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INTRODUCTION
Antibiotic-resistant bacteria, such as methicillin-

resistant Staphylococcus aureus (MRSA) and vancomycin-
resistant Enterococcus faecalis (VRE), represent significant 
challenges to global public health due to their high rates of 
morbidity, mortality, and resistance to multiple antibiotics 

[1,2]. Both MRSA and VRE are major opportunistic pathogens 
and are responsible for nosocomial infections, particularly in 
immunocompromised patients [1,2]. MRSA was first described 
in 1961, while VRE emerged as a major clinical concern in 
1980. They have become a cause of hospital-acquired infections 
all over the world, predominantly affecting patients undergoing 
invasive procedures or those with weakened immune systems 
[2–4].

The molecular mechanisms of MRSA and VRE 
resistances are different.  MRSA resistance primarily links to 
the acquisition of the mecA gene, which encodes penicillin-
binding protein 2a (PBP2a) [3,5]. This transpeptidase involves 
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ABSTRACT
Methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococcus faecalis (VRE) are 
one of the significant public health issues. They are associated with high rates of illness and death, and increased 
prevalence of antimicrobial resistance which causes treatment failure in infectious disease. This study investigated 
the effects of combined seven phytochemicals, including four stilbenoids [namely, pinosylvin monomethyl ether 
(1), 2,3’-dihydroxy-5’-methoxystilbene (2), (E)-2,3′-dihydroxy-2′-(4-hydroxybenzyl)-5′-methoxystilbene (3), 
(E)-2,5′-dihydroxy-2′-(4-hydroxybenzyl)-3′-methoxystilbene (4)], one flavonoid (isalpinin) (5), one triterpenoid 
saponin (oleanolic acid 28-O-β-D-glucopyranoside) (6), and one amide alkaloid (piperine) (7) with amoxicillin and 
predicting mode of action of seven natural compounds with amoxicillin to kill MRSA and VRE. The antibacterial 
activity was assessed by the minimum inhibitory concentration (MIC) and fractional inhibitory concentration (FIC) 
index. In addition, a molecular docking study was evaluated to predict the mechanism of action of their compounds 
to bind resistance-related proteins: penicillin-binding protein 2a (PBP2a) for MRSA and VanA ligase for VRE. All 
compounds showed antibacterial activity (MIC: 5–10 mg/ml) and enhanced amoxicillin efficacy, with FIC index 
values indicating additive to synergistic effects (FIC: 0.0018–0.8020). The compounds interacted with PBP2a at 
allosteric sites (ΔG: –11.70 to –6.60 kcal/mol; Ki: 0.00263–14.65 µM) and with VanA ligase at active sites (ΔG: 
–10.46 to –7.20 kcal/mol; Ki: 0.021–5.32 µM), exhibiting favorable binding affinities. In contrast, amoxicillin showed 
unfavorable interactions with these proteins. This study suggests that compounds 1–7 increased the susceptibility 
of MRSA and VRE to amoxicillin, which might be associated with their interaction with PBP2a and VanA proteins. 
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Previously, we isolated major compounds from the 
whole plants of Paphiopedilum dianthum Tang & F.T. Wang 
(Orchidaceae), yielded pinosylvin monomethyl ether (1), 
2,3’-dihydroxy-5’-methoxystilbene (2), (E)-2,3′-dihydroxy-2′-
(4-hydroxybenzyl)-5′-methoxystilbene (3), (E)-2,5′-dihydroxy-
2′-(4-hydroxybenzyl)-3′-methoxystilbene (4), isalpinin (5), 
oleanolic acid 28-O-β-D-glucopyranoside (6) [25], and 
piperine (7) isolated from Piper wallichii (Miq.) Hand.-
Mazz (Piperaceae) [27]. Some of them exhibited potential 
antibacterial effects against MRSA and VRE when combined 
with antibacterial drugs. Previous studies have shown that 
amoxicillin can be effective in combination with various 
compounds against MRSA and VRE, including cefdinir, light-
activated methylene blue, and fosfomycin [15–17]. However, 
the studies on amoxicillin plus phytochemicals are a limited 
amount of additional research.

The aim of this study was to investigate the 
antibacterial activity of phytochemicals 1–7 (Fig. 1) against 
nosocomial MRSA and VRE. All compounds were evaluated 
both individual and in combination with amoxicillin. The 
molecular mechanisms underlying the antimicrobial activity 
of these combinations were explored. Antibacterial activity 
was evaluated using the minimum inhibitory concentration 
(MIC). A checkerboard microdilution assay was performed to 
determine the fractional inhibitory concentration (FIC) index 
and to estimate potential synergistic effects. Additionally, 
computational molecular docking was conducted to explore 
the binding affinity and molecular interactions with resistance-
targeted proteins: PBP2a for MRSA and VanA ligase for VRE.

