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Abstract

Methicillin-Resistant Staphylococcus aureus is an opportunistic pathogen that remains a serious threat to human
health due to its high virulence, antibiotic resistance, and strong ability to form biofilms. Biofilm formation reduces the
susceptibility of bacteria to conventional therapies and plays a critical role in persistent chronic infections. Drugs
repurposing using antihistamines offers an efficient strategy to identify antibiotic adjuvants that can enhance antibiofilm
efficacy. This study evaluates the potential of antihistamines, specifically fexofenadine, as an antibiotic adjuvant against
biofilm-forming MRSA using integrated in silico and in vitro approaches. Molecular docking analysis targeting the
biofilm regulator proteins AgrA (PDB ID: 4G4K) and SarA (PDB ID: 2FRH) showed that fexofenadine has high
binding affinity, forming strong hydrogen and non-covalent interactions, and maintaining a stable complex during
molecular dynamics simulations. In vitro checkerboard assay showed a synergistic effect between 0.5 pg/mL
fexofenadine and 0.5 pg/mL cefoxitin, reducing planktonic bacterial growth by approximately 70% compared to the
control. In the biofilm assay, the combination of fexofenadine 1 pg/mL and cefoxitin 16 pg/mL significantly inhibited
biofilm formation by 70%, as indicated by lighter crystal violet staining. The in-silico results suggest that fexofenadine
may interact with the biofilm regulatory proteins AgrA and SarA, which are anticipated to be involved in the quorum
sensing system of Staphylococus aureus, while in vitro findings confirm its synergistic antibiofilm activity with
cefoxitin. Overall, this study highlights the potential repurposing of antihistamines, particularly fexofenadine as an

antibiofilm combination strategy to enhance therapeutic efficacy against antibiotic-resistant S.aureus infections.
Keywords: Staphlococcus aureus, Antibiofilm, Drug repurposing, Antihistamines, In silico, In vitro, Fexofenadine

Introduction S. aureus uses oligopeptides as signaling

Staphylococcus aureus is a Gram-positive molecules, which play a crucial role in the secretion of

bacterium that is opportunistic and known to cause
various difficult-to-treat infections in humans.
Infections caused by S.aureus range from mild skin
infections to more serious conditions such as
bacteremia and endocarditis [1], S.aureus is a prevalent
opportunistic pathogen in nosocomial infections,
including those associated with methicillin-resistant
strains (MRSA) [2,3].

virulence factors and biofilm formation, particularly
within host tissues [4,5]. Quorum sensing (QS)
regulation in S. aureus is controlled by the Sar
(Staphylococcal Accessory Regulator) and the Agr
system (Accessory Gene Regulator), which are crucial
in this pathway, influencing various aspects of
virulence and biofilm synthesis. These systems utilize
oligopeptides to modulate the expression of secreted
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virulence factors [6,7]. The susceptibility of S.aureus
to produce multilayered biofilms, which play a crucial
role in the synthesis of the extracellular matrix that
provides structural support for the biofilm bacteria, is
significant. This matrix is resistant to antibiotic
treatment and helps the bacteria evade the host’s
immune response, thus improving bacterial
pathogenicity [8,9].

Of the various mechanisms underlying biofilm
formation, the QS system plays a crucial role. The QS
system in S. aureus involves 2 main regulators AgrA
and SarA, which regulate the expression of virulence
genes and the bacteria’s ability to survive in biofilm
form [6,10]. Inhibition of the SarA gene observed a
significant effect on biofilm formation, with SarA
mutants exhibiting a significant decrease in biofilm
accumulation compared to the parent strain [7,11].
While AgrA plays a role in regulating toxin and
adhesin genes, SarA also functions as a crucial global
transcription regulator in the transition from the
planktonic to the biofilm phase, interacting with
various adhesion and matrix factors [12,13].

