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Abstract. Pseudomonas aeruginosa is an opportunistic pathogen of major global health concern, due to its increasing
multidrug resistance (MDR). One of the principal mechanism contributing to its MDR phenotype is the overexpression
of efflux pump systems, particularly the MexAB-OprM complex. This study aimed to assess the prevalence, antibiotic
susceptibility patterns, and phenotypic and genotypic profiles of efflux pump-mediated resistance in P. aeruginosa
clinical isolates. A total of one hundred clinical specimens were collected from patients admitted to Al-Khidmat Hospital,
Peshawar. Antibiotic susceptibility was performed against ten antibiotics using the Kirby—Bauer disc diffusion method.
Efflux pump activity was assessed using the ethidium bromide-agar cartwheel method, while the presence of the mexA
and mexB genes was detected by polymerase chain reaction (PCR). Forty percent of clinical specimens yielded bacterial
growth, with P. aeruginosa isolates more prevalent in males (54%). High resistance rates were observed against ceftazidime
(82%), ciprofloxacin (70%), cefepime (61%), and levofloxacin (66%), whereas higher susceptibility was recorded for
imipenem (76%), amikacin (73%), gentamicin (70%), and colistin (100%). Among the isolates, 62.5% were classified
as MDR, of which 68% demonstrated phenotypic efflux pump activity. Genotypic analysis revealed that 71% and 82%
of MDR isolates harbored the mexA and mexB genes, respectively. These findings indicate a strong association between
efflux pump overexpression and the MDR phenotype in P. aeruginosa. The high prevalence of mexA and mexB genes
supports the major contribution of the MexAB-OprM efflux system to antimicrobial resistance in these clinical isolates.
This study underscores the importance of routine molecular surveillance and suggests that efflux pump inhibitors (EPIs),
in combination with conventional antibiotics, may represent a promising therapeutic strategy. Furthermore, these findings
emphasize the need for strengthened antibiotic stewardship and targeted resistance monitoring to effectively manage
MDR P. aeruginosa infections.

