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ABSTRACT

Background and Objectives: Pseudomonas aeruginosa is an opportunistic Gram-negative pathogen responsible for severe
infections and increasing therapeutic difficulties due to multidrug resistance and virulence traits such as motility and biofilm
formation. This study aimed to evaluate the in vitro antibacterial, antibiotic-synergistic, and anti-motility effects of eugenol
in combination with cefixime and gentamicin against nine clinical P. aeruginosa isolates obtained from hospitalized animals.
Materials and Methods: This preliminary in vitro laboratory investigation was conducted on a convenience sample of nine
independent non-duplicate clinical P. aeruginosa isolates obtained from wound swabs and urinary tract samples of hospi-
talized animals at the Small Animal Hospital, Faculty of Veterinary Medicine, University of Tehran. Minimum inhibitory
concentrations (MICs) of eugenol alone were determined across all nine isolates using the broth microdilution method in
accordance with CLSI guidelines (M07-A11). Synergistic interactions between eugenol and the antibiotics cefixime and gen-
tamicin were evaluated using the checkerboard assay and calculation of the fractional inhibitory concentration index (FICI)
on a subset of three selected representative isolates (P3, P6, and P9). Furthermore, the effects of sub-inhibitory concentrations
of eugenol ("MIC/2" ) on bacterial motility were assessed using standardized media containing 0.3%, 0.7%, and 1.5% agar
to evaluate swimming, swarming, and twitching motilities, respectively, across this same subset of isolates (P3, P6, and P9)
in biological triplicate (n=3).

Results: Antimicrobial analysis across all nine isolates demonstrated intrinsic antibacterial activity of eugenol, with MIC
values ranging from 2.5 to 10 pg/mL. Checkerboard synergy testing on the selected representative subset (P3, P6, and P9)
revealed synergistic interactions with cefixime ("FICI1"=0.5 for isolate P6, P3 and P9) as well as interactions with gentami-
cin yielding FICI values of 0.256 (for isolates P6 and P9) and 0.384 (for isolate P3), classifying these combinations within
synergistic interaction ranges ("FICI"<0.5). Additionally, sub-inhibitory eugenol treatment of the tested subset significantly
reduced bacterial motility compared to untreated controls, decreasing swimming by 44-57%, swarming by 43-46%, and
twitching by 39-64% (P<0.05).
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ANTI-MOTILITY EFFECTS OF EUGENOL

Conclusion: Eugenol demonstrated notable in vitro antibacterial and anti-motility activities against tested clinical P. aeru-
ginosa isolates from veterinary sources, alongside favorable FICI interactions with gentamicin and cefixime. Because these
findings are strictly restricted to limited in vitro laboratory observations without dosage optimization, toxicity, or in vivo
efficacy evaluations, further comprehensive investigations are required before establishing any potential clinical relevance.
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INTRODUCTION

Antimicrobial resistance (AMR) represents one of
the most serious global health threats, accounting for
approximately 1.27 million deaths annually accord-
ing to recent reports from the World Health Organi-
zation. The rapid emergence of resistant pathogens
has significantly complicated the management of
infectious diseases and reduced the effectiveness of
existing antimicrobial therapies (1-3).

Among clinically important resistant bacteria,
Pseudomonas aeruginosa is a Gram-negative oppor-
tunistic pathogen frequently associated with severe
hospital-acquired infections, including pneumonia,
septicemia, urinary tract infections, and wound in-
fections (4). These infections predominantly affect
high-risk populations, including immunocompro-
mised individuals and veterinary clinical patients. In-
tended primarily as a veterinary health investigation,
this study addresses clinical isolates recovered from
hospitalized animal populations. The remarkable
persistence of P. aeruginosa is attributed to both in-
trinsic and acquired resistance mechanisms, includ-
ing the production of B-lactamases such as AmpC,
multidrug efflux pumps (e.g., MexAB-OprM), and
reduced outer membrane permeability, all of which
limit antibiotic penetration and efficacy (5-7).

In addition to antibiotic resistance, several vir-
ulence determinants contribute to the pathogenic
success of P. aeruginosa. Biofilm formation and di-
verse motility mechanisms—swimming, swarming,
and twitching—play essential roles in colonization,
surface attachment, and chronic infection develop-
ment. Recent epidemiological studies emphasize the
urgent need for alternative therapeutic strategies to
manage resistant strains. While previous work has
examined eugenol's general antimicrobial properties,
biofilm disruption, and broad quorum-sensing inter-
ference, a critical knowledge gap remains regarding
the simultaneous evaluation of antibiotic potenti-
ation alongside multi-phenotype motility suppres-
sion across veterinary clinical strains (8). However,
evidence remains limited on whether eugenol can
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potentiate commonly used antibiotics while simulta-
neously suppressing distinct motility phenotypes in
clinical P. aeruginosa isolates recovered from hos-
pitalized animals.

Combination therapy has emerged as a promising
approach to overcome antimicrobial resistance by
enhancing antibacterial efficacy while potentially
reducing required antibiotic dosages and associated
toxicity (3). In this context, natural bioactive com-
pounds have gained considerable attention as anti-
biotic adjuvants (9, 10). Eugenol (4-allyl-2-methoxy-
phenol), the principal phenolic component of clove
oil (Eugenia aromatica), exhibits notable antimicro-
bial and anti-virulence activities. Previous studies
have demonstrated that eugenol can disrupt bacterial
membrane integrity, increase permeability to antimi-
crobial agents, and interfere with regulatory systems
involved in motility and virulence factor production.
However, these mechanistic descriptions regarding
membrane disruption, quorum sensing, flagella, and
Type 1V pili are presented here as working hypoth-
eses, as direct molecular assays were beyond the
scope of this in vitro study (3, 11).