The presence of biofilms poses a greater
challenge in treating infections caused by S. aureus, as
bacteria in biofilm form are more resistant to antibiotic
therapy than in their planktonic form. This is due to the
protective matrix surrounding the bacterial cells, which
acts as a physical barrier against antibiotics, as well as
changes in the metabolism of the bacterial cells
themselves [14,15]. Therefore, new therapeutic
approaches are crucial. Drug repurposing, which
involves reusing existing drugs for new purposes, has
emerged as a promising strategy for targeting key
proteins like AgrA and SarA to disrupt biofilm
formation mechanisms and improve the efficacy of
therapies.[16]. Overall, a deep understanding of
biofilm mechanisms, particularly those involved in
quorum sensing is key to developing effective
therapeutic approaches against infections caused by S.
aureus. Drug repurposing that can target these proteins
is expected to provide new solutions to the challenges
in treating bacterial infections [17].

The increasing prevalence of antibiotic resistance
particularly in S.aureus strains, demands innovative
therapeutic strategies to effectively combat infections.
One promising approach is drug repurposing, which

focuses on using existing medications for new

therapeutic purposes, which speeds up the discovery of
effective treatments. One of these antihistamines,
shows potential as an anti-biofilm adjuvant antibiotic-
resistant S. Aureus [18]. First-generation antihistamines,
such as diphenhydramine, are known for their sedative
properties due to their ability to easily cross the blood-
brain barrier, while second-generation agents like
cetirizine, desloratadine, and fexofenadine are
recognized for fewer side effects and a better safety
profile [18].

In this case, loratadine has been shown to inhibit
the activity of the regulatory PASTA enzyme in S.
aureus, significantly reducing biofilm formation while
enhancing the effectiveness of f-lactam and
vancomycin antibiotics against resistant strains [19].
Additionally, clemastine has shown the ability to
disrupt biofilm integrity by interacting with the GdpP
protein, which regulates cyclic AMP levels involved in
biofilm regulation, thus improving the effectiveness of
conventional antibiotics [20]. Then, there is evidence
showing that antihistamines can enhance the
antibacterial effectiveness against pathogens like
Escherichia coli by disrupting bacterial quorum
sensing systems, which are essential for biofilm
formation, emphasizing that the structural features of
antihistamines, particularly the presence of tertiary
amino groups and lipophilic aromatic rings, play a
significant role in their bioactive profile because they
can provide surfactant characteristics that improve
penetration into bacterial membranes and affect cell
communication pathways, including QS [21].

However, studies integrating in silico molecular
docking of antihistamines targeting quorum sensing
regulators such as AgrA and SarA with in vitro
validation of their potential remain limited. Therefore,
this study to evaluate the potential of selected
antihistamines against antibiotic-resistant S.Aureus
through computational screening of AgrA and SarA,
followed by in vitro assessment using checkerboard
and biofilm inhibition assays on the most promising
compound. This approach aims to provide new insights
into antihistamine repurposing as a combination
strategy to enhance the efficacy of conventional
antibiotic therapy.
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Materials and methods

Ligand preparation

The 3D structures of antihistamine drugs were
downloaded from PubChem (https://pubchem.ncbi.nl
m.nih.gov/). The UCSF Chimera software was
employed to convert these structures into PDB files,
followed by geometry optimization and energy
minimization using the built-in minimization tools to
obtain the most stable ligand conformations.

Protein preparation

The crystal structures of the target proteins (PDB
ID: 4G4K, 2FRH) were obtained from the Protein Data
Bank (https://www.rcsb.org/). Prior to docking, the
protein was preprocessed by removing water
molecules, adding hydrogen atoms, and assigning
charges using AutoDock Vina® integrated within
UCSF Chimera. The processed protein file was then
saved in PDBQT format. Docking results and ligand-
protein interaction visualizations were analyzed using

Discovery Studio.

Molecular docking

Molecular docking was performed using UCSF-
Chimera connected to AutoDock Vina, starting with
ligand and protein preparation (dock prep), followed by
the docking process using a grid box in AutoDock
Vina. The highest binding energy and largest cluster
population were used as criteria to select the best-
docked conformation [22]. The 2D diagrams of the
interactions between proteins and each compound. 3D
visualization and analysis were performed with

Discovery Studio [6].

