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Abstract 
Introduction: OprD porin plays a critical role in antibiotic uptake. However, the role of OprD in antimicrobial interactions is not yet fully 
understood. This study investigated the relationship between OprD downregulation and in vitro interactions of meropenem (MEM) with 
combinations of colistin (CT), ertapenem (ETP), and fosfomycin (FF) in Pseudomonas aeruginosa. 
Methodology: A total of 40 P. aeruginosa isolates were included in the study and divided into two groups (group-1, 20 isolates with confirmed 
OprD suppression; group-2; 20 isolates without OprD suppression). Antimicrobial interactions were examined using the checkerboard method. 
Results: The synergy rates of MEM/CT, MEM/ETP, and MEM/FF combinations in group-1/group-2 isolates were determined as 45%/30%, 
5%/5%, and 15%/10% respectively. The minimum inhibitory concentration (MIC) of antimicrobials in combinations were examined for group-
1 and group-2 isolates, and a decrease of 90%, 90% for MEM and 70%, 40% for CT was detected in the MEM/CT combination, 50%, 45% for 
MEM and 35%, 40% for ETP in the MEM/ETP combination, and 35%, 20% for MEM and 55%, 45% for FF in the MEM/FF combination, 
respectively. 
Conclusions: While significant synergy was observed between MEM/CT in OprD-deficient isolates, the limited synergistic effects observed 
with other combinations, such as MEM/ETP and MEM/FF, suggest that the impact of OprD downregulation on antimicrobial resistance is 
multifactorial and complex. The findings suggest that CT, when combined with MEM, may overcome certain resistance mechanisms mediated 
by OprD downregulation. Further investigations incorporating molecular diagnostics and in vivo validation are warranted to fully elucidate the 
therapeutic potential of these combinations. 
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Introduction 

Pseudomonas aeruginosa is an aerobic Gram-
negative bacillus and one of the important opportunistic 
pathogens [1]. It is widely found in nature [1]. Due to 
its widespread role in infections and high antibiotic 
resistance rates, limited options and treatment failure 
have recently become an important global problem [1]. 
It shows high rates of intrinsic resistance to many 
antibiotic groups, including beta-lactams, 
fluoroquinolones, and aminoglycosides. This resistance 
contributes significantly to the increased morbidity and 
mortality rates associated with infections caused by this 
pathogen [1,2]. Furthermore, overuse of antibiotics 
during treatment accelerates the development of 
multidrug resistant/extensive drug resistant 
(MDR/XDR) P. aeruginosa strains [3]. 

Carbapenems are antibiotics with a five-membered 
ring and are frequently used as a last-line treatment 
option in MDR/XDR P. aeruginosa infections. 
However, increasing carbapenem resistance in recent 

years has paved the way for use of antibiotic 
combinations [4]. Different mechanisms contribute to 
resistance to carbapenems. These mechanisms include 
overexpression of the efflux pump, decreased outer 
membrane permeability, production of antibiotic 
inactivating enzymes and acquisition or mutation of 
resistance genes. Carbapenem resistance arises through 
a complex interplay of mechanisms, often involving 
multiple pathways simultaneously [2,3,5]. However, 
one of the most studied resistance mechanisms is OprD 
porin downregulation. This porin plays a role in the 
uptake of positively charged amino acids from the outer 
membrane, as well as being the main channel for 
carbapenem entry [3]. However, the interactions of 
these resistance mechanisms with antimicrobial 
treatment remains poorly understood. To date, only a 
few studies have investigated the association between 
OprD porin downregulation and in vitro antimicrobial 
interactions in MDR/XDR P. aeruginosa isolates [6]. 

In this context, this study aimed to investigate the 
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relationship between OprD porin downregulation and 
the in vitro synergistic interactions of meropenem 
(MEM) in combination with colistin (CT), ertapenem 
(ETP), and fosfomycin (FF) in clinical isolates of P. 
aeruginosa. 

 
Methodology 
Selection of isolates 

P. aeruginosa isolates included in this study were 
selected based on the presence or absence of specific 
resistance mechanisms, including OprD porin 
downregulation (analyzed with real-time reverse 
transcription polymerase chain reaction (PCR)), 
overexpression of efflux pumps (MexAB - OprM, 
MexCD - OprJ, MexXY – OprN; analyzed with real-
time reverse transcription PCR), production of 
carbapenemase ((Klebsiella pneumoniae 
carbapenemase (KPC), imipenemase (IMP), verona 
integrin-encoded metallo-β-lactamases (VIM), 
oxacillinases (OXA), New Delhi metallo-β-lactamases 
(NDM); analyzed with PCR), and clonal relatedness 
(analyzed with pulsed-field gel electrophoresis), as 
previously characterized [7].  