Cefixime, a third-generation cephalosporin that
inhibits bacterial cell wall synthesis, was selected to
investigate whether eugenol could enhance the activ-
ity of a B-lactam agent against the tested P. aerugino-
sa isolates. The inclusion of cefixime and gentamicin
also allowed evaluation of eugenol in combination
with antibiotics representing distinct antibacterial
targets, namely cell-wall synthesis and bacterial pro-
tein synthesis, respectively (12).

Meanwhile, gentamicin, an aminoglycoside target-
ing protein synthesis via binding to the 30S ribosom-
al subunit, was selected to explore broad adjuvant
potentiation against standard susceptibility profiles
in veterinary clinical isolates. Increasing resistance
has compromised their clinical effectiveness, and
earlier investigations have suggested that eugenol
may enhance antibiotic activity against Gram-neg-
ative bacteria by reducing minimum inhibitory con-
centrations (MICs), yet evidence regarding its inter-
action with cefixime remains limited. Furthermore,
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although the antibiofilm properties of eugenol have
been reported, its influence on bacterial motility—
an essential factor in early colonization and infection
establishment—warrants comprehensive investiga-
tion across veterinary clinical strains (1, 3).

Therefore, this study aimed to evaluate the in vitro
antibacterial and anti-virulence potential of eugenol
against clinical isolates of P. aeruginosa obtained
from a veterinary hospital setting. Specifically, this
study sought to: (1) determine the MICs of eugenol
across a panel of nine clinical isolates; (2) assess the
synergistic interactions between eugenol and cefix-
ime or gentamicin using the checkerboard assay and
fractional inhibitory concentration index (FICI); and
(3) investigate the effects of sub-MIC concentrations
of eugenol on swimming, swarming, and twitching
motility.

MATERIALS AND METHODS

Study design and bacterial isolates. This study
was designed as an analytical in vitro laboratory in-
vestigation to evaluate the antimicrobial activity of
eugenol and its synergistic interactions with selected
antibiotics against clinical isolates of P. aeruginosa.
All experiments were conducted in the Microbiology
Laboratory, Faculty of Veterinary Medicine, Univer-
sity of Tehran, during 2024. Institutional authoriza-
tion for utilizing routine diagnostic clinical isolates
of hospitalized animals was granted by the Faculty
of Veterinary Medicine. This study was conducted in
accordance with the reporting standards for in vitro
laboratory research as outlined by the EQUATOR
Network guidelines.

A convenience sample of nine independent, non-du-
plicate clinical P. aeruginosa isolates (designated P1
through P9) was obtained from a total of nine distinct
animal hosts, comprising canine (n=6) and feline
(n=3) patients. Specifically, the sample set comprised
five wound swabs (n=>5; canine: 4, feline: 1) and four
urinary tract samples (n=4; canine: 2, feline: 2) col-
lected from distinct, non-duplicate hospitalized com-
panion animal patients at the Small Animal Hospital,
Faculty of Veterinary Medicine, University of Teh-
ran, between March and September 2024. No epide-
miological or clinical metadata beyond sample source
and patient species were linked to the isolates, and
duplicate isolates from the same clinical source or pa-
tient were strictly excluded. The selection of exactly
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nine isolates represented a preliminary convenience
sampling framework, and the very small, non-random
sample size substantially limits generalizability; find-
ings must therefore be interpreted strictly as explor-
atory in vitro observations rather than broad epide-
miological evidence (13, 14). The selection of isolates
P3, P6, and P9 was performed purposefully based on
predefined criteria to represent a spectrum of diverse
baseline susceptibility profiles and MIC observed
across the sample set. Although all nine clinical iso-
lates originated from veterinary clinical samples con-
sisting of wound and urinary swabs from hospitalized
animals, these three particular isolates demonstrated
distinct baseline resistance and susceptibility pat-
terns, thereby qualifying them as ideal candidates
for detailed downstream checkerboard and motility
evaluations. The remaining isolates were intention-
ally excluded from these specific resource-intensive
motility and matrix assays to preserve a focused and
exploratory analysis centered on representative phe-
notypic variations.

Bacterial identification was confirmed using con-
ventional phenotypic characterization methods, in-
cluding Gram staining, oxidase testing, pigment pro-
duction assessment, and standard biochemical assays.
Due to reliance on standard phenotypic identification,
molecular confirmation (such as MALDI-TOF or
PCR-based sequencing) was not performed, which
represents an acknowledged study limitation. Iso-
lates were stored in cryovials at -80°C in Tryptic
Soy Broth (TSB; Merck, Darmstadt, Germany) sup-
plemented with 20% glycerol, subcultured twice on
Mueller-Hinton agar prior to assays, and maintained
at low passage numbers (passages 2 to 4) to ensure
purity and viability. Purity was routinely verified
via colony morphology on cetrimide agar and Gram
staining. Baseline antimicrobial susceptibility pro-
files were established for all strains using both disk
diffusion and broth microdilution methods. Inoculum
standardization and viability were routinely verified
for all assays by performing serial ten-fold dilutions
and plating quantitative viable counts (CFU/mL) on
Mueller-Hinton agar.

