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Abstract

Bacterial infections continue to pose a significant global health threat, further intensified by the
increasing prevalence of antibiotic resistance. Methicillin-resistant Staphylococcus aureus (MRSA)
poses significant threats, especially in healthcare settings around the world. Conventional treatments
face some limitations due to development of antimicrobial resistance, emphasizing the urgent need
to explore alternative treatment strategies. In this study, we propose the potential synergistic activity
of thymoquinone and 3-hydrazinoquinoxaline-2-thiol (3HT) to combat MRSA infections. The minimum
inhibitory concentrations (MICs) of both thymoquinone and 3HT were assessed across twenty-two
clinical MRSA strains. Thymoquinone demonstrated the minimum inhibitory concentration (MIC)
values range between 8 and 128 pg/ml., while 3HT exhibited MIC levels varying from 16 to 32 pg/ml.
Moreover, the checkerboard-assay was utilized to evaluate the integration of the following antimicrobial
agents; thymoquinone and 3HT. Thymoquinone and 3HT bind to PBP2a leading to reduction in MRSA
antimicrobial resistance via significantly disrupting its structure and function. Our study reveals an
in-vitro synergistic interaction between these compounds with a fractional inhibitory concentration
index (FICI) less than 0.5 against different isolated MRSA strains. While further research is necessary,

our findings offer a promising approach for developing new effective MRSA treatments.
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INTRODUCTION

The global menace of bacterial infections
persists, standing as a significant contributor to
mortality and a continuing challenge amplified by
the escalating problem of antibiotic resistance.?
MRSA is a major cause of hospital-acquired
infections, leading to increased illness, longer
hospital stays, and higher treatment costs. MRSA
infections are classified into healthcare-associated
(HA-MRSA), community-associated (CA-MRSA),
and livestock-associated (LA-MRSA) types.»** Each
year, 150,000 European patients contract MRSA,
costing 380 million Euros; in the United State,
MRSA affects 94,000, causing 18,000 deaths.*®
Saudi Arabia faces MRSA challenges, particularly
in healthcare. In Riyadh, 18% of 200 healthcare
workers tested were MRSA carriers.>®

B-lactam antibiotics are widely used,
effective, and low-toxicity antimicrobials.”®
B-lactam antibiotics act by disrupting penicillin-
binding proteins in bacterial cell walls.® MRSA
resists B-lactams by acquiring the mecA gene,
which encodes a low-affinity penicillin-binding
protein, PBP2a.%%°

Addressing MRSA infections is challenging
due to limited therapeutic options.!* Current
MRSA treatments include daptomycin, linezolid,
and vancomycin, each with limitations and

increasing resistance reports.>?* The resistance
profile markedly reduces the available effective
treatments, complicating the management of
MRSA infections.!

Developing new antibiotics encounters
challenges such as regulatory hurdles, financial
constraints, and extensive time requirements.*>1¢
Urgent solutions are needed for antibiotic
resistance, including new resistance targets, small
molecule inhibitors, and synergistic combinations
of older antibiotics.’®¥'® Combining antibiotics
and repurposing old drugs are cost-effective
strategies that can expedite treatment for resistant
bacterial infections, saving time and money.'%1920

Thymoquinone (Figure 1), a bioactive
compound naturally found in the seeds of Nigella
sativa, known as black cumin or black seed, is a
naturally occurring substance.? It has been shown
that thymoquinone exhibits notable effectiveness
a bactericidal effect against multiple clinical strains
of MRSA.?>?* Moreover, thymoquinone displayed
notable bactericidal effects against most tested
bacteria, particularly against Gram-positive cocci
such as Staphylococcus aureus and Staphylococcus
epidermidis. Additionally, thymoquinone showed
supplementation affected the cells’ oxidative
activity and effectively inhibited cell adhesion to
glass surfaces.?
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Quinoxaline derivatives have
demonstrated significant antibacterial, antifungal,
and antitubercular activities in various studies.
Additionally, quinoxaline compounds exhibit
antifungal activity against a range of pathogenic
fungi, making them valuable in combating
fungal infections. Moreover, these derivatives
have shown promise in antitubercular activity,
effectively inhibiting the growth of Mycobacterium
tuberculosis. The multifaceted therapeutic
potential of quinoxalines underscores their
importance in developing new treatment
strategies for infectious diseases.”®? In a prior
study carried out by Elfadil et al., the significant
effectiveness of quinoxaline derivatives, specifically
3-Hydrazinoquinoxaline-2-Thiol (3HT) (Figure 2)
was demonstrated against a wide variety of clinical
strains linked to MRSA.>"/%

