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Abstract. Urinary tract infections (UTIs) are among the most prevalent bacterial infections
worldwide, occurring in both community and healthcare settings. Pseudomonas aeruginosa, a
Gram-negative opportunistic pathogen, is one of the five most significant nosocomial bacteria
and a major contributor to UTIs. This study aimed to quantify the expression levels of efflux
pump genes mexA and mexB in response to the efflux pump inhibitor phenylalanine-arginine
B-naphthylamide (PABN) in ciprofloxacin-resistant P. aeruginosa isolates.

Methods. Fifty urine specimens were collected from UTI patients at various hospitals in Baghdad.
Specimens were directly cultured by streaking on differential media. Five ciprofloxacin-resistant
P. aeruginosa isolates were identified, with resistance confirmed using the disk diffusion method
for antibiotic susceptibility. The broth microdilution method was employed to determine the
minimum inhibitory concentration (MIC) of ciprofloxacin (CIP) alone and in combination with
PABN to assess PABN'’s inhibitory activity. RNA was extracted and purified from the bacterial
isolates, followed by reverse transcription and quantitative PCR to evaluate the expression
of efflux pump-related genes. The expression levels of mexA and mexB were measured in the
presence of the tested compounds using quantitative PCR.

Results. Antibiotic susceptibility testing revealed that the isolates were resistant to nearly all
antibiotics tested, except piperacillin-tazobactam, which was effective against 64% of the
isolates. None of the five selected isolates showed sensitivity to ciprofloxacin. The MIC for
ciprofloxacin ranged from 31.25 to 62.5 mg/L, while the sub-MIC in the presence of PABN was
significantly reduced, ranging from 7.81to 15.62 mg/L. The expression levels of mexA and mexB
genes decreased significantly in three of the five isolates when exposed to PAB N and ciprofloxacin
compared to ciprofloxacin alone, with expression levels reduced from 1.319 to 0.574, 0.159 to
0.008, and 194.0 to 4.9, respectively. However, two isolates exhibited overexpression of these
genes.

Conclusions. The presence of PABN significantly reduced ciprofloxacin MICs in most
ciprofloxacin-resistant P. aeruginosa isolates in vitro. The expression levels of mexA and mexB
genes decreased in most isolates when PABN was used in combination with ciprofloxacin,
suggesting that PABN could enhance the efficacy of ciprofloxacin. These findings indicate that
PABN may be a promising adjunctive antimicrobial agent for treating UTIs caused by resistant
P. aeruginosa.

Keywords: Pseudomonas aeruginosa, efflux pumps, mexA gene, mexB gene, phenylalanine-
arginine 3-naphthylamide, multidrug resistance, urinary tract infections.
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KinbKicHe BU3HAYEHHS PiBHIB eKcnpecii reHiB mexA ta mexB'y Bianosiab
Ha iHrioiTop edumokcHux HacociB PABN y nunpodJiokcanuH-pe3uCTEHTHUX
i3onarax Pseudomonas aeruginosa, BUijileHUX y NALIEHTIB
3 IH(PEKI€I0 CeY0BOI CHCTEMHU
IHCTUTYT reHeTUYHOI iHXXeHepii Ta 6i0TeXHOJI0Til MiCASIAUIIIIOMHOI OCBITH, YHiBepcuTeT barnana, barnan, Ipak

Pestome. [ugpexuii cewosoi cucmemu (ICC) € oouicio 3 Hatinowupeniuux 6axmepiarvHux iHgexyii y ceimi.
Pseudomonas aeruginosa, epammnecamugnuii OnoOpmMyHICMUMHUL NAMO2eH, € 0OHUM i3 N’AMU HAU3HAYHIWUX HO30KOMI-
anvuux 6axkmepiil i ocnosnum yunnuxom 1CC. Lle docaioncenns mano Ha memi KinbKiCHO OuiHumu pigHi eKcnpecii eeHie
earokcrux Hacocie mexA ma mexB y 6i0nogios Ha ineibimop egarokcHUX Hacocie geninaranin-apeinin B-Hagpmusamin
(PABN) y yunpogrokcayun-pezucmenmuux izonsmax P. aeruginosa.

