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ABSTRACT

Background: The emergence of colistin-resistant Pseudomonas aeruginosa poses a serious therapeutic challenge,
particularly in low- and middle-income countries where treatment options are limited. Combination therapy is
increasingly explored to improve clinical outcomes, but in vivo validation still remains insufficient.

Methods: A cross-sectional experimental study was conducted at a tertiary-care hospital in Bangladesh (2019). Clinical
isolates of P. aeruginosa were identified and tested for antimicrobial susceptibility following CLSI guidelines. Colistin
resistance was detected by agar dilution MIC testing and further confirmed by PCR. Molecular detection of colistin
resistance—associated genes (pmr A, pmr B, pmr C, phoP, pho Q and mcr-1-5) was done by PCR. In vitro synergy of
colistin—imipenem and colistin—amikacin combinations were evaluated by MIC reduction and fractional inhibitory
concentration index (FICI). A murine infection model was used to assess the therapeutic efficacy.

Results: Among the 63 isolates of P. aeruginosa, 12 (19.05%) were identified as colistin-resistant. Multidrug resistance
was observed among all the isolates, with high-level colistin MICs (>4 pg/ml). Chromosomally mediated resistance
genes (PMR and PHO systems) were only detected instead of any plasmid-mediated mcr genes. In vitro synergy testing
demonstrated 100% synergistic activity for colistin-imipenem (FICI <0.5), whereas colistin—amikacin showed
predominantly indifferent effects. /n vivo, the combination of colistin—imipenem led to complete bacterial clearance
from the mice with 100% survival, whereas the colistin—amikacin combination resulted in 100% mortality, similar to
untreated controls.

Conclusions: The Colistin—imipenem combination demonstrates strong in vitro synergy and superior in vivo efficacy
against colistin-resistant P. aeruginosa, highlighting its potential as a practical therapeutic option specially in resource-
limited settings.
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INTRODUCTION immunocompromised patients and those in intensive care

units. It is responsible for several infections, including
Pseudomonas aeruginosa is a Gram-negative bacterium, ventilator-associated pneumonia (VAP), urinary tract
widely distributed and causes nosocomial infections in infections (UTI), blood stream infections, surgical site
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infections, wound infections (especially in burn sites) and
chronic pulmonary infections in patients with cystic
fibrosis.! It has an incredible ability to survive under
numerous environmental conditions and has developed
widespread resistance to last-resort antibiotics, which is
now an alarming situation and a more concerning issue in
global antimicrobial resistance (AMR) surveillance
programs.* In low or middle-income countries, several
factors, 1i.e., inconsistent antibiotic stewardship,
inadequate infection prevention practices and limited
laboratory diagnostic capacity, may be responsible for the
dissemination of resistant strains of P. aeruginosa.’
Resistance  to  several  antibiotics  (B-lactams,
aminoglycosides and fluoroquinolones) causing limitation
of the treatment options, leading to prolonged hospital
stays as well as higher mortality.® Colistin (polymyxin E)
is widely regarded as a bactericidal, last resort
antimicrobial drug for MDR Gram-negative bacteria such
as P.aeruginosa, Acinetobacter bumannii and certain
members of Enterobacteriaceae.”® It binds to the lipid A
component of the lipopolysaccharide of outer membrane
of gram-negative bacteria, leading to kill the bacterial cells
by membrane disruption with leakage of cellular
gradients.’

However, the increasing use of colistin nowadays without
appropriate indications is becoming an alarming
emergence of colistin resistance across the globe. Colistin
resistance is developed due to structural modification of
lipid A, causing reduced colistin binding affinity. The
addition of 4-amino-4-deoxy-L-arabinose (L-Ara4N) or
phosphoethanolamine (pEtN) to lipid A is regulated by
PMR A/PMR B AND PHO P/PHO Q (chromosomal
mediated).!®!! Plasmid-mediated genes (mcr-1 to mer-10)
have been identified as colistin resistance genes,
facilitating horizontal transmission of resistance, more in
Enterobacteriaceae than P. aeruginosa.'? Colistin-resistant
P. aeruginosa is often associated with MDR or XDR
resistance; hence, a combination of antimicrobial therapy
like colistin with carbapenems or aminoglycosides
becomes a more common way to improve antibacterial
efficacy and antimicrobial coverage as well as to reduce
the toxicity by lowering drug dosages and suppress the
emergence of further resistance.!> Other studies have
established the synergistic or additive effects of colistin
combined with carbapenems against MDR P.
aeruginosa.'»"