Building on this, we suggest that using
quinoxaline derivatives in Combination therapy
could enhance the effectiveness of 3HT targeting
different clinical strains of MRSA. This innovative
way builds upon previous research, offering
a potential solution to the difficulties posed
by MRSA infections, paving the way for more
effective treatment alternatives. This paper
aims to assess the in vitro efficacy of the 3HT in
combination with thymoquinone against different
MRSA clinical strains. The focus is on discovering
potential synergy between the two antimicrobial
compounds and their impact on treatment
efficacy, contributing to new approaches for
combating MRSA infections.
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O

Figure 1. Chemical structure of thymoquinone a
bioactive compound extracted from the seeds of Nigella
sativa

MATERIALS AND METHODS

Bacterial strains, growth media and condition
This investigation comprised of the
analysis of 22 MRSA bacteria obtained from King
Abdulaziz University Hospital, Jeddah, Saudi
Arabia. These bacteria were kept in glycerol and
maintained at minus eighty centigrade. Initially, a
thawing process was carried out and the tested
bacteria were grown on blood agar (provided by
HiMedia, India) and incubated for 20 hours at
37°C in aerobic conditions. The collection of the
bacteria was adhered to the ethical guidelines
set forth by the ethics and research committee
of the Faculty of Applied Medical Sciences at King
Abdulaziz University (No. 38-712-456) and was in
accordance with the Declaration of Helsinki.

Antibacterial agents

This study evaluated drugs with a specific
focus on MRSA. Among these, a 3HT compound
was sourced from Fluorochem Ltd. in the UK, while
thymoquinone powder was obtained from (Sigma,
UK). The two agents were then dissolved in the
chemical DMSO.

Antibiotic sensitivity testing (AST)

To evaluate antibiotic sensitivity, we
performed a broth microdilution test. This
comprises of making a serial of two-fold dilution
of the antimicrobial agents being tested in MHB

H

Figure 2. The figure illustrates the chemical structure
of 3-Hydrazinoquinoxaline-2-Thiol (3HT), a quinoxaline
derivative
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(Sigma-Aldrich, United States). Next, one hundred
microliter of the prepared antimicrobial mixture

was added to each well of 96-well plates. The
bacterial suspension diluted to 0.5 McFarland

16

3HT pg/ml

0.5

Thymoquinone pg/ml

Figure 3. Checkerboard-assay illustrates the synergism action of 3HT combined with thymoquinone against MRSA
91. The blue color indicates growth and the white color represent no growth

Figure 4. 3D structure of PBP2a from MRSA, showing
the binding site blocked by the Thymoquinone (left)
and 3-hydrazinoquinoxaline-2-thiol (right)

utilizing a Biosan Densitometer DEN-1B to measure
turbidity. Following this, 5 ul of the inoculum was
introduced into each well supplemented with
different antibiotic concentrations. The plates
were incubated for 20 hours at 37°C. The antibiotic
susceptibility tests were carried out in three times,
and the average values were documented.?® The
MIC is the minimum concentration of a drug
that can effectively inhibit the visible growth
of a microorganism. The MIC values for the 2
antibacterial agents were assessed via the broth
microdilution assay and interpreted based on the
standards set by the Clinical Laboratory Standards
Institute (CLSI).3%31