MATERIALS AND METHODS

Chemicals and microorganisms
Mueller–Hinton broth was purchased from Himedia 

Company (Mumbai, India). Resazurin dye was obtained from 
Sigma Chemical Co. (St. Louis, MO, USA). Amoxicillin was 
purchased from Siam Pharmaceutical Company (Bangkok, 
Thailand). Dried roots and dried leaves of Paphiopedilum 
dianthum Tang & F.T. Wang and dried stems of Piper wallichii 
(Miq.) Hand.-Mazz were soaked in methanol and concentrated 
by rotary evaporator. Each of the methanol extracts was purified 
by column chromatography and identified pure compounds 

the biosynthesis of bacteria cell walls and shows a lower affinity 
of β-lactam antibiotics than the other PBPs [3,4]. In contrast, 
VRE resistance is primarily associated with the presence of the 
VanA ligase, encoded by the VanA gene. This enzyme alters the 
compositions of peptidoglycan synthesis, replacing the terminal 
D-alanine with D-lactate, thereby decreasing vancomycin 
binding [2,4,6]. 

Treating MRSA and VRE infections remains 
challenging due to the limitations of available antibiotics 
[2,5,7]. Strains of MRSA and VRE are resistant to a broad 
spectrum of antibiotics, including β-lactams, respiratory 
fluoroquinolones, aminoglycosides, macrolides, and 
tetracyclines [2,7]. Vancomycin and daptomycin are typically 
used as first-line drugs for severe MRSA infection [8], while 
linezolid is commonly employed for VRE infection [9]. 
Unfortunately, these antibiotics are often associated with serious 
adverse effects, such as myelosuppression, nephrotoxicity, and 
peripheral neuropathy [10,11]. The prolonged use of linezolid 
in clinical settings has also contributed to the emergence of 
acquired resistance in MRSA [12]. Moreover, vancomycin has 
been reported to exhibit slower bacterial killing than β-lactams 
in clinical studies [13,14]. 

Combination therapy is increasingly recommended 
to minimize prolonged antibiotic use and reduce the risk of 
developing multidrug resistance [15–17]. There are recent 
studies suggesting that pure natural compounds and/or a 
combination of natural compounds and antibiotics to provide 
a promising solution to this growing problem of antibiotic 
resistance. Several chemical constituents of plants have shown 
antibacterial activity against a range of clinically significant 
pathogens, including Escherichia coli, Bacillus subtilis, 
Klebsiella pneumoniae, and Enterococcus faecalis [18,19]. 
Phytochemicals have the potential to enhance the efficacy of 
existing antibiotics, such as amoxicillin, gentamicin, teicoplanin, 
and daptomycin, particularly against MRSA and VRE [19–21]. 
For example, longistylin A, an isoprenylated stilbene isolated 
from the leaves of pigeon pea [Cajanus cajan (L.) Millsp], 
exhibited strong antibacterial activity against MRSA and 
promoted wound healing in an MRSA-infected mouse model 
[21]. The trans-stilbenes such as pinosylvin monomethyl ether, 
piceatannol and resveratrol have demonstrated antibacterial 
activity against various pathogenic bacteria, including both 
Gram-negative (Salmonella enterica) and Gram-positive 
bacteria (Listeria monocytogenes, Staphylococcus epidermidis, 
and Staphylococcus aureus) [22]. Diosmetin, a flavonoid 
from aerial parts of Sophora moorcroftiana (Benth). Benth. 
ex Baker, showed a synergistic effect with antibiotics against 
the four S. aureus drug-resistant types (SA1199B, RN4220, 
EMRSA-15, and MRSA strains) [23,24]. Glycyrrhizic acid, 
a triterpene saponin from licorice root (Glycyrrhiza glabra 
L.), increased VRE growth inhibition when combined with 
gentamicin, teicoplanin, and daptomycin [20]. Piperine, an 
amide alkaloid from black pepper (Piper nigrum L.), showed 
antibacterial activity against Gram-positive (Bacillus subtilis 
and Staphylococcus aureus) and Gram-negative bacteria 
(Escherichia coli) [25], and exhibited a synergistic effect with 
gentamicin in killing MRSA [26].  

Figure 1. Chemical structures of compounds 1–7.
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by spectroscopic methods together with a comparison of the 
spectral data with previous reports.  Pinosylvin monomethyl 
ether, 2,3’-dihydroxy-5’-methoxystilbene, (E)-2,3’-dihydroxy-
2’-(4-hydroxybenzyl)-5’-methoxystilbene, (E)-2,5’-dihydroxy-
2’-(4-hydroxybenzyl)-3’-methoxystilbene, isalpinin and 
oleanolic acid 28-O-β-D-glucopyranoside were obtained from 
Paphiopedilum dianthum Tang and F.T. Wang [25], while 
piperine was yielded from Piper wallichii (Miq.) Hand.-Mazz 
[27]. 

