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Abstract
The escalating resistance observed in different antimicrobial 
agents, especially those considered as last-line options, 
highlights the urgent required for innovative ways and 
novel agents to combat MRSA infections. Utilizing antibiotic 
combinations can enhance efficacy, broaden the spectrum 
against bacteria, and mitigate the risk of resistance development, 
offering a promising strategy to address the rising challenge 
of antimicrobial resistance. Resistance has emerged against 
nearly all antibiotics, making drug discovery difficult and costly. 
Developing a significant number of effective antibiotics to 
combat resistance in a short period is nearly impossible. This 
paper aims to explore the probability of synergistic effects 
between 3-hydrazinoquinoxaline-2-thiol (3HX) and flucloxacillin 
(FLX) versus a different range of MRSA clinical isolates, which 
may provide valuable insights into the combination of the 
antimicrobial activity. Broth microdilution was conducted on 
22 clinical MRSA isolates to assess the Minimum Inhibitory 
Concentrations (MICs) of both 3HX and FLX. Following by a 
checkerboard assay was subjected to assess the interaction 
activity between the two agents, focusing on the Fractional 
Inhibitory Concentration Index (FICI). The MICs of FLX and 3HX 
were evaluated for 22 clinical MRSA strains, with FLX displaying 
MICs ranging from 128 to 512 µg/ml, while 3HX MICs varying 
from 16 to 64 µg/ml. Surprisingly, the combination of 3HX and 
FLX demonstrated a synergistic effect, leading to a considerable 
reduction of MIC up to 64-fold. The potential of combining 3HX 
with FLX as an effective way versus MRSA appears promising. 
However, further rigors, testing, and experimentation are 
imperative to establish its practical utility.
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INTRODUCTION

The global rise in antimicrobial resistance presents 
substantial health and economic obstacles, with 

its rapid emergence underscoring pressing challenges. 
This predicament stems from both the improper 
utilization of antibiotics and the dearth of novel 
antimicrobial agents in development[1]. AMR infections 
have resulted in approximately 700,000 fatalities 
worldwide, and projections indicate that these resistant 
bacteria could be responsible for up to 10 million 
deaths by 2050. This trend also signifies a substantial 
economic toll due to lost benefits[2]. Specifically, there is 
an immediate worldwide concern regarding multidrug-
resistant (MDR) bacteria, such as Staphylococcus aureus, 
due to their ability to resist multiple drugs and their 
high virulence potential[3,4]. Infections attributed to S. 
aureus are both severe and recurrent, with the situation 
further compounded by the emergence of antibiotic-
resistant variants[5]. Antibiotic resistance has become 
a pervasive issue, with resistance emerging against 
nearly all classes of antibiotics currently available. This 
situation poses significant challenges in the field of 
drug discovery, which is both difficult and expensive. 
The process of identifying, developing, and bringing 
new antibiotics to the market involves extensive 
research, rigorous testing, and substantial financial 
investment. Additionally, the timeline for developing a 
new class of antibiotics that is effective against resistant 
strains is lengthy, often spanning several years or even 
decades. As a result, it is nearly impossible to develop a 
considerable number of effective antibiotics to combat 
the rising tide of antibiotic resistance within a short 
period. This underscores the urgency for innovative 
approaches and alternative strategies in addressing 
this critical global health threat[1,6].

β-lactam antibiotics are frequently prescribed 
to combat bacterial infections due to their favorable 
efficacy, minimal toxicity, and wide-ranging 
effectiveness against various bacterial strains[7]. The 
yearly spending on β-lactam antibiotics is estimated 
at around $15 billion USD, constituting approximately 
65% of the entire antibiotics market[8].  In MRSA, 
resistance mechanisms are associated with the 
presence of the mecA gene, which codes for penicillin-
binding protein2A (PBP2A). PBP2A is notable for 
its decreased affinity to most β-lactam antibiotics, 
except 5th-generation cephalosporins (ceftaroline), 
thereby reducing their efficacy against MRSA 
strains[9–11]. New approaches are essential to address 
the challenge of antibiotic resistance and rejuvenate 

the efficacy of existing antibiotics[6]. One potential 
strategy involves identifying novel targets essential 
for bacterial resistance mechanisms[6]. The discovery 
of a small molecule inhibitor targeting such a new 
target is anticipated to exhibit synergistic effects when 
combined with an antibiotic. Another viable approach 
is the repurposing of older antibiotics through the 
utilization of synergistic combinations with current 
antibiotics[6].  