For the evaluation of the therapeutic effectiveness and
safety issues of the drug, in vivo studies are of equal
importance as in vitro studies. Several factors, such as the
pharmacokinetics of the drug, tissue penetration capacity,
immune responses, and bacterial virulence, can
significantly modulate the treatment outcomes in vivo.'®
Consequently, animal models, particularly murine
infection models, play a crucial role in bridging the gap
between laboratory findings and real-world therapeutic
effectiveness.!” In Bangladesh, data on systemic
evaluation with molecular study and in vitro synergy
testing with in vivo validation on colistin resistance in P.

aeruginosa are so limited. This research aimed to evaluate
the prevalence and molecular mechanism of colistin
resistance in P. aeruginosa, in vitro and in vivo synergistic
effects of colistin-based combinations, and to confirm their
therapeutic effects, which may give evidence-based
guidance for clinicians in resource-limited settings.

METHODS
Study design and clinical specimens

This cross-sectional experimental study was conducted in
the Department of Microbiology, Dhaka Medical College
Hospital (DMCH), Bangladesh, in 2019 from January to
December. Study participants were recruited from the
outpatient department and ICU of Dhaka Medical College
Hospital (DMCH) irrespective of sex and antibiotic intake.
A total of 350 clinical specimens were collected from adult
patients (>18 years), including wound swab, urine,
endotracheal aspirates and blood samples, using strict
aseptic techniques. Patients who were unwilling to give
written consent were excluded from the study.

Isolation and identification of P. aeruginosa and
antimicrobial susceptibility testing

MacConkey agar and blood agar were used to culture the
specimens and incubated aerobically at 37°C for 18-24
hours. Based on colony morphology, non-lactose
fermentation, pyocyanin or pyoverdine pigment
production, grape-like odor, and metallic sheen,
presumptive identification of P. aeruginosa was done and
confirmed by using standard biochemical tests; gram
staining (gram-negative rods), oxidase and catalase
positivity, growth at 42 °C, alkaline reaction on triple
sugar iron agar, and oxidative utilization of glucose.

Antimicrobial susceptibility testing was performed using
the Kirby—Bauer disk diffusion method on Mueller—
Hinton agar following CLSI 2019 guidelines, using
piperacillin—tazobactam (PIT), ceftazidime, cefepime,
amikacin, ciprofloxacin, imipenem, aztreonam, AMC
(Amoxycillin-Clavulanic acid), tigecycline, and colistin
(screening only; MIC required for confirmation) according
to the CLSI guideline.'® Escherichia coli ATCC 25922 was
used as the quality control strain.

Minimum inhibitory concentration determination

Minimum inhibitory concentrations (MIC) of colistin,
imipenem, amikacin and piperacillin-tazobactam were
determined by the agar dilution method according to CLSI
2019 guidelines.'® Serial two-fold dilutions were done in
Mueller-Hinton agar for each antibiotic. Agar plates were
incubated at 37°C for 18-24 hours after application of a
standardized bacterial inoculum equivalent to 0.5
McFarland was applied on agar plates and a standardized
bacterial inoculum equivalent to 0.5 McFarland. The
lowest concentration of antibiotic inhibiting visible growth
on agar media was considered as MIC of the drug of that
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strain of bacteria.'® Colistin resistance was defined as MIC
>4 ng/ml. MIC was further confirmed by PCR.

Molecular detection of colistin resistance genes

Genomic DNA was extracted by using the boiling lysis
method, and the selected isolates were re-extracted using a
commercial DNA extraction kit for sequencing.
Chromosomal colistin-resistant genes (PMR A, PMR B,
PMR C, PHO P AND PHO Q) and plasmid-mediated mcr
genes (mcr-1 to mer-5) were detected by PCR by following
published protocols.!*?° 1.5% agarose gel electrophoresis
was used to select PCR products and visualized under UV
using a gel documentation system. Amplified PCR
products were purified (FAVORGEN Biotech Crop) and
capillary sequenced (ABI 3500) and sequences were
compared using BLAST against the GenBank database.?!