Memoou. IT’smdecam 3paskie ceui Oyno0 3ibparno 6id nayicumie 3 ICC y piznux aikapuax baedada. 3pasku 6e3-
nocepedHb0 Kyabmueyeanu Wasxom HaHeceHHs Ha oughepenyiiini cepedosuuia. byno idenmugixosarno n’amo yunpog-
JNOKcayun-pesucmenmuux izonamise P. aeruginosa, pezucmenmHicme AKux niomeepoxceHa memooom Ouckosoi ougysii
ons eusHaveHHs wymaueocmi 0o anmubiomuxie. Memod mikpoountoyii 6 OyAbloOHI BUKOPUCMOBYBANU 0N U3HAUEHHS
Minimanvroi ineioyrouoi konuenmpauii (MIK) yunpoghroxcayuny (CIP) okpemo ma 6 kombinayii 3 PABN 0as oyinku
ineioyrouoi akmugnocmi PABN. PHK excmpacyseasu ma ouuujasu 3 6aKmepiansbhux iz04mig, Nicas 4020 npoeooun
360pomHy mpauckpunuyiro ma xinvkicny IIJIP 0as oyinku excnpecii eenig, nog’a3anux iz egaroxcHumu Hacocamu. Pieni
excnpecii mexA ma mexB sumiprosaru 6 npucymuocmi 00CAi0HCYBaAHUX CNOAYK 3a AoNOM020i0 KinbkicHoi TTJIP.

Pesyromamu. Tecmyeanns na yymausicmes 00 aHmubiomuKie nOKA3an0, wo 304amu 6yau pe3ucmeHmHumu 0o
maiijce 6Cix npomecmoganux aHmMubiomuKie, 3a 6UHAMKOM NINEPayUliHy-mazobakmamy, aKuii 6ye echekmusHum npo-
mu 64% izonsmie. XKodern i3 n’amu 6idibpanux izo1amie He useus yymausocmi 0o yunpogaoxcauury. MIK das yunpogp-
AoKcayuny eapirogana 8io 31,25 do 62,5 me/n, modi sk cy6-MIK y npucymnocmi PAS N 3nauno 3uusicysanacs, eapiorouu
6i0 7,81 00 15,62 me/n. Pieni excnpecii eenie mexA ma mexB 3nauno 3nusuaucs ¢ mpvox iz n’amu izonamie npu 0ii PABN
i yunpogaokcayury nopigHAHO 3 YUNPOPDAOKCAUUHOM OKPEMO, 3i 3HUNICEHHAM pigHieé excnpecii 3 1,319 do 0,574, 3 0,159
do 0,008 ma 3 194,0 do 4,9 sionosiono. Odunax dea i3043mu nOKA3aAU HAOMIPHY eKCAPeCito YUX 2eHis.

Bucnoexu. Ilpucymuicme PABN 3uauno 3nusuna MIK yunpogaokcayuny 6 binvuiocmi yunpoghrokcayum-pe-
3ucmenmuux izonamie P. aeruginosa in vitro. Pieni excnpecii eenie mexA ma mexB 3nusuauce 6 dinouiocmi izonamie
npu komoinoearomy suxopucmanti PABN i3 yunpoghroxcayumnom, wo cgiduums npo me, ujo PASN mooce nidsuuyeamu
epexmugnicms yunpogaokcayury. Li pesyaomamu exazyroms na me, ujo PABN mooice 6ymu nepcnekmugrum 0onomixc-
HUM aHmMUMIKpoOHUM aeenmom 0as nikyeanus ICIII, cnpuuunenux pesucmenmuumu P. aeruginosa.

KmouoBi cioBa: Pseudomonas aeruginosa, egaricui nacocu, een mexA, een mexB, ¢eninaranin-apeinin
[-Hagpmunamin, MHOJCUHHA pe3UucmeHmHicCmb, iHgeKyil ceuo8UBIOHUX WASIXIE.

Introduction. Urinary tract infections (UTIs) rank
among the most prevalent bacterial infections world-
wide, occurring in both community and healthcare set-
tings. The primary microorganisms implicated in UTIs
include Escherichia coli, Pseudomonas aeruginosa, Pro-
teus mirabilis, Klebsiella pneumoniae, and Streptococcus
faecalis, alongside various other microorganisms, in-
cluding fungi and certain viruses [1, 2].

