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Abstract: The secondary metabolites of endemic plants from the Rutaceae family, such as Burkillan-
thus malaccensis (Ridl.) Swingle from the rainforest of Malaysia, has not been studied. Burkillanthus
malaccensis (Ridl.) Swingle may produce antibacterial and antibiotic-potentiating secondary metabo-
lites. Hexane, chloroform, and methanol extracts of leaves, bark, wood, pericarps, and endocarps
were tested against bacteria by broth microdilution assay and their antibiotic-potentiating activities.
Chromatographic separations of hexane extracts of seeds were conducted to investigate effective
phytochemicals and their antibacterial activities. Molecular docking studies of werneria chromene
and dihydroxyacidissiminol against SARS-CoV-2 virus infection were conducted using AutoDock
Vina. The methanol extract of bark inhibited the growth of Staphylococcus aureus, Escherichia coli,
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and Pseudomonas aeruginosa with the minimum inhibitory concentration of 250, 500, and 250 µg/mL,
respectively. The chloroform extract of endocarps potentiated the activity of imipenem against
imipenem-resistant Acinetobacter baumannii. The hexane extract of seeds increased the sensitivity
of P. aeruginosa against ciprofloxacin and levofloxacin. The hexane extract of seeds and chloroform
extract of endocarps were chromatographed, yielding werneria chromene and dihydroxyacidis-
siminol. Werneria chromene was bacteriostatic for P. aeruginosa and P. putida, with MIC/MBC
values of 1000 > 1000 µg/mL. Dihydroxyacidissiminol showed the predicted binding energies of
−8.1, −7.6, −7.0, and −7.5 kcal/mol with cathepsin L, nsp13 helicase, SARS-CoV-2 main protease,
and SARS-CoV-2 spike protein receptor-binding domain S-RBD. Burkillanthus malaccensis (Ridl.)
Swingle can be a potential source of natural products with antibiotic-potentiating activity and that
are anti-SARS-CoV-2.

Keywords: Burkillanthus malaccensis; antibiotic potentiator; werneria chromene; dihydroxyacidissimi-
nol; SARS-CoV-2; cathepsin L; nsp13 helicase; spike protein

1. Introduction

Nowadays, clinicians are confronted with the huge burden of treating patients infected
by multidrug-resistant nosocomial bacteria [1,2]. Nosocomial bacteria, such as Acinetobacter
baumannii and Pseudomonas aeruginosa, in intensive care units resist the main classes of
antibiotics, such as oxazolidinooxazolidinones, lipopeptides, macrolides, fluoroquinolones,
tetracyclines, β-lactams, β-lactam-β-lactamase inhibitor combinations, carbapenems, and
glycopeptides antibiotics [3–6]. Besides bacterial species, drug-resistant parasites have
emerged, such as Plasmodium species [7] and Brugia species [8].

Another challenge is the treatment of zoonotic viruses, such as the severe acute
respiratory syndrome-associated coronavirus (SARS-CoV), the Middle-East respiratory
syndrome-associated coronavirus (MERS-CoV), and the severe acute respiratory syndrome-
associated coronavirus 2 (SARS-CoV-2) [1,2]. Since December 2019, SARS-CoV-2, the
causative agent of the coronavirus disease 2019 (COVID-19) pandemic, has been infecting
millions of people globally [9–11]. SARS-CoV-2 is an enveloped, monopartite, linear,
single-stranded (+)-RNA zoonotic virus in the Coronaviridae that replicates in the lower
respiratory tract of humans, leading in some cases to lethal pneumonia [3,12]. Vaccines have
been developed, affording good protection rates, but there is still the need to develop leads
to be taken orally for the prevention and/or treatment of COVID-19, as complementary to
vaccination. Further, if the human pressure on the environment is not halted, other new
zoonotic viruses are bound to emerge, for which an armamentarium of anti-viral molecules
is required to attempt to limit casualties.

SARS-CoV-2 infects cells expressing the surface receptors angiotensin-converting
enzyme 2 (ACE2) and cellular serine protease TMPRSS2 (transmembrane protease serine 2).
SARS-CoV-2 enters the host cells by attaching its surface spike proteins to the surface ACE2
of human host cells [9,11,13]. TMPRSS2 and cysteine protease cathepsin L are also required
to facilitate host cell entry. After fusion of the viral membrane with the host cell membrane,
the viral genomic material is released in the cytoplasm and replicated, via several enzymes,
including Nsp13 helicase [10,11,14–16]. Targeting these three proteins (ACE2, cathepsin
L, Nsp13 helicase) can assist in the development of anti-COVID-19 drugs [11]. COVID-19
infection can progress to acute respiratory distress syndrome (ARDS) that favors secondary
bacterial infection, leading to sepsis and, ultimately, death [11,17–19].

The alternative for the discovery of new antibiotics is to develop antibiotic-potentiators,
also known as antibiotic adjuvants. Therefore, antibiotics, antibiotic-potentiators, and
anti-viral compounds (more so against COVID-19 are urgently needed. Furthermore,
since promising leads for new drugs have usually come from the plant kingdom [20,21],
it becomes more important to study plants to help discover novel drugs that can play
important therapeutic/prophylactic roles against newly emerging viruses and antibiotic-
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resistant microbial species. Unfortunately, various plants are becoming extinct for many
reasons, including irresponsible deforestation, an extension of human habitat, conversion
of forests and water bodies into agricultural land, and global warming [22].

The primary rainforests of Malaysia used to be one of the hotspots of plant biodi-
versity. A study carried out in 2008 found that a randomly chosen 5-hectare area in Ayer
Hitam Forest, Puchong, contained 6621 trees belonging to 319 species in 148 genera and
51 families [23]. These plants can be a source of diverse secondary metabolites, which are
yet to be explored [24]. As various therapeutic medications originate from the secondary
metabolites (phytochemicals) of plants, any extinction or even rarity of plant species may
make it impossible to ever know of the phytochemical properties of any given plant. Since
these rainforests of Malaysia are steadily declining because of various commercial inter-
ests [25–27], the chances of discovering new drugs from plant species, any of which may be
novel antibiotics, antibiotic-potentiators, or anti-viral drugs, are also decreasing rapidly.
Thus, there is an urgent need to study these rainforest plants.

Burkillanthus malaccensis (Ridl.) Swingle. (synonym: Citrus malaccensis Ridl.), in
the family Rutaceae, is a low-land primary rainforest tree known to the Malays as “li-
mau hantu” (meaning the lemon tree of ghosts) and commonly known as Burkill’s lime
tree [28–34]. The current study investigated for the development of safe, effective, and
inexpensive plant-based antibiotic potentiators that can improve current treatment strate-
gies for treating bacteria-resistant infections and simultaneously can contribute to the
development of anti-SARS-CoV-2 agents. The aims of this study were to examine the
antibacterial properties of B. malaccensis leaves, bark, wood, and fruits (exocarp, endocarp,
and seeds) against Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acineto-
bacter baumannii, Pseudomonas aeruginosa, Pseudomonas putida, and Enterobacter spp.) [35];
to examine the antibiotic-potentiating properties of extracts with antibiotics, to isolate
the major constituents in the active extracts, and to test their antibacterial effects in vitro
and anti-SARS-CoV-2 effects in silico against (a) a complex of SARS-CoV-2 spike protein
(S) receptor-binding domain (RBD) bound with human receptor angiotensin-converting
enzyme 2 (hACE2) or S-RBD-hACE2; (b) cathepsin L; (c) SARS-CoV-2 Nsp13 helicase;
(d) SARS-CoV-2 main protease Mpro (plays an integral part in viral replication); and (e) S-
RBD. While ACE-2 is the receptor for the viral spike protein S, cathepsin L cleaves the spike
protein and enhances the entry of virus [36], and SARS-CoV-2 Nsp13 possesses NTPase
(nucleotide triphosphatase) and RNA helicase activities [37]. In this study, a plant extract
that has not been investigated for its antiviral activities yielded two isolated compounds.
Thus, it was of interest to study the antiviral activities against some SARS-CoV-2 proteins
and their human targets so as not to miss out on anything of importance, but instead get a
composite picture of the anti-SARS-CoV-2 potential of the isolated novel compounds.

2. Material and Methods
2.1. Plant Collection

Chemotaxonomic collection of B. malaccensis from Manong village close to the Kuala
Kangsar Forest, State of Perak, Malaysia (4.7746◦ N, 100.9520◦ E), was performed in Febru-
ary 2017. It is a beautiful plant with thorny stems, trifoliate leaves, large white flowers,
and large grapefruit-like fruits, containing numerous seeds covered with a yellow resin
(personal observation). Samples of leaves, bark, wood, seeds, and fruits were collected.
A voucher herbarium specimen with vernacular names, collection localities, and dates
were deposited (Voucher number NB0541) for identification by taxonomists at the Forest
Research Institute of Malaysia (FRIM). The use of plants in the present study complies with
international guidelines. The plant was selected in fieldwork according to the following
three criteria: (i) chemotaxonomic features; (ii) the presence of fruits or flowers to allow an
accurate botanical identification; and (iii) a sufficient amount available.
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2.2. Preparation of Plant Extracts

The collected leaves, bark, wood, seeds, endocarps (sac juice), and fruit pericarps
from B. malaccensis were separated and air-dried at room temperature for two weeks.
The dry materials were then finely pulverized by grinding using an aluminum collection
blender (Philips, Guangdong, China); the powders obtained were weighed with a top-
loading balance (Sartorius AG, Göttingen, Germany). Dried plant powders (200 g) were
successively soaked at room temperature with hexane, chloroform, and methanol. Each
extraction was performed using the maceration technique with a plant powder-to-solvent
ratio of 1:5 (w/v) for 3 days at room temperature with 3 successive repetitions. The liquid
extracts were subsequently filtered through qualitative filter papers, No. 1 (Whatman
International Ltd., Maidstone, UK), using an aspirator pump (EW-35031-00, 18 L/min, 9.5 L
Bath, 115 VAC), and the filtrates were concentrated to dryness under reduced pressure at
40 ◦C using a rotary evaporator (Buchi Labortechnik AG, Flawil, Switzerland). The dry
extracts obtained were weighed and stored in tightly closed glass scintillation vials (Kimble,
NY, USA) at −20 ◦C until further use.

