical properties of compounds 1–12 were
described in the ESI documentation.†
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 General procedure for MD simulation of one complex of the best docking pose 280 and 4WCU on real environment has been
conducted by Desmond in Linux.
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3.2. Inhibition of NO production

Compounds 1–12 were assessed for their capability to hinder
the production of NO in RAW264.7 cells when stimulated with
LPS as seen in Fig. 2. Compound 2 is strongest inhibition NO
among 12 compounds and positive control. Compounds 2, 7
Fig. 2 The ability of NO inhibition of compound 1–12, and positive
control (13), L-NMMA are indicate in the values of IC50.

© 2024 The Author(s). Published by the Royal Society of Chemistry
and 4 reduced nitrite accumulation in LPS-stimulated RAW
264.7 cells, with IC50 values of 7.6± 0.98, 18.2± 0.70 and 25.9±
3.32 mM, respectively, and others were weak or inactive. The
positive control used was L-NMMA, with an IC50 value of 41.3 ±

6.6 mM. Iridoids 2–4 with a glucose unit performed better than
non-sugar iridoid 1, indicating the importance of this glucose
moiety. Compound 7 was the most active of the ursanes 7–10,
implying that substitutions at C-19, C-23, C-24, and C-26 would
reduce activity. Iridoids are well-known anti-inammatory
compounds, according to a comprehensive review.38 Harpago-
side (4) was found to be a signicant anti-inammatory
constituent of Harpagophytum procumbens.39 Our ndings were
consistent with those found in the literature. Phenylethanoids
11 and 12 have also been reported to be weak NO inhibitors1

According to the authors, 11 and 12 are both weaker than 4.
Other compounds that inhibit NO have previously been re-
ported: 5,40 6,41 7,42 8,41,42 9,43,44 and 10.45
3.3. Alpha-glucosidase inhibition

Compounds 1–12 were assessed for their ability to inhibit alpha
glucosidase. The compounds all displayed moderate activity,
with IC50 values covering a wide range from 42.4 to 250 mM, as
seen in Fig. 3 compared to the positive control acarbose IC50 168
mM. Among 1–12, ursolic acid is believed to be a well-known
inhibitor with many published reports.43,46,47 Biological data of
RSC Adv., 2024, 14, 12081–12095 | 12085
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Fig. 3 The ability of alpha-glucosidase inhibition of entries 1–12 and positive control 13, acarbose have been presented in the IC50 values.
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8–12 gave consistency with those reported previously.48–50

Compound 12 are the best candidate for alpha glucosidase
enzyme inhibition among us and positive control, acarbose
with the IC50 value of 42.4 mM.
3.4. In vitro antimicrobial activities

3.4.1. Antibacterial activity. As shown in Fig. 4, the anti-
bacterial activity of compound 1–12 and ampicillin drug (13)
(positive control) have been exposed in the values of the
minimum inhibition concentrations (MICs), as seen in Fig. 4,
the MIC values of compound 1–12 are varied from 100 to 300
mM and they compared to the MICs of standard drug, ampicillin
that changed from 3.125 to 6.25 mM against four bacteria such
as E. coli, P. aeruginosa, MRSA, S. faecalis. All compounds 1–12
indicated the antibacterial activity ability are moderate activity
against E. coli, P. aeruginosa, MRSA, S. faecalis. Among
compounds exposed low or inactivity antibacterial activity,
compound 2 and 5 demonstrated good inhibition against E. coli
at concentration of 100 mM and compound 10 inhibited against
MRSA and S. faecalis at concentration of 100 and 100 mM,
respectively.

3.4.2. Antifungal activity. As indicated in Fig. 5, the anti-
fungal activity of compound 1–12, and positive control drug,
uconazole against C. albicans, T. mentagrophytes, T. rubrum,
andM. gypseum fungus is demonstrated that compound 11 had
shown the most excellent activity againstM. gypseum fungi with
the value of MIC of 50 mM that compare to the values of the
others changed from 100 to 275 mM and the value of standard
drug of 6.12 mM. Some compounds had shown good inhibition
12086 | RSC Adv., 2024, 14, 12081–12095
with the values of MIC of 100 mM because the compound 2
inhibited against C. albicans, and compound 6, 7, and 10
inhibited againstM. gypseum. Some compounds indicated weak
inhibitions or inactive such as compound 1, 2, 3, 4, 5, 8, 9, and
12 (all fungus), 6, 7, 10, 11 (E. coli, P. aeruginosa, and MRSA). As
seen in Fig. 6, the antimicrobial activity of compound 11
(martynoside) has inhibited M. gypseum fungi at different
concentrations of C1, C2, C3, C4, and C5 of 50, 25, 12.5, 6.25 and
negative control (biochemistry DMSO solvent), respectively.
3.5. In silico docking and MD