Eugenol and antibiotic preparation. The antimi-
crobial agents evaluated included analytical-grade
eugenol (>99% purity, Sigma-Aldrich, St. Louis,
MO, USA,; stored in the dark at 4°C, cefixime powder
(Sigma-Aldrich, USA), and gentamicin sulfate (Sig-
ma-Aldrich, USA). Due to its hydrophobic nature,
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eugenol was dissolved in dimethyl sulfoxide (DMSO;
Sigma-Aldrich, USA). A primary stock solution of
eugenol (20 mg/mL) was prepared by mixing 200
uL of eugenol with 40 uL of DMSO and 1,760 pL of
sterile Tryptic Soy Broth (TSB; Merck, Darmstadt,
Germany), yielding a primary stock solution contain-
ing 10% DMSO. Eugenol stock solutions were pre-
pared by initial dissolution in a 10% (v/v) aqueous
DMSO solution. Through subsequent two-fold serial
dilutions into the respective assay media, the final
working concentration of DMSO in all experimental
wells—including broth microdilution, checkerboard
matrix, and motility assays—was strictly maintained
at or below 0.5% (v/v). To ensure that the solvent did
not influence experimental outcomes, matched vehi-
cle controls containing the maximum corresponding
final concentration of DMSO (0.5%) were evaluated
in parallel across all assays (including swimming,
swarming, and twitching evaluations), confirming
no inhibitory effect on bacterial growth or baseline
motility. Stock solutions of cefixime (100,000 pg/mL)
and gentamicin (40,000 pg/mL) were prepared under
sterile conditions in appropriate solvents and diluted
in sterile broth to obtain required working ranges.
Consistent solvent preparation and dilution protocols
were applied across all experiments to control for ma-
trix-induced variability in MIC values.

Determination of minimum inhibitory concen-
tration. The MICs of eugenol, cefixime, and genta-
micin were determined individually using the broth
microdilution method in sterile 96-well microtiter
plates according to Clinical and Laboratory Stan-
dards Institute guidelines (CLSI M07-A11) (13).

Bacterial inocula were prepared from overnight
cultures on Mueller-Hinton agar and suspended in
sterile saline to match a 0.5 McFarland turbidity stan-
dard (1x 108 CFU/mL), followed by further dilution
in Mueller-Hinton broth (MHB; Merck, Darmstadt,
Germany) to achieve a final well inoculation density
of approximately 5x 10° CFU/mL in a total assay vol-
ume of 200 pL. Inoculum standardization was veri-
fied by viable plate counts.

Two-fold serial dilutions of eugenol spanned a full
range from 10 to 0.078 pg/mL. Quality control strains
(P. aeruginosa ATCC 27853) and appropriate con-
trols—including growth controls (bacteria without
antimicrobial agent), sterility controls (broth only),
and matched solvent controls (1% DMSQO)—were in-
cluded on every plate.
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Microplates were incubated aerobically at 37°C for
18-20 h. The MIC was defined as the lowest concentra-
tion showing complete visible inhibition of bacterial
growth. All MIC assays were performed in biological
triplicate (n=3 independent experiments performed
on separate days), yielding identical replicate values
without observable variability across runs. Careful
visual and spectrophotometric checks confirmed that
eugenol precipitation, turbidity, or optical interfer-
ence did not occur at the tested concentrations (2.5-10
pg/mL). The unusually low eugenol MICs observed
compared to some historical literatures are method-
ologically attributable to strict solvent control (main-
taining DMSO <1%), fresh high-purity stock prepara-
tion, and specific regional strain characteristics.

In parallel, disk diffusion susceptibility testing
for gentamicin (10 pg disks; Oxoid, UK) was per-
formed on Mueller-Hinton agar according to CLSI
M100 standards, and associated standard MO7 for
broth microdilution (34" informational supplement,
2024), with inhibition zone diameters interpreted in
millimeters against established CLSI breakpoints for
P. aeruginosa (>15 mm susceptible, 13-14 mm inter-
mediate, and <12 mm resistant). Tested parameters
included standardized Mueller-Hinton agar and broth
media, specific antibiotic disk contents (gentami-
cin), and standard incubation conditions at 37°C for
18-24 hours, with zone diameters interpreted using
established CLSI breakpoints. Because standardized
CLSI interpretive breakpoints are not established
for cefixime against P. aeruginosa due to intrinsic
non-susceptibility, cefixime was tested exclusively
to evaluate eugenol-mediated synergy and antibiotic
potentiation rather than clinical categorization. Cefix-
ime, while typically exhibiting limited intrinsic ac-
tivity against P. aeruginosa due to outer membrane
barrier properties and efflux mechanisms, was delib-
erately included in the checkerboard synergy assays
to evaluate whether eugenol could act as an effective
membrane-permeabilizing adjuvant to restore or en-
hance its antibacterial efficacy.

Checkerboard microdilution assay for synergy
evaluation. Synergistic interactions between eugenol
and cefixime or gentamicin were evaluated using the
checkerboard microdilution method on selected rep-
resentative isolates (P3, P6, and P9) in 96-well micro-
titer plates.