Considering the use of antibiotic combinations 
provides numerous advantages, such as improving 
treatment effectiveness, broadening the spectrum of 
targeted pathogens, lowering the risk of adverse effects 
by reducing dosage and toxicity, and diminishing the 
likelihood of resistance emergence[12,13]. Augmentin 
stands out as a successful example of combining 
β-lactam antibiotics, illustrating the revival of β-lactam 
effectiveness. This combination includes amoxicillin, 
a β-lactam antibiotic, paired with clavulanic acid, a 
β-lactamase inhibitor. Clavulanic acid exhibits strong 
binding affinity to diverse bacterial β-lactamases, 
shielding amoxicillin from degradation by these 
enzymes, thus ensuring its efficacy. Consequently, 
this combination enables the utilization of amoxicillin 
in treating bacterial infections that demonstrate 
resistance to β-lactam antibiotics[14]. This spurs us 
to seek out a substance exhibiting antimicrobial 
properties, with the aim of revitalizing the effectiveness 
of β-lactam antibiotics.

FLX, a novel isoxazole penicillin, effectively 
combats penicillinase-producing strains of S. aureus 
and demonstrates high absorption rates in humans 
when administered orally or intramuscularly. In 
comparison to other isoxazole penicillins like oxacillin, 
cloxacillin, and dicloxacillin currently employed in 
clinical settings, FLX exhibits superior activity against 
Gram-positive cocci, including strains resistant to 
penicillin. As, this antimicrobial agent is resistant to 
penicillinase, an enzyme pivotal for breaking the beta-
lactam ring in penicillins, thereby rendering them 
inactive. FLX, formulated for both oral and injectable 
delivery, exerts bactericidal effects. It is the preferred 
pharmaceutical form for administration[15,16]. 

Among the benzodiazine family, quinoxaline 
stands out as a significant six-membered ring 
template. These compounds including 3HX are of great 
significance in pharmacology due to their diverse and 
intriguing biological activities, such as antibacterial, 
antitubercular, antimalarial, antiviral, and anti-HIV 
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properties[17].  In their earlier work, Elfadil et al. showed 
the significant efficacy of quinoxaline derivatives, 
particularly 3HX, in enhancing the action of penicillin 
versus various clinical MRSA strains[18]. Expanding 
on this discovery, we are intrigued by whether 3HX 
possesses the potential to augment the effectiveness 
of FLX against diverse MRSA clinical strains. Put 
differently, we seek to explore if 3HX synergistic effects 
are exclusive to penicillin or if they extend to FLX in 
combating MRSA. 

This study aims to assess the in vitro antimicrobial 
effectiveness of combining 3HX with FLX against 
various clinical MRSA strains.

MATERIAL AND METHODS

BACTERIAL ISOLATES AND GROWTH 
CONDITIONS
In this study, we examined 22 MRSA isolates obtained 
from King Abdulaziz University Hospital in Jeddah, 
Saudi Arabia. These isolates were stored in glycerol at 
-80°C. Prior to testing, they were thawed and cultured 
on blood agar from HiMedia, India, and then incubated 
overnight at 37°C in an aerobic environment. 
Colony identification was performed using standard 
procedures, including catalase and tube coagulase 
tests. Sample collection was performed in agreement 
with the ethics and research committee of the Faculty of 
Applied Medical Sciences at King Abdulaziz University 
(No. 38-712-456) and complied with the Declaration of 
Helsinki.

ANTIMICROBIAL AGENTS
This study evaluated medications designed to combat 
MRSA, including a 3HX compound obtained from 
Fluorochem Ltd in the United Kingdom and FLX 
powder acquired from Sigma. 

BROTH MICRODILUTION ASSAY
Both drugs were initially prepared as 10 mg/ml stock 
solutions. To assess antibiotic and antimicrobial 
sensitivity, a broth microdilution test was carried out. 
This entailed diluting the drugs in Mueller Hinton Broth 
from Sigma-Aldrich in the United States in a two-fold 
manner (starting with 1024 μg/ml). Then, 100 µl of each 
drug solution was dispensed into the wells of 96-well 
plates from Corning, USA.

The density of the inoculum suspension 
was carefully set to 0.5 McFarland using a Biosan 
Densitometers DEN-1B turbidity detector. 
Subsequently, 5 µl of the inoculum was added to each 
well containing varying concentrations of antibiotics. 
The plates were left to incubate overnight at 37°C. 
Antibiotic susceptibility testing was conducted in 
triplicate, and the resulting mean values were recorded 
for analysis.

The Minimum Inhibitory Concentration (MIC) 
signifies the lowest concentration of a drug that 
prevents the visible growth of a microorganism. MIC 
results for both antibacterial agents were determined 
through the broth microdilution method and 
interpreted in accordance with guidelines from the 
Clinical and Laboratory Standards Institute (CLSI)[18,19].