Checkerboard-assay

In order to determine the interactions
among the antimicrobial drugs, the checkerboard-
assay was employed. In this method, a twofold
serial dilution of each compound was prepared
in MHB sourced from the company. Subsequently,
fifty microliters of each dilution were added to
the 96-well plates. The prepared bacteria were
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Table 1. The MICs of 3HT and thymoquinone (ug/ml)
for a variety of MRSA strains

MRSA MIC of MIC of
strain 3HT thymoquinone
number

1 32 16
2 32 16
3 32 16
80 32 16
95 32 32
93 32 16
90 16 32
92 32 32
91 32 32
100 32 32
101 16 32
96 32 32
98 16 8
97 16 32
107 16 32
102 32 32
105 32 128
106 32 32
104 32 32
72 32 64
73 16 32
75 32 16

carefully adjusted to 0.5McFarland through
a Biosan Densitometer DEN-1B for turbidity
detection. Subsequently, 5 microliters of the
diluted bacteria were added to the corresponding
96-wellplates.?

When assessing the synergy between the
compounds 3HT and thymoquinone, the Fractional
Inhibitory Concentration (FIC) was determined
using the formula FIC = [MIC (3HT in combination)
divided by MIC (3HT alone)] + [MIC (thymoquinone
in combination) divided by MIC (thymoquinone
alone)]. This computation involves comparing
the MIC of the solely drugs when combined with
those utilized separately. This method allows for
a thorough assessing of the combined) inhibitory
effect.® The checkerboard test was conducted
three times, and the average values documented
for subsequent analysis.

Assessment of the interactions between the
tested antimicrobial agents

Combination studies using a checkerboard
design were applied to construct a matrix

covering all potential dose combinations of the
prepared drugs with the calculated concentration
range. The interaction among the 2 drugs was
quantitatively analyzed using the fractional
inhibitory concentration index (FICI), computed
with the formula: FICI = [(MIC A in combination)
divided by MIC A] + [(MIC B in combination)
divided by MIC B].

The interpretation of FICI results can be
determined if the values less than or equal to
0.5 indicate synergy, those greater than 0.5 but
not exceeding 1 signify an additive effect, values
above 1 but not exceeding 2 suggest indifference,
and values surpassing 2 indicate antagonism. In
practice, synergy according to this calculation
means a reduction in the MIC of each drug by at
least two dilution levels when the two drugs are
used together.®

Molecular docking

Docking studies were conducted
using Maestro, protein structure of penicillin G
acyl-PBP2a from MRSA (PBP2a) was acquired
from PDB database (https://www.rcsb.
org/structure/IMWT). Thymoquinone and
3-hydrazinoquinoxaline-2-thiol compounds,
were obtained from PubChem database.®* Prior
docking process both protein and compounds
were prepared, then SiteMap tool within the
Maestro suite that identifies and characterizes
potential binding sites on the surface of a protein.
The binding is determined according to previous
publication.?>3% The best docking configuration
was chosen based on the docking pose with the
lowest binding free energy between the ligand and
receptor.

RESULTS

Evaluating the MICs of both 3HT and
thymoquinone

Determining the MICs of both 3HT
and thymoquinone is crucial before proceeding
with the checkerboard-assay. The MIC levels for
thymoquinone, as presented in Table 1, range
from 8 to 128 pg/ml. Similarly, the MIC levels for
3HT range from 16 to 32 pg/ml (Table 1). Once
these MICs were obtained, a checkerboard test
was then devised, blending varying amounts of
thymoquinone and 3HT.
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Table 2. The interaction between 3HT and
thymoquinone against various MRSA clinical strains
in vitro. The FICl values less than or equal to 0.5 indicate
synergy, those greater than 0.5 but not exceeding
1 signify an additive effect, values above 1 but not
exceeding 2 suggest indifference, and values surpassing
2 indicate antagonism