In vitro synergy testing

In vitro synergy testing was conducted for two antibiotic
combinations: colistin-imipenem and colistin-amikacin.
For evaluating the interaction, agar dilution and fractional
inhibitory concentration index (FICI) methods were used.
FICI values were interpreted as synergy (<0.5), additivity
(>0.5-1), indifference (>1-4) and antagonism (>4).
Synergy was defined when the MIC >4-fold decrease of
both antibiotics compared with their MICs alone.?

In vivo animal study

The murine infection protocol was adapted from
previously published animal infection models used to
evaluate antimicrobial treatment in Gram-negative
pathogens, including Klebsiella pneumoniae and
Acinetobacter baumannii, with modifications for P.
aeruginosa.>***

Animal selection and infection model

To evaluate the effectiveness of the different antibiotic
regimens, about 35 healthy Swiss albino mice (15-20 gm),
irrespective of sex were obtained from ICDDR, B and
acclimatized for seven days before the experiment by
following international guidelines for animal care and use.
A colistin-resistant P. aeruginosa isolate was sub cultured
and adjusted to 0.5 McFarland (~10* CFU/ml) and mice
were infected intraperitoneally with 250 pl of the
suspension.?’

Antibacterial treatment and microbiological assessments

35 mice were randomly divided into 7 groups (5 mice in
each group). Among them, 6 groups were infected and 1
group was uninfected. The only uninfected group was the
Negative Control group. Among the 6 infected groups, the
only untreated group was the positive control group. The
remaining 5 infected groups received antibiotic treatment.
3 individual groups received imipenem (60 mg/kg/day),
colistin (3.4 mg/kg/day) and amikacin (15 mg/kg/day)

alone, whereas the remaining 2 groups got colistin-
imipenem and colistin—amikacin combinations at the same
doses. All drugs were given intraperitoneally twice daily
for 72 hours, which started after 4 hours of infection.
Follow-up was given every 12 hours and survival was
recorded. After 72 hours, mice were euthanized, blood was
collected by cardiac puncture, incubated in tryptic soya
broth (37°C, 24 hours), then plated on blood agar and
MacConkey agar to check bacterial clearance.?*

Data analysis

All results were recorded systematically and analyzed
using Microsoft Excel.

RESULTS
In vitro results

Among 350 clinical samples, 220 (63%) samples were
obtained from male and 130 (37%) samples were obtained
from female (Figure 1). Among these 350 samples, 236
(67.43%) samples yielded positive cultures. Among the
236 positive cultures, 63 isolates (26.7%) of P. aeruginosa
were detected, most commonly from wound swabs. Agar
dilution MIC testing identified 12/63 (19.05%) isolates as
colistin resistant, with all showing MIC >4 pg/ml. These
colistin-resistant isolates showed high resistance to
ciprofloxacin  (85.33%), amikacin (75.00%), and
imipenem (58.33%), while lower resistance was observed
to piperacillin—tazobactam (25.00%) and tigecycline
(41.67%). Overall, the remaining therapeutic options were
limited for these isolates.

= Male = Female

Figure 1: The distribution of samples according to
gender (n=350).

Molecular analysis indicated chromosomal mechanisms of
colistin resistance. Lipid A modification—associated genes
within the pmr and pho regulatory systems were frequent:
pmr C and pho P were each present in 6/12 (50.00%)
isolates, pmr B and pho Q in 3/12 (25.00%) isolates, and
pmr A in 2/12 (16.67%) isolates (Table 1). Plasmid-
mediated colistin resistance genes (mcr-1 to mcr-5) were
not detected. No genes were detected in endotracheal
aspirate or blood isolates.
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Table 1: Distribution of colistin resistance—associated
genes in P. aeruginosa isolates (n=12).