The yields of extracts were calculated using the following formula:

% yield = ((Mass of dried extract)/(Mass of dried plant part)) × 100%

2.3. Tested Bacterial Strains

Stock cultures of bacteria used for this study were kindly provided by the Department
of Medical Microbiology, Faculty of Medicine, University of Malaya, Malaysia. The fol-
lowing bacteria were used as test organisms from the American Type Culture Collection
(ATCC, Manassas, VA, USA): S. aureus (ATCC11632), B. subtilis (ATCC 6633), E. coli (ATCC
25218), P. aeruginosa (ATCC 10145), and A. baumannii (clinical stain, imipenem-resistant)
were sub-cultured in nutrient agar. Pseudomonas putida (ATCC 49128) was used for the
antibacterial testing of isolated compounds. All sub-cultured bacterial specimens were
aseptically transferred using an inoculating loop and prepared in 10 mL suspensions of
Mueller-Hinton Broth (Oxoid, Hampshire, UK) and were used 15 min after inoculation. A
fraction equivalent to 1 mL of the bacterial suspensions was transferred to a cuvette and
subjected to a spectrophotometer (Biochrom, Cambridge, UK), where the UV absorbance
value was monitored to be in the range of 0.008 to 0.10 at 625 nm, in order to be adjusted to
0.5 McFarland turbidity standards (Healthlink, Orlando, FL, USA), which correspond to a
bacterial cell count of 1.5 × 108 CFU/mL [38]. The extracts and phytoconstituents were
prepared by dissolving in 10% DMSO and in a minimum essential medium to make a stock
solution with a final concentration of 1% DMSO. This stock solution was diluted in liquid
broth to further to obtain concentrations ranging from 500 to 5000 µg/mL.

2.4. Broth Microdilution Assay

Minimum inhibitory concentration (MIC) values were determined according to the
guidelines of the Clinical and Laboratory Standards of the Institute. Briefly, bacterial strains
were grown for 18–24 h at 37 ◦C. Colonies were directly suspended in cautiously adjusted
Müller–Hinton broth (CAMHB) and adjusted to OD625 0.08–0.1, which corresponds to
1~2 × 108 CFU/mL, followed by 10-fold serial dilutions to give 1× 106 CFU/mL. Bacterial
suspensions (1000 µL) were added to the 96-well round-bottom microtiter plates. Each well
was then filled with 100 µL of liquid broth containing extracts of phytoconstituents to yield
final concentrations of extracts or phytoconstituents of 250, 625, 1000, 1500, and 2500 µg/mL,
respectively. The 96-well plates were incubated for 24 h at 37 ◦C. The MIC was defined
as the lowest concentration of extract or phytoconstituents that completely inhibited the
growth of bacteria. Negative controls consisted of bacterial suspensions (100 µL) added to
96-well round-bottom microtiter plates containing 100 µL of liquid broth with a minimum
amount of DMSO, as in extracts of phytoconstituent stock solution preparations. Minimum
bactericidal concentration (MBC) was determined (for extracts with MIC values equal to
or less than 250 µg/mL) by sub-culturing the test dilutions onto a sterile agar plate and
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further incubated for 18–24 h. The highest dilution that yielded 0% bacterial growth on
agar plates was taken as the MBC, MIC and MBC values were calculated as the mean of
triplicate experiments. Chloramphenicol, tetracycline, and imipenem were used as positive
control antibiotics.

2.5. Antibiotic-Potentiating Assay

The ability of B. malaccensis extracts to increase the sensitivity of bacteria to antibiotics
was measured by the technique described by Boonyanugomol et al., with slight modifica-
tions [39]. Standard antibiotic discs of ampicillin (10 µg/disc), gentamicin (10 µg/disc),
imipenem (10 µg/disc), levofloxacin (5 µg/disc), penicillin G (10 µg/disc), and ciprofloxacin
(5 µg/disc) (Sigma-Aldrich, St. Louis, MO, USA) were loaded with 10 µL of a 100 µg/µL
solution of extracts of leaves, bark, wood, seeds, endocarps, or pericarps. The zones of
inhibition were measured after overnight incubation (12 h) and estimated as follows:

1. Zone of combined extract and antibiotic > zone of extract + zone of antibiotic: synergy.
2. Zone of combined extract and antibiotic = zone of extract + zone of antibiotic: additive.
3. Zone of combined extract and antibiotic < zone of extract + zone of antibiotic: antagonism.

2.6. Cytotoxicity Assay

To study in vitro the cytotoxicity of extracts against human fibroblast cells (MRC-5
cell line, MRC-5 ATCC CCL-171 Homo sapiens lung normal), the reduction of (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) by a colorimetric assay (MTT) was
used [40]. The extracts were prepared by dissolving in DMSO and in a minimum essential
medium (MEM) to make a stock solution with a final concentration of 1% DMSO. This stock
solution was diluted further to obtain concentrations ranging from 0 to 200 µg/mL. Cells
were cultured in Rosewell Park Memorial Institute media (RPMI) supplemented with 10%
Fetal Bovine Serum (FBS). Cells were incubated with the diluted plant extracts for 48 h at
37 ◦C in 5% CO2. After cells were washed twice with saline, a solution of MTT (0.5 mg/mL)
in phosphate buffer saline (PBS) was added to the wells. After 4 h of incubation, the
wells were washed, and the formazan residue dissolved in DMSO (0.1 mL per well). The
absorbance was then measured in a spectrophotometer (SpectraMax M3, Multi-Mode
Microplate reader, Molecular Devices, San Jose, CA, USA) at a wavelength of 570 nm and
plotted against the concentration of the extracts. Cells with no added test reagents were
taken as untreated cells with 100% viability, and cells with RPMI 1640 medium were used
as blanks. The cells viability percentage was plotted against the extract’s concentration. All
experiments were performed in triplicate, and results were expressed as the concentration
by reducing the number of live MRC-5 cells by 50% (CC50). The percentage of viability was
calculated using the following formula:

% Viability = [(Abs sample − Abs blank)/(Abs untreated − Abs blank)] × 100%

The effects of extracts on the % viability of cells (y-axis) was plotted against log
concentrations (g/L) (x-axis) and interpolated sigmoidal curves (4-parameter logistic curve,
4 PL) using GraphPad Prism and the CC50 was automatically determined using GraphPad
Prism v6 software (GraphPad Software Inc., La Jolla, CA, USA).

2.7. Isolation and Identification of Compounds

Hexane extract from seeds (8.5 g) was loaded onto preparative thin-layer chromatog-
raphy (TLC) plates in a mobile phase of hexane: ethyl acetate: dichloromethane (40:30:30).
TLC analysis revealed the presence of a major layer under UV light (254 nm) with a reten-
tion factor (Rf) value of 0.25. TLC layers were stained with vanillin sulfuric acid. The layer
with the lowest purple Rf stained with vanillic sulfuric acid was collected, redissolved,
filtered, and isolated to yield the compound 1 (5 mg) that was identified as werneria
chromene (C15H16O3, molecular mass = 244.28 g/mol) by comparing its 1H-NMR (proton
nuclear magnetic resonance) and EIMS (electron impact mass spectrometry) data with
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those from the literature [31]. This compound spontaneously forms a translucent crystal
analyzed by X-ray diffraction, which confirmed the interpretation of NMR data.

Chloroform extracts of the fruit endocarp exhibited on TLC the presence of nine layers
under UV light (254 nm), with Rf values of 0.187, 0.242, 0.286, 0.341, 0.396, 0.462, 0.659, 0.769,
and 0.846, respectively, when a mobile phase of chloroform: ethyl acetate: diethyl ether
(40:40:20) was used. After spraying with vanillin sulfuric acid, the stains observed here were
pink and dark pink for most of them, which indicates the presence of phenols or steroids.
The main compound (3 mg) with a Rf value of 0.187 was collected, redissolved, filtered,
and isolated to yield dihydroxyacidissimol (C25H34NO5, molecular mass 427.2359 g/mol)
by comparing its 1H-NMR and EIMS data with those from the literature [41,42].

2.8. In Silico Studies—Auto Dock Vina (Blind Docking Methodology)
2.8.1. Protein Preparation
Main Protease

We took Mpro (Pdb: 6LU7 with 2.16 Å resolution), which has 306 amino acid residues,
as our target protein, which contained a bound inhibitor known as N3 in its crystal struc-
ture [43]. For docking preparation, we removed the water molecules from the crystallo-
graphic structure of Mpro and removed the N3 molecule as well. Thus, ligands can be
docked within every pocket of the protein. Next, we added a polar hydrogen atom because
crystallographic structures usually lack hydrogen atoms. The addition of polar hydrogen
atoms and removals of the water molecules and N3 were done with Pymol software [44].
Then, the protein molecule was saved in pdb format.

Spike Protein Receptor-Binding Domain (S-RBD) Bound with the ACE2 Complex

The SARS-CoV-2 S-RBD bound with the ACE2 complex X-ray diffraction structure
(PDB: 6LZG with 2.50 Å resolution) was downloaded from the protein data bank (6LRG.
Available online: https://www.rcsb.org/structure/6LZG (accessed on 1 January 2022)).
This complex structure has two protein chains (Chain A is ACE2 and Chain B is S-RBD)

Spike Protein Receptor-Binding Domain (S-RBD)

The S-RBD structure was extracted from a SARS-CoV-2 S-RBD bound with the ACE2
complex X-ray diffraction structure (PDB: 6M0J with 2.45 Å resolution) (6M0J. Available
online: https://www.rcsb.org/structure/6M0J (accessed on 1 January 2022)). Here, we
took only the S-RBD as our target receptor and removed the ACE2 protein chain.

Cathepsin L

The X-ray crystal structure of cathepsin L was found in the PDB (PDB Id: 3HHA with
1.27 Å resolution) [45]. The crystal structure has four identical protein chains. We took the
monomeric form of cathepsin L.

Nsp13 Helicase

Crystal structure of SARS-CoV-2 helicase at 1.94 Å (PDB:6ZSL) was downloaded from
pdb (6ZSL. Available online: https://www.rcsb.org/structure/6ZSL (accessed on 1 January
2022)) [46].

2.8.2. Ligand Preparation

Ligand molecules were downloaded from PubChem [47] in sdf format. They were
optimized with the force field type MMFF94 using Openbable software and saved in
pdbqt format.

Docking

We have used here the blind docking method for screening phytochemicals. So, the
grid box in Autodock Vina was generated, aiming to cover up the whole protein molecule.
In which region the ligand binds effectively with protein molecule can be found in blind

https://www.rcsb.org/structure/6LZG
https://www.rcsb.org/structure/6M0J
https://www.rcsb.org/structure/6ZSL
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docking. We have used exhaustively “16” for better ligand and protein binding. AutoDock
Vina tool [48] provides a total of nine docked poses for each ligand; among them, pose1
is the best pose with the highest binding affinity. We have saved pose1 in pdb format by
using Pymol for further analysis. 2D diagrams and the interactions between the ligand and
amino acids of the protein were obtained in Discovery Studio Software [49].