The pathogenic MRSA and VRE strains used in this 
study were clinically isolated and obtained from the Faculty 
of Medical Technology, Rangsit University. These bacterial 
strains were collected from clinical specimens following 
standard microbiological procedures. Isolation was performed 
using selective and differential media, including Mannitol Salt 
Agar for MRSA and Bile Esculin Azide Agar supplemented 
with vancomycin for VRE, to ensure the accurate identification 
of resistant strains. The identification and confirmation of 
MRSA and VRE were confirmed by the disk diffusion method, 
according to the Clinical and Laboratory Standards Institute 
(CLSI) guidelines, and by determining the MIC using the 
broth microdilution method. The disk diffusion method was 
employed to estimate the resistance profiles against commonly 
used antibiotics, while MIC testing provided quantitative data 
on the resistance levels of MRSA and VRE strains [28].  

Determination of the MIC
The MIC of seven phytochemicals and amoxicillin 

against MRSA and VRE strains was determined using the 
microdilution method, following the guidelines from the CLSI 
[29]. MRSA or VRE (5 × 106 CFU/ml) was inoculated into a 96-
well plate containing two-fold serial dilutions of phytochemicals 
(0.02–10 mg/ml) or amoxicillin (0.02 to 10 mg/ml) in Mueller–
Hinton broth. After 24 hours of incubation at 37°C, the viability 
of MRSA and VRE was measured by using a resazurin-based 
assay with the addition of resazurin dye (0.10% w/v) for another 
2-hour incubation. A color change from blue to pink at the 
lowest concentration of all phytochemicals and amoxicillin was 
observed to interpret MIC in both MRSA and VRE strains.

Assessment of synergistic effect
The checkerboard microdilution method was used to 

assess the combined antibacterial effects of amoxicillin and 
seven phytochemicals [15,17]. The FIC index was calculated to 
quantify the synergistic effects between seven phytochemicals 
and amoxicillin against MRSA and VRE strains. MRSA or 
VRE (5 × 106 CFU/ml) was cultured in a 96-well plate in 
Mueller–Hinton broth, with amoxicillin at ½ of MIC and all 
phytochemicals at concentrations ranging from 0.01 to 10 mg/
ml. In parallel, each natural compound was co-incubated at 
a concentration of ½ MIC with amoxicillin at concentrations 
ranging from 0.0001 to 10 mg/ml. The viability of MRSA and 
VRE strains was assessed using the same procedures as those 
used for MIC determination in susceptibility testing. The FIC 
index was calculated as follows: FICamoxicillin = MIC of amoxicillin 
in combination/MIC of amoxicillin alone, FICphytochemical = 
MIC of phytochemical compound in combination/MIC of 
phytochemical compound alone, and FIC index = FICamoxicillin+ 

FICphytochemical. Furthermore, FIC index values were interpreted 
as follows: <0.5 suggested synergy, 0.5–0.75 indicated partial 
synergy, 0.76–1 represented an additive effect, and >2 suggested 
antagonism [30].

Molecular docking studies
Molecular docking was used to investigate the ligand-

protein interactions between proteins including PBP2a (PDB 
ID: 4cjn) from MRSA and VanA (PDB ID: 1e4e) from VRE 
and eight ligands [31–33]. Water molecules were removed 
from the PBP2a and VanA proteins, and hydrogen atoms were 
added. Gasteiger charges were assigned to both proteins using 
AutoDock Suite 4.2.6 (TSRI, La Jolla, CA, USA). The 3-D 
structures of the two proteins and the eight compounds were 
converted into PDBQT format files. A grid box with dimensions 
of 120 × 120 × 120 Å was set up for docking simulations. 
Flexible ligands were docked using the Lamarckian genetic 
algorithm with default parameters, repeated 10 times. The 
lowest binding free energy (ΔG) and inhibition constant (Ki) 
were recorded from the docking results. The top ligand-protein 
docking interactions were visualized in both 2-D and 3-D 
formats using Discovery Studio 2021 Client (BIOVIA, San 
Diego, CA, USA).