Gene Wound swab  Urine Total

N (% N (% N (%)
pmr A 2 (16.67) 0 (0.00) 2 (16.67)
pmr B 3 (25.00) 0 (0.00) 3 (25.00)
pmr C 5(41.67) 1(8.33) 6 (50.00)
pho P 5(41.67) 1 (8.33) 6 (50.00)
pho Q 2 (16.67) 1(8.33) 3 (25.00)
mcr-1 to
mer-5 0 (0.00) 0 (0.00) 0 (0.00)

Colistin MICs among the 12 resistant isolates were
heterogeneous (Figure 2). The most common MIC was
256 ug/ml (4/12, 33.33%), followed by 128 pg/ml (2/12,
16.67%); MICs of 16 and 8 pg/ml were each observed in
2/12 (16.67%) isolates. No isolate showed result within the
susceptible range (<2 pg/ml).

MIC of Colistin (ug/ml)
2

512
1024

22048

o 0.5 1 15 2 25 3 35 4 45 5
Number of isolates

MIC=Minimum Inhibitory Concentration.

Figure 2: MIC of colistin among colistin-resistant
isolates of P. aeruginosa (n=12).

isolate showing a 2-fold MIC reduction; overall, one
isolate was additive (FICI=1) and three were indifferent
(FICI=2).

In vivo therapeutic efficacy

Table 4 shows the In vivo therapeutic efficacy of antibiotic
therapy on the clearance of colistin resistant P. aeruginosa
from blood among different groups of mice. All the mice
in the positive control group were bacteraemic, whereas all
mice in the negative control group were blood culture
negative. Each of the 3 infected groups showed 80% were
culture negative result with partial bacterial clearance,
those who were treated with imipenem, colistin and
amikacin as monotherapy. The infected group treated with
colistin plus imipenem combination showed complete
protection by 100% bacterial clearance, compared to
uninfected control group. In contrast, treatment group with
colistin plus amikacin combination resulted in 100%
positive culture rate with no bacterial clearance.

Table 2: In-vitro efficacy and interaction outcome of
colistin combinations against resistant P. aeruginosa

(n=4).

Parameter CI+IMP, CIH+AK,
N (%) N (%)

Reduction of MIC (fold change)
8-fold reduction 2 (50.00) 0 (0.00)
4-fold reduction 2 (50.00)* 0 (0.00)
2-fold reduction 0 (0.00) 1 (25.00)
No reduction (at
baseline MIC) 0 (0.00) 3 (75.00)**
Interaction outcome
Synergism 4 (100.00) 0 (0.00)
Additive 0 (0.00) 1 (25.00)
Indifference 0 (0.00) 3 (75.00)
Antagonism 0 (0.00) 0 (0.00)

In vitro synergy testing (n=4) showed clear differences
between the combinations. Colistin—imipenem produced
MIC reductions in all isolates (two 8-fold and two 4-fold
reductions) with 100% synergism and low FICI values
(0.25-0.50) (Tables 2-3). In contrast, colistin—amikacin
demonstrated markedly limited activity, with only one

* One P. aeruginosa isolate showing a 4-fold MIC reduction was
susceptible to piperacillin-tazobactam.** One P.aeruginosa
isolate showing no MIC reduction was susceptible to
piperacillin-tazobactam. CL=Colistin; IMP=Imipenem;
AK=Amikacin.

Table 3: Comparison of efficacy of different antibiotic combinations by the FICI formula in colistin-resistant
P. aeruginosa.

Antin.licr(')bial MIC value by agar dilution method FIC.+ FICs FICI Effects
combination (ng/ml)
Imipenem Colistin
Alone Combination Alone Combination
Colistin+ 32 4 256 32 0.125+0.125 0.25 Synergistic
imipenem 32 4 512 64 0.125+0.125 0.25 Synergistic
32 8 256 64 0.25+0.25 0.50 Synergistic
32 8 128 32 0.25+0.25 0.50  Synergistic
Colistin Amikacin
colistint+ Alone Combination Alone Combination
amikacin 256 128 256 128 0.5+0.5 1 Additive
Continued.
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Antimicrobial

MIC value by agar dilution method

FIC.+ FICs FICI Effects

combination (ng/ml)
| 128 128 512 512 1+1 2 Indifference
| 256 256 512 512 1+1 2 Indifference
| 256 256 2048 2048 1+1 2 Indifference

Note: FICI=Fractional inhibitory concentration index. FICA=Fractional inhibitory concentration of one antibiotic in combination. FICB
=Fractional inhibitory concentration of other antibiotic in combination. Synergy is defined as FICI <0.5 and/or >4-fold reduction in
MIC. Additive effect defined as FICI >0.5—1 Indifference defined as FICI >1-4 MIC values were determined using the agar dilution
method CL=Colistin; IMP=Imipenem; AK=Amikacin Interaction categories based on standard FICI criteria.