Molecular dynamic

Molecular dynamics simulations were performed
on antihistamine drugs that had greater binding affinity
and more bonds formed. Molecular dynamics
simulations were performed using YASARA (Yet
Another Scientific Artificial Reality Application)
software with the AMBER14 force field [23]. The
simulation conditions were set to match physiological
conditions (310K, pH 7.4, 1 atm, and 0.9% salt
concentration) for 100 ns. The macro programs used
include MD_run for simulation and MD _analyze for

evaluating Root Mean Square Fluctuation (RMSF),

Radius of Gyration (Rg), and Root Mean Square
Deviation (RMSD).

Materials in vitro
Methicillin-Resistant
Staphylococcus aureus (MRSA) bacteria were obtained

Pure cultures of

from the collection of Hasanuddin University Hospital,
70% alcohol, sterile water, MHB (Mueller-Hinton
Broth) media, MSA (Mannitol Salt Agar) media, TSB
(Trytic  Soy  Broth) media, 0.9%  NaCl,
Dimethylsulfoxide (DMSO), and pure fexofenadine
drug from BPOM (Indonesian Agency of Drug nad
Food Control).

Preparation of test bacteria

The bacterial strains used in this study consisted
of  Methicillin-resistant  Staphylococcus  aureus
(MRSA) bacterial strain were stored at 4 °C and
maintained through subculturing on agar media prior to
the incubation process. MRSA was cultured on
Mannitol Salt Agar (MSA), with incubation at 37 °C
for 24 h. After incubation, a bacterial suspension was
prepared by adding 0.9% NaCl to reach a concentration
equivalent to a 0.5 McFarland standard, or
approximately 1.5x10% CFU/mL.

Preparation of test solutions

Stock solutions of 6,400 pug/mL fexofenadine and
the antibiotic cefoxitin were prepared by dissolving 6.4
mg of the drug in 1 mL of DMSO. DMSO has no
impact on bacterial growth or biofilm formation [20].

Preparation of media

The culture media were prepared according to
standard microbiological procedures. Specifically, 6 g
of Tryptic Soy Broth (TSB), 9.9 g of MacConkey Agar
(MCA), and 11.1 g of Mannitol Salt Agar (MSA) were
each dissolved in 200 mL of distilled water, while 3.4 g
of Mueller-Hinton Agar (MHA) was dissolved in 100
mL of distilled water. All media were heated until
completely dissolved and subsequently sterilized by
autoclaving at 121 °C for 15 min to ensure aseptic

conditions prior to use.

MIC checkerboard assay
A 0.5 McFarland MRSA suspension diluted
1:100 in MHB was used to prepare serial dilutions of
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fexofenadine (32, 16, 8, 4, 2 and 0 pg/mL) in U-bottom
microplates using the 2-fold dilution method, followed
by incubation at 37 °C for 15 - 20 min. Similar
procedures were applied to cefoxitin without bacteria
in separate microplates. The contents of the 2
microplates were combined by adding 100 pL of
antibiotic (horizontally) and 100 pL of fexofenadine
and bacteria (vertically), so that each well contained a
combination of both. The final volume is 200 pL, with
a Dbacterial concentration of 7.5x10° CFU/mL.
Incubation was performed at 37 °C for 18 - 20 h, OD
was measured at 620 nm, and the results were analyzed
using Combenefit to assess synergistic or antagonistic
effects [24,25].

Antibiofilm assay

MRSA suspensions with a concentration of 0.5
McFarland diluted 1:1000 in TSB were used for serial
dilutions of fexofenadine (32, 16, 8, 4, 2 and 0 pg/mL)
in flat-bottom microplates dilutions, followed by
incubation at 37 °C for 15 - 20 min. A similar
procedure was performed for cefoxitin without bacteria
in different microplates. The 2 microplates are
combined: 100 pL of antibiotic (horizontal) and 100
pL of fexofenadine and bacteria (vertical), resulting in
a concentration gradient. The final volume was 200 pL,
with a bacterial concentration of 7.5x10* CFU/mL,
incubated at 37 °C for 18 - 20 h with rotation at 150
rpm [26]. After that, the microplate was washed with
sterile water, stained with 1.2% crystal violet for 5
minutes, rinsed 5 times with sterile water, dried, then
200 pL of solution (40% ethanol, 10% acetic acid, 50%
sterile water) was added, and incubated at 37°C for 15
minutes at 150 rpm in an incubator shaker. OD was
measured at a wavelength of 620 nm using an ELISA
reader [27].