RESULTS

In vitro antibacterial activity
In vitro susceptibility testing revealed that all 

seven phytochemicals exhibited potential antibacterial 
effects against both MRSA and VRE strains after 24 hours 
of incubation (Table 1).  Additionally, amoxicillin inhibited 
the growth of MRSA and VRE at a MIC of 0.125 mg/ml.  
Compounds 1–3 showed stronger MRSA growth inhibition 
(MIC = 5 mg/ml) than compounds 4–7 (MIC = 10 mg/
ml). Moreover, compounds 3 and 4 also exhibited VRE 
growth inhibition, with the lowest MIC value of 5 mg/ml. 
Compounds 1, 2, 5, 6, and 7 inhibited VRE growth at an MIC 
of 10 mg/ml.

Table 1. Minimum inhibitory concentration of test samples for 
methicillin-resistant Staphylococcus aureus and  

vancomycin-resistant Enterococcus faecalis. 

Test samples
MIC (mg/ml)

MRSA VRE

1 5 10

2 5 10

3 5 5

4 10 5

5 10 10

6 10 10

7 10 10

Amoxicillin 0.125 0.125

(1) Pinosylvin monomethyl ether, (2) 2,3’-dihydroxy-5’-methoxystilbene, 
(3) (E)-2,3′-dihydroxy-2′-(4-hydroxybenzyl)-5′-methoxystilbene; (4) (E)-
2,5′-dihydroxy-2′-(4-hydroxybenzyl)-3′-methoxystilbene, (5) isalpinin, (6) 
oleanolic acid 28-O-β-D-glucopyranoside and (7) piperine. 
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Synergistic study
Synergistic testing was performed to evaluate the 

potentiation of compounds 1–7 in enhancing the antibacterial 
activity of amoxicillin against MRSA and VRE. For the inhibition 
of MRSA growth, all seven phytochemicals demonstrated FIC 
index values ranging from 0.8010 to 0.8020, indicating an 
additive enhancement of amoxicillin’s antibacterial activity 
against MRSA when combined with these compounds (Table 
2). Remarkably, all compounds exhibited strong synergistic 
effects with amoxicillin against the VRE strain, as evidenced 
by low FIC index values. Compounds 1–2 showed the potent 
synergy with amoxicillin, resulting in an FIC index of 0.0018. 
Phytochemicals 3–4 also demonstrated strong synergy, with an 
FIC index of 0.0100.  The remaining compounds 5–7 exhibited 
synergistic effects in amoxicillin-treated VRE, with an FIC 
index of 0.0810. These results suggest that the phytochemicals 
alone showed low to moderate potency against MRSA and VRE 
strains, they significantly enhanced the efficacy of amoxicillin 
when used in combination, particularly against VRE strain. 

Table 2. Fractional inhibitory concentration (FIC) index of test samples 
for methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin 
resistant Enterococcus faecalis (VRE) in combination with amoxicillin.

Compound 
MRSA VRE

FIC index Outcome FIC index Outcome

1 0.8020 Additive effect 0.0018 Synergy

2 0.8020 Additive effect 0.0018 Synergy

3 0.8020 Additive effect 0.0100 Synergy

4 0.8010 Additive effect 0.0100 Synergy

5 0.8010 Additive effect 0.0810 Synergy

6 0.8010 Additive effect 0.0810 Synergy

7 0.8010 Additive effect 0.0810 Synergy

FIC index values were indicated < 0.5 synergy, 0.5–0.75 partial synergy, 
0.76–1 additive effect, and >2 antagonism [30].  (1) Pinosylvin monomethyl 
ether, (2) 2,3’-dihydroxy-5’-methoxystilbene, (3) (E)-2,3′-dihydroxy-
2′-(4-hydroxybenzyl)-5′-methoxystilbene; (4) (E)-2,5′-dihydroxy-2′-(4-
hydroxybenzyl)-3′-methoxystilbene, (5) isalpinin, (6) oleanolic acid 28-O-β-D-
glucopyranoside and (7) piperine. 

Figure 2. Continued.
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and amoxicillin against MRSA and VRE, molecular docking 
was performed on PBP2a for MRSA and VanA ligase for 
VRE, followed by an analysis of ΔG, Ki, and molecular 

Molecular docking of PBP2a in MRSA and VanA ligase in VRE
To elucidate the molecular mechanisms underlying 

the synergistic effects of the combination of phytochemicals 

Figure 2. The 3D interaction between test samples and penicillin binding protein 2a (PBP2a) in methicillin-resistant Staphylococcus aureus (MRSA) (A). 
The 2D molecular docking interactions of compound 1 (pinosylvin monomethyl ether, B), compound 2 (2,3’-dihydroxy-5’-methoxystilbene, C), compound 
3 [(E)-2,3′-dihydroxy-2′-(4-hydroxybenzyl)-5′-methoxystilbene, D], compound 4 [(E)-2,5′-dihydroxy-2′-(4-hydroxybenzyl)-3′-methoxystilbene, E], 
compound 5 (isalpinin, F), compound 6 (oleanolic acid 28-O-β-D-glucopyranoside, G), compound 7 (piperine, H) and β-lactam amoxicillin (I) with 
PBP2a in MRSA.