Pseudomonas aeruginosa is a gram-negative, op-
portunistic pathogen and is recognized as one of the
five most significant nosocomial bacteria globally. It is a
rod-shaped bacterium measuring 1—5 pm in length and
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0.5—1.0 um in width, non-spore-forming, and motile
via one or two polar flagella [3]. This aerobic bacterium
thrives in diverse environments, including soil, plants,
and mammalian tissues. It can persist on medical de-
vices and various surfaces by utilizing essential adhesion
components such as flagella, pili, and biofilms.

P. aeruginosa is a major contributor to antibiotic
resistance and hospital-acquired infections, commonly
found on hospital floors, in operating rooms, and on
surgical instruments. It is capable of surviving disin-
fectants and certain sterilization processes [4, 5]. This
pathogen is often associated with healthcare-related
infections such as ventilator-associated pneumonia
(VAP), intensive care unit infections, central line-asso-
ciated bloodstream infections, surgical site infections,
urinary tract infections, burn wound infections, kerati-
tis, and otitis media [6].

The increased mortality rate among patients suf-
fering from these infections is largely attributed to P.
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aeruginosa’s adaptability to environmental changes
and its ability to rapidly develop resistance to antibiot-
ics [7, 8]. The growing incidence of nosocomial infec-
tions caused by multidrug-resistant (MDR), extensively
drug-resistant (XDR), and pan-drug-resistant (PDR)
strains of P. aeruginosa poses a significant challenge to
antimicrobial therapy [9, 10].

Infections caused by P. aeruginosa are difficult
to treat due to both intrinsic and acquired resistance
mechanisms. Intrinsic resistance mechanisms include
reduced outer membrane permeability, inducible
B-lactamase production, and the activity of multidrug
efflux systems [11]. P. aeruginosa possesses several mul-
tidrug efflux systems—MexAB-OprM, MexCD-Opr],
MexEF-OprN, and MexXY-OprM—which are major
contributors to drug resistance in clinical isolates [12].
Based on this, the current study focuses particularly on
these systems.

Among these, MexAB-OprM is regarded as the
most crucial efflux pump due to its ability to expel a
wide range of antibiotics, including fluoroquinolones,
chloramphenicol, and certain B-lactams [13, 14].

Numerous natural compounds have shown the
ability to inhibit efflux pumps, notably Phenylalanine-
Arginine -Naphthylamide (PABN), a peptidomimet-
ic compound recognized as a potent inhibitor of RND
efflux pumps in gram-negative bacteria [15]. PABN
works through competitive inhibition, being preferen-
tially expelled by efflux pumps instead of antibiotics,
thus allowing antibiotics to accumulate inside bac-
terial cells. Additionally, PABN diminishes quorum
sensing (QS) signaling molecules without affecting
bacterial viability and effectively inactivates virulence
factors such as elastase, protease, pyocyanin, and bac-
terial motility [16].

The rise of antibiotic-resistant microorganisms has
spurred research into novel therapeutic combinations
that protect antibiotics from degradation by resistant
bacterial enzymes [17]. Therefore, the present study
aims to inhibit efflux pumps using chemical agents
known as efflux pump inhibitors (EPIs), such as PABN,
to enhance the efficacy of antibiotics and increase the
susceptibility of MDR isolates.

Material and methods. Isolation and identifica-
tion of Pseudomonas aeruginosa. Fifty urine specimens
were collected from UTI patients at various hospitals
in Baghdad. The specimens were streaked onto blood
agar, MacConkey agar, and cetrimide agar, and incu-
bated aerobically at 37°C for 24 hours.

Morphological identification was conducted by
gram staining and macroscopic examination. Confir-
mation of P. aeruginosa was achieved using the VITEK
2 Compact system and molecular detection methods
[18].

Antibiotic _susceptibility testing (Disc _diffusion
method). The Kirby-Bauer disc diffusion method
was employed to assess the antibiotic susceptibility
of bacterial isolates [19]. The inhibition zones were
measured in millimeters and interpreted following the

Clinical and Laboratory Standards Institute (CLSI,

2023) guidelines. The antibiotics tested included:

Piperacillin (100 pg), Ceftazidime (30 pg), Cefepime

(30 pg), Ticarcillin-clavulanate (75/10 pg), Piper-

acillin-tazobactam (100/10 pg), Aztreonam (30 pg),

Imipenem (10 pg), Meropenem (10 pg), Gentamicin

(10 pg), Amikacin (30 pg), Levofloxacin (5 pg), and

Ciprofloxacin (5 pg).