Statistical analysis

All assays were performed at least 3 times, and
the results are presented as mean + standard deviation
(SD). Statistical analysis was performed using
GraphPad Prism version 10.5. Differences among
treatment groups were evaluated using ordinary one-
way analysis of variance (ANOVA) followed by
Dunnett’s multiple comparison test to compare each

treatment group with the control. All results are

expressed as mean + standard deviation (SD). A p-
value < 0.05 was considered statistically significant.

Results and discussion

Molecular docking analysis

AgrA and SarA are key regulators in the
formation of Staphylococcus aureus biofilms through
the control of the quorum sensing (QS) system and the
expression of virulence factors. SarA increases the
expression of the ica operon, which is essential for the
production of extracellular polymeric substance (EPS)
matrix, while AgrA regulates biofilm dispersal and
maturation from the modulation of adhesion factors
and proteolytic enzymes [28,29]. Inhibiting these 2
regulators disrupts QS signaling, reduces EPS and
eDNA synthesis, which reduces biofilm structure
without inhibiting bacterial growth [30,31]. This
approach provides potential therapeutic strategies to
combat persistent infections and resistant strains by
minimizing the colonization and virulence of S. aureus.
Previous studies have shown that natural molecules
such as quercetin and 3-hydroxybenzoic acid are able
to bind stably to AgrA and SarA, triggering protein
conformational changes and reducing the expression of
biofilm-related genes, making them ideal targets for
antibiofilm strategies. This molecular docking
approach has the potential to reduce the bacteria’s
ability to form biofilms, thereby increasing the
effectiveness of antibiotic therapy [32]. In this study,
the target protein SarA with the code (PDB id: 2FRH)
and AgrA with the code (PDB id: 4G4K) were used for
biofilm formation inhibition.

The molecular docking results from 10 tested
first-generation and second-generation antihistamines
showed that the best 3 were: Cetirizine, desloratadine,
and fexofenadine. A lower affinity value indicates a
stronger and more stable interaction. As for the
visualization of amino acid residues, the parameters
analyzed include hydrogen bonds, as well as non-
covalent interaction types such as Van der Waals, Pi-
Sigma, Pi-Alkyl, and Pi-Pi stacking with the amino
acid residues at the active site. Antihistamine drugs
that show the strongest binding affinity values include
cetirizine —5.5 kcal/mol, desloratadine —6.2 kcal/mol,
and fexofenadine —6.2 kcal/mol. These drugs interact
with SarA thru hydrogen bonds at Thrl162 for

cetirizine, and similarly, desloratadine interacts thru Pi-
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Alkyl bonds at Leul60 and hydrogen bonds at Asn146.
Fexofenadine interacts thru pi-sigma bonds at His159,
pi-donor bonds at Tyrl62, and hydrogen bonds at
Asnl46. This is compared to the antibiotic cefoxitin
—5.1 kcal/mol, which forms interactions thru hydrogen
bonds at Asnl61, Thr141, and His159. Meanwhile, the
strongest binding affinity values at 4g4k are for
cetirizine —6.2 kcal/mol, desloratadine —6.7 kcal/mol,
and fexofenadine —6.9 kcal/mol. These interact with
AgrA thru hydrogen bonds Tyrl183, Gly184 and Pi-
Alkyl interactions Leul92 for cetirizine. Similarly,
desloratadine interacts thru Pi-Alkyl bonds Leul92,
Ile143, while fexofenadine interacts thru hydrogen

bonds Glul44, amide-Pi stacking Tyr183, and alkyl
bonds Leul92, Leul89, and van der Waals interactions
Gly184. Compared to the antibiotic cefoxitin -5.6
kcal/mol, which forms interactions thru hydrogen
bonds with Glul44 and Glul88, thru carbon-hydrogen
bonds with Tyr183 and Glul84, and thru Pi-alkyl
bonds with Lys146. These results indicate the potential
of antihistamines as candidate biofilm inhibitors by
targeting SarA and AgrA, with lower affinity than
cefoxitin. Table 1 presents the molecular docking
results, indicating the antibiofilm potential of the tested
antihistamine.