These three isolates were chosen to represent di-
verse baseline susceptibility and motility phenotypes
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observed across the panel of nine strains; synergy was
thus evaluated exclusively in isolates P3, P6, and P9
rather than universally across all nine strains. Two-
fold serial dilutions of eugenol were arrayed vertical-
ly, and serial dilutions of the antibiotic were arrayed
horizontally. Plates were inoculated to achieve a final
density of 5x 105 CFU/mL in 200 pL total volume and
incubated at 37°C for 18-20 h. Checkerboards were
performed in biological triplicate (n=3 independent
experiments). When replicate outcomes showed mi-
nor numerical shifts, modal or most conservative Fl-
Cls were reported. Full checkerboard matrix distribu-
tions for cefixime and gentamicin across isolates P3,
P6, and P9 are documented in the supplementary lab-
oratory records. Detailed gentamicin MIC values are
presented for these representative isolates to correlate
directly with checkerboard interaction matrices.

The interaction was quantified using the FICI, cal-
culated as:

MIC, in combination
MIC, alone

MIC,, in combination

FICI =
MICy alone

Where A represents eugenol and B represents the
antibiotic. FICI interpretations were defined strictly
by standard pharmacological thresholds: synergis-
tic (FICI<0.5), additive (0.5<FICI<1), indifferent
(1<FICI<4), and antagonistic (FICI>4). Because FICI
categorizes interaction types rather than testing statis-
tical hypotheses, these classifications are presented
as pharmacological interaction categories without
inferential P-values. Confirmatory time-kill assays
were not performed, meaning these combination ef-
fects represent isolate-specific in vitro findings rath-
er than broadly established synergistic patterns.

Assessment of anti-motility activity. The effect
of eugenol on swimming, swarming, and twitching
motilities was evaluated exclusively on the selected
representative subset of three isolates (P3, P6, and
P9) rather than all nine strains. Eugenol was tested at
sub-inhibitory concentrations corresponding exactly
to one-half of the MIC (MIC/2) determined for each
specific strain (5 ug/mL for P3, 2.5 ug/mL for P6, and
2.5 pg/mL for P9). Assays were conducted in bio-
logical triplicate (n=3 independent experiments per-
formed on separate days), with technical duplicates
(n=2) per run. Luria-Bertani (LB) medium (Merck,
Darmstadt, Germany) was prepared with precise agar
concentrations: 0.3% (w/v) for swimming, 0.7% (w/v)
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for swarming, and 1.5% (w/v) for twitching.

Swimming motility assay. Assayed on 0.3% LB
agar plates (20 mL per 90-mm petri dish). Plates were
centrally inoculated using a sterile inoculating needle
dipped into a standardized bacterial suspension (0.5
McFarland, 3 pL) and inserted to a depth approxi-
mately halfway to the bottom of the agar. Plates were
incubated face-up at 37°C for 24 h, and migration
zone diameters (including the inoculation point) were
measured in millimeters using a digital caliper (15).

Swarming motility assay. Assayed on 0.7% LB
agar plates supplemented with 0.5% glucose (15 mL
per dish). Plates were surface-dried at room tempera-
ture for 30 min prior to inoculation, then surface-in-
oculated with 3 pL of standardized bacterial suspen-
sion. Plates were incubated at 37°C for 24 h, and the
radial migration spread diameter was measured in
millimeters (including the inoculation point) (15).

Twitching motility assay. Assayed using a modi-
fied sub-surface overlay technique on 1.5% LB agar
plates (15 mL per dish) (16). To enhance the precision
and reproducibility of the twitching motility assay,
we implemented a modified inoculation technique.
After placing the bacterial colony (15 mL per dish)
at the junction of the agar and the interior wall of the
Petri dish, 1000 pL of the tempered (37°C) LB-agar
medium was gently overlaid onto the inoculum. Once
solidified, the remaining volume of the medium was
poured into the Petri dishes. This procedure secured
the colony at the specific interface between the agar
and the polystyrene surface, preventing displacement
during the pouring of the remaining medium. By en-
suring consistent, direct contact between the inocu-
lum and the surface throughout the incubation period,
this approach allows for a more stable and accurate
measurement of twitching zone diameters. Plates
were incubated at 37°C for 48-72 h. After incubation,
the agar layer was carefully removed, and the adher-
ent bacterial cells at the plate base were stained with
0.1% crystal violet (Merck, Germany) for 10 min.
Excess stain was gently rinsed with distilled water,
and the surface was air-dried. Twitching motility was
quantified by measuring the diameter of the stained
zone at the agar—surface interface (including the in-
oculation point).

All assays were performed in triplicate to ensure
reproducibility. Inocula were independently stan-
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dardized for each isolate using spectrophotometric
adjustment and viable counts. Colony size and via-
bility differences did not confound readouts. Parallel
growth curves (monitoring optical density at 600 nm
over 24 h) confirmed that MIC/2 eugenol concentra-
tions did not inhibit baseline planktonic growth rate,
verifying that reduced motility was independent of re-
sidual growth inhibition. Measurement blinding was
not implemented. Furthermore, observed reductions
in motility are reported strictly as in vitro anti-motil-
ity phenomena and are not equated with demonstrat-
ed reductions in in vivo invasion, dissemination, or
biofilm formation, as those complex phenotypes were
not directly measured.

Statistical analysis. The independent biological
replicate, defined as an experiment performed on a
separate day, was considered the experimental unit.
Technical duplicates were averaged within each ex-
perimental run before statistical analysis. MIC as-
says were performed using three biological replicates
across all nine isolates, while checkerboard and motil-
ity assays were conducted using three biological repli-
cates for the selected isolates P3, P6, and P9; motility
assays additionally included technical duplicates.