Estimation of Minimal Inhibitory Concentration
(MIC) by broth microdilution method. The MIC of cip-
rofloxacin against P. aeruginosa was determined using
the microtiter broth dilution method with resazurin
dye, following CLSI guidelines [20].

e Bacterial suspensions were adjusted to 0.5
McFarland standard, then diluted in Mueller-
Hinton broth to achieve an inoculum of
approximately 1.5 x 105 CFU/ml.

e Ciprofloxacin solutions (1-512 pg/ml) were
prepared from a 1024 ug/ml stock solution.

e  Following 24 hours of incubation, 20 pl of resazurin
dye was added to each well and incubated for 30
minutes.

e  MIC values were visually determined as the lowest
concentration where no color change (from blue to
pink) was observed.

Assessment of the synergistic effect of the efflux pump
inhibitor PaN. The synergistic effects of PABN and
ciprofloxacin were evaluated by broth microdilution.
Bacterial suspensions were incubated with ciprofloxa-
cin in the presence and absence of 50 ug/ml PABN. A
2 pL aliquot of the 5 mg/mL PABN stock was added to
each well simultaneously with the antibiotic.

MexA and MexB genes expression. Five P. aerugi-
nosa isolates (PA8, PA20, PA44, PA45, and PA50) were
selected based on their source (UTI patients), efflux
pump activity, strong biofilm formation, and resistance
to ciprofloxacin.

e Planktonic cells were cultured overnight in

Mueller-Hinton broth at 37°C.

e  Theeffects of ciprofloxacin alone and ciprofloxacin
+ PABN on MexA and MexB expression were
assessed at sub-MIC concentrations.

e RNA was extracted using the Direct-zol™ RNA
MiniPrep Kit (ZYMO RESEARCH, USA)
following the manufacturer’s protocol.

e Gene expression was quantified by qPCR using
16S rRNA as the housekeeping gene.

e Reactions and thermocycler conditions

detailed in Tables 1 and 2.

e Fold changes in gene expression were calculated
using the AACT method [21].

Molecular methods such as PCR are powerful
tools for diagnosing most pathogenic microorganisms
responsible for urinary tract infections [22—26].

are
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Table 1
Components of qRT-PCR used in MexA and MexB gene expression analysis
Component Yolume (uL) Final Concentration
TAKARA gPCR Master Mix (2X) Universal 10.0 2X
Forward Primer 0.4 0.2 uM
Reverse Primer 0.4 0.2uM
Nuclease-Free Water Up to 20.0 —
Template DNA — 1 pg— 100 ng
Table 2
qRT-PCR thermocycling conditions used in this study
Step Temperature (°C) Time Cycle(s)
Enzyme Activation 95 5 min 1
Denaturation 95 20 sec 40
Annealing 60 20 sec
Extension 72 20 sec

Result. Isolation of Pseudomonas aeruginosa.
Among the urine samples collected, Pseudomonas
aeruginosa was isolated from 28% of the samples,
while the remaining 72% were negative for this
bacterium.

Antibiotic sensitivity of Pseudomonas acruginosa.
The antibiotic susceptibility of P. acruginosa to selected
antibiotics is shown in Table 3. In general, the isolates
exhibited resistance to most antibiotics tested, with the
exception of piperacillin-tazobactam (TZP), which was
effective against 64% of the isolates.

Table 3
Antibiotic sensitivity of Pseudomonas aeruginosa to selected antibiotics

Antibiotic Resistant Intermediate Sensitive
Piperacillin 44 (88%) 4 (8%) 2 (4%)
Piperacillin-tazobactam 10 (20%) 8 (16%) 32 (64%)
Ticarcillin-clavulanate 46 (92%) 4 (8%) 0(0%)
Amikacin 23 (46%) 0(0%) 27 (54%)
Gentamicin 26 (52%) 1(2%) 23 (46%)
Aztreonam 24 (48%) 5(10%) 21 (42%)
Cefepime 28 (56%) 0(0%) 22 (44%)
Ceftazidime 29 (58%) 2 (4%) 19 (38%)
Ciprofloxacin 27 (54%) 2(4%) 21 (42%)
Levofloxacin 29 (58%) 2 (4%) 19 (38%)
Imipenem 25 (50%) 1(2%) 24 (48%)
Meropenem 26 (52%) 0(0%) 24 (48%)

Determination of ciprofloxacin MIC. The MIC of
ciprofloxacin against P. aeruginosa was determined
using the 96-well microtiter plate method. The MIC
ranged from 62.5 mg/L to 125 mg/L, while sub-MIC
values ranged from 31.25 mg/L to 62.5 mg/L.