2.9. Statistical Analysis

All values presented in the results section are the mean or mean ± standard deviation
of the mean of three independent analyses, calculated using GraphPad Prism v6 Software
(GraphPad Software Inc., La Jolla, CA, USA). Interpolated sigmoidal curves (4-parameter
logistic curve, 4 PL) were determined automatically using GraphPad Prism v6 software
(GraphPad Software Inc., La Jolla, CA, USA).

3. Results
3.1. Plant Extraction

The air-dried parts of the plant were extracted successively with hexane, chloroform,
and methanol, respectively, to obtain lipophilic (non-polar), amphiphilic (mid-polar), and
hydrophilic (polar) extracts from B. malaccensis. The average yield values ranged from 1.0
to 9.5% (Table 1). The average yields calculated for the hexane, chloroform, and methanol
extracts were 2.7, 4.9, and 2.3%, respectively.

Table 1. Percentage extraction yields of 18 organic extracts from B. malaccensis.

Part Extracted Plant Extracts Yield (%)

Hexane Chloroform Methanol

Leaves 1.8 3.3 1.9
Bark 3.8 5.4 1.2

Wood 1.0 3.4 4.2
Fruit pericarp 5.1 2.9 2.1
Fruit endocarp 3.4 9.5 1.0

Seeds 1.5 5.1 3.6
Average yields 2.7 4.9 2.3

Chloroform fruit endocarps extract gave the highest extraction yield (9.5%), while the
same plant part extracted with methanol yielded the lowest (1%).

3.2. Broth Microdilution

The broth microdilution method [38] was used to determine the minimum inhibitory
concentration (MIC) of extracts against a panel of five bacteria (Table 2). The broth mi-
crodilution assay results confirmed that Gram-positive bacteria were more susceptible
than Gram-negative bacteria to B. malaccensis extracts. The chloroform extract of leaves
exhibited the lowest MIC against S. aureus and B. subtilis, with values of 250 µg/mL and a
minimum bactericidal concentration (MBC) above 1000 µg/mL. The lowest MICs against E.
coli and P. aeruginosa were observed with the methanol extract of bark (500 and 250 µg/mL,
respectively) and MBC value above 1000 µg/mL. This extract inhibited the growth of
S. aureus with MIC/MBC values of 250/1000 µg/mL, and, as such, it had the broadest
spectrum of activity out of the 18 extracts tested. None of the extracts was active against A.
baumannii (imipenem-resistant).
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Table 2. Minimum inhibitory concentration (MIC) by broth microdilution (µg/mL).

Plant Part Solvent S. aureus
(ATCC 11632)

B. subtilis
(ATCC 6633)

E. coli
(ATCC 8379)

P. aeruginosa
(ATCC 10145)

A. baumannii
(Imipenem-
Resistant)

Leaves Hexane 1000 - - - -
Leaves Chloroform 250 (>1000) 250 (>1000) - - -
Leaves Methanol 500 1000 - - -
Bark Hexane - - - 1000 -
Bark Chloroform 1000 - - - -
Bark Methanol 250 (>1000) - 500 250 (>1000) -

Wood Hexane 625 1250 5000 2500 -
Wood Chloroform 2500 2500 2500 625 -
Wood Methanol - 2500 2500 2500 -

Endocarp Chloroform - - - 1000 -
Endocarp Methanol - - - 1000 -

Seeds Hexane - - - 1000 -

Chloramphenicol 0.03 0.02 Nt Nt Nt
Tetracycline Nt Nt 0.02 0.01 -
Imipenem

Negative control
Nt
Fg

Nt
Fg

Nt
Fg

Nt
Fg

12.0
Fg

Abbreviations: Nt, Not tested; Fg, Full bacterial growth; ‘-’, No activity. Extracts with no activity against all
the bacteria tested are not included here in this table. Bold data indicate the lower MIC values. Values are
given as the mean of triplicates. Second values in parentheses represent corresponding minimum bactericidal
concentrations (MBC).

3.3. Antibiotic-Potentiating Activities

Of the 18 extracts tested, the most effective antibiotic-potentiator for Gram-positive
bacteria was the methanol extract of wood with the β-lactam amoxicillin against S. aureus
(Table 3). Regarding Gram-negative bacteria, the hexane and chloroform extracts of wood
potentiated the aminoglycoside gentamicin against E. coli, with increments of inhibition
zones of about 8 and 10 mm, respectively. We observed that the methanol extract of
endocarps was able to rend penicillin G active against E. coli and the chloroform extract of
endocarps relinquished the resistance of clinical isolates of A. baumannii to imipenem. In
addition, the hexane extract of seeds acted potentiator for the quinolones (ciprofloxacin
and levofloxacin) action against P. aeruginosa.

Table 3. Antibiotic-potentiating activities (mm).

Treatment with S. aureus
(ATCC 11632)

B. subtilis
(ATCC 6633)

E. coli
(ATCC 8379)

P. aeruginosa
(ATCC 10145)

A. baumannii
(Imipenem-
Resistant)

Extracts - - -
I - 7.0 ± 1.4 - - -
II 12 ± 0.0 - - - -
III - - - - -
IV - - - - -
V - - - - -
VI - - - - -
VII - - - - -

Amoxicillin 16 ± 0.0 14.3 ± 0.5 - - -
Ampicillin 41 ± 0.3 20 ± 0.1 - - -

Ciprofloxacin - 38 ± 0.0 - 35 ± 0.02 -
Gentamicin - - 25 ± 0.01 - -

Levofloxacin - 35 ± 1.0 38 ± 0.2 28 ± 0.3 -
Penicillin G - - - - -
Imipenem - - - - 10 ± 0.04



Plants 2022, 11, 1388 9 of 21

Table 3. Cont.

Treatment with S. aureus
(ATCC 11632)

B. subtilis
(ATCC 6633)

E. coli
(ATCC 8379)

P. aeruginosa
(ATCC 10145)

A. baumannii
(Imipenem-
Resistant)

Amoxicillin + I - 26.7 ± 0.0 - - -
Amoxicillin + II 22.5 ± 0.5 - - - -
Amoxicillin + III 23.7 ± 0.5 - - - -
Ampicillin + II 40.7 ± 0.8 - - - -
Ampicillin + III 42.0 ± 0.5 - - - -
Ampicillin + IV - 22 ± 0.3 - - -

Ciprofloxacin + IV - 39 ± 0.1 - 38 ± 1.1 -
Ciprofloxacin + V - 38.5 ± 0.0 - 36 ± 0.1 -

Gentamicin + I - - 34.3 ± 1.7 - -
Gentamicin + II - - 35.3 ± 1.3 - -

Levofloxacin + IV - - - 30.7 ± 0.6 -
Levofloxacin + V - 38.5 ± 0.3 - 30 ± 1.0 -
Penicillin G + VI - - 6.5 ± 0.02 - -
Imipenem + V - - - - 11 ± 1.2

Abbreviations: I = Wood hexane (1 mg/disc); II = Wood chloroform (1 mg/disc); III = Wood methanol (1 mg/disc);
IV = Seeds hexane; V = Endocarp chloroform; VI = Endocarp methanol; VII: Leaves chloroform. Amoxicillin
(10 µg/disc); Ampicillin (10 µg/disc); Ciprofloxacin (5 µg/disc); Gentamicin (10 µg/disc0; Imipenem (10 µg/disc);
Levofloxacin (5 µg/disc); ‘-’, No activity. Extracts without any synergy are not included. Synergies are indicated
in bold. The values are expressed as the mean ± standard deviation.

3.4. Cytotoxic Activities

The toxicity of the 18 extracts against MRC-5 (Medical Research Council cell strain 5)
human fibroblast cells was evaluated. The lowest 50% cytotoxic concentration (CC50) was
obtained with the chloroform extract of pericarps, with a value of 0.36 g/L (Figure 1A). The
methanolic extract pericarps exhibited a CC50 value of 0.09 g/L (Figure 1B).
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Figure 1. Cytotoxicity of chloroform (A) and methanolic (B) extracts of pericarps of B. malaccensis
using Sigmoidal 4PL dose-response curves.

3.5. Isolation of the Main Constituents from Active Extracts and Antibacterial Effects

The hexane extract of seeds that increased the potencies of quinolone antibiotics
against P. aeruginosa was subjected to preparative TLC, yielding werneria chromene from
the extract (Figure 2a, Table 4). From the chloroform extract of endocarps, the tyramine
alkaloid dihydroxyacidissiminol was isolated (Figure 2b; Table 5). The absolute structure of
werneria chromene was further confirmed using X-ray diffraction (Figure 2c,d). Werneria
chromene was inactive against all bacteria tested except P. aeruginosa, with the MIC value
of 1000 µg/mL and the MBC value of 1000 µg/mL, whereby both compounds repressed
the growth of P. putida the MIC value of 1000 µg/mL and the MBC of 1000 µg/mL.
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Figure 2. (a) Werneria chromene; (b) Dihydroxyacidissiminol; (c,d) Crystal structure of werneria
chromene; (c) Cell packing in monoclinic state; (d) Crystal structure of isolated methyl (Z)-3-(2,2-
dimethyl-2H-chromen-6-yl) acrylate from the ORTEP diagram at 50% ellipsoid probability.

Table 4. NMR data of werneria chromene (p.p.m.).

Position δ-H
[31]

δ-H
Werneria

Chromene
Integration Position δ-C

[31]
δ-C Werneria

Chromene

3 5.62 d 5,65 d 1 2 77.1 78
4 6.28 d 6.30 d 1 3 131.3 132
5 7.12 d 7.18 d 1 4 121.7 122
7 7.26 dd 7.25 dd 1 5 134.3 134
8 6.74 d 6.78 d 1 6 127.1 128
9 7.58 d 7.60 d 1 7 129.4 129

10 6.26 d 6.20 d 1 8 116.7 116
12,13 7.58 d 7.57 d 2,2 10 121.3 122

O-CH3 3.76 d 3.80 s 3 11 115 115
12 144.6 145
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Table 5. NMR data (p.p.m.) of dihydroxyacidissiminol.