Data normality and homogeneity of variance were
assessed using the Shapiro-Wilk and Brown-For-
sythe tests, respectively. Where appropriate, one-way
ANOVA followed by Tukey’s multiple-comparison
test was used for comparisons involving multiple
groups, while paired two-tailed Student’s t-tests were
used for direct comparisons between untreated and
eugenol-treated samples within the same isolate. Ex-
act P-values, means + standard deviations, and 95%
confidence intervals were reported where applicable.
Statistical significance was set at P < 0.05. Given
the limited number of independent clinical isolates,
statistical findings were interpreted as observations
within the tested isolates and experimental replicates
rather than as evidence of population-level general-
izability.

Ethical approval. Although no direct live animal
interventions or human participant experiments were
performed, institutional permission and ethical clear-
ance for utilizing routine diagnostic veterinary clin-
ical specimens were formally granted by the Small
Animal Hospital and the Research Ethics Committee
of the Faculty of Veterinary Medicine, University of
Tehran.
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RESULTS

Antibacterial activity of eugenol against P. aeru-
ginosa isolates. The antibacterial activity of eugenol
was evaluated by determining the MICs against all
nine clinical P. aeruginosa isolates (N=9). The MIC
values ranged from 2.5 to 10 pg/mL among the test-
ed isolates (Fig. 1). Isolates P2 and P5 exhibited the
lowest MIC value (2.5 pg/mL), indicating the highest
susceptibility to eugenol. Four isolates (P1, P7, P8,
and P9) showed MIC values of 5 pg/mL, whereas
isolate P3 demonstrated the highest MIC value (10
pg/mL), and isolate P6 showed an MIC of 5 pg/mL.
No isolates displayed MIC values exceeding 10 pg/
mL. All MIC determinations were performed in in-
dependent biological triplicate (n=3), yielding identi-
cal replicate values.

Comprehensive isolate susceptibility and interac-
tion summary: to provide complete data transparen-
cy across the panel, Table 1 summarizes the isolate
ID, clinical source, individual eugenol MICs, genta-
micin MICs, and subset-specific checkerboard FICI
values for cefixime and gentamicin. Cefixime stand-
alone MIC testing yielded a uniform high value of
64 pg/mL across tested representative strains (such
as P6), reflecting broad baseline resistance, whereas
individual cefixime testing was not exhaustively re-
peated across all nine isolates due to confirmed uni-
form high resistance.

Antibiotic susceptibility testing and MIC deter-
mination of gentamicin. he antimicrobial suscep-
tibility of P. aeruginosa isolates to gentamicin was
initially evaluated using the disk diffusion method.
The results demonstrated inhibition zone diame-
ters of approximately 20.4 £ 1.2" mm" (mean * SD,
n=3), indicating high susceptibility according to
CLSI interpretive criteria (susceptibility breakpoint
>15 mm). In addition, the MICs of gentamicin were
determined independently using the broth microdi-
lution method in biological triplicate (n=3). The ob-
tained MIC values were 0.78 ug/mL (isolate P9) and
1.56 pg/mL (isolates P3 and P6), confirming strong
baseline antibacterial activity of gentamicin against
the tested subset.

Synergistic interaction between eugenol and ce-
fixime. The checkerboard microdilution assay, per-
formed in biological triplicate (n=3), demonstrated
a synergistic interaction between eugenol and ce-

IRAN. J. MICROBIOL. Volume 18 Number 5 (October 2026) 828-840 833


http://ijm.tums.ac.ir/

SEYEDEH SAMANEH MOSTAAN ET AL.

control 2|}

®©,9,9,.© %% €.9,8.9,9.9
OOOOOC s\*iﬁ@
OQOOVOOCOOOO0
OO0
® QOO0 OC
(oi, LOO0CO0OOCO
O ° fgl"'l OO COCOLOLOO0
O O .,"..:"! ’/ = J.J L g.J.J.J
S —— ~ ge O
©,0,9,0.0,.0,.0,0,0,0.0).4
», D000 OODL
oYl retstapate Tt
@, LDOOOOCOCOD
N - QOO OO
® Gle, delelelele) 3
O 0 O OO0COOC e

Fig. 1. Minimum inhibitory concentration (MIC) of eugenol
against clinical isolates of Pseudomonas aeruginosa deter-
mined by broth microdilution. Representative 96-well plates
showing serial two-fold dilutions of eugenol after 24 h in-
cubation at 37°C. The plates display isolates P1, P2, P3 (top
plate), P5, P6, P7 (middle plate), and P11, P8, P9 (bottom
plate). The MIC range was 2.5-10 pg/mL. Growth and ste-
rility controls were included in each plate. The displayed 96-
well plates represent a single independent experiment out of
the three biological replicates performed (n=3).

fixime against the selected representative subset of
P. aeruginosa isolates (P3, P6, and P9). For isolate
P6, the combination markedly reduced the MICs
of both agents compared with their individual MIC
values. Specifically, the MIC of eugenol decreased
from 5 pg/mL to 1.25 ug/mL, while the MIC of
cefixime decreased from 64 pg/mL to 16 pg/mL
when used in combination. The calculated FICI for
isolate P6 was 0.5 (Fig. 2), indicating a synergistic
interaction (FICI<0.5). Similar synergistic interac-
tions (FICI<0.5) were observed for isolates P3 and
P9. Because these results were derived exclusively
from isolates P3, P6, and P9, they are presented as
isolate-specific in vitro findings rather than evidence
of a broadly established universal pattern across all
nine strains.