The isolates were divided into two groups for the 
purposes of this study: group 1, included isolates 
exhibiting OprD porin downregulation as the sole 
resistance mechanism; and group 2, included isolates 
lacking any known resistance mechanisms. Wherever 
feasible, clonally unrelated isolates were preferentially 
included to avoid bias due to clonal propagation.  

A total of 40 clinical P. aeruginosa isolates were 
included in the study. Group 1 consisted of 20 isolates 
with confirmed OprD porin downregulation, while 
group 2 included 20 isolates without OprD porin 
downregulation. 

 
Identification and antimicrobial susceptibility 

All the isolates were identified using matrix-
assisted laser desorption ionization - time of flight 
(MALDI - TOF) (Bruker, BD, Blomberg, Germany). 
Antimicrobial susceptibility was assessed using both 
the disk diffusion method and an automated system 
(Phoenix, BD, Blomberg, Germany). The results were 
interpreted according to the European Committee on 
Antimicrobial Susceptibility Testing (EUCAST) 
guidelines [8]. 

MDR was defined as acquired insensitivity to at 
least one agent in at least three antimicrobial categories, 
while XDR was defined as insensitivity to at least one 
agent in all but two antimicrobial categories [9]. 

 

Determining the minimum inhibitory concentrations 
(MICs)  

The powdered forms of the antimicrobials colistin 
(CT) sulfate (Chem-Impex, IL, USA), meropenem 
(MEM) trihydrate (Chem-Impex, IL, USA), ertapenem 
(ETP) sodium (Biosynth Carbosynth, Hampshire, UK), 
and fosfomycin (FF) (Kocak Farma, Istanbul, Türkiye) 
were used. The potency of each antimicrobial agent was 
calculated using formula 1 (below) in accordance with 
the manufacturer's recommendations. The volume of 
solvent required to reach the targeted concentrations 
was calculated using formula 2 (below).  

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 1:  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃  = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃  ×
 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  ×  (1 −𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)  

 
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 2: 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 (𝑚𝑚𝑚𝑚) = 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡 (𝑚𝑚𝑚𝑚)  ×

 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝜇𝜇𝜇𝜇 𝑚𝑚𝑚𝑚⁄ )  ÷  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝜇𝜇𝜇𝜇 𝑚𝑚𝑚𝑚⁄ ) [10]. 
The MIC values were determined using the broth 

dilution method for MEM, CT, and ETP; and the agar 
dilution method for FF. All results were interpreted in 
accordance with the EUCAST guidelines [8]. 

 
Checkerboard assays 

The antimicrobial stock solutions were prepared at 
a concentration of 4096 μg/mL, and bacterial 
suspensions were prepared at approximately 5 × 105 
CFU/mL. FF containing combinations were tested by 
adding 25 μg/mL glucose-6-phosphate to the medium. 
The antimicrobial concentration range was calculated 
as 0.031 × MIC - 4 × MIC. The checkerboard test was 
performed as previously described in the literature [11]. 

The fractional inhibitor concentration index (FICI) 
was used to evaluate the effect of the combinations, and 
calculated as follows [11]; 

 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =
𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝐴𝐴 𝑖𝑖𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝐴𝐴 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

⊕
𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝐵𝐵 𝑖𝑖𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝐵𝐵 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

All wells with no growth in the combination plate 
were scanned, and the well with the lowest FICI was 
evaluated. The FICIs were interpreted as follows:  

≤ 0.5   synergistic effect 

> 0.5 to ≤ 1.0  additive effect  

> 0.1 to ≤ 4.0  indifferent effect  
> 4.0   antagonistic effects [11,12]. 
 

Ethics approval 
This study was approved by the İzmir Katip Çelebi 

University ethics committee of clinical research (6 
December 2018, Approval Number 139) and was 



Müderris et al. – Relationship between in-vitro interactions and OprD J Infect Dev Ctries 2026; 20(7):1031-1037. 
 

1033 

conducted by following the guidelines of the 
Declaration of Helsinki.  

 
Results 

Twelve isolates in group 1 were obtained from 
tracheal aspirates, 3 from blood samples, 2 from urine, 
2 from wound samples, and 1 from a bronchoalveolar 
lavage specimen. In group 2, 11 isolates were obtained 
from tracheal aspirates, 3 from urine, 3 from wound 
samples, 2 from blood, and 1 from an endotracheal 
aspirate (Table 1).  