Position δ-H
[42]

δ-H Dihy-
droxyacidis-

siminol
Integration δ-C

[42]

δ-C
Dihydroxyac-
idissiminol

1′ - - - 134.60 135.00
2′,6′ 7.69 d 7.70 d 1,1 126.80 126.50
3′,5′ 7.41 t 7.40 t 1,1 128.60 128.90

4′ 7.49 t 7.49 t 1 131.40 130.00
CO-NH 6.10 m 6.15 m 1 167.60 167.50
N-CH2 3.70 q 3.70 m 2 41.30 41.50
Ar-CH2 2.88 t 2.80 t 2 34.80 35.00

1′′ - - - 157.30 157.00
2′′, 6′′ 6.87 d 6.87 d 1,1 114.90 115.00
3′′, 5′′ 7.18 d 7.16 d 1,1 129.80 129.90

4′′ - - - 131.00 131.50
1 4.58 d 4.60 d 2 64.50 64.50
2 5.80 d 5.78 d 1 121.10 121.50
3 - - - 142.00 140.50

3-Me 1.76 s 1.75 s 3 12.40 12.90
4 4.35 dd 4.35 dd 1 77.40 79.00
5 - - - - -
6 3.64 m 3.65 m 1 78.70 77.50
7 - - - 72.60 74.00

7-Me 1.18 s 1.17 s 3 23.70 24.00
4-OH 1.55 s 1.75 s - - -

6,7 OH 1.55 s 1.65 s - - -
Abbreviation: ‘-’, No peak.

3.6. Crystal Structure of Isolated Methyl (Z)-3-(2,2-dimethyl-2H-chromen-6-yl) Acrylate
Werneria Chromene

During the isolation process of werneria chromene, translucent crystals were obtained,
and its chemical structure was confirmed by X-ray diffraction as methyl (E)-3-(2,2-dimethyl-
2H-chromen-6-yl) acrylate. The crystal structure (Figure 2c,d) of werneria chromene in-
dicated that the core structure is based on 2H-chromene, known as benzopyran, whereas
the cyclic pyran ring takes the half boat conformation shape. The bond length of C8-O3
at 1.367 Å is shorter than C14-O3 at 1.465 Å, which forms the fused pyran. A planar
geometry is exerted throughout the chemical structure while being extended by the side
group in the form of methyl ester. Configuration E allows the structure to take a highly
conjugated property, as the 10-atom chain packing of werneria chromene is monoclinic in
space group P 1 21/c 1, as shown in Figure 2c,d. The core structure of benzopyran exists in
cyclin-dependent kinase (CDK) inhibitors and can be found in drugs such as flavopiridol
(also known as alvocidib) [50]. Werneria chromene does not have a chiral center and thus
does not have conformers.

3.7. In Silico Studies with Werneria Chromene and Dihydroxyacidimissinol

The reported structure of the SARS-CoV-2 spike protein receptor-binding domain
complex with human ACE2 (S-RBD-hACE2) (PDB ID: 6LZG) was used for docking studies
with werneria chromene and dihydroxyacidimissinol (2D interactions shown in Figure 3a,b,
respectively). For cathepsin L, the reported structure PDB ID: 3HHA was used. PDB ID:
6ZSL was used for NSP13 helicase; PDB ID: 6LU7 was used for Mpro; and PDB ID: 6M0J
was used for the spike protein receptor-binding domain (S-RBD). The binding energies of
the two compounds (∆G = kcal/mol) to the target proteins are shown in Table 6.
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Figure 3. 2D-interactions between (a) werneria chromene and S-RBD-hACE2; (b) dihydroxy acidis-
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Table 6. Predicted binding energies (∆G = kcal/mol) of werneria chromene and dihydroxyacidissimi-
nol with various SARS-CoV-2 and human target proteins.

Phytochemical
Spike Protein RBD
Bound with ACE2

PDB: 6LZG

Cathepsin L
PDB: 3HHA

Nsp13 Helicase
PDB: 6ZSL

Mpro
PDB: 6LU7

Spike Protein RBD
PDB: 6M0J *

Dihydroxyacidissiminol −5.8 −8.1 −7.6 −7.0 −7.5
Werneria chromene −6.6 −6.4 −6.4 −5.9 −6.0

* 6M0J is also spike protein RBD bound with ACE2, but unlike 6LZG, ACE2 was removed from spike protein RBD
and molecular docking studies conducted with spike protein RBD only.

Werneria chromene did not display a good binding affinity to any of the five target
proteins. The least predicted binding energy was observed with 6LZG (S-RBD-hACE2) and
showed the predicted binding energy (∆G) of −6.6 kcal/mol. On the other hand, dihydroxy-
acidissiminol showed the predicted binding energies of −8.1, −7.6, −7.0, and −7.5 kcal/mol
with cathepsin L, nsp13 helicase, Mpro, and S-RBD, respectively (Tables 6 and 7). Cathepsin
L (PDB ID: 3HHA) with 220 amino acid residues has a two-chain form, R and L. The L
domain contains 3 α-helices, while the R domain is a β-barrel closed at the bottom by a
α-helix. The reactive site comprises His163 located at the top of the β-barrel and Cys25,
which is located at the N-terminus of the central helix in the L domain [51]. The interacting
amino acid residues of cathepsin L, forming hydrogen, hydrophobic, or electrostatic bonds
with dihydroxyacidissiminol, include Gly23, Cys25, Ser24, Trp26, Met70, Ala135, His163,
Gly164, and Trp189. The involvement of dihydroxyacidissiminol in interacting with both
reactive site amino acids Cys25 and His163 makes this compound a potential potent in-
hibitor for cathepsin L. The 2D interactions of cathepsin L with werneria chromene and
dihydroxyacidissiminol are shown in Figure 4a,b, respectively. PDB ID: 6ZSL represents
the Nsp13 helicase of SARS-CoV-2. The structure of Nsp13 of SARS-CoV-2, like that of
SARS-CoV, shows five domains, namely, RecA-like domains 1A and 2A, the 2B domain,
the zinc-binding domain (ZBD), and the stalk domain.
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Table 7. Interaction of dihydroxyacidissiminol with amino acid residues of cathepsin L, Nsp13
helicase, and spike protein receptor-binding domain (S-RBD).

Residue (Cathepsin L) Distance Category Type

Dihydroxyacidissiminol

TRP26 2.68 Hydrogen Bond Conventional Hydrogen Bond

GLY164 2.06 Hydrogen Bond Conventional Hydrogen Bond

TRP189 2.10 Hydrogen Bond Conventional Hydrogen Bond

GLY23 3.60 Hydrogen Bond Carbon Hydrogen Bond

HIS163 3.64 Electrostatic Pi-Cation

TRP189 3.67 Hydrophobic Pi-Sigma

TRP189 3.99 Hydrophobic Pi-Sigma

CYS25 4.81 Other Pi-Sulfur

MET70 5.04 Other Pi-Sulfur

GLY23, SER24 4.38 Hydrophobic Amide-Pi Stacked

ALA135 4.15 Hydrophobic Pi-Alkyl

Residue (Nsp13 helicase) Distance Category Type

Dihydroxyacidissiminol

PRO514 2.29 Hydrogen Bond Conventional Hydrogen Bond

TYR515 4.64 Hydrophobic Pi-Alkyl

HIS554 4.06 Hydrophobic Pi-Alkyl

PRO406 4.13 Hydrophobic Pi-Alkyl

Residue (S-RBD) Distance Category Type

Dihydroxyacidissiminol

ASP364 1.89 Hydrogen Bond Conventional Hydrogen Bond

B:TRP436 2.29 Hydrogen Bond Conventional Hydrogen Bond

CYS336 2.38 Hydrogen Bond Conventional Hydrogen Bond

PHE342 2.70 Hydrogen Bond Conventional Hydrogen Bond

ASN343 1.94 Hydrogen Bond Conventional Hydrogen Bond

LEU441 3.58 Hydrophobic Pi-Sigma

TRP436 3.98 Hydrophobic Pi-Sigma

PHE374 4.75 Hydrophobic Pi-Pi T-shaped

VAL367 4.58 Hydrophobic Alkyl

The key amino acid residues of the ATP-binding site are six in number and are Lys288,
Ser289, Asp374, Glu375, Gln404, and Arg567 [52]. Dihydroxyacidissiminol showed the
predicted binding energy of −7.6 kcal/mol with Nsp13 helicase. The interacting amino
acids of Nsp13 helicase, forming hydrophobic and hydrogen bonds with dihydroxyacidis-
siminol, were found to be Pro406, Pro514, Tyr515, and His554. Interestingly, none of the
interacting amino acid residues of Nsp13 helicase with dihydroxyacidissiminol were from
the ATP-binding site. Further studies are therefore needed to determine whether the
binding of dihydroxyacidissiminol to Nsp13 helicase will lead to inhibition of helicase
activities or not. What is noteworthy is that dihydroxyacidissiminol interacts with the
C-terminus domain of the Nsp13 helicase, which is necessary for its helicase activities. The
2D interactions of Nsp13 helicase with werneria chromene and dihydroxyacidissiminol
are shown in Figure 5a,b, respectively. The spike protein (S) of SARS-CoV-2 comprises two
subunits S1 and S2, and the first subunit is responsible for binding to its receptor hACE2.
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Human ACE2 has two hotspots for the receptor-binding domain (RBD) of S, hotspot 31 and
hotspot 353. SARS-CoV-2 recognizes hACE2 hotspot 31 through two amino acid residues
on its RBD, Gln493 and Leu 455.
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Other amino acid residues playing significant roles in RBD interactions with hotspots
31 and 353 include Phe486, and Ser494 [53]. Dihydroxyacidissiminol interacts through
hydrogen and hydrophobic bonding with amino acid residues Cys336, Phe342, Asn343,
Asp364, Val367, Phe374, Trp436, and Leu441 of S-RBD. The S-RBD of SARS-CoV-2 com-
prises amino acid residues 387-516 [54]. Apart from the last two amino acids of S-RBD,
dihydroxyacidissiminol shows interactions with other amino acid residues outside S-RBD.
The conclusion formed is that despite showing a high binding affinity for S-RBD, dihy-
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droxyacidissiminol possibly will have little or no inhibitory influences on S-RBD binding
to hACE2. Both phytochemicals werneria chromene and dihyroxyacidissiminol did not
show predicted good binding energies to Mpro. The 2D interactions of werneria chromene
and dihydroxyacidissiminol with Mpro are shown in Figure 6a,b, respectively; the 2D
interactions of werneria chromene and dihydroxyacidissiminol with S-RBD are shown,
respectively, in Figure 7a,b. Taken cumulatively, dihydroxyacidissiminol shows predicted
low-binding energies for cathepsin L. Since it interacts with both reactive site amino acids
Cys25 and His163, it makes this compound a potential potent inhibitor for cathepsin L.
The protease (cathepsin L or CTSL) plays a major role in SARS-CoV-2 infectivity. The
circulating level of CTSL increases after SARS-CoV-2 infection and is positively correlated
with disease course and severity. Scientists have postulated that the enzyme can make a
good therapeutic target [36].
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4. Discussion