Synergistic interaction between eugenol and
gentamicin. The checkerboard microdilution as-
say (n=3 biological replicates) demonstrated a pro-
nounced synergistic interaction between eugenol
and gentamicin against the selected representative
subset of clinical isolates (P3, P6, and P9). For iso-
late P6, the MIC of eugenol decreased from 2.5 ug/
mL to 0.32 ug/mL when combined with gentamicin,
while the MIC of gentamicin was reduced from 1.56
ug/mL to 0.2 pg/mL, resulting in a FICI value of
0.256. Similarly, isolate P9 exhibited identical MIC
reductions, yielding an FICI value of 0.256. In iso-
late P3, the combination produced an FICI value of
0.384 (Fig. 3). Since all calculated FICI values for
this subset were <0.5, the interaction between euge-

Table 1. Summary of isolate IDs, clinical sources, individual minimum inhibitory concentrations (MICs), and interaction

indices (FICI).

Isolate Clinical Source Eugenol MIC Cefixime MIC Gentamicin MIC FICI FICI

ID (ng/mL) (ng/mL) (ng/mL) (Eugenol + Cefixime) (Eugenol + Gentamicin)
P1 Canine Wound 5 NT NT NT NT

P2 Canine Wound 2.5 NT NT NT NT

P3 Canine Urine 10 64 1.56 0.5 (Synergistic) 0.384 (Synergistic)
P4 Feline Urine 5 NT NT NT NT

P5 Canine Wound 25 NT NT NT NT

P6 Feline Wound 5 64 1.56 0.5 (Synergistic) 0.256 (Synergistic)
p7 Canine Wound 5 NT NT NT NT

P8 Canine Urine 5 NT NT NT NT

P9 Canine Urine 5 64 0.78 0.5 (Synergistic) 0.256 (Synergistic)

Note: NT = Not Tested; checkerboard synergy and combination MIC evaluations were restricted to the selected representative
subset of isolates P3, P6, and P9 rather than applied across all nine isolates.
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Fig. 2. Synergistic interaction between eugenol and cefix-
ime against Pseudomonas aeruginosa clinical isolates (P3,
P6, and P9) determined by the checkerboard microdilution
assay. Serial two-fold dilutions of eugenol (horizontal axis)
and cefixime (vertical axis) were combined in 96-well mi-
croplates and incubated for 24 h at 37°C. Representative
wells indicating MICs of each agent alone and in combi-
nation are highlighted. The combination reduced the MIC
of eugenol from 5 to 1.25 pg/mL and cefixime from 64 to
16 pg/mL (isolate P6), yielding a Fractional Inhibitory Con-
centration Index (FICI) of 0.5, consistent with synergism
(FICI < 0.5). Similar synergistic patterns were observed
for isolates P3 and P9. The displayed plate represents an
isolate-specific representative experiment out of the three
independent biological replicates performed (n=3). Repre-
sentative wells indicating MICs of each agent alone and in
combination are highlighted, where the 'Combination’ label
indicates wells containing the dual mixture of eugenol and
cefixime.

nol and gentamicin was classified pharmacologically
as synergistic. These findings indicate that eugenol
markedly enhances gentamicin activity in these spe-
cific isolates.

Inhibitory effects of eugenol on P. aeruginosa

motility. To clearly distinguish direct antibacterial
effects from anti-motility activities, sub-inhibitory
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Fig. 3. Synergistic interaction between eugenol and gen-
tamicin against Pseudomonas aeruginosa clinical isolates
(P3, P6, and P9) determined by checkerboard microdilution
assay. Serial two-fold dilutions of eugenol (horizontal axis)
and gentamicin (vertical axis) were combined and incubat-
ed for 24 h at 37°C. Representative wells indicating MICs
of each agent alone and in combination are highlighted. In
isolate P6, the MIC of eugenol decreased from 2.5 to 0.32
pg/mL and gentamicin from 1.56 to 0.2 pg/mL, yielding a
Fractional Inhibitory Concentration Index (FICI) of 0.256.
FICI values for isolates P3 and P9 were 0.384 and 0.256,
respectively, confirming strong synergism (FICI < 0.5). The
displayed plate represents an isolate-specific representative
experiment out of the three independent biological replicates
performed (n=3). Representative wells indicating MICs of
each agent alone and in combination are highlighted, where
the 'Combination' label indicates wells containing the dual
mixture of eugenol and gentamicin.