Determination _of Ciprofloxacin _+ PASN MIC.
When combined with the efflux pump inhibitor
PABN, the MIC of ciprofloxacin was significantly
reduced, ranging from 31.25 mg/L to 15.62 mg/L.
The sub-MIC concentrations were between 15.62 mg/L
and 7.81 mg/L. These results are summarized in Table 4.
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Table 4
MIC and sub-MIC of ciprofloxacin alone and in combination with PABN
Isolate No. | ID C“’“"zgl"ga/cL“)‘ MIC | qup-mic mg/ry | ©F Jr(;gAfg MIC | gup-MIC (mg/L)

1 8 125 62.5 31.25 15.62
2 20 125 62.5 31.25 15.62
3 44 125 62.5 31.25 15.62
4 45 125 62.5 31.25 15.62
5 50 125 62.5 15.62 7.81

MexA and MexB gene expression following treatment

with ciprofloxacin and ciprofloxacin + PaBN. Five iso-

lates were used to evaluate the expression of Mex4 and presented in Tables 5 and 6, respectively.

MexB genes under treatment with ciprofloxacin alone
and in combination with PABN. Expression levels are

Table 5
Expression levels of MexA gene following ciprofloxacin and ciprofloxacin + PABN treatment
No Isolate | Sub-MIC Sub-MIC Control | Fold Change | AACt C}:;):ld e AACt Fold Change
: ID CIP CIP+PABN | AACt (Control) CIP CIPg CIP+PABN | CIP+PABN
1 8 62.5 15.62 0 1.0 -0.4 1.32 0.8 0.57
2 20 62.5 15.62 0 1.0 -1.5 2.8 -4.4 21.1
3 44 62.5 15.62 0 1.0 2.65 0.16 6.85 0.008
4 45 62.5 15.62 0 1.0 -7.6 194.0 -2.3 4.9
5 50 62.5 7.81 0 1.0 0.19 0.9 -0.87 1.8
Table 6
Expression levels of MexB gene following ciprofloxacin and ciprofloxacin + PABN treatment
No. | Tsolate | Sub-MIC | Sub-MIC | Control | Fold Change | aaCt | o0 AACt Fold Change
: ID CIP CIP+PABN AACt (Control) CIP CIPg CIP+PABN CIP+PABN
1 8 62.5 15.62 0 1.0 -5.55 46.85 -3.35 10.20
2 20 62.5 15.62 0 1.0 -1.0 2.0 -1.6 3.0
3 44 62.5 15.62 0 1.0 2.95 0.13 4.8 0.036
4 45 62.5 15.62 0 1.0 -6.5 90.5 1.5 0.3
5 50 62.5 7.81 0 1.0 0.67 0.6 -0.96 1.9

Figure 1 shows PCR results for 16S rRNA, MexA, and MexB.

Fig. 1. Agarose gel electrophoresis of PCR products
from Pseudomonas aeruginosa isolates. (A) PCR
products for 16S rRNA. (B) PCR products for MexA.
(C) PCR products for MexB. Lane (L): DNA Ladder;
Lanes (3—50): Samples of P. aeruginosa isolates (1%
agarose gel at 70V for 1 hour).
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Discussion. Isolation and identification of Pseudo-
monas aeruginosa. The result of the isolation of P. aeru-
ginosa showed that 28% of the total samples were posi-
tive. This finding aligns with several other studies that
reported similar percentages of positive isolates, such as
Mohamed et al. (2019) [27], who recorded 27%. How-
ever, our findings differ from those of Boushra et al.
(2024) [28], who reported a higher percentage of 40%.
This variation may be attributed to geographic, climat-
ic, hygienic, and social factors [29].