Table 3. Molecular interaction between test samples and penicillin binding protein 2a (PBP2a) in methicillin-resistant Staphylococcus 
aureus (MRSA). 

Parameters 1 2 3 4 5 6 7 Amoxicillin

Binding free energy (ΔG; kcal/mol) −6.60 −6.82 −7.48 −8.25 −7.69 −11.7 −7.45 −6.41

Inhibitory constant (Ki; µM) 14.65 9.95 3.31 1.25 2.32 0.00263 3.44 20.12

Types of interactions

Conventional hydrogen LYS148, 
LYS318

PHE211, 
ASP303, 
ALA310

ARG110, 
ILE309

GLU145, 
LYS148, 
LYS318, 
ARG298

ASN146, 
ARG298, 
LYS318

ARG110, 
ASN111, 
LYS176, 
ASN177, 
ASP209, 
PHE211

ASN146, 
LYS318

GLU61, 
HIS129, 
LYS138, 
ASP139, 
ASP304

Carbon hydrogen PRO213 LYS148, 
GLU239,

LYS148

Alkyl-alkyl LEU147, 
LYS148

ALA310, 
HIS311

TRP205, 
PRO213

LYS317, 
LYS318

Pi-alkyl LEU147, 
LYS317, 
LYS318

LUE147, 
LYS148, 
ARG298, 
LYS318,

LYS148, 
LYS318 

HIS143, 
VAL302, 
ILE309

Pi-sigma TRP205

ALA310

ALA310 LUE147 LYS318 TRP205 LEU147

Pi-pi T-shaped

Pi-anion GLU239 GLU61

Pi-pi stacked TRP205

Sulfur-x ASP139

(1) Pinosylvin monomethyl ether, (2) 2,3’-dihydroxy-5’-methoxystilbene, (3) (E)-2,3′-dihydroxy-2′-(4-hydroxybenzyl)-5′-methoxystilbene; (4) (E)-2,5′-
dihydroxy-2′-(4-hydroxybenzyl)-3′-methoxystilbene, (5) isalpinin, (6) oleanolic acid 28-O-β-D-glucopyranoside and (7) piperine. 
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Figure 3. The 3D interaction between test compounds and VanA ligase enzyme in VRE (A). The 2D molecular docking interactions of compound 
1 (pinosylvin monomethyl ether, B), compound 2 (2,3’-dihydroxy-5’-methoxystilbene, C), compound 3 [(E)-2,3′-dihydroxy-2′-(4-hydroxybenzyl)-5′-
methoxystilbene, D], compound 4 [(E)-2,5′-dihydroxy-2′-(4-hydroxybenzyl)-3′-methoxystilbene, E], compound 5 (isalpinin, F), compound 6 (oleanolic 
acid 28-O-β-D-glucopyranoside, G), compound 7 (piperine, H) and β-lactam amoxicillin (I) with VanA in VRE.
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interactions. As shown in Figure 2 and Table 3, the ΔG values 
of compound 1 (−6.60 kcal/mol), compound 2 (−6.82 kcal/
mol), compound 3 (−7.48 kcal/mol), compound 4 (−8.25 kcal/
mol), compound 5 (−7.69 kcal/mol), compound 6 (−11.70 kcal/
mol), and compound 7 (−7.45 kcal/mol) indicated stronger 
binding affinity to PBP2a than amoxicillin (−6.41 kcal/mol). 
Correspondingly, all these phytochemicals showed lower Ki 
values than amoxicillin, by approximately 1.4–7650 folds. The 
top-ranked phytochemical was compound 6, which interacted 
remarkably with the residues ARG110, ASN111, LYS176, 
ASN177, ASP209, and PHE211 in the PBP2a binding pocket 
through conventional hydrogen bonds. Compounds 4 and 5 
demonstrated the second and thirdhighest scores in the PBP2a 
binding pocket, respectively. They interacted with the residue 
LEU147, LYS148, and LYS318 via conventional hydrogen 
bonds, carbon-hydrogen bonds, alkyl-alkyl interactions, 
pi-alkyl interactions, or pi-sigma interactions, similar to 
compounds 1 and 7. Although compound 3 is an isomer 
of compound 4 by alternating substituent groups between 
hydroxyl and methoxy groups at 3′ and 5′, it bound to different 
amino residues forming conventional hydrogen bounds with 
ARG110 and ILE309, a carbon–hydrogen bond with PRO213, 
alkyl-alkyl interactions with TRP205 and PRO213, and a pi-
sigma interaction at ALA310. One of the seven phytochemical 

compounds, compound 1 showed low-binding affinity for 
PBP2a. In contrast, amoxicillin showed negligible interaction 
with PBP2a compared to all tested compounds (Table 3). 