Keywords: multidrug resistance, antibiotic susceptibility testing, MexAB-OprM complex, hospital-acquired infections, bacterial disease,
antibiotics.
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GEHOTUNMUYECKUE U TEHOTUMUYECKUE NPODPUIIN MHOXXECTBEHHON JIEKAPCTBEHHOM
YCTOUYUBOCTU, ONOCPEAOBAHHON 3P DSTIIOKCHBIMU HACOCAMMU, B KIIMHUYECKUX
N3ONATAX PSEUDOMONAS AERUGINOSA
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Pe3stome. Pseudomonas aeruginosa — ycIOBHO-TIATOT€HHBIII MUKPOOPTaHU3M, IIPEICTABSIONINI CYIIIECTBEHHYIO MUPOBYIO
YTPO3Y 7151 3MOPOBbSI, ITTABHBIM 00pa30M M3-3a pacTYIIei MyIbTHPE3UCTEHTHOCTHY K aHTHOMOTHKAM. OMHMM 13 OCHOBHBIX
MEXaHN3MOB, CITOCOOCTBYIOIIUX Pa3BUTHIO (PeHOTHUIIA MHOXKECTBEHHOM JIeKapcTBeHHOM ycToitumBoctr (MJIY), siBisercst
THIIEPIKCIIPECCHSI CCTeM 3(PGhIIOKCHBIX HACOCOB, B YaCTHOCTH KoMmILIekca meXAB-OprM. Llenrpio mTaHHOTO HCCIeaoBa-
HMS OBLJIa OLICHKA pacIpOCTPAaHEHHOCTH, UyBCTBUTEIBHOCTH K aHTHOMOTHKAM, a TAK3Ke oIpeaeieHrne (PeHOTUITNIeCKIX
1 TEHOTUTTNYECKUX TTPOGUIEH pe3UCTEHTHOCTH, OTIOCPEIOBAHHBIX A((DIIOKCHBIMU HACOCAaMU, B KIIMHUUYECKUX M30JIsI-
tax P. aeruginosa. Ha yyBcTBUTENBHOCTD K 10 aHTMOMOTHKAM ¢ mpuMeHeHreM Metona Kupou—bayspa Ob110 M3yueHbl
100 kK TMHUYEeCK X 00pa3LoB U3 00IbHULIBI AJTb-XUAMAT. AKTUBHOCTb 3((PIFOKCHBIX HACOCOB OLIEH UBAJIU METOIOM METOJ
«KoJieca TeexXKu» Ha arape ¢ opomuaom stuaus (EtBr). [eHoTunmuuyeckoe onpeneneHue reHoB mexA u mexB npoBoauIn
meronoM ITIP. B 40% kiuHuyecknx 06pa3LioB HabI0AaJICs POCT OaKTePHiA, TP 3TOM U3OJISTHI P. aeruginosa yaiie BCTpe-
YaJuch y MyXuuH (54%). BeicoK1ii ypOBeHb Pe3UCTEHTHOCTH HAOT01aJICs K HECKOJIbKMM PACcIpOCTpaHEHHBIM aHTHOHO-
THKaM, B YaCTHOCTH K LiehajocropruHam, (pTopXuHoIoHaM, nedrasuanumy (82%), unnpodiiokcauny (70%), uedenumy
(61%) n neBodnokcauuny (66%). B otnmuuune ot aroro, mmurneHeM (76%), amukauuH (73%) u rearamuuvH (70%), a Tak-
ke koauctuH (100%) mpoaeMOHCTPUPOBAIN CPABHUTENBHO 00Jiee BHICOKYIO YYBCTBUTEILHOCTD. Cpeau u30istoB 62,5%
ObLIM KJIacCU(PUIIMPOBAHBI KaK MYIbTHpe3ucTeHTHbIe mTaMmMmbl (MDR). IIpumevarenbHo, yto 68% MDR-u3zomstoB
MIPOSBIISLTN (PCHOTUTTNUYECKYI0 aKTUBHOCTD 3(P(MIIOKCHBIX HACOCOB. [eHOTMIIMYECKUI aHAIN3 TIONTBEPIMIT IITMPOKYIO
MpeacTaBIeHHOCTb TeHOB 3 ITFOKCHBIX HacocoB: 71 u 82% M DR-13015TOB ObLITH MOJTOKUTETbHBIMY Ha HAJTUYKE TeHOB
mexA n mexB cooTBeTCTBeHHO. [ Mmepakcmpeccrst 3¢ IOKCHBIX HAC0COB, 0co0eHHO MexA 1 MexB, sBisieTcs TIIaBHBIM
(hakTOpOM pa3BUTHS MHOXECTBEHHOM JIeKapcTBEHHOI ycToitunBocTr (MJIY) y P. aeruginosa. BeipaxxeHHast peacTaBieH-
HOCTb 3THX I'€HOB CJTYKUT yOeAUTEIbHBIM FT€HETUYECKMM J0KA3aTeIbCTBOM TOTO, UTO cucTeMa 3¢ diokca mexAB-OprM
SBJISIETCST TIOMUHUMPYIOIIMM MeXaHU3MOM Pe3uCTeHTHOCTH. [lomydyeHHBIe pe3ysbTaThl MOTYEPKUBAIOT HEOOXOMMMOCTh
PYTUHHOTO MOJIEKYJISIPHOTO MOHUTOPHUHTA aKTUBHOCTU d(D(hIIOKCHBIX HACOCOB B KJTMHUYECKON TUArHOCTUKE U yKa3bl-
BalOT Ha TeparneBTUUECKMIA TOTEHLIMAI MHTMOUTOPOB 3¢ dtokcHbiX HacocoB (MDH). KomOnHMpoBaHMe aHTUOMOTHKOB
0e3 YyCTOMUMBOCTH, TAKUX KaK IUMpodIoKcauH uin nedrasunum, ¢ UOH MoxkeT BoccTaHOBUTH UX 3((HEKTUBHOCTD
Y pacIlMpUTb BO3MOXHOCTH JiedeHU st uHdexunii ¢ MJTY. B iesioM pesyisTaTbl onuepKuBaloT BaXKHOCTb PALlMOHAIBHOTO
HCITOJIb30BaHW Sl aHTUOMOTHKOB, 1ieJIeHATIPaBJIEHHOIO MOHUTOPUHTA PE3UCTEHTHOCTH U pa3paboTKy KomouHanmiit UDH-
AHTUOMOTHKOB B KAYECTBE MIEPCIIEKTUBHBIX CTPATET Uit OOPHOBI C pe3UCTEHTHRIMU P. aeruginosa.