3.5.1. Antimicrobial activity. The docking results of the
most activity poses of compounds 1–11 have been indicated in
Table S13,† Fig. 4 to 5 (the active pose) and Fig. S25–S33† (the
inactive poses). As seen in Table S13,† at thermodynamic site
(free Gibbs energy or Ki), these poses had docked to enzyme
2VF5, in order to rank by rotundic acid (9) > quinovic acid (8) >
clethric acid (10) > (3S,5R,6R,7E,9S)-megastiman-7-ene-3,5,6,9-
tetraol (5) > barlerin (3) > 6-acetyl shanzhiside methyl ester (2)
> harpagoside (4) > shanzilactone (1) > verbacoside (12) > mar-
tynoside (11) > indole-3-carboxylic acid (6). Base on ligand
interaction model, those have been ranked by martynoside (11)
> harpagoside (4) > 6-acetyl shanzhiside methyl ester (2) >
rotundic acid (9) = quinovic acid (8) = clethric acid =

(3S,5R,6R,7E,9S)-megastiman-7-ene-3,5,6,9-tetraol (5) = bar-
lerin (3) = shanzilactone (1) = verbacoside (12) = indole-3-
carboxylic acid (6).51

3.5.1.1 Pose 90. The best one stable conformation among
500 docking conformations of compound 11 were docked on
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The antibacterial activity of compound (1) to (12), and (13): ampicillin drug (positive control) at concentrations of 3.125 to 300 mMagainst E.
coli, P. aeruginosa, MRSA, and S. faecalis bacteria presented in the values of MIC (mM).
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2VF5 enzyme with the values of free Gibbs energy and inhi-
bition constant of −4.92 kcal mol−1 and 248 mM, respectively
to explain general mechanism why conformation inhibits well
Fig. 5 The antifugal activity of compound 1–12, and 13: fluconazole, po
such as C. albicans, T. mentagrophytes, T. rubrum, and M. gypseum fun

© 2024 The Author(s). Published by the Royal Society of Chemistry
enzyme to make inactive bacteria or fungi, as seen in Fig. 4 to
5.25 Based on analyzing the docking interaction model, Fig. 7,
pose 90 interacted well with enzyme because three parts of
sitive control drug at concentrations of 3.125 to 300 mM against fungus
gus are exposed in the values of MIC (mM).

RSC Adv., 2024, 14, 12081–12095 | 12087
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Fig. 6 The antimicrobial activity of compound 11/Martynoside has
inhibited againstM. gypseum fungi at different concentrations of C1 =

50 mM, C2 = 25, C3 = 12.5, C4 = 6.25 and C5: negative control
biochemistry DMSO solvent.

Fig. 7 One 2D diagram exposed the significant ligand interactions betwee
model.

12088 | RSC Adv., 2024, 14, 12081–12095
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pose 90 have exposed full interactions with 2VF5 such as
functional group: Glu 325 to hydrogen atoms of hydroxyl
groups, Leu 480 to hydrogen atom of hydroxyl phenolic, Tyr
312 to hydrogen atom of hydroxyl phenolic group, and Tyr 304
to oxygen and hydrogen atoms; capping group: pi–pi stacked
interaction from Tyr 476 to pi electron system of phenyl group,
and pi–alkyl or alkyl from Leu 480 to pi electron system of
phenyl group; and linker part: Leu 480 to methyl group, and
Tyr 476 to methyl of methoxy group. The pose 90 ranked
strongest interaction because it has signicant hydrophobic
such as pi–pi stacked and pi–pi alkyl or alkyl interactions (Tyr
476), pi–pi alkyl or alkyl interactions (Ala 496 and Leu 480).
Those interactions belong to be characteristic hydrophobic of
pose/drug. As seen in Table S13,† those hydrogen bondings, 7
hydrogen bondings develop the attribute hydrophilic of pose
90. Among hydrogen bondings, pose 90:H – X:Glu 325:O is
strongest bonding because of shortest bond length. As seen in
Fig. 8, one ligand map indicated the secondary interactions
forming between pose 90 and 2VF5 including hydrogen
bondings (brown color lines): Tyr 312, Tyr 304, Glu 325, Val
324, and Asn 305, steric interactions (light green colors): Met
308, Tyr 304, Glu 325, and Tyr 312, and overlap interactions
(violet circles) on atoms of pose 90. The bigger the diameter of
violet circles, the stronger overlap interactions are. Other
poses that interacted weakly with 2VF5 are explained in Table
S13† (column describes).
n pose 90, compound 11 and 2VF5: full interaction in ligand interaction