MRSA FIC of FIC of FICI of 3HT+

strain 3HT  thymoquinone thymoquinone
MRSA 1 0.125 0.25 0.375 synergy
MRSA 2 0.25 0.031 0.281 synergy
MRSA 3 0.125 0.25 0.375 synergy
MRSA 80 0.25 0.062 0.312 synergy
MRSA 95 0.145 0.208 0.353 synergy
MRSA93  0.208 0.114 0.322 synergy
MRSA90  0.125 0.167 0.292 synergy
MRSA 92 0.25 0.124 0.374 synergy
MRSA91  0.167 0.125 0.292 synergy
MRSA 100 0.114 0.208 0.322 synergy
MRSA 101  0.25 0.187 0.437 synergy
MRSA 96 0.25 0.146 0.396 synergy
MRSA 98 0.27 0.145 0.415 synergy
MRSA 97  0.208 0.169 0.377 synergy
MRSA 107 0.333 0.065 0.398 synergy
MRSA 102 0.208 0.073 0.281 synergy
MRSA 105 0.25 0.054 0.304 synergy
MRSA 106 0.208 0.105 0.313 synergy
MRSA 104 0.016 0.25 0.266 synergy
MRSA 72  0.093 0.123 0.216 synergy
MRSA 73 0.25 0.008 0.258 synergy
MRSA 75 0.08 0.12 0.2 synergy

Synergy of 3HT and thymoquinone against
different MRSA clinical strains

A checkerboard-test was carried out
to examine the efficacy of combining 3HT and
thymoquinone against various MRSA clinical
strains. Thymoquinone on its own was shown
to be inadequate in suppressing MRSA growth.
Nonetheless, a significant monitoring was made
when thymoquinone was joined with 3HT: the
MICs of thymoquinone significantly decreased,
with decreases ranging from 4 to 128 folds across
all tested MRSA strains. Similarly, the MICs of
3HT notably decreased in combination with
thymoquinone, showing reductions of 4 to 64-fold
against the tested MRSA strains (Figure 3). This
suggests that 3HT can enhance the effectiveness
of thymoquinone against MRSA strains (Table 2).

Binding potential of thymoquinone and 3HT to
PBP2a

Both thymoquinone and
3-hydrazinoquinoxaline-2-thiol have been
examined for their potential to bind to PBP2a,
a protein known to cause antibiotic resistance
in MRSA. The XP scores, which indicate docking
efficacy, are -3.8 for Thymoquinone and slightly
higher at -4.1 for 3-hydrazinoquinoxaline-2-thiol,
indicating a slightly stronger docking interaction
for the latter. Both compounds had the same

Table 3. Docking and binding energy generated from the interaction of Thymoquinone and 3HT with PBP2a from

methicillin resistant S. aureus (MRSA)

Compound PubChem ID Structure XP score MMGBSA
Thymoquinone 10281 -3.8 -16
o
3HT (hydrazino- 781248 4.1 -16
quinoxaline-2-thiol)
0]
H T H
N N.
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MMGBSA score of -16 (Table 3), indicating a
similar binding energy and possible stability of the
complex formed with PBP2a. This implies that both
compounds could be regarded possible inhibitors
of PBP2a, contributing to efforts against MRSA
infections.

Thymoquinone and 3-hydrazino-
quinoxaline-2-thiol administration causes
considerable structural changes in PBP2a, a protein

linked to methicillin resistance in S. aureus. PBP2a’s
pocket volume was initially reported at 442.470
A3. Docking 3-hydrazinoquinoxaline-2-thiol alone
results in a volume drop to 390.334 A3, indicating
a significant occupancy and probable modification
in the protein structure. Docking both compounds
at the same time results in a significant decrease in
pocket volume to 66.199 A3 (Table 3, Figures 4-6).