The rates of synergistic interactions in group 1 
isolates were 45% for MEM/CT, 5% for MEM/ETP, 
and 15% for MEM/FF combinations. No antagonistic 
effects were observed in the MEM/CT combination. 
However, antagonistic interactions were detected in 

20% and 35% of isolates with MEM/ETP and MEM/FF 
combinations, respectively (Table 2). The synergistic 
interaction rates in group 2 isolates were 30%, 5%, and 
10% for MEM/CT, MEM/ETP, and MEM/FF 
combinations, respectively. Similarly, no antagonistic 
effects were noted in the MEM/CT combination, 
whereas antagonistic interactions were observed in 20% 
and 50% of isolates treated with MEM/ETP and 
MEM/FF, respectively (Table 2). 

When the relationship between interaction types 
and resistance phenotypes was assessed, the synergy 
rates were generally comparable between group 1 and 
group 2 isolates (Table 3). 

When the changes in MIC values of antimicrobials 
in antimicrobial combinations were examined, 
significant decreases were observed in group 1 isolates.  

Table 1. Characteristic features of the isolates. 

 Isolate 
number Sample Antimicrobial susceptibility Resistance 

phenotype 
CTZ CPM AZT PIP PPT TIC GEN AMI TOB IMI CIP OFL 

Group 1 

1 Blood I S I R R R S S S I I S - 
2 TA S S I R R R S S S S R S - 
3 TA S S S S S S S S S R I R - 
4 TA I S I R R R S S S I I S - 
5 TA S S I R R R S S S S R S - 
6 TA S S S S S S S S S R R R - 
7 TA I S I S S R S S S R I S - 
8 TA S S S S S R S S S I R R - 
9 Urine I S I S S R S S S R I S - 
10 TA S S S S S S S S S R I R - 
11 TA S S S S S R S S S I R R - 
12 Blood S S S S S R S S S I R R - 
13 TA I S I R R R R S R R R R XDR 
14 TA S S I R S S R S S R R S XDR 
15 Wound S S S R R R R R R R R R XDR 
16 Urine I S I R R R R S R R R R XDR 
17 Blood S S I R S S R S S R R S MDR 
18 TA R I R R R R S S S R R S XDR 
19 BAL R I R R R R S S S R R S XDR 
20 Wound S S S R R R R R R R R R XDR 

Group 2 

21 TA I S I R R R S S S I I S - 
22 TA S S I R R R S S S S R S - 
23 TA I S I S S R S S S R I S - 
24 TA S S S S S R S S S I R R - 
25 Blood I S I R R R S S S I I S - 
26 ETA S S S S S R S S S I R R - 
27 Urine S S I R R R S S S S R S - 
28 TA I S I S S R S S S R I S - 
29 TA S S S S S S S S S R I R - 
30 Wound S S S S S S S S S R I R - 
31 Urine S S S S S S S S S R R R - 
32 Wound S S S S S R S S S I R R - 
33 Wound I S I R R R R S R R R R XDR 
34 TA S S I R S S R S S R R S XDR 
35 TA S S S R R R R R R R R R XDR 
36 Blood R I R R R R S S S R R S XDR 
37 Urine I S I R R R R S R R R R XDR 
38 TA S S I R S S R S S R R S XDR 
39 TA S S S R R R R R R R R R XDR 
40 TA R I R R R R S S S R R S XDR 

TA: tracheal aspirate; BAL: bronchoalveolar lavage; ETA: endotracheal aspirate; CTZ: ceftazidime; CPM: cefepim; AZT: aztreonam; PIP: piperacillin; PPT: 
piperacillin/tazobactam; TIC: tikarcillin; GEN: gentamicin; AMI: amikacin; TOB: tobramycin; IMI: imipenem; CIP: ciprofloxacin; OFL: ofloxacin; MDR: multi 
drug resistance; XDR: extensive drug resistance 
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  Table 2. MIC’s of isolates alone and in combination, and the combination effects of the tested antibiotics. 