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 One ligand map shown the secondary interactions between pose 90, compound 11 and 2VF5, hydrogen bondings: brown color, light
green color: steric interactions, violet circles: overlap interactions.
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3.5.2. Anti-inammatory
3.5.2.1 Pose 280. At thermodynamic site, the best docking

pose 280 among 500 conformation of 6-acetyl shanzhiside
methyl ester of compound (2) have docked to pocket site of
4WCU enzyme to explain why compound 2 or pose 280 indi-
cated high alpha glucoside enzyme inhibition in vitro by
calculation and modeling in silico docking study and MD
simulations.52,53 This pose anchored to 4WCU with the values
of free Gibbs energy and inhibition constant of
−6.38 kcal mol−1 and 21.0 mM, respectively. It formed 5
hydrogen bonding that are listed as B:Tyr 159:O – pose 280:O
(2.86 Å), pose 280:H – B:Asp 318:O (2.41 Å); pose 280:H – B:Asp
318:O (1.98 Å); pose 280:H – B:Asp 318:O (2.04 Å); pose 280:H –

B:Asp 201:O (1.86 Å). Among them, hydrogen bonding, pose
280:H – B:Asp 201:O is strongest because of the shortest bond
length. As seen in Fig. 9 or pose 280, at ligand interaction
model site, pose 280 is proved good interactions with enzyme
because 3 parts of pose have shown full interactions such as
capping group or protein identication of pose 280: carbon
hydrogen bond from Asp 318 to carbon atom of cyclohexene
ether, linker part of pose 280: carbon hydrogen bond from Thr
271 to hydroxyl methylene carbohydrate group, and functional
group of this pose: Tyr 159 to hydroxyl alcohol of cyclopentyl
group; Asp 201 to hydrogen atom of carbohydrate group; Asp
318 to hydrogen atom of hydroxyl alcohol of cyclopentenyl
group, hydrogen atoms of hydroxyl alcohol groups of
© 2024 The Author(s). Published by the Royal Society of Chemistry
carbohydrate, respectively. Pose 280 interacted well with
4WCU at ligand interaction model site.26 As exposed in Fig. 10,
one ligand map has shown the secondary interactions such as
hydrogen bonding (light brown color lines): Asp 201, Asp 318,
steric interaction (light green color lines): Met 273, Phe 372,
Phe 340, Leu 319, Asp 201, Tyr 159, Asp 318, Thr 271, and Glu
230, and overlap interactions that are violet circles on atoms of
pose 280. The bigger diameters of violet circles, the stronger
overlap interactions are.

3.5.3. Molecular dynamic (MD) of complex of pose 280 and
4WCU in silico of the anti-inammatory activity. The simula-
tion interactions of complex of pose 280, one the best docking
pose 280 of compound 6-acetyl shanzhiside methyl ester,
compound (2) and 4WCU: enzyme to explain to be stable of
complex in real environment such as 300 K, 100.102 of simu-
lation time, the numbers of atoms of 39 682, the number of
water molecules of 11 399, 0 charge, and 24 CPUs. For 4WCU
enzyme, the enzyme information is presented by a 339 residual
in chain, one chain (B), 5411 atoms, 2722 heavy atoms, and
−15 charge. The ligand properties are reported by 59 total
atoms including 31 heavy atoms, 0 charge, 5 fragments, 12
rotation bonds. The counter ion (salt information) is Na type,
15 atom, concentration of 23.926 mM, and 15 positive charges.
As seen in Fig. 11A–J, the enzyme secondary structure is
52.62% helix, 0% strand, and 52.62% total SSE (secondary
structure elements). As indicated in Fig. 11B, the curves of
RSC Adv., 2024, 14, 12081–12095 | 12089
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Fig. 9 The significant interactions between pose 280, compound 2 and 4WCU: PDB enzyme on one 2D diagram.
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RMSD of 4WCU and pose 280 show the RMSDs of 4WCU (le Y-
axis), the RMSD of pose 280 (Y-right axis) against simulation
time of 0 to 100 ns (X-axis). The plots of the values of RMSD of
4WCU have been varied from 1.0 to 2.0 Å for C-alpha (light
blue curve), 1.0 to 2.2 for backbone plot (green color curve),
and 1.0 to 3.4 side chain curve are in order of 1–3 Å are
perfectly acceptable for small, globular proteins. Changes
much smaller than that, however, indicate that the 4WCU is
undergoing a small conformational change during the simu-
lation. It is also important that your simulation converges –