COVID-19 caused by SARS-CoV-2 is the first but possibly not the last zoonotic virus
that can paralyze global human activities. This pandemic reminded researchers to be
vigilantly prepared to protect human lives from any potential viral or bacterial infections
that may lead to cause a pandemic-like situation. Various phytochemicals from rainforests
can be investigated in search for potential drugs to prevent these infections, although these
are yet to validate the speculation. However, human activities, such as the increased need
of food for the global growing population and industrialization, lead to deforestation. The
Malaysian primary rainforest may disappear in the face of intense logging and palm-oil
plantations, which has claimed around 1.1 million hectares of rainforest between 1990 and
2005 [55]. It must be grasped that the disappearance of primary rainforest trees signifies the
disappearance of potential drugs [56]. B. malaccensis was collected in the primary rainforest
(one of the few remaining pockets of the primary rainforest) of Manong, located in the north
of Peninsular Malaysia, on the banks of the Perak River. This plant belongs to the subfamily
Aurantioideae and the tribe Citrinae [57]. We selected that plant because (i) it was having
fruits and flowers, allowing botanical identificationl (ii) it belongs to the family Rutaceae,
which is a rich source of antimicrobial compounds; and (iii) and it is traditionally used by
the Malays of Perak as medicine. Members of the Rutaceae family have been reported to
have antibacterial, antibiotic-potentiating, and anti-viral properties [29–32]. Since there
has been no study thus far to investigate the antimicrobial activities of B. malaccensis, its
antibacterial and synergistic antibacterial, as well as its potent anti-viral properties against
SARS-CoV-2 were explored. Some plants from the Rutaceae family, including Citrus sinensis
(L.) Osbeck, have been used for the treatment of flu in traditional medicine and have
antimicrobial effects [33]. Citrus limon (L.) Osbeck, C. sinensis, and Citrus pardisi Macfad.
from Rutaceae reportedly showed significant activity against Hepatitis A virus (HAV) [28].
It is important to note that naringenin, a flavanone almost exclusively found in members of
the genus Citrus L. fruits, has been reported to be a potent inhibitor of SARS-CoV-2 [34]. The
average yield values ranged from 1.0 to 9.5%, indicating a fair extraction process [58,59].

First, the antibacterial activities of 18 extracts were assessed by a microbroth dilution
assay against a panel of Gram-positive and Gram-negative bacteria and most of these
extracts displayed levels of inhibition, especially the chloroform extract of leaves and
methanol extract of bark, as these had the highest potencies; this result is reported for the
first time. The β-lactam antibiotic imipenem is one of the last-resort treatments for A. bau-
mannii infections [60]. Outbreaks of nosocomial infection caused by A. baumannii resistant
to imipenem have reached the proportions of a global health emergency [52]. According
to the International Network for the Study and Emergency Prevention of Antimicrobial
Resistance [61], multi-resistant A. baumannii infection is a “sentinel event that warrants a
coordinated response to control this multi-resistant pathogen” [62]. Gram-positive bacteria
were more sensitive to the extracts than Gram-negative bacteria, in line with the litera-
ture [63]. Gram-positive bacteria are also more susceptible to xenobiotics since they only
have a peptidoglycan wall, which is not an effective permeability barrier compared to
Gram-negative bacteria, and are equipped with an outer lipopolysaccharide layer, porins,
and an arsenal of efflux pumps. P. aeruginosa resists most antibiotics via β-lactamases, efflux
pumps, loss, or alteration of the outer membrane porin [64]. P. aeruginosa is also resistant to
fluoroquinolone exposure through mutations in their DNA gyrase and topoisomerase IV
enzymes, as well as in efflux pumps [65].

The MIC of B. malaccensis extracts was determined by the microdilution broth assay.
Rios and Recio suggested that a crude extract with MIC greater than 1000 µg/mL is inactive
and proposed interesting antibacterial activity for MICs of 100 µg/mL or lower [66]. Earlier,
Fabry and colleagues have defined crude active extracts as having MIC values below
8000 µg/mL [67]. While, more recently, Kuete used stricter endpoint criteria, in which
crude extracts with MIC values less than 100 µg/mL are considered active [68]. Further,
Kuete classified MICs above 625 µg/mL as weakly active extracts [68]. Following Kuete
(2010) reports, it can be said that chloroform extract from B. malaccensis leaves exhibited
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mild antibacterial effects against the two Gram-positive bacteria tested (S. aureus and B.
Subtilis) [69]. Moreover, extracts of antibacterial compounds can be categorized into two
classes: bacteriostatic (MBC/MIC ratio greater than 4) and bactericidal (MBC/MIC ratio
less than or equal to 4), according to Krishnan et al. [27]. Following this classification, the
chloroform extract of leaves was bacteriostatic, while the methanol extract of bark was
mildly bacteriostatic against S. aureus and P. aeruginosa. None of the plant extracts were
active against A. baumannii (imipenem-resistant).

Regarding the antibiotic-potentiating activity of the B. malaccensis extracts tested, the
strongest potentiation for Gram-positive bacteria was observed with the methanol extract
from wood (0 mm) with amoxicillin (16 ± 0.0 mm) against S. aureus (23.7 ± 0.5 mm). Of
note, it was observed that the chloroform extract of endocarps was able to render penicillin
G active against E. coli and potentiated imipenem activity against imipenem-resistant A.
baumannii. The hexane extract of B. malaccensis seeds also potentiated the antibiotic activities
of ciprofloxacin and levofloxacin against the multidrug-resistant bacteria P. aeruginosa.
These antibiotic-potentiating properties are reported for the first time. The bacterial strains
we tested are, except for imipenem-resistant A. baumannii, antibiotic sensitive, and the
extract tested further increased their vulnerability to antibiotics.

In this study, the strongest potentiation was observed with the methanol extract
of wood with the β-lactam antibiotic amoxicillin towards S. aureus. It is an important
finding because amoxicillin resistance represents a severe clinical burden worldwide in
hospitals [70]. S. aureus resists amoxicillin via β-lactamases and changes in penicillin-
binding protein 2a [71]. The low standard deviation obtained indicate that data are close
to the mean. The hexane extract of the seeds potentiated ciprofloxacin and levofloxacin
against P. aeruginosa. The nosocomial bacterium A. baumannii resists imipenem via intrinsic
and acquired metallo-β-lactamases and oxacillinases, as well as porin loss [43]. In China,
for instance, more than 50% of isolates were found to be imipenem-resistant in 2009,
and in Thailand, the rate of resistance to imipenem increased significantly from 2% in
2000 to 67% in 2011 [72]. E. coli is known to resist penicillin G via penicillin acylase and
β-lactamases [73], as well as efflux pumps [74].

Cell line cytotoxicity (at concentrations of 0-200 µg/mL of extracts against human
MRC-5 cells) was assessed following the confirmed antibacterial activities of some B. malac-
censis extracts. The American National Cancer Institute defines a plant extract as toxic to
human cells when the CC50 values are below 30 µg/mL after an exposure time of 72 h [75].
Accordingly, none of the extracts studied were toxic in vitro for the cell line tested in this
study. Among all tested extracts, the chloroform extract of B. malaccensis demonstrated the
lowest cytotoxicity. Additionally, the identification of the main constituents of the hexane
extract of seeds and the chloroform extract of fruits was carried out, which elicited interest-
ing antibiotic-potentiating effects against problematic Gram-negative bacteria, resulting in
the isolation and characterization of werneria chromene and dihydroxyacidissiminol.

Since werneria chromene was selectively active against P. aeruginosa, its activity
against P. putida and observed and activity was observed. Likewise, hydroxyacidissimol
was specifically active against P. putida. These activities, although weak, are specific and
are reported for the first time, although the reasons for this specificity against Pseudomonas
spp. remain unknown. We did not attempt to isolate compounds from methanol extracts
as we looked for mid-polar to non-polar compounds that may have better ADME.

The occurrence of these constituents in B. malaccensis was not known previously. Both
compounds were weakly but specifically bacteriostatic against P. putida and inactive for all
other bacteria tested. Further, the crystal structure of werneria chromene is reported here
for the first time. However, their synergistic activities were not examined due to insufficient
amounts of available extracts, which requires further investigation. We are currently
examining minor constituents in these extracts and found a series of prenylated flavonols
(unpublished data) that may work synergistically to bring about antibiotic-potentiating
effects and we are looking into this matter.
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In silico molecular docking of werneria chromene and dihydroxyacidissimol was
examined with the reported structure of the SARS-CoV-2 spike protein receptor-binding
domain complexed with human ACE2 (S-RBD-hACE2) (PDB ID: 6LZG), human cathepsin
L (PDB ID: 3HHA); PDB ID: 6ZSL was used for NSP13 helicase; PDB ID: 6LU7 was used
for Mpro; and PDB ID: 6M0J was used for the spike protein receptor-binding domain (S-
RBD) [50,76–79]. The 6M0J is also a spike protein RBD bound with ACE2, but unlike 6LZG
ACE2 was removed from the spike protein RBD and molecular docking studies conducted
with the spike protein RBD only. Dihydroxyacidissiminol showed a good affinity for
essential target proteins (i.e., its binding energy values were −8.1, −7.6, and −7.5 kcal/mol
for cathepsin L, nsp13 helicase, and spike protein receptor-binding domain, respectively)
associated with SARS-CoV-2 entry and replication in human cells, such as spike protein
receptor-binding domain (S-RBD), cathepsin L, and Nsp13 helicase.