 Isolate 
number 

MIC of single antimicrobial 
(µg/mL) 

MIC of antibiotic combinations (μg/mL) + FICI + INT 
MEM/CT MEM/ETP MEM/FF 

MEM ETP FF CT MIC FICI INT MIC FICI INT  FICI INT 

Group 1 

1 32 32 64 1 4/0.25 0.37 SYN 64/32 3 IND 8/8 0.37 SYN 
2 32 32 16 0.125 8/0.25 2.25 IND 16/64 2.5 IND 128/16 5 ANT 
3 12 32 64 0.5 2/0.25 0.66 ADD 16/64 3.33 IND 64/64 6.33 ANT 
4 6 32 16 0.5 0.5/0.125 0.33 SYN 8/32 2.33 IND 8/8 1.83 IND 
5 4 32 1024 1 0.5/0.125 0.25 SYN 2/8 0.75 ADD 2/128 0.62 ADD 
6 2 32 64 0.25 1/0.5 2.5 IND 0.25/1 0.15 SYN 0.125/1 0.07 SYN 
7 4 32 32 1 0.5/0.25 0.37 SYN 2/64 2.5 IND 4/64 3 IND 
8 32 32 8 0.5 1/0.25 0.53 ADD 4/16 0.62 ADD 4/4 0.62 ADD 
9 3 32 32 0.5 0.25/0.25 0.58 ADD 8/64 4.66 ANT 16/64 7.33 ANT 
10 1 32 128 0.5 0.25/0.25 0.75 ADD 4/64 6 ANT 4/128 5 ANT 
11 32 32 128 0.5 0.25/0.125 0.25 SYN 64/32 3 IND 64/64 2.5 IND 
12 4 32 32 0.5 4/0.5 2 IND 16/64 6 ANT 16/64 6 ANT 
13 32 32 128 0.125 4/0.062 0.62 ADD 32/64 3 IND 64/512 6 ANT 
14 3 32 128 1 0.25/0.25 0.33 SYN 1/8 0.58 ADD 8/128 3.66 IND 
15 8 32 8 0.5 1/0.125 0.37 SYN 4/8 0.75 ADD 4/2 0.75 ADD 
16 32 32 8 0.25 16/0.5 2.5 IND 8/16 0.75 ADD 4/4 0.62 ADD 
17 3 32 64 0.125 4/0.25 3.33 IND 8/16 3.16 IND 8/32 3.16 IND 
18 16 32 128 0.125 4/0.25 2.25 IND 8/32 1.5 IND 32/64 2.5 IND 
19 0.5 16 128 1 0.125/0.0625 0.31 SYN 2/32 6 ANT 0.125/4 0.28 SYN 
20 32 32 128 0.5 2/0.15 0.31 SYN 16/64 2.5 IND 128/256 6 ANT 

Group 2 

21 32 32 16 0.125 16/0.031 0.74 ADD 8/16 0.75 ADD 8/8 0.75 ADD 
22 32 32 32 1 4/0.25 0.37 SYN 8/32 1.25 IND 128/32 5 ANT 
23 32 32 16 0.125 16/0.25 2.5 IND 32/16 1.5 IND 32/8 1.5 IND 
24 32 32 128 1 2/0.15 0.21 SYN 16/64 2.5 IND 32/64 1.5 IND 
25 16 32 4 0.125 4/0.25 2.25 IND 32/16 2.5 IND 16/2 1.5 IND 
26 32 32 64 0.125 16/0.25 2.5 IND 64/32 3 IND 128/128 6 ANT 
27 32 32 32 1 0.5/0.25 0.26 SYN 8/16 0.75 ADD 128/64 6 ANT 
28 6 32 4 1 8/2 3.33 IND 4/16 1.16 IND 8/2 1.83 IND 
29 12 32 16 0.125 2/0.25 2.16 IND 16/4 1.45 IND 32/32 4.66 ANT 
30 32 32 16 0.125 8/0.25 2.25 IND 32/64 3 IND 64/64 6 ANT 
31 2 32 32 0.25 0.5/0.5 2.25 IND 8/64 6 ANT 0.5/64 2.25 IND 
32 1.5 32 64 0.125 2/0.25 3.33 IND 8/64 7.33 ANT 8/64 6.33 ANT 
33 32 32 4 1 0.5/0.015 0.3 SYN 8/64 2.25 IND 64/16 6 ANT 
34 8 32 128 0.25 4/0.5 2.5 IND 4/64 2.5 IND 32/256 6 ANT 
35 8 32 256 1 4/0.25 0.75 ADD 32/64 6 ANT 8/32 1.12 IND 
36 32 32 64 0.125 16/0.25 2.5 IND 16/32 1.5 IND 128/64 5 ANT 
37 32 4 32 0.125 8/0.25 2.25 IND 2/0.25 0.12 SYN 1/0.25 0.03 SYN 
38 32 32 64 1 1/0.125 0.15 SYN 16/32 1.5 IND 128/128 6 ANT 
39 32 32 128 1 0.25/0.015 0.02 SYN 32/16 1.5 IND 2/2 0.78 SYN 
40 4 32 64 0.125 1/0.25 2.25 IND 4/64 3 IND 8/32 2.5 IND 