the RMSD values stabilize around a xed value. The values of
curve of RMSD of pose 280 t 4WCU (‘Lig t Pro’) are a little
higher than the values of RMSD of backbone of the reference
and then the RMSD of the heavy atoms of pose 280 are
measured. The values observed are a little larger than the
RMSD of the 4WCU enzyme, so it is likely that the pose 280 has
a little diffused away from its initial binding site of 4WCU. The
curve of RMSD of ‘Lig t Pro’, dark red color has equilibrated
from 60 to 100 ns, varied a little change from 20 to 60 ns, and
make larger uctuation from 0 to 20 ns. The values of RMSD of
pose 280, ‘Lig t Lig’ – light violet color shows the RMSD of
pose 280 that aligned and measured just on its reference
conformation. This RMSD value measures the internal uc-
tuations of the atoms of pose 280. The plot of ‘Lig t Lig’ has
exposed that the values of RMSD of pose 280 are changed from
0.6 to 1.2 Å (#2.0 Å) that proved the validation of docking
12090 | RSC Adv., 2024, 14, 12081–12095
model of pose 280 anchoring to 4WCU about oriental docking,
docking conformation, docking method, docking parameters,
and docking model for interesting pose 280 to active site on
4WCU.54 As seen in Fig. 11C, residual peaks indicated areas of
the protein that uctuated the most during the simulation
time of 100 ns. On this curve, peaks indicate areas of the
protein that uctuated the most during the simulation are 125
to 140, 200 to 220, 250 to 275, and 320 to 340. Typically, the
tails (N- and C-terminal) uctuated more than any other part
of 4WCU. Secondary structure elements like alpha helices and
beta strands are usually more rigid than the unstructured part
of the enzyme, and thus uctuate less than the loop regions. As
indicated in Fig. 11D, structure of pose 280 have 10 torsion
bondings including C–OH (brown color), C–OH (violet), C–OH
(orange), C–O (ether, red color) of carbohydrate part, C–O
(green color), C–C of ester (light orange), C–O of ester (light
violet) of cyclopentenyl ether, C–O (light green) of alcohol
group, C–O (light blue) of acetyl group, and C–O (light pink) of
alcohol group of cyclopentyl group. As seen in Fig. 11E, the
interactions of 4WCU with the pose 280 have been presented
by H bond that interacted with pose 280 via water bridges
maintained over 95% simulation course from Tyr 159 on
4WCU. The residual amino acid Asp 318 on 4WCU have made
multiple contacts of same subtype with the pose 280 via water
bridges (200%). The Asp 318 has formed H-bonds with atoms
on pose 280 via water bridge interactions. The Met 273 linked
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 One ligand map presented the secondary interaction between pose 280, compound 2 and 4WCU, hydrogen bondings: brown color,
light green color: steric interactions, violet circles: overlap interactions.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