Table 1 Ligand docking results with target proteins 2FRH and 4G4K.

2FRH 4G4K
No Drugs Binding Interacting Binding Interacting
H. Bond H.Bond
Afinity residues Afinity residues
AHI generasi 1
o - Pi-Alkyl: - Pi-Alkyl: Leul89
1 Brompheniramine —-4.9 —6.3
Leul60
L Pi-Alkyl: Leul89
2 Chlorpheniramine —4.8 - - —-6.4 -
Pi-Alkyl:
. . Asnl46, Pi-Alkyl: Leul89
3 Dimethindene -5.0 - -6.0 -
Leul60
Pi-Alkyl: Leul92
Pi-Donor
Carbon, Pi- Hydrogen Bond:
. hydrogen bone: - Glul44
4 Buclizine =53 . —6.2
His159, Tyr162 Carbon hydrogen
bond: Tyr183
Amide pi stacked:
Gly184
Pi-Alkyl: Tyr Carbon hydrogen
5 Diphenhydramine —4.7 - 142 -53 bond: Glul44
AHI1 generasi 2
Pi-Sigma:
L Tyrl62 Pi-Alkyl: Leul92
6 Acrivastine —5.5 Thr141 —6.2 Thr142
Hydrogen bond:
Thr141
Tyrl83, Hydrogen bond:
o Hydrogen bond:
7 Cetirizine =55 Tyr162 Tvrl6n -6.2 Gly184, Tyr183, Gly184
T
Y his169 Pi-Alkyl: Leul92
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2FRH 4G4K
No Drugs Binding Interacting Binding Interacting
H. Bond H.Bond
Afinity residues Afinity residues
Pi-Alkyl:
Leul60 Pi-Alkyl: Leul92,
8 Desloratadine -6.2 Asnl46  Hydrogen bond: -6.7 - Ile143
Asn 146
Hydrogen bond:
Tyrl83
Hydrogen bond: .
) -5.9 Tyrl83 Pi-Alkyl: Leul92,
9 Olopatadine -5.4 Thrl41 Tyr 141
lle143
Carbon Hydrogen
Bond: Tyr183
Hydrogen bond:
o Glul44
Pi-Sigma: . .
. Amide-Pi Stacked:
His159
) —6.9 Tyr183
. Lys123, Pi-Donor:
10 Fexofenadine -6.2 Glul44 Alkyl bound:
Asnl46 Tyrl62
Leul92, Leul89,
Hydrogen bond:
Lys146
Asn 146
Van der waals:
Gly184
Antibiotic
Hydrogen bond:
Hydrogen bond:
Asnl6l, Glul44, Glul88
Asnl61, Thrl4, Glul44,
. TYR162, ) Carbon bond:
Cefoxitin =5.1 His159 -5.6 Asnl85,
Thr141, ) Tyr183, Gly184
. Pi alkyk: Glul88
His159 Alkyl bound:
Leul60

Leul92
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Figure 1 Two-dimensional and 3-dimensional diagrammatic representation of the interaction of the best antihistamine
drug docking with cefoxitin against the 2FRH enzyme (A) Cetirizine, (B) Desloratadine, (C)Fexofenadine, and (D)

Cefoxitin.
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Figure 2 Two-dimensional and 3-dimensional diagrammatic representation of the best antihistamine drug docking
interaction with cefoxitin against the 4G4K enzyme (A) Cetirizine, (B) Desloratadine, (C)Fexofenadine, and (D)

Cefoxitin.
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Molecular dynamic analysis