As shown in Figure 3 and Table 4, our study revealed 
that all compounds could bind to the VanA ligase in VRE 
with greater affinity than amoxicillin. The seven compounds 
achieved ΔG scores ranging from –10.46 to –7.08 kcal/
mol, whereas amoxicillin had a ΔG score of –6.59 kcal/mol. 
Similarly, they displayed Ki values (0.021–5.32 µM) lower than 
the Ki value of amoxicillin (14.66 µM). Compound 6 exhibited 
excellent binding affinity to the VanA ligase in VRE by 
interacting with residues LYS73, PHE112, GLY116, ILE117, 
and ARG198 through conventional hydrogen and carbon–
hydrogen bonds. Compounds 4 and 7 showed the second and 
third-highest affinities for the VanA ligase in VRE, respectively. 
They interacted with residue VAL181 and ILE240 via pi-alkyl 
interaction, similar to compounds 1 and 5. Compound 3 also 
interacted with different amino acid residues on VanA ligase 
in VRE, even though it contained the same core structure of 
compound 4, as shown in Figure 3 and Table 4. Moreover, 
amoxicillin interacted with the same amino acid residues 
(GLU113 and ILE124) on VanA ligase, which was similar to 
compound 3. 

Table 4. Molecular interaction between test compounds and VanA ligase enzyme in vancomycin-resistant Enterococcus faecalis (VRE).

Parameters 1 2 3 4 5 6 7 Amoxicillin

Binding free energy (ΔG; kcal/mol) −7.20 −7.08 −7.70 −8.77 −8.10 −10.46 −8.17 −6.59

Inhibitory constant (Ki; µM) 5.32 4.82 2.27 0.65 1.16 0.021 1.03 14.66

Types of interactions

Conventional hydrogen GLU214, 
PHE241

SER178, 
GLY311, 
SER316, 
ARG317

SER107, 
ASP123, 
ASP201, 
SER202

GLU214, 
PHE241,  
GLU305

LYS171, 
VAL210, 
GLU214, 
PHE241

LYS73, 
PHE112, 
GLY116, 
ILE117, 
ARG198

HIS244, 
ASN304

SER102, 
ASP105, 
GLU113, 
ILE124

Carbon hydrogen GLU207, 
GLN208

GLY116

Alkyl-alkyl PHE169, 
ILE240

ILE124, 
ALA128

PHE294 PHE169, 
VAL210, 
PHE294

Amide-pi stacked SER177

Pi-alkyl LYS171, 
PRO172, 
VAL181, 
ILE240

ARG317 LYS101, 
ILE124

LYS171, 
VAL181, 
ILE240

LYS171, 
ILE240

VAL181, 
ILE240, 
ARG317

ILE124

Pi-sigma VAL181

Pi-pi T-shaped PHE241

Pi-anion GLU305 GLU113 GLU214, 
GLU305

GLU214 GLU113

Pi-pi stacked

PHE241

PHE169

Pi-cation LYS133 HIS244, 
ARG290

LYS133 ARG290

Unfavorable donor-donor LYS203 SER102

(1) Pinosylvin monomethyl ether, (2) 2,3’-dihydroxy-5’-methoxystilbene, (3) (E)-2,3′-dihydroxy-2′-(4-hydroxybenzyl)-5′-methoxystilbene; (4) (E)-2,5′-
dihydroxy-2′-(4-hydroxybenzyl)-3′-methoxystilbene, (5) isalpinin, (6) oleanolic acid 28-O-β-D-glucopyranoside and (7) piperine. 
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of research but also identifies key gaps in literature review, 
particularly the need for new treatment strategies.

Compounds 2–6 and the combination of β-lactam 
antibiotic amoxicillin and phytochemicals 1–7 were assessed in 
vitro and in silico antimicrobial effects against MRSA and VRE 
strains for the first time. Furthermore, they are underexplored 
but holds great potential for overcoming antibiotic resistance. 
All compounds could inhibit the growth of both MRSA and 
VRE in our results of susceptibility testing. Compound 3 
exhibited the strongest antibacterial effect (MIC of 5 mg/ml) 
against both strains. Compounds 1 and 2 were effective against 
MRSA (MIC 5 mg/ml), while compound 4 was effective only 
against VRE (MIC 5 mg/ml). Compounds 5–7 showed a higher 
MIC of 10 mg/ml to inhibit both strains.