5. Conclusions

The decrease in the development of new and effective antibiotics by pharmaceutical
industries and the concomitant and steady increase in bacterial resistance leaves clinicians
with the increasing difficulty to save the life of patients infected by nosocomial bacteria
globally. As the world is going through a pandemic caused by SARS-CoV-2, a part of the
mortality is derived from SARS-CoV-2 infection associated with bacterial infections. The
development of resistance-modifying agents can be an additional strategy to overcome
bacteria multidrug resistance. To our knowledge, the antimicrobial effect potentiating
properties of B. malaccensis have not been previously reported. Most of the extracts demon-
strated inhibiting the growth of Gram-positive bacteria in particular. Two compounds,
werneria chromene and dihydroxylacidissiminol, isolated from this plant’s extracts, in-
hibited the growth of P. putida, and dihydroxyacidissiminol demonstrated a good affinity
for cathepsin L. The amount of available plant was a limitation to our study, and we plan
to obtain larger collections. The principle involved in antibiotic-potentiation, the in vitro
activity of dihydroxyacidissiminol against SARS-CoV-2 and other coronaviruses, and the
therapeutic potential of the compound isolated as specific inhibitors of Pseudomonas spp.
need to be examined.

Author Contributions: Conceptualization, M.Z., V.N., C.W., P.W. and M.R. (Mohammed Rahmat-
ullah); methodology, M.Z., N.M., A.F., S.L.W.-L., T.-J.K., T.M., M.R. (Mogana Rajagopal), C.S., G.K.,
N.H.A., A.R.P., A.H., A.K.P., M.R. (Mohammed Rahmatullah), V.N. and C.W.; validation, S.M.R.O.,
M.d.L.P., M.R. (Mohammed Rahmatullah), P.W., A.K.P., C.W. and V.N.; investigation, M.Z., N.M.,
A.F., S.L.W.-L., T.-J.K., T.M., M.R. (Mogana Rajagopal), C.S., G.K., N.H.A., A.R.P., A.H., A.K.P., M.S.B.,
M.N. and C.W.; writing—original draft preparation, M.Z., N.M., A.F., S.L.W.-L., T.-J.K., T.M., M.R.
(Mohammed Rahmatullah), C.S., G.K., N.H.A., A.R.P., A.K.P., S.M.R.O., V.N. and C.W.; writing—
review and editing, S.M.R.O., M.d.L.P., M.R. (Mogana Rajagopal), A.H., A.K.P., M.S.B., M.N., P.W.,
V.N. and C.W.; funding, V.N., P.W. and C.W.; supervision, C.W., V.N., P.W. and M.R. (Mohammed
Rahmatullah). All authors have read and agreed to the published version of the manuscript.

Funding: This project was funded by a grant from the Malaysian Ministry of Education (FRGS/1/2018/
WAB07/UNIM/02/1, Malaysian Ministry of Higher Education, Malaysia). Project CICECO-Aveiro
Institute of Materials, UIDB/50011/2020, UIDP/50011/2020 & LA/P/0006/2020, financed by na-
tional funds through the FCT/MEC (PIDDAC) is acknowledged. We also would like to acknowledge
the project entitled “Medicinal plants as anti-viral activity against important emerging viruses” The
Plant Genetics Conservation Project under the Royal Initiation of Her Royal Highness Princess Maha
Chakri Sirindhorn, Walailak University, Thailand (Grant No. 032-2565). Dr. Muhammad Nawaz is
thankful to the Deanship of Scientific Research (DSR) at Imam Abdulrahman Bin Faisal University
(IAU) for financial support through project no. COVID-19-2020-003-IRMC. In addition, we would
like to thank Mr. Hassan and Mr. Pidji for guiding us in the rainforest of Perak.

Conflicts of Interest: The authors declare no conflict of interest.



Plants 2022, 11, 1388 19 of 21

References
1. World Health Organization. WHO Publishes List of Bacteria for Which New Antibiotics Are Urgently Needed. 2017. Available

online: https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-
needed (accessed on 1 January 2022).

2. Rice, L.B. Federal funding for the study of antimicrobial resistance in nosocomial pathogens: No eskape. J. Infect. Dis. 2008, 197,
1079–1081. [CrossRef] [PubMed]

3. De Oliveira, D.M.P.; Forde, B.M.; Kidd, T.J.; Harris, P.N.A.; Schembri, M.A.; Beatson, S.A.; Paterson, D.L.; Walker, M.J. Antimicro-
bial resistance in eskape pathogens. Clin. Microbiol. Rev. 2020, 33, e00181-19. [CrossRef] [PubMed]

4. Herc, E.S.; Kauffman, C.A.; Marini, B.L.; Perissinotti, A.J.; Miceli, M.H. Daptomycin nonsusceptible vancomycin resistant
Enterococcus bloodstream infections in patients with hematological malignancies: Risk factors and outcomes. Leuk. Lymphoma
2017, 58, 2852–2858. [CrossRef] [PubMed]

5. Iguchi, S.; Mizutani, T.; Hiramatsu, K.; Kikuchi, K. Rapid acquisition of linezolid resistance in methicillin-resistant Staphylococcus
aureus: Role of hypermutation and homologous recombination. PLoS ONE 2016, 11, e0155512. [CrossRef] [PubMed]

6. Naylor, N.R.; Atun, R.; Zhu, N.; Kulasabanathan, K.K.; Silva, S.; Chatterjee, A.; Knight, G.M.; Robotham, J.V. Estimating the
burden of antimicrobial resistance: A systematic literature review. Antimicrob. Resist. Infect. Control 2018, 7, 58. [CrossRef]

7. Wongsrichanalai, C.; Pickard, A.L.; Wernsdorfer, W.H.; Meshnick, S.R. Epidemiology of drug-resistant malaria. Lancet Infect. Dis.
2002, 2, 209–218. [CrossRef]

8. Cobo, F. Determinants of parasite drug resistance in human lymphatic filariasis. Rev. Esp. Quimioter. 2016, 29, 288–295.
9. Li, Q.; Guan, X.; Wu, P.; Wang, X.; Zhou, L.; Tong, Y.; Ren, R.; Leung, K.S.M.; Lau, E.H.Y.; Wong, J.Y.; et al. Early transmission

dynamics in Wuhan, China, of novel Coronavirus-infected pneumonia. N. Engl. J. Med. 2020, 382, 1199–1207. [CrossRef]
10. Shereen, M.A.; Khan, S.; Kazmi, A.; Bashir, N.; Siddique, R. COVID-19 infection: Origin, transmission, and characteristics of

human Coronaviruses. J. Adv. Res. 2020, 24, 91–98. [CrossRef]
11. Tay, M.Z.; Poh, C.M.; Rénia, L.; MacAry, P.A.; Ng, L.F.P. The trinity of COVID-19: Immunity, inflammation and intervention. Nat.

Rev. Immunol. 2020, 20, 363–374. [CrossRef]
12. Mousavizadeh, L.; Ghasemi, S. Genotype and phenotype of COVID-19: Their roles in pathogenesis. J. Microbiol. Immunol. Infect.

2021, 54, 159–163. [CrossRef] [PubMed]
13. Jannat, K.; Paul, A.K.; Bondhon, T.A.; Hasan, A.; Nawaz, M.; Jahan, R.; Mahboob, T.; Nissapatorn, V.; Wilairatana, P.; Pereira,

M.L.; et al. Nanotechnology applications of flavonoids for viral diseases. Pharmaceutics 2021, 13, 1895. [CrossRef] [PubMed]
14. Fehr, A.R.; Perlman, S. Coronaviruses: An overview of their replication and pathogenesis. Methods Mol. Biol. 2015, 1282, 1–23.

[CrossRef] [PubMed]
15. Huang, I.C.; Bosch, B.J.; Li, F.; Li, W.; Lee, K.H.; Ghiran, S.; Vasilieva, N.; Dermody, T.S.; Harrison, S.C.; Dormitzer, P.R.; et al.

SARS Coronavirus, but not human Coronavirus nl63, utilizes cathepsin l to infect ACE2-expressing cells. J. Biol. Chem. 2006, 281,
3198–3203. [CrossRef] [PubMed]

16. Astuti, I.; Ysrafil. Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2): An overview of viral structure and host
response. Diabetes Metab. Syndr. 2020, 14, 407–412. [CrossRef]

17. Hendaus, M.A.; Jomha, F.A. COVID-19 induced superimposed bacterial infection. J. Biomol. Struct. Dyn. 2021, 39, 4185–4191.
[CrossRef]

18. Hendaus, M.A.; Jomha, F.A.; Alhammadi, A.H. Virus-induced secondary bacterial infection: A concise review. Ther. Clin. Risk
Manag. 2015, 11, 1265–1271. [CrossRef]

19. Rusic, D.; Vilovic, M.; Bukic, J.; Leskur, D.; Perisin, A.S.; Kumric, M.; Martinovic, D.; Petric, A.; Modun, D.; Bozic, J. Implications
of COVID-19 pandemic on the emergence of antimicrobial resistance: Adjusting the response to future outbreaks. Life 2021, 11,
220. [CrossRef]

20. Rates, S.M. Plants as source of drugs. Toxicon 2001, 39, 603–613. [CrossRef]
21. Veeresham, C. Natural products derived from plants as a source of drugs. J. Adv. Pharm. Technol. Res. 2012, 3, 200–201. [CrossRef]
22. Bennet, L. Deforestation and Climate Change; A Publication of the Climate Institute: Washington, DC, USA, 2017.
23. Faridah-Hanum, I.; Philip, L.; Noor, A.A. Sampling species diversity in a Malaysian rain forest: The case of a logged-over forest.