Figure 5. Enlarged view of the interaction of 3HT (left) and Thymoquinone (right), with PBP2a from methicillin

resistant S. aureus (MRSA)

A

Figure 6. Detailed interaction of 3HT (A) and Thymoquinone (B), with PBP2a from methicillin resistant S. aureus
(MRSA). Showing the hydrogen bonds in blue and hydrophobic bonds in grey
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Table 4. Hydrogen Bonds generated from interaction of 3HT and Thymoquinone with PBP2a

Compound Index Residue AA Distance  Distance Donor Donor Acceptor
H-A D-A Angle Atom Atom
3-hydrazino- 1 277A VAL 2.98 3.89 157 8194 [03] 20438 [N3]
quinoxaline- 2 277A VAL 1.86 2.86 176.47 8188 [N3] 20423 [02]
2-thiol 3 292A GLN 2.08 3.02 152.52 20437 [Npl] 8726 [02]
4 292A GLN 2.99 3.47 112.1 8731 [03] 20438 [N3]
5 293A HIS 2.9 3.85 165.04 8755 [03] 20438 [N3]
6 293A HIS 2.07 2.97 146.52 20438 [N3] 8762 [N3]
7 293A HIS 2.75 3.21 108.19 8762 [N3] 20423 [02]
8 293A HIS 2.75 3.21 108.19 8768 [N3] 20423 [02]
9 294A GLU 3.09 3.94 147.17 8794 [03] 20435 [Nam]
10 294A GLU 3.12 3.94 139.04 20435 [Nam] 8794 [03]
11 295A ASP 2.04 2.85 134.91 8813 [N3] 20422 [02]
12 295A ASP 1.89 2.85 159.41 8814 [N3] 20422 [02]
Thymo- 1 277A VAL 1.86 2.86 176.47 4094 [Nam] 10213 [02]
quinone 2 295A ASP 1.89 2.85 159.41 4407 [Nam] 10212 [02]

Table 5. Hydrophobic bonds generated from interaction of 3HT and Thymoquinone with PBP2a

Compound Index  Residue AA Distance Ligand Protein
Atom Atom
3-hydrazinoq 1 273A LYS 3.91 20426 8085
uinoxaline- 2 273A LYS 3.18 20427 8084
2-thiol 3 275A ASP 3.92 20444 8152
4 276A ALA 3.89 20426 8175
5 276A ALA 3.65 20429 8169
6 293A HIS 3.75 20430 8761
7 294A GLU 3.68 20424 8785
8 294A GLU 3.85 20442 8792
9 295A ASP 3.68 20446 8821
Thymo- 1 273A LYS 3.91 10216 4044
quinone 2 273A LYS 3.18 10217 4043
3 276A ALA 3.89 10216 4088
4 294A GLU 3.78 10214 4396

This significant drop shows a synergistic
effect of the compounds, which could lead to a
strong suppression of PBP2a functionality. Such
a large change may impair the protein’s capacity
to connect with natural substrates or other
compounds that promote bacterial resistance,
thereby re-sensitizing MRSA to methicillin. The
findings highlight the therapeutic potential
of these chemicals, implying that they could
play an important role in overcoming bacterial
resistance. Further research, such as kinetic
studies and molecular dynamics simulations,
would be advantageous in fully understanding
binding kinetics and experimentally validating
computational predictions. This could pave the

door for new antibacterial techniques to combat
resistant bacterial strains.

Tables 3 and 4 provide specific
information about the molecular interactions of
3-hydrazinoquinoxaline-2-thiol, thymoquinone,
and the PBP2a enzyme. Table 4 details the
hydrogen bonds produced during these
interactions, demonstrating how each drug
interacts with specific amino acids in PBP2a. For
example, 3-hydrazinoquinoxaline-2-thiol forms
several hydrogen bonds with residues such as VAL,
GLN, HIS, and GLU (Figure 6A), indicating strong
contact locations that may impair the protein’s
functionality. The hydrogen bonds’ distances
range from 1.86 A to 3.12 A, with donor angles
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indicating successful binding. Thymoquinone,
although interacting through fewer hydrogen
bonds, exhibits a comparable pattern of significant
contact with VAL and ASP residues (Figure 6B),
indicating a particular interaction that could
affect the protein’s activity. These contacts are
distinguished by identical distances and angles,
indicating a precise docking orientation suitable for
efficient binding. Table 3 shows the hydrophobic
interactions that contribute to the stability of
compound-protein complexes. Both compounds
interact primarily with residues such as LYS, ALA,
GLU, and ASP. These hydrophobic bonds are close
together, with distances ranging from 3.18 A to
3.92 A, potentially contributing to binding affinity
(Table 5).