Previous studies indicated natural stilbenes, especially 
the oxygenated at positions 3 and 5 of stilbenes against MRSA 
strain. Chiricanine A is a prenylated stilbene derivative that is 
isolated from fungus-elicited peanuts. It showed the most potent 
with MIC of 12.5 μg/ml in MRSA when compared to stilbenes 
without prenylation, including piceatannol, pinosylvin, and 
resveratrol [34,35]. Longistylin A, is a 4-prenylated pinosylvin 
monomethyl ether purified from leaves of Cajanus cajan, 
which was strongly potent against MRSA with MIC of 1.56 
μg/ml. It might act to disturb bacteria membranes leading to 
increased permeability of cells [35]. Stilbenoids 1–4 could also 
act as chiricanine A and longistylin A to reveal antimicrobial 
activity against MRSA.  Furthermore, compounds 3–4 are the 
most potent to inhibit VRE growth with a MIC value of 5 mg/
ml. Both of them contain 4-hydroxybenzyl substituent group 
which could be an essential part of action.

The results of this study each of the phytochemicals 
1–7 exhibited varying levels of potency in inhibiting MRSA 
and VRE growth, they all exhibited synergistic effects when co-
treated with the amoxicillin against for VRE and additive effect 
for MRSA. This effect was not dependent on the type or specific 
class of phytochemicals. The FIC index showed stronger 
synergy for VRE (FIC index: 0.0018–0.0810) than MRSA (FIC 
index: 0.8010–0.8020). This suggests that the degree of synergy 
between the compounds and amoxicillin depends on the specific 
bacterial strain and its resistance mechanisms, especially in 
MRSA and VRE.

The novelty of this study has not been extensively 
studied in previous contexts but it provides new insights by 
evaluating a broader range of compounds and analyzing their 
molecular interactions with key resistance mechanisms in 
MRSA and VRE. The molecular docking studies provide novel 
evidence that these compounds interact specifically with the 
allosteric domains of PBP2a and VanA ligase, contributing to 
the understanding of their potential mechanisms of action.

The upregulation of the mecA gene increases the 
production of PBP2a, which reduces the effectiveness of 
β-lactam antibiotics, contributing to antibiotic resistance 
[3,5]. β-lactam amoxicillin binds specifically to PBP1, 
PBP2, and PBP3 in Staphylococcus aureus [15]. Our results 
demonstrated that β-lactam amoxicillin had a weak binding 
affinity for PBP2a in MRSA, with ΔG: −6.41 kcal/mol and Ki: 
20.12 µM, as shown by molecular docking studies. In contrast, 
all compounds exhibited strong interaction with PBP2a (ΔG: 

DISCUSSION
Phytochemicals are produced by plants to protect 

from unsuitable conditions, such as pests and microorganisms. 
Vegetables, fruits, and herbs contain several phytochemicals, 
such as alkaloids, flavonoids, terpenoids, and stilbenoids to 
treat some infectious diseases. Thus, these compounds might 
show antimicrobial activity. Our study selected seven natural 
compounds from plants, including four stilbenoids (compounds 
1–4), one flavonoid (compound 5), one triterpenoid saponin 
(compound 6), and one amide alkaloid (compound 7). All 
compounds were assessed in vitro and in silico antimicrobial 
effects against MRSA and VRE strains because they are 
responsible for severe infections in various human tissues, 
including the respiratory tract, skin and soft tissues, and bones 
and joints. Both strains pose significant health risks due to their 
ability to withstand multiple antibiotics [1–4]. In light of the 
increasing global health burden posed by antibiotic-resistant 
bacteria, it is imperative to explore alternative therapeutic 
strategies. Recent data emphasizes the urgency of addressing 
MRSA and VRE infections, which remain a significant clinical 
challenge despite advances in medical research [15–17]. Our 
study not only provides an in-depth analysis of the current state 