Pak. J. Bot. 2008, 40, 1729–1733.
24. Koh, L.P.; Wilcove, D.S. Is oil palm agriculture really destroying tropical biodiversity? Conserv. Lett. 2008, 1, 60–64. [CrossRef]
25. Bryan, J.E.; Shearman, P.L.; Asner, G.P.; Knapp, D.E.; Aoro, G.; Lokes, B. Extreme differences in forest degradation in Borneo:

Comparing practices in Sarawak, Sabah, and Brunei. PLoS ONE 2013, 8, e69679. [CrossRef] [PubMed]
26. Cushman, S.A.; Macdonald, E.A.; Landguth, E.L.; Malhi, Y.; Macdonald, D.W. Multiple-scale prediction of forest loss risk across

borneo. Landsc. Ecol. 2017, 32, 1581–1598. [CrossRef]
27. Krishnan, N.; Ramanathan, S.; Sasidharan, S.; Murugaiyah, V.; Mansor, S. Antimicrobial activity evaluation of Cassia spectabilis

leaf extracts. Int. J. Pharmacol. 2010, 6, 510–514. [CrossRef]
28. Salem, M.A.; Ezzat, S.M. The use of aromatic plants and their therapeutic potential as antiviral agents: A hope for finding

anti-COVID-19 essential oils. J. Essent. Oil Res. 2021, 33, 105–113. [CrossRef]
29. Al-Majmaie, S.; Nahar, L.; Rahman, M.M.; Nath, S.; Saha, P.; Talukdar, A.D.; Sharples, G.P.; Sarker, S.D. Anti-MRSA constituents

from Ruta chalepensis (rutaceae) grown in Iraq, and in silico studies on two of most active compounds, chalepensin and 6-hydroxy-
rutin 3′,7-dimethyl ether. Molecules 2021, 26, 1114. [CrossRef]

https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
http://doi.org/10.1086/533452
http://www.ncbi.nlm.nih.gov/pubmed/18419525
http://doi.org/10.1128/CMR.00181-19
http://www.ncbi.nlm.nih.gov/pubmed/32404435
http://doi.org/10.1080/10428194.2017.1312665
http://www.ncbi.nlm.nih.gov/pubmed/28402152
http://doi.org/10.1371/journal.pone.0155512
http://www.ncbi.nlm.nih.gov/pubmed/27182700
http://doi.org/10.1186/s13756-018-0336-y
http://doi.org/10.1016/S1473-3099(02)00239-6
http://doi.org/10.1056/NEJMoa2001316
http://doi.org/10.1016/j.jare.2020.03.005
http://doi.org/10.1038/s41577-020-0311-8
http://doi.org/10.1016/j.jmii.2020.03.022
http://www.ncbi.nlm.nih.gov/pubmed/32265180
http://doi.org/10.3390/pharmaceutics13111895
http://www.ncbi.nlm.nih.gov/pubmed/34834309
http://doi.org/10.1007/978-1-4939-2438-7_1
http://www.ncbi.nlm.nih.gov/pubmed/25720466
http://doi.org/10.1074/jbc.M508381200
http://www.ncbi.nlm.nih.gov/pubmed/16339146
http://doi.org/10.1016/j.dsx.2020.04.020
http://doi.org/10.1080/07391102.2020.1772110
http://doi.org/10.2147/TCRM.S87789
http://doi.org/10.3390/life11030220
http://doi.org/10.1016/S0041-0101(00)00154-9
http://doi.org/10.4103/2231-4040.104709
http://doi.org/10.1111/j.1755-263X.2008.00011.x
http://doi.org/10.1371/journal.pone.0069679
http://www.ncbi.nlm.nih.gov/pubmed/23874983
http://doi.org/10.1007/s10980-017-0520-0
http://doi.org/10.3923/ijp.2010.510.514
http://doi.org/10.1080/10412905.2021.1886187
http://doi.org/10.3390/molecules26041114


Plants 2022, 11, 1388 20 of 21

30. Fratianni, F.; Cozzolino, A.; De Feo, V.; Coppola, R.; Ombra, M.N.; Nazzaro, F. Polyphenols, antioxidant, antibacterial, and biofilm
inhibitory activities of peel and pulp of Citrus medica L., Citrus bergamia, and Citrus medica cv. Salò cultivated in southern italy.
Molecules 2019, 24, 4577. [CrossRef]

31. Bohlmann, F.; Zdero, C.; King, R.M.; Robinson, H. Prenylated p-coumarates from Werneria stuebelii. Phytochemistry 1984, 23,
1135–1137. [CrossRef]

32. Santhi, V.P.; Masilamani, P.; Sriramavaratharajan, V.; Murugan, R.; Gurav, S.S.; Sarasu, V.P.; Parthiban, S.; Ayyanar, M. Therapeutic
potential of phytoconstituents of edible fruits in combating emerging viral infections. J. Food Biochem. 2021, 45, e13851. [CrossRef]

33. Ulasli, M.; Gurses, S.A.; Bayraktar, R.; Yumrutas, O.; Oztuzcu, S.; Igci, M.; Igci, Y.Z.; Cakmak, E.A.; Arslan, A. The effects of
Nigella sativa (ns), Anthemis hyalina (ah) and Citrus sinensis (cs) extracts on the replication of Coronavirus and the expression of trp
genes family. Mol. Biol. Rep. 2014, 41, 1703–1711. [CrossRef] [PubMed]

34. Clementi, N.; Scagnolari, C.; D’Amore, A.; Palombi, F.; Criscuolo, E.; Frasca, F.; Pierangeli, A.; Mancini, N.; Antonelli, G.; Clementi,
M.; et al. Naringenin is a powerful inhibitor of SARS-CoV-2 infection in vitro. Pharmacol. Res. 2021, 163, 105255. [CrossRef]
[PubMed]

35. Mukhopadhyay, S.; Prasad, A.S.B.; Mehta, C.H.; Nayak, U.Y. Antimicrobial peptide polymers: No escape to eskape pathogens-A
review. World J. Microbiol. Biotechnol. 2020, 36, 131. [CrossRef] [PubMed]

36. Zhao, M.-M.; Yang, W.-L.; Yang, F.-Y.; Zhang, L.; Huang, W.-J.; Hou, W.; Fan, C.-F.; Jin, R.-H.; Feng, Y.-M.; Wang, Y.-C. Cathepsin l
plays a key role in SARS-CoV-2 infection in humans and humanized mice and is a promising target for new drug development.
Signal Trans. Target. Ther. 2021, 6, 134. [CrossRef] [PubMed]

37. Shu, T.; Huang, M.; Wu, D.; Ren, Y.; Zhang, X.; Han, Y.; Mu, J.; Wang, R.; Qiu, Y.; Zhang, D.Y.; et al. SARS-Coronavirus-2 nsp13
possesses NTPase and RNA helicase activities that can be inhibited by bismuth salts. Virol. Sin. 2020, 35, 321–329. [CrossRef]
[PubMed]

38. Darwish, A.M.; Farmer, B.D.; Hawke, J.P. Improved method for determining antibiotic susceptibility of Flavobacterium columnare
isolates by broth microdilution. J. Aquat. Anim. Health 2008, 20, 185–191. [CrossRef] [PubMed]

39. Boonyanugomol, W.; Kraisriwattana, K.; Rukseree, K.; Boonsam, K.; Narachai, P. In vitro synergistic antibacterial activity of the
essential oil from Zingiber cassumunar Roxb against extensively drug-resistant Acinetobacter baumannii strains. J. Infect. Public
Health 2017, 10, 586–592. [CrossRef]

40. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J.
Immunol. Methods 1983, 65, 55–63. [CrossRef]

41. Ghosh, P.; Ghosh, M.K.; Thakur, S.; Akihisa, T.; Tamura, T.; Kimura, Y. Dihydroxy acidissiminol and acidissiminol epoxide, two
tyramine derivatives from Limonia acidissima. Phytochemistry 1994, 37, 757–760. [CrossRef]

42. Ghosh, P.; Sil, P.; Das, S.; Thakur, S.; Kokke, W.; Akihisa, T.; Shimizu, N.; Tamura, T.; Matsumoto, T. Tyramine derivatives from the
fruit of Limonia acidissima. J. Nat. Prod. 1991, 54, 1389–1393. [CrossRef]

43. Liu, X.; Zhang, B.; Jin, Z.; Yang, H.; Rao, Z. The crystal structure of COVID-19 main protease in complex with an inhibitor n3.
Nature 2020, 582, 289–293.

44. Yuan, S.; Chan, H.S.; Hu, Z. Using pymol as a platform for computational drug design. Wiley Interdiscip. Rev. Comput. Mol. Sci.
2017, 7, e1298. [CrossRef]

45. Asaad, N.; Bethel, P.A.; Coulson, M.D.; Dawson, J.E.; Ford, S.J.; Gerhardt, S.; Grist, M.; Hamlin, G.A.; James, M.J.; Jones, E.V.; et al.
Dipeptidyl nitrile inhibitors of cathepsin L. Bioorg. Med. Chem. Lett. 2009, 19, 4280–4283. [CrossRef] [PubMed]

46. RCSB pdb-6ZSL: Crystal Structure of the SARS-CoV-2 Helicase at 1.94 Angstrom Resolution. 2021. Available online: https:
//www.rcsb.org/structure/6ZSL (accessed on 1 January 2022).

47. Hähnke, V.D.; Kim, S.; Bolton, E.E. Pubchem chemical structure standardization. J. Cheminform. 2018, 10, 36. [CrossRef]
48. Trott, O.; Olson, A.J. Autodock vina: Improving the speed and accuracy of docking with a new scoring function, efficient

optimization, and multithreading. J. Comput. Chem. 2010, 31, 455–461. [CrossRef]
49. Studio, D. Dassault Systemes Biovia, Discovery Studio Modelling Environment, version 4.5; Accelrys Softw Inc.: San Diego, CA, USA,

2015; pp. 98–104.
50. Baby, K.; Maity, S.; Mehta, C.H.; Suresh, A.; Nayak, U.Y.; Nayak, Y. SARS-CoV-2 entry inhibitors by dual targeting tmprss2 and

ace2: An in silico drug repurposing study. Eur. J. Pharmacol. 2021, 896, 173922. [CrossRef]
51. Madadlou, A. Food proteins are a potential resource for mining cathepsin l inhibitory drugs to combat SARS-CoV-2. Eur. J.