Molecular dynamics (MD) simulations play a
crucial role in validating protein-ligand complexes
generated from docking, providing deep insights into
the stability and interactions of these complexes thru
key parameters such as Radius of Gyration (RoG),
Root Mean Square Deviation (RMSD), and Root Mean
Square Fluctuation (RMSF) [33,34]. RoG is used to
assess the distribution of atoms along the protein’s

17,5
17
16,5
16
15,5
15
14,5
14 ¢
135 W

RADIUS OF GYRATION (A)

RMSD (A)

TIME (NS)

main axis, reflecting changes in the size and stability of
the protein fold [35]. RMSD measures the deviation of
complex structures from their initial form, with values
below 5 A indicating structural stability during the
simulation [34]. Meanwhile, RMSF evaluates the
fluctuation of amino acid residues to assess local
flexibility and potential conformational changes around
the binding site [36].

RESIDU NUMBER

=== Cefoxitine
Fexofenadine
Desloratadine
Cetirizine

Figure 3 Molecular dynamics diagram in protein SaRA; (A) Radius of Gyration, (B) RMSD, and (C) RMSF.
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Figure 4 Molecular dynamics diagram in protein AgrA; (A) Radius of Gyration, (B) RMSD, and (C) RMSF.

60 80

100

100

RMSF (A)

RESIDU NUMBER

Cefoxitine
w= Fexofenadine
«== Desloratadine
Cetirizine




Trends Sci. 2026; 23(10): 13430

90of15

In Figure 3, the radius of gyration of the SarA
protein shows that fexofenadine undergoes 2 size
changes during the simulation (peaking at 17.5 A at 25
ns, dropping to 16 A at 50 ns), while cefoxitin
fluctuates up to 18 A at 18 ns. RMSD shows that
fexofenadine is the most stable (< 5 A), while cetirizine
and desloratadine reach 6 A and 11 A, and cefoxitin 7
A. RMSF shows that fexofenadine exhibits fluctuations
at Asnl107 and Ile103, which are not active residues.
Overall, fexofenadine has better affinity and stability
compared to cefoxitin. In 4G4K, in image 4,
fexofenadine shows a change in Radius of Gyration
with a peak of 16.5 A at 49 ns, decreasing to 14 A at 50
ns, while cefoxitin reaches 17 A at 53 ns. RMSD
shows that fexofenadine reaches stability < 5 A faster
at 43 ns compared to cefoxitin at 58 ns. RMSF
indicates that cefoxitin is more stable, while
fexofenadine shows fluctuations at Arg233 and
Val232, which are not active residues. Overall,
fexofenadine showed better affinity and stability
compared to cefoxitin.

MIC checkerboard assay

The Loewe Combenefit model is primarily used
to analyze interactions in checkerboard assay designs
involving various dose responses. However, it is
important to recognize that this model may not be

Synergy mapped to D-R (LOEWE)

suitable for assessing drug interactions derived from
single-dose experiments [37]. Therefore, a systematic
2-fold serial dilution approach was used to measure the
combined effects of various concentrations in a well-
controlled manner, ultimately helping to understand the
potential for synergistic or antagonistic drug
interactions. Data collected from the checkerboard
assay uses the visible turbidity of optical density (OD)
as a reading [38]. This test was conducted to determine
the potential of the antihistamine drug when combined
with antibiotics against the bacterium S.Aureus. The
results of the fexofenadine checkerboard assay
provided synergistic results that were consistent with
the in-silico findings. That is, the combination of
cefoxitin with fexofenadine was found to increase the
antibiotic  activity of cefoxitin. The single
administration of cefoxitin 0.5 pg/mL, resulted in
bacterial growth of about 80% relative to the control
(bacterial culture in medium without drug treatment).
In contrast, the combination of cefoxitin 0.5 pg/mL and
fexofenadine 0.5 pg/mL resulted in bacterial growth of
about 10% relative to the control, thus indicating a
reduction of about 70%. These results were supported
by statistical analysis showing significant differences
among treatment groups using l-way ANOVA (p <
0.0001, as shown in Figure 5.