MIC: minimal inhibitory concentration; MEM: meropenem; ETP: ertapenem; FF: fosfomycin; CT: colistin; FICI: fractional inhibitory concentration index; INT: 
interpretation; SYN: synergy; IND: indifference; ADD: additivity; ANT: antagonist. 
 
 
 
 
 
 
Table 3. Distribution of interactions in antimicrobial combinations according to resistance phenotypes and the presence of OprD 
downregulation. 

  MEM/CT MEM/ETP MEM/FF 
SYN ADD IND ANT SYN ADD IND ANT SYN ADD IND ANT 

Group 1 
n: 20 

MDR/XDR (+) 
n: 8 4 1 3 - - 3 4 1 1 2 3 2 

MDR/XDR (-) 
n: 12 5 4 3 - 1 2 6 3 2 2 3 5 

Total 9 5 6 - 1 5 10 4 3 4 6 7 

Group 2 
n: 20 

MDR/XDR (+) 
n: 8 3 1 4 - 1 - 6 1 2 - 2 4 

MDR/XDR (-) 
n: 12 3 1 8 - - 2 8 2 - 1 5 6 

Total 6 2 12 - 1 2 14 3 2 1 7 10 
MDR: multi drug resistance; XDR: extensive drug resistance; MEM: meropenem; ETP: ertapenem; FF: fosfomycin; CT: colistin; SYN: synergy: IND: 
indifference; ADD: additivity; ANT: antagonist. 
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In the MEM/CT combination, MEM MIC values 
decreased in 90% of isolates, while CT MIC values 
decreased in 70% of isolates. In the case of the 
MEM/ETP combination, MEM MIC values decreased 
in 50% of isolates and ETP MIC values decreased in 
35% of the isolates. In the case of the MEM/FF 
combination, reductions in MEM and FF MIC values 
were observed in 35% and 55% of isolates, respectively 
(Table 2).  

Similarly, in the case of Group 2 isolates, the 
MEM/CT combination resulted in a decrease of MEM 
MIC values in 90% of isolates and CT MIC values in 
40% of isolates. In the MEM/ETP combination, MEM 
and ETP MIC values decreased in 45% and 40% of 
isolates, respectively. In the MEM/FF combination, 
reductions in MEM and FF MIC values were detected 
in 20% and 45% of the isolates, respectively (Table 2). 

 
Discussion 

Only one study in previously published literature 
has examined the relationship between OprD porin 
downregulation and in vitro synergistic interactions of 
antimicrobial combinations. In this study, the in vitro 
interactions of the combination of 
imipenem/relebactam plus aztreonam in 10 OprD porin 
downregulated P. aeruginosa isolates were investigated 
using the checkerboard method. Synergistic 
interactions were reported in 5 isolates, 3 of which were 
metallo-beta-lactamase positive. Although isolates with 
OprD porin downregulation harboring inducible 
Pseudomonas-derived cephalosporinases did not show 
synergy, MICs of aztreonam were reported to be 
significantly reduced by the combination [6]. To our 
knowledge, this is the first study to examine the 
relationship between OprD porin downregulation and 
the antimicrobial combinations tested. A previous study 
examined all major resistance mechanisms responsible 
for carbapenem resistance, and in this study, the study 
groups were created from isolates analyzed in the 
previous study. A control group was formed from 
isolates without any of the resistance mechanisms and 
the study group was formed from isolates containing 
only OprD porin downregulation. In this way, the 
relationship between antimicrobial combinations and 
OprD porin downregulation was examined in a more 
rational way. For all these reasons, this study is the first 
of its kind in the literature. 