Karouesvle ca06a: MHOJNCECMBeHHAS NeKAPCMBEEHHAS YCMOUMUBOCIb, MECMUPOBAHUE YY8CMEUMENLHOCIU K AHMUOUOMUKAM,
Komnaexc mexAB-OprM, enympuboavhuunsie uHgekyuu, baxmepuaibhvie 3a004€6aHUSA, AHMUOUOMUKU.

Introduction

Pseudomonas aeruginosa is a rod-shaped, motile,
heterotrophic Gram-negative bacterium, typically
measuring 1—5 pym in length and 0.5—1 um in width.
It exhibits metabolic versatility, including the ability
to grow anaerobically when supplied with arginine.
This ubiquitous environmental bacterium is com-
monly found in soil, freshwater and marine environ-
ments, where it can decompose polycyclic aromatic
hydrocarbons (PAH). It is also frequently isolated
from wastewater and sinks, both within and outside
hospitals, often associated with human and ani-
mal contamination [16]. Despite its broad environ-
mental distribution P. aeruginosa is often identified
near coastal rivers, even in samples from the open

ocean [30]. P. aeruginosa is notorious for causing
a wide array of healthcare-associated infections
(HAIs) in hospitalized patients, including urinary
tract infections (UTIs), bloodstream infections, sur-
gical site infections and pneumonia. Its remarkable
adaptability enables it to contribute to a broad spec-
trum of infectious diseases in the general popula-
tion as well [37]. Infections are particularly common
in immunocompromised individuals, such as those
with cystic fibrosis, neutropenia, severe burns, can-
cer, organ transplants and diabetes mellitus, as well
as patients in intensive care units (ICUs) [24].

Preventing P. aeruginosa infections is vital as
medical literature documents numerous outbreaks
of nosocomial infections, some traceable to persis-
tent carriage states in healthcare personnel [31].
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Treatment of P. aeruginosa infections generally
encompasses three primary kinds of antibiotics: fluo-
roquinolones, beta-lactams and aminoglycosides.
However, this bacterium can develop high levels
of resistance through chromosomal mutations and
the acquisition of resistance genes via genomic islands
and transposons [27]. Treatment options are limited
by antibiotic resistance. Globally, antibiotic-resistant
bacteria cause approximately 700 000 fatalities an-
nually with projections indicating this number could
reach 10 million by 2050. In the United States alone,
antibiotic-resistant bacteria lead to over 2.9 million
illnesses and 36 212 fatalities annually [40]. Specific
environmental exposures, such as to triclosan, have
also been shown to select for multidrug-resistant
(MDR) P. aeruginosa strains [12].

P. aeruginosa resists antimicrobials through vari-
ous mechanisms, including intrinsic resistance, ac-
quired resistance and adaptive resistance. Key in-
trinsic mechanisms involve a low-permeability outer
membrane and constitutively expressed efflux pumps
that actively expel antibiotics. Resistance can also
arise from chromosomal mutations or the acquisition
of resistance genes via horizontal gene transfer [§].
This inherent resistance to multiple antimicrobial
agents, combined with its propensity to develop re-
sistance during therapy, profoundly limits treatment
options [2]. P. aeruginosa is notably characterized by
the expression of robust efflux pump systems, which
confer resistance to multiple classes of antibiotics and
are a major contributor to its prominent antibiotic re-
sistance phenotype [7].

Efflux pumps membrane-bound protein com-
plexes that actively expel antibiotics and other toxic
compounds from the bacterial cell are critical in ex-
acerbating antibiotic resistance. Overexpression
of specific efflux pump systems, such as MexdD-
Opr), MexDF-OprNN, MexBA-OprNM and
MexY X-OprA, significantly decreases antibiotic
susceptibility [13]. Among these the MexAB-OprM
efflux pump is a prominent system in P. aeruginosa,
responsible for expelling a wide range of antimicrobi-
al agents. This complex consists MexA, a membrane-
fusion protein; MexB, a membrane transport factor;
and OprM an outer membrane channel, make up this
complex [28].

According to Centers for Disease Control and
Prevention (CDC), an estimated 50985 cases
of P. aeruginosa infections linked to healthcare occur
in the US each year. More than 6100 (13%) of these
cases are caused by bacterial strains that are resistant
to various medications [33]. Similar resistance pat-
terns have been reported in other countries, includ-
ing Australia, the UK and Denmark. These trends
have prompted extensive research into novel thera-
peutic options, including combination therapies and
aerosolized antibiotics such as aztreonam, tobramy-
cin, levofloxacin and liposomal amikacin particu-
larly for patients with cystic fibrosis [11, 38]. In ad-

dition to antibiotic resistance P. aeruginosa utilizes
a Type I1I Secretion System (T3SS) to inject effector
exotoxins (ExoS, ExoT, ExoU and ExoY) into host
cells. These toxins mimic host proteins and interfere
with cellular signaling promoting immune evasion
and disease progression [22].