Effect Fexofenadine-Cefoxitin combination on MIC MRSA formation o %k & vk

% Control

16~
Cefoxitin [ug/mL] 32 32

Fexofenadine [ug/mL]

]
5 1.5
s
w
== E < 1.0-
c =3
s B
8 o
o (=]
< 0 < 0.5
o 0.5
1
0.0

Control
Media

CFX 0.5 pg/mL

FEX 0.5+ CFX 0.5 pg/mL

Figure 5 (A) Results of the checkerboard assay analysis combining fexofenadine with cefoxitin using Combenefit

software and the LOEWE model, (B) Data are presented as mean + standard deviation (SD) from 3 independent

experiments (n = 3). Statistical significance among groups was determined using 1-way ANOVA. Significant
differences are indicated as p < 0.05 (*) and p < 0.0001 (***). Error bars represent standard deviations. FEX =

fexofenadine; CFX = cefoxitin.
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Biofilm assay

Biofilms are formations of microbial cells
incased in an extracellular polymeric substance (EPS)
matrix. This biofilm structure provides protection
against the host’s immune system and antibiotics.
Biofilms can increase bacterial resistance by up to
1,000 times compared to bacteria in planktonic form,
due to limited antibiotic penetration into the matrix
[39]. Crystal violet staining is used to measure biofilm
formation by bacteria. The varying intensity of purple
colour in each well indicates a variation in the amount
of biofilm formed. Wells with a darker purple colour

indicate more biofilm formation, while wells with a

A Synergy mapped to D-R (LOEWE)

Effect Fexofenadine-Cefoxitin combination on biofilm

% Control

16 <
Cefoxitin [ug/mL] 32 32

lighter purple or almost colourless appearance indicate
less or no biofilm formation [40,41]. However, to
clarify further, a reading OD value of 620 nm was
taken on an ELISA reader to reflect biofilm density as
a function of the amount of dye bound to the biofilm
matrix, which is composed of polysaccharides, nucleic
acids, and proteins [42]. The percentage of biofilm
growth inhibition was calculated using the following

equation [43]:

inhibition =

100

% Biofilm

Optical Density control negative—Optical Density sample «

Optical Density control negative

B ok ok %
1
e e ok
1.5 I
)
o
]
5
@ E1.0—
=
8
[a]
§ o
€ 0.5
g
b
0.0-
- - o o]
EE E 3
[ o0 <
T T © =
w w ©
> >
[T [T
[¥] Q
+
g
w
[

Figure 6 (A) Results of the biofilm analysis combining fexofenadine with cefoxitin using Combenefit software and the

LOEWE model, (B) Data are presented as mean + standard deviation (SD) from 3 independent experiments (n = 3).

Statistical significance among groups was determined using 1-way ANOVA. Significant differences are indicated as p <

0.0001 (****). Error bars represent standard deviations. FEX = fexofenadine; CFX = cefoxitin.

After calculating the percentage of biofilm
inhibition, the results were then entered into the
Combenefit software, as shown in the Figure 6. In this
combenefit analysis, it was found that the combination
of cefoxitin with fexofenadine enhances the antibiotic
activity of cefoxitin. Cefoxitin at a single concentration
of 16 pg/mL, when administered alone, residual
biofilm biomass relative about 80% relative to the
control (bacterial culture in medium without drug
treatment). In contrast, the combination of cefoxitin 18
pg/mL and fexofenadine 1 pg/mL generated residual

biofilm biomass relative about 10% relative to the
control, thus indicating a reduction of about 70%.
These findings were further supported by statistical
analysis showing significant differences among
treatment groups using 1-way ANOVA (p <0.0001).
Recent studies have increasingly highlighted the
potential of repurposing non-antibiotic drugs as
antimicrobial adjuvants to enhance the efficacy of
conventional antibiotics against resistant pathogens.
Phenothiazine antipsychotics, such as chlorpromazine