2/
2/

20
25

 5
:2

7:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
H-bonds via hydrophobic and water bridge that control 75% of
simulation time. The Gln 369 has formed H-bond via water
bridges maintained at 75% simulation course. The Phe 372
has created the hydrophobic interactions that control over
55% simulation course. The Asp 272 linked H-bond via water
bridge that took over 60% simulation time. The Asn 321 and
Tyr 329 formed water bridges that established over 40 and 55%
simulation time, respectively. As indicated in Fig. 11F, the
numbers of contracts appeared one more time in whole
simulation course such as Tyr 159 (0 to 100 ns), His 160 (0 to
less than 50 ns), Asp 318 (0 to 100 ns), Tyr 329 (10 to 100 ns),
Met 273 (0 to 100 ns), Thr 333 (10 to 90 ns), Met 357 (50 to 100
ns), Gln 369 (0 to 100 ns), and Phe 372 (0 to 100 ns). As exposed
in Fig. 11G, one 2D diagram has presented the atom of pose
280 interactions with the residues of 4WCU that included one
brown boundary around pose 280 that proved this pose is
more polar because of charged negative (brown color). The
polar interactions: Asn 321 and Gln 369. The Asn 321 formed
H-bond to oxygen atom of C]O of acetyl group on pose 280
(light pink color line) via one water bridge that controlled over
82% simulation time and Gln 369 formed H-bond linked H-
bond via one water bridge that took over 70% time of simu-
lation course. The amino acid Asp 318 (215%), brown color
and charged negative amino acid created H bonds via one
water bridge from oxygen atoms of hydroxyl atoms of carbo-
hydrate and cyclopentyl group. Asp 272 formed one H bond via
© 2024 The Author(s). Published by the Royal Society of Chemistry
water bridge that controlled at 88% time of simulation course.
The Tyr 159, one hydrophobic amino acid created one H bond
to H atom of hydroxyl group of cyclopentanyl group that took
94% simulation time. Other hydrophobic amino acids such as
Met 273 (H bond and taking 45% time), Tyr 329 (H bond via
water bridge to oxygen of acetyl group taking 98%), and Met
357 (H bond, via water bridge to oxygen atom of C]O of ester
group, 72%). The morphology kinetic of this pose indicated
that pose 280 is more polar and including polar and non polar
interactions (hydrophobic interactions), as seen in Fig. 11G. As
exposed in Fig. 11H, the properties of pose 280 has shown the
RMSD, rGyr, Intra HB, Mol SA, SASA, and PSA that calculated
1.2 to 1.8 Å, 3.8 to 4.0 Å2, 0 to 1, 352 to 368 Å2, 40 to 120 Å2, and
240 to 290 Å2. As seen in Fig. 11I, The Ligand Root Mean
Square Fluctuation (L-RMSF) is useful for characterizing
changes in the ligand atom positions. The values of RMSF of
pose 280 are varied from 0.5 to 2.0 Å and two oxygen atoms of
two hydroxyl groups are strongest uctuations (labels 26 and
27). As demonstrated in Fig. 11J, the torsion prole of bond-
ings of pose 280 has been calculated and exposed that the
most strong torsion bondings are C–O of acetyl group (light
blue), C–C of ester binding to ring ether (orange), and C–O of
ester (light violet color) that are belongs to torsion energies of
13.47 kcal mol−1 (−180° torsion), 10.14 kcal mol−1 (−180°
torsion), and 10.00 (−180° torsion).
RSC Adv., 2024, 14, 12081–12095 | 12091
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Fig. 11 The simulation of complex of pose 280 and 4WCU enzyme over time period of 100 ns: (A) protein secondary structure are presented as
52.62 helix, 0% strand, and 52.62% total SSE (secondary structure elements), light blue: beta-strands and brown color: alpha-helices. (B) The
RMSD curves of 4WCU and pose 280. (C) Residual peaks indicated areas of the protein that fluctuate the most during the simulation time of 100
ns. (D) Torsion profile of pose 280. (E) The interactions of 4WCUwith the pose 280. (F) The numbers of contacts between 4WCU and pose 280 in
simulation course from 0 to 100 ns. (G) One schematic of detailed atom of pose 280 interactions with the residues of 4WCU. (H) The properties
of pose 280. (I) The RMSF of pose 280. (J) The ligand torsions plot summarizes.
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4 Conclusion

Twelve compounds have been discovered from Mussaenda sai-
gonensis including Shanzilactone (1), 6-acetyl shanzhiside
methyl ester (2), barlerin (3), harpagoside (4), and
(3S,5R,6R,7E,9S)-megastiman-7-ene-3,5,6,9-tetraol (5), indole-3-
carboxylic acid (6), ursolic acid (7), quinovic acid (8), rotundic
acid (9), clethric acid (10), martynoside (11) and verbacoside
(12). They are classied into ve types of skeletons: iridoids (1–
4), sesquiterpene (5), alkaloid (6), triterpenes (7–10), and phe-
nylethanoid derivatives (11 and 12). The compounds 4–6 and
11–12 have been discovered in the genusMussaenda for the rst
time. Compounds 2, 7, and 4 have inhibited NO stronger than
positive control, L-NMMA, and specially has compound 2
inhibited themost excellent among them in vitro. Compound 12
has exposed highest alpha-glucosidase inhibition among
entries and positive control, acarbose in vitro. Antimicrobial
activities, in vitro, compound 11 has inhibited against M. gyp-
seum fungi with MIC of 50 mM and all compound 1–12 have
shown moderate activity against four bacteria. In silico docking
study pose 90 or compound 11 docked well to 2VF5 to explain
how compound 11 has high activity against M. gypseum fungi
based on enzyme inhibition mechanism 2VF5. For anti-
inammatory in vitro, the best pose docking 280 has selected
among 500 conformations of compound 2 that docked to 4WCU
enzyme to explain general in anti-inammatory mechanism in
12092 | RSC Adv., 2024, 14, 12081–12095
vitro and complex of pose 280 and 4WCU continued performing
in silicoMD simulation. Results of simulation course of 0 to 100
ns indicated that complex pose 280 and 4WCU are hydrophilic
interaction around pose 280 and residual amino acids appeared
more than one time in whole simulation period such as Tyr 159,
Asp 318, Met 273, Gln 369, Phe 372, and Asp 372.
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