Despite ongoing efforts to combat antimicro-
bial resistance the role of efflux pump overexpres-
sion in contributing to MDR phenotypes in clinical
isolates of P. aeruginosa remains underinvestigated
in Pakistan, particularly in the Khyber Pakhtunkhwa
region. We hypothesized that efflux pump overex-
pression, particularly involving the MexAB-OprM
system, is a major contributor to the MDR pheno-
type in local clinical isolates. Therefore, the present
study aimed to: Determine the prevalence of MDR
among P. aeruginosa isolates from a tertiary care hos-
pital in Peshawar. Phenotypically assess efflux pump
activity among MDR isolates. Genotypically detect
the presence of MexA and MexB efflux pump genes
in these isolates.

Materials and methods

This study was conducted at the Microbiology
Research Laboratory, Abasyn University, Peshawar.
The samples were collected during September 2023
to February 2024.

Sample collection. One hundred clinical samples
(blood, urine, and pus) were collected from patients
admitted to Al-Khidmat Hospital, Peshawar, during
the period from September 2023 to February 2024.
All samples were immediately placed in sterile con-
tainers, transported in an icebox to the Microbiology
Research Laboratory at Abasyn University, Peshawar,
and stored at —20°C in a laboratory freezer to pre-
serve bacterial viability until processing. All samples
were processed within 24 hours of collection to mini-
mize degradation and ensure reliable microbiological
analysis.To avoid duplicate sampling and ensure in-
dependence of isolates, only the first culture-positive
P. aeruginosa isolate from each patient was included
in the analysis. Patients of both sexes and all age
groups with clinically suspected bacterial infections
were eligible for inclusion.

Bacterial isolation and identification. For bacterial
isolation, samples were inoculated onto Blood Agar
and MacConkey Agar and incubated at 37°C for 24
to 48 hours. Bacterial isolates were initially identi-
fied based on colony morphology and Gram stain-
ing. Further confirmation of P. aeruginosa was per-
formed using standard biochemical assays, including
catalase and oxidase tests, and growth on Cetrimide
Agar, a selective medium that inhibits most other
bacteria while promoting P. aeruginosa growth and
pyocyanin production [9, 15].

Antibiotic susceptibility testing (AST). Antibiotic
susceptibility testing was performed using the Kirby—
Bauer disc diffusion method on Mueller—Hinton
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Table 1. Characteristics of clinical samples and P. aeruginosa isolates

Parameter Details Numbers (%) P. aeruginosa (+) (%) P. aeruginosa (-) (%)
Male Female Male Female

Blood 35% 8% 6% 10% 9%

Sample Urine 25% 6% 4% 9% 8%

Pus 40% 8% 8% 13% 11%

Total 100% 22% 18% 32% 28%

Agar, strictly following the Clinical and Laboratory
Standards Institute (CLSI) 2023 guidelines [13, 37].
The panel of antibiotics tested included ceftazidime
(30 pg), cefepime (30 pg), piperacillin/tazobactam
(110 pg), meropenem (10 pg), imipenem (10 pg), az-
treonam (30 pg), ciprofloxacin (5 pg), levofloxacin
(5 pg), norfloxacin (10 pg) and gentamicin (10 pg).
Isolates demonstrating resistance to three or more
classes of antibiotics were categorized as multidrug-
resistant (MDR) [10]. MDR strains were evaluated
for efflux pump expression.

Phenotypic detection of efflux pump activity. Efflux
pump activity was phenotypically assessed using
the ethidium bromide (EtBr) agar cartwheel meth-
od. Plates prepared with increasing concentrations
of EtBr (0.5-2.5 mg/L) were inoculated in a cart-
wheel pattern with bacterial isolates. Efflux pump ac-
tivity was determined by observing the extent of fluo-
rescence under UV light after incubation [5].