Antibiotic sensitivity. Antibiotic sensitivity testing
was performed using the Kirby-Bauer method. Our
isolates appeared to be resistant to nearly all antibiot-
ics tested, except Piperacillin-tazobactam, which was
effective against 64% of the isolates. Notably, none of
the five selected isolates in our study showed any sen-
sitivity to ciprofloxacin, as shown in Table (3). The
results were compared with other studies conducted
both within and outside Iraq. These studies showed
inconsistent results, which may be attributed to dif-
ferences in clinical specimens, population-related
social factors, and levels of exposure to antimicrobial
agents, as reported by Ahmed Hasan et al. (2020) [30,
31].

Determination of MIC and sub-MIC. MIC deter-
mination was performed using the 96-well microtiter
plate method for ciprofloxacin and its combination
with PaBN. The MIC for ciprofloxacin alone ranged
from 62.5 mg/L to 125 mg/L, indicating complete re-
sistance of the isolates to ciprofloxacin. The sub-MIC
values ranged from 31.25 mg/L to 62.5 mg/L, repre-
senting concentrations at which the bacteria could
still grow [32, 33].

When ciprofloxacin was combined with PapN,
both the MIC and sub-MIC values decreased signifi-
cantly. MIC values ranged from 31.25 mg/L to 15.62
mg/L, while sub-MIC values ranged from 15.62 mg/L
to 7.81 mg/L. This suggests that the combination was
more effective at inhibiting bacterial growth. These
findings indicate that PaBN can suppress virulence
factors, especially efflux pumps, in resistant P. aerugi-
nosa strains, thereby reducing resistance and enhanc-
ing the effectiveness of ciprofloxacin [15, 16].

MexA and MexB gene expression. Gene expres-
sion data presented in Tables (5) and (6) showed that
PapN significantly reduced the expression levels of
MexA and MexB genes in most isolates (P < 0.05).
This supports the idea that combining ciprofloxacin
with PaBN can reduce bacterial resistance and con-
firms the relationship between the overexpression of
these genes and resistance to ciprofloxacin alone [16].

Our findings showed generally low MexA and
MexB expression among the resistant isolates, which
contrasts with the results of Abdolhosseini et al. [34],
who did not use an efflux pump inhibitor. The reduc-
tion in gene expression in our study may support the
hypothesis of synergism between PaBN and ciproflox-
acin [35], indicating a potential bactericidal effect of
the combination against P. aeruginosa [36].

Interestingly, isolates 2 and 5 exhibited differ-
ent patterns in gene expression fold changes, suggest-
ing possible mutations in regulatory genes that affect
efflux pump expression, as suggested by Hadir et al.
[37]. Due to a lack of references regarding such muta-
tions, we recommend further research on isolates with
this behavior.

Many recent studies have explored alternative
antimicrobial strategies using chemical, biological,
and physical approaches. Examples include the use of
methanolic extracts of Cladophora glomerata and Spi-
rulina platensis as antimicrobial agents [38, 39], Lac-
tobacillus acidophilus supernatants against P. aerugi-
nosa [26], essential oils of Mentha spicata to inhibit
Proteus mirabilis biofilms [40], nickel oxide nanopar-
ticles [41], nano-zirconium oxide particles com-
bined with selected antibiotics against E. coli and K.
pneumoniae [42], and even the application of audible
sounds and magnetic fields on methicillin-resistant
Staphylococcus aureus [43].

This study faced several limitations. First, the
time constraints for sample collection affected the
outcomes. Second, there were delays in receiving the
PapBN compound from the supplier. Third, although
real-time PCR was used to analyze gene expression,
the reliance on conventional PCR and electrophore-
sis for some procedures limited precision.

Conclusions. In conclusion, the addition of
PaBN led to a significant reduction in ciprofloxacin
MICs in most ciprofloxacin-resistant P. aeruginosa
isolates in vitro, indicating its potential as a promising
antimicrobial adjuvant. The gene expression analysis
revealed a clear decrease in MexA and MexB expres-
sion when ciprofloxacin was combined with PaN
in most tested isolates. This suggests that additional
regulatory factors, such as mutations or plasmid loss,
may influence gene expression in the presence of
PapN. Our study raises important questions about an-
tibiotic combination therapies and highlights the need
for further research to enhance antimicrobial strate-
gies.
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