DISCUSSION

To our knowledge, this paper represents
the initial documentation of a synergistic
interaction between thymoquinone and 3HT
derivatives against various MRSA clinical strains.
Notably, different MRSA strains showed varied
MIC in response to thymoquinone or 3HT.
Uncovering this remarkable interaction not only
enhances our knowledge of MRSA therapeutics
but also suggests an encouraging pathway for
mitigating antibiotic resistance in this specific
context. Previous study has demonstrated that
the combining of thymoquinone and Augmentin
exhibits a synergistic effect versus different clinical
strains of MRSA. Our findings are consistent with
these observations, as they also indicate that
thymoquinone can enhance the effectiveness
of antibiotic Augmentin.?” However, this study
expands upon this by revealing that thymoquinone
similarly synergizes with 3HT, suggesting its chance
to enhance the activity of beta-lactam antibiotics
and other compounds possessing antimicrobial
properties.

The concurrent administration of
thymoquinone and 3HT led to a remarkable
decrease in MIC, with decreases of up to 128-
fold observed. Similarly, a clear effect was
noticed when thymoquinone was administered
alongside 3HT, resulting in a notable reduction in
the MIC of the 3HT derivatives themselves. This
robust synergistic interaction between 3HT and
thymoquinone was consistently demonstrated

across experiments involving various clinical MRSA
strains. These results may strongly suggest that
the combination of therapeutic approach with
thymoquinone and 3HT can provide a significant
antimicrobial response against MRSA strains;
however, in vivo studies are required to further
investigate the synergistic effect of 3HT and
thymoquinone.

The addition of a second antibiotic
to the treatment regimen could overcome the
shortcomings of the initial antibiotic, as proposed
in earlier studies.®® Our research aligns with this
idea and presents strong evidence. When given
alone, thymoquinone was ineffective at inhibiting
the growth of MRSA at a lower MIC. However,
in combination with 3HT, it exhibited can inhibit
MRSA growth with lower MIC. This outcome
highlights the synergistic interaction between
thymoquinone and 3HT, emphasizing its potential
as a combination therapy for addressing challenges
associated with MRSA infections.

Given the potential toxicity linked to
elevated concentrations of 3HT, thymoquinone,
and other drugs, there is an emerging strategy
to address this concern by utilizing reduced
doses of each drug synergistically.?®* Our study
demonstrated that while thymoquinone alone
needed 64 pug/mlin inhibiting the growth of certain
MRSA strains, only 4 pg/ml of thymoquinone
displayed effective in inhibiting the growth of the
same MRSA strain when used in combination with
3HT. This finding indicates that similar therapeutic
results can be attained with reduced drug doses,
which may help lower of seriousness of the side
effects. However, more investigations are crucial
to confirm and expand upon this encouraging
observation. Our findings align with previous
studies demonstrating that thymoquinone has the
potential to boost the anti-staphylococcal effects
of oxacillin, penicillin, and tetracycline, particularly
against specific strains.? The effectiveness of
thymoquinone has been demonstrated against
Klebsiella pneumoniae and Proteus vulgaris.****
We suggest that combining antimicrobial therapies
may broaden the spectrum of coverage, although
additional tests are requisite to substantiate this
claim.

Our research demonstrates the synergistic
impact of the 3HT and thymoquinone combination
on diverse clinical MRSA strains. This observed
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synergy can be attributed to various mechanisms
that involve the suppression through distinct
signaling pathways. Thymoquinone can inhibit
the bacteria by producing unreversible harm to
bacterial morphology, including the disruption
of cell membrane intactness, protein loss, and
interference with intracellular proteins.*? On the
other hand, 3HT has been revealed to act an
essential function in inhibiting DNA synthesis.* By
impeding the synthesis of DNA, 3HT adds another
layer of effectiveness in controlling the proliferation
and survival of MRSA strains. The interaction of
mechanisms of action in combination therapy
is considered as a comprehensive approach to
addressing MRSA infections. Hence, we propose
that the observed synergistic effect emerges from
simultaneously addressing MRSA through different
pathways.