CHECKERBOARD ASSAY
In order to assess the interaction of 3HX and FLX 
checkerboard assay was used. For this, we prepared 
a two-fold serial dilution of each antibiotic in Muller-
Hinton broth (MHB) and dispensed 50 μl of each 
dilution into 96-well plates from Italy Inc. The density 
of the inoculum suspension was precisely adjusted to 
0.5 McFarland using a Biosan Densitometers DEN-1B 
turbidity detector. Then, 5 μl of the diluted bacteria 
were added to each well of the 96-well plates. To assess 
interactions, we calculated the fractional inhibitory 
concentration index (FICI) using the formula: (MIC of 
drug A in combination / MIC of drug A alone) + (MIC 
of drug B in combination / MIC of drug B alone). A FIC 
index of ≤ 0.5 indicated a synergistic effect[20].

RESULTS

MICS OF FLX AND 3HX AGAINST MRSA CLINI-
CAL STRAINS
In preparation for the checkerboard assay experiment, 
it is necessary to determine the MICs of both FLX and 
3HX. The MICs for FLX vary between 128 and 512 µg/
ml (Table 1), with higher MIC values expected when 
dealing with MRSA strains. Conversely, the MICs for 
3HX range from 16 to 64 µg/ml (Table 1). The MIC 
was defined as the lowest concentration that inhibits 
bacterial growth[6].
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3HX SYNERGIZES FLX AGAINST DIFFERENT 
MRSA CLINICAL STRAINS
To investigate the potential synergy between 3HX 
and different beta-lactam antibiotics, such as FLX, 
against MRSA strains, we employed a checkerboard 
assay. Interestingly, when FLX was administered 
alone, it failed to inhibit MRSA growth. However, when 
combined with 3HX, a significant decrease in the MICs 

Number of 
Strain MRSA MIC 3HX MIC FLX

1 70 32 512

2 72 32 512

3 91 32 512

4 80 16 512

5 90 32 512

6 75 32 512

7 73 32 512

8 93 64 512

9 95 32 512

10 96 32 512

11 97 32 512

Table 1.  Minimum Inhibitory Concentrations (MICs) in µg/ml of FLX and 3HX against MRSA strains

12 106 64 128

13 104 32 256

14 102 32 512

15 100 32 512

16 105 32 256

17 107 32 256

18 98 32 128

19 92 32 128

20 101 32 256

21 1 32 128

22 2 32 128

 Figure 1.  Checkerboard test showing the synergistic effect of flucloxacillin with 3-hydrazinoquinoxaline-2-thiol against MRSA 
2. The white color represents 0 % growth, and the dark blue color represents 100% growth.

of FLX was observed, with reductions of up to 64-fold 
in some cases. Similarly, the MICs of 3HX were notably 
lower, up to 16-fold, when used in combination with 
FLX (Figure 1).

Moreover, this combination exhibited a synergistic 
interaction across 22 distinct clinical MRSA strains, as 
evidenced by FICI values consistently below 0.5 with 
100% synergy (Table 2). The results strongly imply 
that 3HX can effectively enhance the effectiveness of 
FLX in fighting against MRSA strains, indicating the 
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possibility for enhanced treatment options. Moreover, 
this implies that the synergistic effects of 3HX are not 
exclusive to penicillin but also apply to other beta-
lactam antibiotics. 

DISCUSSION
Combining antibiotics in bacterial infection therapy 
has demonstrated its effectiveness in tackling the 
obstacles presented by multidrug-resistant pathogens. 
The successful application of combination therapy 
can be seen in the treatment of Mycobacterium 
tuberculosis[21].  The advantages of combination 
therapy include ensuring adequate drug delivery 
to infection sites, enhancing bacterial clearance, 
preventing resistance emergence, and inhibiting toxin 
synthesis, which diminishes bacterial virulence[13, 22]. 
Our prior research demonstrated promising outcomes 
with the combination of penicillin and 3HX against 

MRSA[18]. This prompts us to investigate whether 
hydrazinoquinoxaline-2-thiol can synergize ant 
staphylococci beta-lactam, such as FLX, against clinical 
MRSA strains or if this synergy was specific to penicillin. 

The combination of FLX and 3HX demonstrates 
synergistic interaction against 22 MRSA clinical 
strains, leading to a remarkable reduction in MICs of 
FLX by up to 64-fold. Similarly, when paired with FLX, 
3HX derivatives also exhibit a substantial decrease in 
MICs. This potent cooperative effect was consistently 
observed across different clinical MRSA strains in our 
experiments. These results strongly suggest that the 
combined therapy of FLX and 3HX produces a more 
robust response against MRSA strains compared to the 
efficacy of each drug alone. Also, these results suggest 
that 3HX synergise other beta-lactam drugs (FLX) not 
only limited to penicillin.