Genotypic detection of efflux pump genes. Genomic
DNA was extracted from bacterial isolates us-
ing the thermal lysis method [6]. Polymerase chain
reaction (PCR) was performed to detect the ef-
flux pump genes mexA and mexB using gene-spe-
cific primers. For mexA, the forward primer was
5'-CAGGCCGTCAGCAAGCAG-3'and the reverse
primer was 5'-CCTTGGTGTAGCGCAGGTTG-3,
producing an amplicon of 100 bp [34]. For mexB,
the forward primer was 5-GTGTTCGGCTCG-
CAGTACTC-3' and the reverse primer was 5'-AAC-
CGTCGGGATTGACCTTG-3, generating a 244 bp
product [3].

The 25 pL reaction mixture contained 12.5 pL
of 4X Master Mix, 3 puL template DNA, 1 puL each
of forward and reverse primers and 7.5 puL nuclease-
free water. Amplification was carried out under the fol-
lowing cycling conditions: initial denaturation at
94°C for 5 minutes; 35 cycles of denaturation at 94°C
for 30 seconds, annealing at 56°C for 35 seconds, and
extension at 72°C for 2 minutes; followed by a final ex-
tension at 72°C for 5 minutes. PCR products were re-
solved by electrophoresis on 1.5% agarose gels stained
with ethidium bromide, visualized under UV light, and
documented using a gel imaging system [35].

Data analysis. Data obtained from phenotypic and
genotypic assays were analyzed using descriptive and
inferential statistical methods. Frequencies and per-
centages were calculated to summarize the distribu-
tion of isolates, antibiotic susceptibility patterns and
efflux pump expression. Inferential analyses included

one-way ANOVA to determine the effect of patient
age groups and gender on antibiotic resistance levels
for each tested antibiotic. For the ANOVA, patients
were categorized into four age groups: 1-20, 21—40,
41-60, and 61—80 years. Correlation analysis was
performed to assess co-resistance patterns among
different antibiotics. Additionally, the Chi-square
test was used to evaluate the association between ef-
flux pump activity and multidrug resistance (MDR)
status. Statistical significance was set at a p-value
< 0.05 for all analyses. All statistical tests were per-
formed using SPSS 20 (20 IBM, USA) software.

Results

Sample distribution and Pseudomonas aeruginosa
isolation. A total of 100 clinical specimens compris-
ing pus (n = 40), blood (n = 35), and urine (n = 25) —
were collected and processed. Of these, 40 samples
(40%) yielded positive growth for P. aeruginosa,
resulting in 40 distinct isolates. The distribution
of positive isolates across sample types was as fol-
lows: 40% from pus, 35% from blood, and 25% from
urine. Among all samples, males accounted for 54%
(n = 54) and females for 46% (n = 46), with a slightly
higher prevalence of P. aeruginosa isolation observed
in males (Table 1).

Patients were categorized into four age groups:
1-20 years, 21—40 years, 41—60 years and 61—
80 years. The mean age of patients was 56.8+15.4
years (range: 12—80 years). The majority of isolates
(57%) were from the 61—80 year age group, followed
by 28% from 41—60 years, 9% from 21—40 years and
6% from 1-20 years.

Antibiotic susceptibility test of P. aeruginosa isolates.
Among the 40% P. aeruginosa isolates significant an-
tibacterial activity was observed for colistin, showing
100% susceptibility against all isolates. Other highly
active antibiotics included imipenem (76% suscep-
tibility), meropenem (75%), and amikacin (73%).
In contrast, high resistance rates were noted against
several commonly used antibiotics, particularly
cephalosporins and fluoroquinolones. The highest
resistance was observed against ceftazidime (82%),
followed by ciprofloxacin (70%), levofloxacin (66%),
and cefepime (61%) (Fig. 1).

One-way ANOVA revealed that patient age had
a statistically significant effect on antibiotic resist-
ance patterns for all tested antibiotics (p < 0.05).
Resistance levels were generally higher in older pa-
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Figure 1. Antibiotic resistance and susceptibility profiles of P. aeruginosa isolates (n = 40)