concentrations corresponding exactly to one-half of
each strain's MIC (MIC/2; 5 pg/mL for P3, 2.5 pg/
mL for P6, and 2.5 pg/mL for P9) were evaluated.
Parallel growth curve assays confirmed that bac-
terial replication rates and turbidity at MIC/2 were
indistinguishable from untreated controls, verifying
that observed motility reductions were independent
of general growth inhibition. Motility inhibition per-
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centages were calculated relative to untreated control ~ overall significance of P<0.013 (Fig. 5).
migration diameters using the formula:
Twitching motility. Assayed across isolates P3, P6,
Inhibition Rate (%):(1,%% 100 and P9 in biological triplicate (n=3 independent ex-
conteel periments). Eugenol ("MIC/2") significantly reduced
crystal-violet-stained attachment zone diameters
Swimming motility. Assayed across isolates P3, compared with untreated controls (n=3): for isolate
P6, and P9 in biological triplicate (n=3 independent P3, mean diameter decreased from 18.5 £+ 1.4 mm to
experiments, with technical duplicates averaged per 6.7 £ 0.8 mm (64% reduction, P=0.001); for isolate
run). Eugenol (MIC/2) significantly reduced swim- P6, diameter decreased from 15.2 + 1.1 mm to 9.3
ming migration zone diameters compared with un- £+ 0.9 mm (39% reduction, P<0.001); for isolate P9,
treated controls (n=3): for isolate P3, mean diameter  diameter decreased from 16.8 + 1.3 mm to 8.7 + 0.7
decreased from 32.4 +2.1 mmto 13.9 + 1.5 mm (57% mm (48% reduction, P=0.004). One-way ANOVA
reduction, paired t-test P=0.0123); for isolate P®6, yielded an overall significance of P<0.001 (Fig. 6).
diameter decreased from 29.8 £ 1.8 mm" to 134 + Visual documentation of plate assays is presented in
1.2 mm (55% reduction, P=0.013); for isolate P9, di-  Fig. 7.
ameter decreased from 35.2 £ 2.4 mm to 19.7 =+ 1.6
mm (44% reduction, P=0.049). One-way ANOVA
across tested strains yielded an overall significance DISCUSSION
of P<0.001 (Fig. 4).
The present study demonstrated the intrinsic in vi-
Swarming motility. Assayed across isolates P3,  tro antibacterial activity of eugenol against clinical
P6, and P9 in biological triplicate (n=3 independent isolates of P. aeruginosa, with MIC values ranging
experiments). Eugenol (MIC/2) significantly re- from 2.5 to 10 pg/mL among the nine examined
duced swarming spread diameters compared with isolates. When compared with previous literature,
untreated controls (n=3): for isolate P3, mean di-  these observed MIC values are substantially lower
ameter decreased from 28.6 + 1.9 mm to 16.0 + 1.3 than several earlier reports where average MIC val-
mm (44% reduction, P<0.001); for isolate P6, diam-  ues exceeded 625 pg/mL or reached concentrations
eter decreased from 26.5 £ 1.7 mm to 14.3 + 1.1 mm over 1000 pg/mL to inhibit P. aeruginosa growth
(46% reduction, P=0.013); for isolate P9, diameter  (17). Methodologically, these discrepancies are best
decreased from 30.1 + 2.2 mm to 17.1 + 1.4 mm (43% explained by strict solvent control (maintaining fi-
reduction, P=0.033). One-way ANOVA Yyielded an nal DMSO concentrations <1%), the use of fresh

Swimming isolate p3 Swimming isolate p6 Swimming isolate p9 Swimming all three isolates
2 * 201 * 21 * 201 ¥
- =0.013 = p=0.049 - =0.0123 P <0.001
E |l — El— B |
<151 < 151 =% 2151
3 2 2 S
0 9 15 ]
£l __ £ £ Ein{
T o T T 10- T
5 | 5 | 5 5
g o g %% 2 5 g ¥
N N N N %
" Treated  Control Treated  Control " Treated  Control " Treated  Control

Fig. 4. Inhibitory effect of sub-MIC eugenol on swimming motility of P. aeruginosa clinical isolates (P3, P6, and P9). Swim-
ming assays were performed on LB agar containing 0.3% agar and incubated at 37°C for 24 h. Representative plates compar-
ing untreated controls and eugenol-treated groups (MIC/2) are shown. Eugenol significantly reduced swimming motility, with
mean inhibition rates of 57% (P3), 55% (P6), and 44% (P9). Statistical analysis confirmed significant differences compared
with untreated controls (P3: P = 0.0123; P6: P = 0.013; P9: P = 0.049; one-way ANOVA).
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Fig. 5. Effect of sub-MIC eugenol on swarming motility of P. aeruginosa clinical isolates (P3, P6, and P9). Swarming assays
were performed on LB agar containing 0.7% agar and incubated at 37°C for 24 h. Representative plates comparing untreated
controls and eugenol-treated groups (MIC/2) are shown. Eugenol significantly reduced swarming motility, with mean inhi-
bition rates of 44% (P3), 46% (P6), and 43% (P9). Statistical analysis demonstrated significant differences compared with
untreated controls (P3: P < 0.001; P6: P = 0.013; P9: P = 0.033; one-way ANOVA).

Twitching isolate p3 Twitching isolate p6 Twitching isolate p9 Twitching all three isolates
* * * *
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Fig. 6. Inhibitory effect of sub-MIC eugenol on twitching motility of P. aeruginosa clinical isolates (P3, P6, and P9). Twitch-
ing assays were performed on LB agar containing 1.5% agar and incubated at 37°C for 48-72 h. After incubation, the agar
layer was removed and adherent cells were stained with 0.1% crystal violet for visualization. Representative plates comparing
untreated controls and eugenol-treated groups (MIC/2) are shown. Eugenol markedly reduced twitching motility, with mean
inhibition rates of 64% (P3), 39% (P6), and 48% (P9). Statistical analysis demonstrated highly significant differences com-
pared with untreated controls (P3: P = 0.001; P6: P < 0.001; P9: P = 0.004; one-way ANOVA).

high-purity stock solutions, specific regional strain veterinary patients, limiting the scope of the findings

characteristics, and variations in culture media com-  to a preliminary veterinary context (3).
position (such as Mueller-Hinton broth versus TSB). The checkerboard assay demonstrated a clear syn-
The antimony and microdilution analyses con- ergistic interaction between eugenol and cefixime

firmed the susceptibility of the tested veterinary  (FICI=0.5 for isolate P6, with comparable outcomes
isolates to gentamicin, with disk diffusion inhibition in P3 and P9). An even stronger synergistic interac-
zones averaging approximately 20 mm and low mi-  tion was observed for the combination of eugenol and
crodilution MICs (0.78 to 1.56 pg/mL) (18). However, gentamicin, yielding FICI values of 0.256 (isolates
the tested isolates were not systematically character- P6 and P9) and 0.384 (isolate P3). These interaction
ized as multidrug-resistant (MDR); therefore, these indices demonstrate favorable in vitro combination

findings cannot be extrapolated to broader MDR hu- effects for these specific isolate pairs rather than a
man clinical infections. All isolates evaluated in this broadly established universal pattern. Mechanisti-
study originated exclusively from companion animal cally, while earlier literature suggests that phenolic
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14 mm