Figure 4. The proposed mechanism of the seven phytochemical compounds 
{compound 1 (pinosylvin monomethyl ether), compound 2 (2,3’-dihydroxy-
5’-methoxystilbene), compound 3 [(E)-2,3′-dihydroxy-2′-(4-hydroxybenzyl)-
5′-methoxystilbene], compound 4 [(E)-2,5′-dihydroxy-2′-(4-hydroxybenzyl)-
3′-methoxystilbene], compound 5 (isalpinin), compound 6 (oleanolic acid 
28-O-β-D-glucopyranoside), compound 7 (piperine) and β-lactam amoxicillin} 
in combination with amoxicillin against methicillin-resistant Staphylococcus 
aureus (A) and vancomycin-resistant Enterococcus faecalis (B).
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−11.7 to −6.60 kcal/mol; Ki: 0.00263–14.65 µM). These 
interactions involved specific bonds with amino acid residues, 
including conventional hydrogen, carbon-hydrogen, alkyl-
alkyl, pi-alkyl, pi-sigma, pi-pi T-shaped, pi-anion, sulfur-x, or 
pi-pi stacked bonds between ARG110 and/or LYS318. These 
amino acids (residues 27–326) are located in the allosteric 
domain of PBP2a, facilitating the opening of the active site 
involved in nascent cell wall peptidoglycan synthesis [33]. This 
suggests that the binding of these molecules to the allosteric 
domain might induce a conformational change in PBP2a. This 
change disrupts the opening of the active site and inhibits cell 
wall peptidoglycan synthesis. Previous research has shown 
that (E)-3-(3-carboxyphenyl)-2-(4-cyanostyryl)quinazolin-
4(3H)-one has been reported to bind at the allosteric domain 
of PBP2a, causing in a conformational change that inhibits 
MRSA growth [33]. Our findings support the idea that the seven 
compounds act as allosteric regulators of PBP2a, restoring 
MRSA’s sensitivity to amoxicillin. It has been reported that 
the dual combination of two β-lactam antibiotics, amoxicillin, 
and cefdinir, shows synergistic bactericidal efficacy against 
MRSA by inhibiting β-lactamase and PBPs, which enhances 
bacterial killing [15]. However, the specific mechanism of 
how the seven compounds inhibit PBP2a in combination with 
amoxicillin requires experimental verification.

In VRE, resistance is attributed to the VanA gene, which 
encodes VanA ligase. This enzyme modifies peptidoglycan 
synthesis by substituting D-alanine with D-lactate, reducing the 
effectiveness of vancomycin [2,4,6]. Our study demonstrated 
that seven compounds had strong binding with VanA ligase, 
showing high binding affinities and low predicted inhibition 
constants (ΔG: −10.46 to −7.08 kcal/mol; Ki: 0.021–4.82 µM). 
In contrast, amoxicillin showed weak binding to VanA ligase 
(ΔG: −6.59 kcal/mol; Ki: 14.66 µM).  The compounds 1–7 
interacted with VanA ligase at various amino acid residues 
(LYS73 to ARG317) via several types of interactions, including 
conventional hydrogen bonds, carbon-hydrogen, alkyl-alkyl, 
pi-alkyl, pi-sigma, pi-pi T-shaped, pi-anion, pi-pi stacked, pi-
cation, and unfavorable donor-donor interactions.  Notably, 
residues from positions 2–344 are involved in substrate binding 
during the transition from D-alanine-D-alanine to D- alanine-
D-lactate [36]. These interactions, especially near or within the 
enzyme’s active site, disrupt the transition from D-alanine to 
D-lactate, which hinders the synthesis of D-alanine-D-lactate 
peptidoglycan precursors critical for vancomycin resistance. 
Therefore, these compounds might inhibit VanA ligase 
activity, which would reduce the transition from D-alanine to 
D-lactate and disrupt peptidoglycan synthesis. Furthermore, 
the synergistic effects of these phytochemicals with amoxicillin 
suggest that they were able to act on different target sites. The 
phytochemicals 1–7 directly inhibit VanA ligase activity, while 
amoxicillin binds to PBPs targets and also disrupts peptidoglycan 
synthesis in VRE. However, the molecular mechanisms of 
action for all compounds and amoxicillin should be confirmed in 
vitro, particularly regarding VanA ligase activity. Although this 
study shows promising results, there are several limitations that 
need to be addressed in future research. First, the findings are 
based on in silico molecular docking and in vitro testing, which 
should be confirmed with in vivo studies to verify the safety 

and effectiveness of these compounds in living organisms. 
The pharmacokinetics and toxicity of the phytochemicals were 
not tested, which is important for evaluating their potential as 
treatments. Future studies should focus on understanding how 
these compounds work in the body and their safety in clinical 
trials. Second, our study shows a synergistic effect between the 
phytochemicals and amoxicillin. Further research is needed 
to clarify the specific molecular mechanisms and to estimate 
potential in clinical study.

CONCLUSION
All compounds displayed antibacterial activity against 

MRSA and VRE for the first time, except compounds 1 and 
7. Compound 3 was the most potent against both strains with 
MIC of 5 mg/ml. The combination of amoxicillin and seven 
phytochemicals has an additive effect on MRSA growth and a 
synergistic effect on VRE growth by checkerboard assay. MRSA 
strain and VRE strain were increasingly expressed resistance-
related proteins: PBP2a and VanA ligase, respectively. The 
molecular docking study revealed the prediction of PBP2a/
VanA ligase with seven phytochemicals to indicate the proposed 
mechanism of the phytochemicals 1–7 with amoxicillin against 
MRSA and VRE in Figure 4. 
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