and thioridazine, can inhibit bacterial efflux pumps
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NorA, disrupt membrane potential, and interfere with
cell division, thereby increasing intracellular antibiotic
accumulation [44,45]. Similarly, Selective Serotonin
Reuptake Inhibitor (SSRI) antidepressants, such as
sertraline, have been reported to modulate multidrug
resistance-related genes including marA, acrA, and
acrB. These mechanisms may also contribute to
biofilm inhibition, as disruption of efflux activity and
membrane integrity can impair  bacterial
communication and biofilm formation [45,46]. These
findings underscore the growing interest in non-
antibiotic drug repurposing as a complementary
strategy to combat antimicrobial resistance. In this
context, antihistamines have also been reported to
exhibit potential as antibiotic adjuvants against S.
Aureus. For instance, loratadine has been shown to
inhibit regulatory pathways involved in cell wall
synthesis, thereby reducing biofilm formation and
enhancing the activity of B-lactam antibiotics [19],
while terfenadine has also demonstrated notable
antibiofilm activity against S. aureus [47]. Similarly,
fexofenadine showed synergistic activity when
combined with cefoxitin, significantly reducing
planktonic bacterial growth by approximately 10%
compared to the control. In the checkerboard assay, the
combination of cefoxitin 0.5 pg/mL and fexofenadine
0.5 ug/mL having the strongest antibacterial effect,
while higher concentrations fexofenadine 1 pg/mL and
cefoxitin 16 pg/m were required to inhibit biofilm
formation, as indicated by lighter crystal violet
staining. These results suggest that the cefoxitin and
fexofenadine combination is more effective against
planktonic cells, as the biofilm matrix limits drug
penetration, the need for optimized dosing or
adjunctive agents to enhance antibiofilm efficacy.
Although the present findings were obtained from
in vitro experiments, the observed antibiofilm activity
of fexofenadine may have potential translational
relevance. Fexofenadine is a second-generation
antihistamine widely used in clinical practice with an
established safety profile, typically administered at
doses of 60 - 180 mg per day [48]. Pharmacokinetic
studies indicate that peak plasma concentrations
(Cmax) of fexofenadine typically range from
approximately 0.2 to 1.12 pg/mL following standard
therapeutic dosing. The concentration used in the

checkerboard assay (0.5 pg/mL) falls within this

clinically relevant range, while the concentration
applied in the biofilm assay (1 pg/mL) remains close to
the upper range of reported plasma levels [48,49].
Given the relatively low oral bioavailability of
fexofenadine (approximately 33% - 35%) and its
minimal metabolism, local tissue concentrations may
vary from systemic plasma levels, which should be
considered when interpreting the in vitro findings [49].
Moreover, several studies have demonstrated that non-
antibiotic drugs can modulate bacterial virulence and
biofilm formation at sub-inhibitory concentrations
without exerting strong bactericidal pressure,
potentially reducing the risk of resistance development
while enhancing antibiotic efficacy. Nevertheless,
further pharmacokinetic and pharmacodynamic studies
are required to determine the clinical feasibility of
antihistamines as antibiotic adjuvants against biofilm-
associated infections and gene expression analysis of
biofilm regulatory genes are required to better
determine the therapeutic feasibility of antihistamines
as antibiotic adjuvants.

Conclusions

The combination of fexofenadine with cefoxitin
showed an antibiofilm effect against S.Aureus in vitro
tests. At a concentration of 0.5 pg/mL fexofenadine
and 0.5 pg/mL cefoxitin, the combination
synergistically enhances the antibacterial activity of
cefoxitin by reducing planktonic bacterial growth by
up to 10% compared to the control. At higher
concentrations (1 pg/mL fexofenadine and 16 pug/mL
cefoxitin), this combination effectively inhibits biofilm
formation, as indicated by lighter crystal violet
staining. These results are consistent with in silico
findings, where fexofenadine exhibits strong binding
affinity and stable interactions with the biofilm
regulator proteins AgrA and SarA, suggesting a
potential interaction that may influence biofilm
formation. This study suggests that repurposed
antihistamines, particularly fexofenadine, may have
potential as an antibiotic adjuvant in combination
therapy to enhance antibiofilm activity against
methicillin-resistant ~ Staphylococcus — aureus. This
finding emphasizes the importance of optimizing
concentration and formulation strategies to maximize
its clinical application in controlling resistant S.Aureus

infections.
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