Fig. 7. Inhibition of different motility types of P. aeruginosa by sub-MIC eugenol; A1-A3 show images related to swimming
motility in three tested isolates (P3, P6 and P9). B1-B3 represent swarming motility, and C1-C3 correspond to twitching mo-
tility. The plates on the right were treated with MIC/2 concentration of eugenol, while the plates on the left served as controls.
The experiment was performed in triplicate, and the mean diameter of bacterial growth was ultimately used as the analyzed pa-
rameter. The displayed plates represent a single independent experiment out of the three biological replicates performed (n=3).

compounds like eugenol may alter membrane char-  terpreted strictly as working hypotheses rather than
acteristics or interfere with regulatory pathways, demonstrated mechanisms (3).

direct membrane permeabilization, quorum-sensing The most plausible explanation for this synergy lies
interference, or Type 1V pilus disruption were not ex- in eugenol’s membrane-disruptive properties. Euge-
perimentally measured in this study and must be in- nol increases bacterial cytoplasmic membrane per-
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meability, thereby facilitating enhanced intracellular
penetration of cefixime, a p-lactam antibiotic that in-
hibits cell wall synthesis. Improved antibiotic access
to its target site likely accounts for the reduced MIC
values observed in combination therapy. Important-
ly, this finding addresses a previously underexplored
therapeutic combination involving eugenol and ce-
fixime against resistant P. aeruginosa strains (19).
Similar potentiation effects have been described for
natural compounds such as cinnamaldehyde, which
enhance aminoglycoside efficacy by interfering with
quorum sensing (QS) pathways and suppressing vir-
ulence factor expression (20).

Beyond antimicrobial synergy, sub-inhibitory eu-
genol treatment (MIC/2) significantly reduced swim-
ming (44-57%), swarming (43-46%), and twitching
(39-64%) motility across the tested isolates (P<0.05).
While these reductions in motility are notable in vi-
tro phenotypic observations, motility inhibition does
not necessarily imply or demonstrate reduced in vivo
invasion, host dissemination, or biofilm formation,
as those complex pathogenic phenotypes were not
directly evaluated (21).

Furthermore, because no pharmacokinetic, toxi-
cological, longitudinal resistance-monitoring, or in
vivo efficacy experiments were performed, claims
that eugenol will reduce clinical dosage require-
ments, minimize toxicity, or prevent resistance emer-
gence must be strictly avoided (22).

Overall, this study provides preliminary in vitro
laboratory evidence supporting future investigation
rather than direct therapeutic implications. Future
research must focus on rigorous molecular target
validation, toxicity profiling, and in vivo model eval-
uations before any clinical relevance can be estab-
lished. Furthermore, while eugenol holds Generally
Recognized as Safe (GRAS) status, its clinical trans-
lation is significantly constrained by poor systemic
bioavailability and dose-dependent toxicity, render-
ing topical applications or advanced nano formula-
tions promising strategies for future exploration (23).

CONCLUSION

In conclusion, this in vitro laboratory investigation
demonstrated that eugenol exhibits intrinsic antibac-
terial activity against clinical P. aeruginosa isolates
obtained from hospitalized animals, alongside favor-
able FICI interaction profiles when combined with

http://ijm.tums.ac.ir
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cefixime and gentamicin. Furthermore, sub-inhib-
itory eugenol concentrations significantly reduced
swimming, swarming, and twitching motilities in
the tested representative subset. However, because
these findings are strictly restricted to limited in vi-
tro laboratory observations on a small convenience
sample of veterinary isolates—without dosage op-
timization, pharmacokinetic evaluations, toxicity
testing, molecular mechanism validation, or in vivo
efficacy trials—they do not provide direct therapeu-
tic implications or establish a broadly universal clin-
ical pattern. Future research must focus on rigorous
molecular target validation, safety profiling, and in
vivo model evaluations before any clinical relevance
or adjuvant application can be established.

This study has several limitations. First, the small
convenience sample of nine clinical isolates from a
single veterinary institution (Small Animal Hospi-
tal, University of Tehran) may introduce selection
bias and limits the generalizability of the findings.
Second, detailed synergy and motility assays were
restricted to three representative isolates (P3, P6,
and P9). The study also did not include molecular
characterization of resistance or virulence determi-
nants, direct assessment of membrane permeability,
quorum-sensing or gene-expression analyses, bio-
film quantification, time-kill assays, toxicity testing,
pharmacokinetic evaluation, or in vivo experiments.
In addition, in vitro motility findings cannot establish
clinical relevance or predict bacterial invasion or dis-
semination in vivo. Finally, the present findings do
not provide evidence that eugenol can prevent resis-
tance emergence, reduce clinical antibiotic doses, or
provide therapeutic benefit. These limitations should
be considered when interpreting the preliminary in
vitro findings and highlight the need for further stud-
ies using larger and more diverse isolate collections
and appropriate mechanistic and in vivo models.
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