A different reason for the heightened
effectiveness of the thymoquinone and 3HT
combination against diverse MRSA strains
might be attributed to the enhanced creation of
reactive oxygen species (ROS). The ROS interfere
with cellular electron transport, resulting in
sustained oxidative stress and eventual cell
demise. Numerous studies support the notion
that thymoquinone can induce ROS formation,
playing a pivotal role in eliminating bacterial
cells.**#> Conversely, there is a suggestion that
thymoquinone could potentially inhibit PBPs,
known for staphylococcal resistance.* Therefore,
we propose that the reduction in B-lactam
resistance factors, such as PBP2A in MRSA using
antibiotic combination, potentially implies a
modulation in protein expression. This modulation
may render MRSA more susceptible to the
combined antibiotic effect. A proteomic study will
be helpful to confirm this speculation.

Thymoquinone and 3HT were evaluated
for their ability to bind to PBP2a, a protein
associated with MRSA resistance. The docking
efficacy scores were -3.8 for thymoquinone
and -4.1 for 3-hydrazinoquinoxaline-2-thiol,
with both compounds showing similar binding
energy (-16 MMGBSA score). These compounds
cause significant structural changes in PBP2a,
with a notable reduction in pocket volume from
442.470 A3 to 66.199 A3 when both compounds
are docked simultaneously, indicating a synergistic
effect. Such a large change may impair the

protein’s capacity to connect with natural
substrates or other compounds that promote
bacterial resistance, thereby re-sensitizing MRSA
to methicillin. This suggests that they could
be effective inhibitors of PBP2a, potentially
re-sensitizing MRSA to methicillin. The current
findings highlight the therapeutic potential
of these chemicals, implying that they could
play an important role in overcoming bacterial
resistance. Further research, such as kinetic
studies and molecular dynamics simulations,
are recommended and advantageous in fully
understanding binding kinetics and experimentally
validating computational predictions. This could
pave the door for new antibacterial techniques
to combat antimicrobial resistant bacteria.
Additional assays and tests are imperative
to deepen our understanding of the synergistic
interaction between thymoquinone and 3HT
against MRSA. This includes the need for a
mechanistic study to uncover the fundamental
mechanisms through which these agents
collaborate against diverse clinical MRSA strains.
Such insights would pave the way for the
development of further effective combinations.
Additionally, it is crucial to evaluate whether the
synergistic interaction between thymoquinone
and 3HT against MRSA can be extrapolated
to other organisms such as Staphylococcus
epidermidis, Pseudomonas aeruginosa, Klebsiella
pneumoniae, and other resistant strains, or if
its efficacy is specific to MRSA. Notably, the
antibiofilm activity of thymoquinone was most
pronounced against P. aeruginosa ATCC 14886.%
This observation prompts further investigation into
the combined efficacy of thymoquinone and 3HT
against MRSA-producing biofilm. A set of crucial
experiments is imperative. Initially, performing
a Time-Kill assay is vital to thoroughly scrutinize
the bactericidal effects of the thymoquinone
and 3HT in combination, offering insights into
its chance as a therapeutic way over a specified
duration.? On the other hand, a resistance assay
is crucial to evaluate the probability of bacteria
evolving resistance to the combination, ensuring
its sustained effectiveness.®* The inclusion of an
in vivo model becomes essential to investigate
the combination’s efficacy in a living organism,
providing valuable insights into its behavior
within the body in terms of pharmacokinetics
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and pharmacodynamics and its interaction with
bacteria.*4

CONCLUSION

Our study provides the initial evidence of
synergy between 3HT and thymoquinone against
diverse MRSA strains. While the findings indicate
possible clinical applications, more assays and
experiments, including biofilm assay, time-kill
assay, mechanistic study and in vivo studies, are
essential to optimize dosing, guarantee safety
and evaluate the effectiveness of new treatment
products under real-life conditions.
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