A significant finding of this study was the higher 
rate of synergistic interaction observed with the 
MEM/CT combination in group 1 compared to group 2. 
This enhanced synergy, primarily reflected by a more 
pronounced decrease in CT MIC values, can be 

mechanistically explained by colistin’s ability to disrupt 
the outer membrane through electrostatic interactions 
with lipopolysaccharides [13]. While OprD porin 
downregulation impairs carbapenem entry, membrane 
disruption by CT likely facilitates the intracellular 
penetration of membrane-impermeable agents such as 
MEM [14]. These findings align with prior studies 
suggesting that colistin can restore carbapenem activity 
by compromising outer membrane integrity [15,16]. 
Interestingly, despite the decrease in MEM MIC values 
being comparable between groups, the differential 
reduction in CT MIC values may be attributed to its 
larger molecular size (molecular weight of 1155.4 
g/mol) relative to MEM (383.5 g/mol), making the 
entry of CT more dependent on membrane disruption 
[17,18]. The selected isolates were resistant to most 
antimicrobials tested except CT, suggesting that these 
drugs may be a salvage therapy to eliminate bacterial 
activity. However, concerns about poor 
pharmacokinetics and nephrotoxicity have limited the 
use of such treatments. Until effective antibiotics are 
developed, combination therapies may be an acceptable 
strategy because they can mitigate the side effects of CT 
with the same lethal effect at lower concentrations and 
restore carbapenem efficacy against these isolates. 

In contrast, no substantial differences in synergy 
rates between groups were noted for MEM/ETP and 
MEM/FF combinations. Both MEM and ETP exert 
their antibacterial effects by inhibiting cell wall 
synthesis but do not significantly alter membrane 
permeability, potentially explaining their limited 
synergistic effects in the context of OprD porin 
downregulation. Similarly, the modest reduction in 
MIC values for these combinations across groups raises 
the possibility of alternative resistance mechanisms in 
Group 2 isolates. 

Regarding FF, although OprD has been implicated 
in FF uptake resistance, the primary entry routes for this 
antibiotic involve OprO, and, to a lesser extent, OprP 
[19]. Despite previous reports indicating that OprD loss 
may increase FF resistance, synergy rates for MEM/FF 
were similar between groups in this study. It is plausible 
that compensatory overexpression of alternative porins, 
such as OprO, may have mitigated the impact of OprD 
loss on FF entry, partially explaining the observed 
findings. 

CT is used to treat MDR P. aeruginosa, usually in 
combination with MEM [20]. The use of 
aminoglycosides is also a valid alternative in 
combination therapy, but the high risk of renal toxicity 
generally limits the combination of an aminoglycoside 
with colistin in clinical practice [21]. A meta-analysis 



Müderris et al. – Relationship between in-vitro interactions and OprD J Infect Dev Ctries 2026; 20(7):1031-1037. 
 

1036 

published in 2021 reported that the combination of a 
carbapenem and an aminoglycoside showed advantages 
in terms of bactericidal activity and regrowth rates 
compared to monotherapies. However, CT used as 
monotherapy has been reported to have similar results 
in terms of bactericidal activity compared to other CT-
based combinations [22]. However, in this study, the 
MEM/CT combination was the antibiotic combination 
with the highest synergistic effect rates in both groups. 
This result needs to be supported by time-kill and 
pharmacokinetic/pharmacodynamic studies. 

This study has several limitations. First, the 
presence of oprD mutation and other resistance 
pathways such as overexpression of other efflux pumps 
or AmpC β-lactamase hyperproduction were not 
evaluated. However, porin downregulation, 
overexpression of MexAB-OprM, MexCD-OprJ, and 
MexXY-OprN efflux pumps and carbapenemase 
production are the main mechanisms that are effective 
in carbapenem resistance; and the presence of these 
resistance mechanisms was investigated in all isolates 
[23]. In addition, mutations in the oprD gene are mostly 
effective in carbapenem resistance when they result in 
oprD porin downregulation [24]. The presence of oprD 
porin downregulation in the isolates is known. 
Secondly, although in vitro synergy studies offer 
important preliminary insights, clinical validation 
through in vivo models is essential, as laboratory-
observed synergistic effects may not always translate 
into therapeutic success. 

 
Conclusions 

The findings of this study suggest that colistin, 
when combined with MEM, may overcome certain 
resistance mechanisms mediated by OprD porin 
downregulation. Overall, the study underscores the 
critical role of OprD porin downregulation in shaping 
the synergistic interactions of antimicrobial 
combinations in P. aeruginosa. While significant 
synergy was observed between MEM and CT in OprD-
deficient isolates, the limited synergistic effects 
observed with other combinations, such as MEM/ETP 
and MEM/FF, suggest that the impact of OprD porin 
downregulation on antimicrobial resistance is 
multifactorial and complex. Further investigations 
focusing on pharmacokinetic factors are warranted to 
better elucidate the clinical relevance of these findings. 
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