Considering the potential for toxic effects related 
to elevated concentrations of 3HX, FLX, and other 
antibiotics, employing reduced doses of each drug in 
a synergistic approach presents a promising strategy 
to mitigate potential toxicity[23]. Our research findings 
support this concept: while FLX alone required 512 µg/
ml to impede MRSA growth, an intriguing discovery 
emerged when combined with 3HX. In this combined 
regimen, only 16 µg/ml of FLX was sufficient to inhibit 
the growth of the same MRSA strain. This finding 
suggests the feasibility of achieving a comparable 
therapeutic effect with lower drug doses, potentially 
reducing the risk of adverse effects. However, further 
investigations are warranted to validate this promising 
outcome.

Our study has demonstrated that FLX alone was 
ineffective in inhibiting MRSA growth. However, when 
combined with 3HX, it gained the ability to suppress 
MRSA growth. This observed effect can be attributed 
to the synergistic interaction between FLX and 3HX, 
highlighting the potential of combination therapy 
to address the inherent challenges associated with 
MRSA infections. Furthermore, it has been suggested 
that the introduction of a second antibiotic in the 
treatment regimen can compensate for the limitations 
of the first antibiotic[24]. This may explain why the two 
antimicrobial drugs in combination exhibit greater 
efficacy than each drug alone.

The synergy observed between 3HX and FLX 
seems to stem from their action on distinct pathways. 
While 3HX interferes with DNA synthesis[25], FLX 

Number of 
Strain MRSA FIC 3HX FIC FLX FICI

1 70 0.250 0.014 0.264

2 72 0.146 0.032 0.178

3 91 0.25 0.066 0.316

4 80 0.25 0.032 0.282

5 90 0.094 0.047 0.141

6 75 0.167 0.043 0.21

7 73 0.146 0.034 0.18

8 93 0.146 0.073 0.219

9 95 0.104 0.057 0.161

10 96 0.188 0.094 0.282

11 97 0.175 0.131 0.306

12 106 0.208 0.062 0.27

13 104 0.135 0.109 0.244

14 102 0.089 0.057 0.146

15 100 0.146 0.13 0.276

16 105 0.208 0.086 0.294

17 107 0.104 0.045 0.149

18 98 0.135 0.115 0.25

19 92 0.104 0.042 0.146

20 101 0.146 0.043 0.189

21 1 0.156 0.071 0.227

22 2 0.109 0.074 0.035

Table 2.  Synergistic Interaction of 3HX and FLX Across 22 
Clinical MRSA Strains. Fraction inhibitory concentration 
(FIC), Fraction inhibitory concentration index (FICI).
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inhibits penicillin-binding proteins (PBPs). Inhibiting 
of PBPs results in abnormalities in bacterial cell wall 
structure, including elongation, lesions, compromised 
permeability, and eventual cell lysis[26]. Additionally, FLX 
exhibits activity against various β-lactamases, including 
penicillinases and cephalosporinases[27]. Consequently, 
FLX may inhibit the activity of penicillinases in 
degrading itself, thereby enhancing the effectiveness 
of FLX in the combination therapy. 

An alternative explanation for the enhanced 
efficacy of combining FLX and 3HX versus different 
MRSA strains could involve the increased creation 
of reactive oxygen species (ROS). These ROS disrupt 
target-specific cellular processes, ultimately leading to 
cell death[28]. It is widely recognized that bactericidal 
antibiotics, particularly β-lactams, can stimulate 
ROS generation, which is pivotal in bacterial cell 
eradication[29]. Intriguingly, 3HX is also known to 
possess the ability to generate reactive oxygen 
species[30]. Therefore, we assume that the observed 
synergy among FLX and 3HX may be associated with 
the heightened production of ROS. Another possible 
reason for the increased effectiveness of combining 
FLX and 3HX against different MRSA strains could be 
the intercalation impact of 3HX on MRSA DNA[31, 32]. 

The synergism may have resulted from the cumulative 
impact of FLX inhibiting peptidoglycan production, so 
enhancing the absorption of 3HX, which disrupts DNA 
synthesis. Nevertheless, further experimentation is 
required to substantiate this conjecture.

Time-kill analysis will provide more information 
about the bactericidal activity of the combined 
drug[6]. Moreover, resistance assay can reveal 
whether this combination inhibits the development 
of new resistance[23]. In vivo, the model will analyze 
the pharmacokinetic and pharmacokinetic of the 
combined drug as well as the efficacy in vivo[33].

CONCLUSION
Our study presents groundbreaking evidence of 
the synergistic efficacy of combining 3HX with FLX 
against a wide range of clinical MRSA strains. These 
findings suggest a promising avenue for the clinical 
application of this synergy. However, significant steps 
are needed to translate the combined antibiotics into 
clinical practice. Further research and clinical trials are 
essential to fully evaluate their therapeutic potential, 
refine dosing strategies, and ensure their safety and 
effectiveness in real-world medical contexts.
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