tients (61—80 years). Gender-based analysis showed
significant associations between patient gender
and resistance to ceftazidime (p < 0.001), cefepime
(p = 0.011), amikacin (p = 0.011), and tobramycin
(p = 0.013). No significant associations were found
for gentamicin, tazobactam, or cefoperazone.
Detection of MDR strains. Among the 40 isolates,
25 (62.5%) were multidrug-resistant (MDR; resist-
ant to 3 antibiotic classes), while 15 (37.5%) were
non-MDR (Fig. 2). Correlation analysis was per-
formed to identify relationships between the resist-
ance patterns of different antibiotics. The results
demonstrated strong positive correlations indicating
the presence of co-resistance and multidrug resist-
ance (MDR) phenomena. A very strong positive cor-
relation was observed between resistance to cefepime
and amikacin (r = 0.848). Similarly, high correlations
were found among the fluoroquinolone antibiotics
ciprofloxacin, norfloxacin, and levofloxacin with all
showing a Pearson correlation coefficient of r = 0.929
with each other. These findings suggest that isolates
resistant to one antibiotic are highly likely to also ex-

. Total positive strains
. MDR strains

non-MDR strains

Figure 2. Prevalence of multidrug-resistant (MDR)
and non-MDR P. aeruginosa strains (n = 40)

hibit resistance to others, possibly due to shared re-
sistance mechanisms including efflux pump activity.
In contrast, resistance to colistin showed no correla-
tion with any other antibiotic and the data exhibited
zero variance. This result is consistent with the ob-
servation that 100% of the isolates were sensitive
to colistin indicating no detected resistance to this
antibiotic.

Phenotypic test for efflux pump expression. After as-
sessment of MDR strains of P. aeruginosa all strains
were analyzed for confirmation of efflux pump activ-
ity. Out of the 25 M DR strains, 17 (68%) were found
to produce efflux pumps, which is directly related
to multidrug resistance. The remaining 8 (32%) were
found to not produce efflux pumps (Fig. 3). Chi-
square analysis demonstrated a statistically signifi-
cant association between efflux pump activity and
MDR status (2 =22.7,df =1, p < 0.0001), indicating
a strong correlation between efflux pump expression
and multidrug resistance.

Correlation of efflux pump producers with MDR.
The results of the analysis showed that efflux pump

. Total MDR strains
25% . active efflux pump
0

68% non-active efflux pump

32%

Figure 3. Phenotypic assessment of efflux pump
activity in multidrug-resistant (MDR) P. aeruginosa
isolates (n =25 MDR strains)
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expression and multidrug resistance were positive-
ly correlated with MDR strains being more likely
to produce efflux pumps. 13 (76%) of the 17 strains
that produced efflux pumps were resistant to the
beta-lactam antibiotic ceftazidime, 11 (65%) to the
fluoroquinolone ciprofloxacin, 8 (47%) to levofloxa-
cin and 7 (41%) to Cefepime (Fig. 4).

Amplification of mexA and mexB gene. Among
the 17 P. aeruginosa isolates, 12 (71%) tested posi-
tive for the mexA gene showing efflux pump expres-
sion, while 5 (29%) were negative. A 100 bp band was
observed using a 100 bp DNA ladder. Similarly, 14
isolates (82%) were positive for the mexB gene with
a 244 bp band detected, whereas 3 (18%) were nega-
tive (Table 2 and Fig. 5).

Discussion

The present study provides insight into the bur-
den of multidrug resistance and efflux pump—me-
diated antibiotic resistance in Pseudomonas aerugi-
nosa isolates recovered from a tertiary care hospital
in Peshawar. P. aeruginosa was isolated from 40%
of clinical specimens, highlighting its substantial
contribution to healthcare-associated infections
in this setting. Although this isolation rate is higher
than that reported by Abdallah et al. (2021), who
documented a prevalence of 29.4% across multiple
specimen types, such variation is expected due to dif-
ferences in patient populations, clinical settings, and
specimen sources [1].

In the present study, the antibiotic susceptibility
profile revealed significant variability. Colistin re-
mained the most potent agent (100% susceptibility),
followed by imipenem (76%) and amikacin (73%),
aligning with prior studies that have identified car-
bapenems and aminoglycosides as among the most
effective classes [18]. In contrast, high resistance
rates were observed against third and fourth genera-
tion cephalosporins and fluoroquinolones, including
ceftazidime, cefepime, ciprofloxacin, and levofloxa-
cin. These findings align with the resistance patterns
reported by Hirsch et al. (2010), who documented

. Total MDR active efflux pump strains
. Ceftazidime

76,5%
. Ciprofloxacin
Levofloxacin

64,7%, Cefepime

471% = 41,2%

Figure 4. Antibiotic resistance profiles of efflux
pump-producing P. aeruginosa multidrug-resistant
strains (n = 17 efflux pump producers)

extensive resistance to cephalosporins and -lactam/
B-lactamase inhibitor combinations [20]. Collectively,
these findings underscore the critical importance
of susceptibility-guided therapy to improve clinical
outcomes in P. aeruginosa infections.