Pharmacol. 2020, 885, 173499. [CrossRef]
52. Vivek-Ananth, R.P.; Krishnaswamy, S.; Samal, A. Potential phytochemical inhibitors of SARS-CoV-2 helicase nsp13: A molecular

docking and dynamic simulation study. Mol. Divers. 2022, 26, 429–442. [CrossRef]
53. Choudhary, S.; Malik, Y.S.; Tomar, S. Identification of SARS-CoV-2 cell entry inhibitors by drug repurposing using in silico

structure-based virtual screening approach. Front. Immunol. 2020, 11, 1664. [CrossRef]
54. Lan, J.; Ge, J.; Yu, J.; Shan, S.; Zhou, H.; Fan, S.; Zhang, Q.; Shi, X.; Wang, Q.; Zhang, L.; et al. Structure of the SARS-CoV-2 spike

receptor-binding domain bound to the ACE2 receptor. Nature 2020, 581, 215–220. [CrossRef]
55. Fitzherbert, E.B.; Struebig, M.J.; Morel, A.; Danielsen, F.; Brühl, C.A.; Donald, P.F.; Phalan, B. How will oil palm expansion affect

biodiversity? Trends Ecol. Evol. 2008, 23, 538–545. [CrossRef] [PubMed]
56. Mishra, J.; Mishra, P.; Arora, N.K. Linkages between environmental issues and zoonotic diseases: With reference to COVID-19

pandemic. Environ. Sustain. 2021, 4, 455–467. [CrossRef]

http://doi.org/10.3390/molecules24244577
http://doi.org/10.1016/S0031-9422(00)82625-4
http://doi.org/10.1111/jfbc.13851
http://doi.org/10.1007/s11033-014-3019-7
http://www.ncbi.nlm.nih.gov/pubmed/24413991
http://doi.org/10.1016/j.phrs.2020.105255
http://www.ncbi.nlm.nih.gov/pubmed/33096221
http://doi.org/10.1007/s11274-020-02907-1
http://www.ncbi.nlm.nih.gov/pubmed/32737599
http://doi.org/10.1038/s41392-021-00558-8
http://www.ncbi.nlm.nih.gov/pubmed/33774649
http://doi.org/10.1007/s12250-020-00242-1
http://www.ncbi.nlm.nih.gov/pubmed/32500504
http://doi.org/10.1577/H07-047.1
http://www.ncbi.nlm.nih.gov/pubmed/19306607
http://doi.org/10.1016/j.jiph.2017.01.008
http://doi.org/10.1016/0022-1759(83)90303-4
http://doi.org/10.1016/S0031-9422(00)90353-4
http://doi.org/10.1021/np50077a024
http://doi.org/10.1002/wcms.1298
http://doi.org/10.1016/j.bmcl.2009.05.071
http://www.ncbi.nlm.nih.gov/pubmed/19515558
https://www.rcsb.org/structure/6ZSL
https://www.rcsb.org/structure/6ZSL
http://doi.org/10.1186/s13321-018-0293-8
http://doi.org/10.1002/jcc.21334
http://doi.org/10.1016/j.ejphar.2021.173922
http://doi.org/10.1016/j.ejphar.2020.173499
http://doi.org/10.1007/s11030-021-10251-1
http://doi.org/10.3389/fimmu.2020.01664
http://doi.org/10.1038/s41586-020-2180-5
http://doi.org/10.1016/j.tree.2008.06.012
http://www.ncbi.nlm.nih.gov/pubmed/18775582
http://doi.org/10.1007/s42398-021-00165-x


Plants 2022, 11, 1388 21 of 21

57. Bayer, R.J.; Mabberley, D.J.; Morton, C.; Miller, C.H.; Sharma, I.K.; Pfeil, B.E.; Rich, S.; Hitchcock, R.; Sykes, S. A molecular
phylogeny of the orange subfamily (Rutaceae: Aurantioideae) using nine cpDNA sequences. Am. J. Bot. 2009, 96, 668–685.
[CrossRef] [PubMed]

58. Harborne, A. Phytochemical Methods a Guide to Modern Techniques of Plant Analysis; Springer Science & Business Media: Berlin,
Germany, 1998.

59. Parthasarathy, V.; Chempakam, B.; Zachariah, T. Chemistry of Spices; CAB International: Wallingford, UK, 2008.
60. Garnacho-Montero, J.; Ortiz-Leyba, C.; Fernández-Hinojosa, E.; Aldabó-Pallás, T.; Cayuela, A.; Marquez-Vácaro, J.A.; Garcia-

Curiel, A.; Jiménez-Jiménez, F.J. Acinetobacter baumannii ventilator-associated pneumonia: Epidemiological and clinical findings.
Intensiv. Care Med. 2005, 31, 649–655. [CrossRef]

61. Richet, H.M.; Mohammed, J.; McDonald, L.C.; Jarvis, W.R. Building communication networks: International network for the
study and prevention of emerging antimicrobial resistance. Emerg. Infect. Dis. 2001, 7, 319–322. [CrossRef]

62. Arias, M.E.; Gomez, J.D.; Cudmani, N.M.; Vattuone, M.A.; Isla, M.I. Antibacterial activity of ethanolic and aqueous extracts of
Acacia aroma gill. Ex hook et arn. Life Sci. 2004, 75, 191–202. [CrossRef]

63. Scherrer, R.; Gerhardt, P. Molecular sieving by the Bacillus megaterium cell wall and protoplast. J. Bacteriol. 1971, 107, 718–735.
[CrossRef]

64. Poole, K. Pseudomonas aeruginosa: Resistance to the max. Front. Microbiol. 2011, 2, 65. [CrossRef]
65. Jean, S.S.; Hsueh, P.R. High burden of antimicrobial resistance in asia. Int. J. Antimicrob. Agents 2011, 37, 291–295. [CrossRef]
66. Ríos, J.L.; Recio, M.C. Medicinal plants and antimicrobial activity. J. Ethnopharmacol. 2005, 100, 80–84. [CrossRef]
67. Fabry, W.; Okemo, P.O.; Ansorg, R. Antibacterial activity of east African medicinal plants. J. Ethnopharmacol. 1998, 60, 79–84.

[CrossRef]
68. Kuete, V. Potential of Cameroonian plants and derived products against microbial infections: A review. Planta Med. 2010, 76,

1479–1491. [CrossRef] [PubMed]
69. Kuete, V.; Betrandteponno, R.; Mbaveng, A.T.; Tapondjou, L.A.; Meyer, J.J.; Barboni, L.; Lall, N. Antibacterial activities of the

extracts, fractions and compounds from Dioscorea bulbifera. BMC Complement. Altern. Med. 2012, 12, 228. [CrossRef] [PubMed]
70. Pantosti, A.; Sanchini, A.; Monaco, M. Mechanisms of antibiotic resistance in Staphylococcus aureus. Future Microbiol. 2007, 2,

323–334. [CrossRef] [PubMed]
71. Poirel, L.; Nordmann, P. Carbapenem resistance in Acinetobacter baumannii: Mechanisms and epidemiology. Clin. Microbiol. Infect.

2006, 12, 826–836. [CrossRef]
72. Ohashi, H.; Katsuta, Y.; Nagashima, M.; Kamei, T.; Yano, M. Expression of the Arthrobacter viscosus penicillin G acylase gene in

Escherichia coli and Bacillus subtilis. Appl. Environ. Microbiol. 1989, 55, 1351–1356. [CrossRef]
73. Lehtinen, J.; Lilius, E.M. Promethazine renders Escherichia coli susceptible to penicillin g: Real-time measurement of bacterial

susceptibility by fluoro-luminometry. Int. J. Antimicrob. Agents 2007, 30, 44–51. [CrossRef]
74. Kuete, V.; Efferth, T. Cameroonian medicinal plants: Pharmacology and derived natural products. Front. Pharmacol. 2010, 1, 123.

[CrossRef]
75. Ogbole, O.O.; Segun, P.A.; Adeniji, A.J. In vitro cytotoxic activity of medicinal plants from Nigeria ethnomedicine on rhab-

domyosarcoma cancer cell line and hplc analysis of active extracts. BMC Complement. Altern. Med. 2017, 17, 494. [CrossRef]
76. Keum, Y.S.; Jeong, Y.J. Development of chemical inhibitors of the SARS Coronavirus: Viral helicase as a potential target. Biochem.

Pharmacol. 2012, 84, 1351–1358. [CrossRef]
77. Simmons, G.; Gosalia, D.N.; Rennekamp, A.J.; Reeves, J.D.; Diamond, S.L.; Bates, P. Inhibitors of cathepsin l prevent Severe Acute

Respiratory Syndrome Coronavirus entry. Proc. Natl. Acad. Sci. USA 2005, 102, 11876–11881. [CrossRef] [PubMed]
78. Benítez-Cardoza, C.G.; Vique-Sánchez, J.L. Potential inhibitors of the interaction between ACE2 and SARS-CoV-2 (RBD), to

develop a drug. Life Sci. 2020, 256, 117970. [CrossRef] [PubMed]
79. Ton, A.T.; Gentile, F.; Hsing, M.; Ban, F.; Cherkasov, A. Rapid identification of potential inhibitors of SARS-CoV-2 main protease

by deep docking of 1.3 billion compounds. Mol. Inform. 2020, 39, e2000028. [CrossRef] [PubMed]

http://doi.org/10.3732/ajb.0800341
http://www.ncbi.nlm.nih.gov/pubmed/21628223
http://doi.org/10.1007/s00134-005-2598-0
http://doi.org/10.3201/eid0702.010235
http://doi.org/10.1016/j.lfs.2003.12.007
http://doi.org/10.1128/jb.107.3.718-735.1971
http://doi.org/10.3389/fmicb.2011.00065
http://doi.org/10.1016/j.ijantimicag.2011.01.009
http://doi.org/10.1016/j.jep.2005.04.025
http://doi.org/10.1016/S0378-8741(97)00128-1
http://doi.org/10.1055/s-0030-1250027
http://www.ncbi.nlm.nih.gov/pubmed/20533165
http://doi.org/10.1186/1472-6882-12-228
http://www.ncbi.nlm.nih.gov/pubmed/23176193
http://doi.org/10.2217/17460913.2.3.323
http://www.ncbi.nlm.nih.gov/pubmed/17661706
http://doi.org/10.1111/j.1469-0691.2006.01456.x
http://doi.org/10.1128/aem.55.6.1351-1356.1989
http://doi.org/10.1016/j.ijantimicag.2007.02.019
http://doi.org/10.3389/fphar.2010.00123
http://doi.org/10.1186/s12906-017-2005-8
http://doi.org/10.1016/j.bcp.2012.08.012
http://doi.org/10.1073/pnas.0505577102
http://www.ncbi.nlm.nih.gov/pubmed/16081529
http://doi.org/10.1016/j.lfs.2020.117970
http://www.ncbi.nlm.nih.gov/pubmed/32553928
http://doi.org/10.1002/minf.202000028
http://www.ncbi.nlm.nih.gov/pubmed/32162456

	Introduction 
	Material and Methods 
	Plant Collection 
	Preparation of Plant Extracts 
	Tested Bacterial Strains 
	Broth Microdilution Assay 
	Antibiotic-Potentiating Assay 
	Cytotoxicity Assay 
	Isolation and Identification of Compounds 
	In Silico Studies—Auto Dock Vina (Blind Docking Methodology) 
	Protein Preparation 
	Ligand Preparation 

	Statistical Analysis 

	Results 
	Plant Extraction 
	Broth Microdilution 
	Antibiotic-Potentiating Activities 
	Cytotoxic Activities 
	Isolation of the Main Constituents from Active Extracts and Antibacterial Effects 
	Crystal Structure of Isolated Methyl (Z)-3-(2,2-dimethyl-2H-chromen-6-yl) Acrylate Werneria Chromene 
	In Silico Studies with Werneria Chromene and Dihydroxyacidimissinol 

	Discussion 
	Conclusions 
	References