The treatment of P. aeruginosa infections remains
challenging due to both intrinsic and acquired resist-
ance mechanisms. Carbapenems, such as imipenem
and meropenem, are often considered first-line agents;
notably, in our study, they demonstrated relatively
high susceptibility rates (76% and 75%, respectively).
However, the global rise in carbapenem resistance re-
ported in 10—50% of isolates in some countries [14], un-
derscores the diminishing utility of even these critically
important agents. This trend highlights the urgent need
to understand and address underlying resistance mech-
anisms, such as efflux pump overexpression, which
contribute to multidrug-resistant phenotypes.

In the present study, 68% (17/25) of multidrug-
resistant (MDR) P. aeruginosa isolates showed ef-
flux pump activity, and the overall MDR prevalence
was 62.5%. This rate is considerably higher than
those reported from Canada (5.9—10%), Germany
(19%), and Malaysia (19.6%) [25, 26, 42]. However,
direct numerical comparisons should be interpreted
cautiously, as antimicrobial resistance is heavily in-
fluenced by local prescribing practices, infection-
control measures, and healthcare infrastructure.

Table 2. Detection frequency of mexA and mexB genes in efflux pump-positive P. aeruginosa isolates (n = 17)

Genes name Total samples Detected Non detected
mex A 17 (100%) 12 (71%) 5 (29%)
mex B 17 (100%) 14 (82%) 3 (18%)

10 9 8 7 6

5 4 3 2 1 ],

10 9 8 7 6

Figure 5. Gel electrophoresis of amplified gene. (A) mexA gene (100 bp); (B) mexB gene (244 bp)
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In Pakistan, factors such as widespread empirical
antibiotic use, over-the-counter antibiotic availabil-
ity, and high patient burdens in tertiary care hospitals
may contribute to elevated MDR rates [4].

Efflux pump overexpression is a well-established
mechanism contributing to reduced antibiotic sus-
ceptibility in P. aeruginosa by actively expelling
structurally diverse antimicrobial agents. Previous
studies have demonstrated high expression frequen-
cies of efflux pump components, including MexB,
MexC, MexE, and MexY, particularly among ICU
isolates, with corresponding resistance to 3-lactams,
fluoroquinolones, and carbapenems [41].

In the present study, among the 17 MDR efflux
pump-producing isolates, 13 (76.47%) exhibited co-
resistance to B-lactams and fluoroquinolones, with
resistance rates of 76.5% to ceftazidime and 64.7%
to ciprofloxacin. These findings are consistent with
previous reports highlighting efflux systems as ma-
jor contributors to multidrug resistance in P. aerugi-
nosa [19, 41]. For instance, Habib et al. (2025) re-
ported active efflux in the majority of MDR isolates
examined [19], while other studies have specifically
linked efflux pump overexpression to carbapenem
and fluoroquinolone resistance [21].

Genotypic analysis in this study confirmed
the presence of efflux pump genes in these isolates:
70.6% were positive for mexA and 82.4% for mexB,
supporting the role of the MexAB-OprM system
in the observed resistance phenotype. This is consist-
ent with studies that detected mexA B-oprM and related
genes in amoxicillin-clavulanate-resistant isolates and
linked them to broad-spectrum resistance beyond
B-lactams, including fluoroquinolones [17, 23, 29].
Another study reported the presence of the MexAB-
OprM system in 80% of ciprofloxacin-resistant iso-
lates [32], emphasizing the potential for cross-resist-
ance driven by shared efflux mechanisms.

The remarkable adaptive capacity of P. aeruginosa
enables it to persist in hostile environments and devel-
op resistance to multiple antibiotic classes. Previous
studies, including the present findings, demonstrate
that a substantial proportion of clinical isolates har-
bor efflux pump related genes such as mexB and
exhibit multidrug resistance to P-lactams, amino-
glycosides, fluoroquinolones, and carbapenems [19,
23]. Together, these findings highlight the clinical
relevance of efflux pump mediated resistance and
underscore the need for targeted antibiotic therapies
and further genetic investigations to effectively com-
bat multidrug-resistant P. aeruginosa infections.
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