Finally, Colistin+Imipenem combination was considered
as the most effective regimen, achieving complete
bacteremial clearance. In contrast, the colistin with
amikacin combination showed complete therapeutic
failure, with persistent bacteremia, comparable to
untreated controls.

Table 4: Results of antibiotic therapy on the clearance
of P. aeruginosa from the blood of mice (n=35).

. Bacterial

culture
negative N

Groups (n=5/group)

Infected and untreated (positive 0 (0
control) ©)
Uninfected (negative control) 5 (100)
Imipenem 4 (80)
Colistin 4 (80)
Amikacin 4 (80)
Colistin+imipenem 5 (100)
Colistin+amikacin 0 (0)
Total 22(62.86)

The combination of colistin with imipenem showed a
100% synergistic effect, while no synergism was observed
in colistin with amikacin combination. The above finding
indicates a strong correlation between the in vivo findings
and the in vitro synergy results.

DISCUSSION

The present study provides an integrated approach to
evaluate colistin-resistant P. aeruginosa using phenotypic
susceptibility testing, molecular analysis, in vitro synergy
testing, and in vivo therapeutic validation. A combination
of laboratory findings with an animal infection model
ensures clinically relevant evidence to guide treatment
strategies against colistin-resistant infections, especially in
resource-limited settings. The isolation rate of P.
aeruginosa observed in this study is consistent with its
established role as a major nosocomial pathogen,
especially in wound and respiratory tract infections. The
detection of colistin resistance in a substantial proportion
of isolates is concerning, given that colistin is frequently
reserved as a last-line agent for infections caused by
multidrug-resistant ~ gram-negative bacteria.  Similar
increases in colistin resistance have been reported globally
and are often attributed to selective antimicrobial pressure
and limitations in antimicrobial stewardship practices.®?

In the present study, molecular analysis suggested the
chromosomally mediated colistin

resistance involving the PMR and PHO regulatory
systems. The frequent detection of PMR C and PHO P
genes is consistent with lipid A modification—associated
resistance mechanisms previously reported in P.
aeruginosa.'' Importantly, no plasmid-mediated mcr genes
were detected, suggesting that plasmid-mediated colistin
resistance was not evident in this study. Together, these
findings suggest that colistin resistance in the studied
isolates was mainly associated with intrinsic chromosomal
pathways under antimicrobial pressure.!?

Combination therapy represents a rational approach to
improve the therapeutic efficacy against colistin-resistant
isolates. In this study, the in vitro synergy testing
consistently showed superior activity by the colistin—
imipenem combination. The marked reduction of MIC
values and results of the fractional inhibitory concentration
index displayed synergistic interactions by all the resistant
strains of P. aeruginosa. These findings are similar to
previous studies showing enhanced activity of polymyxin-
carbapenem combinations against resistant P. aeruginosa.
isolates.!#13

A key factor of this experimental study is the validation of
in vitro findings using a murine infection model. The
Colistin-imipenem combination resulted in 100% survival
rate of the infected mice by ensuring complete bacterial
clearance from them and thus showed therapeutic
correlation with the observed synergy. The close
association between in vitro synergy testing and in vivo
outcomes validates the accuracy of synergy tests and acts
as an indicator of therapeutic effectiveness. Another study
also found a similar relationship between findings of
laboratory synergy tests and experimental models of P.
aeruginosa infection.'®

From the clinical perspective, these findings are
particularly significant for low- and middle-income
countries like Bangladesh, where there is limited
availability of newer antimicrobial agents. The relative
availability of both colistin and imipenem ensures this
combination as a suitable treatment option in such settings.
The integrated approach of genetic resistance analysis, in
vitro synergy testing and in vivo validation increases the
translational relevance of this study and enables evidence-
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based decision-making in managing colistin-resistant P.
aeruginosa infections.

Limitations

The study was conducted at a single center with a limited
number of colistin-resistant P. aeruginosa isolates. In
addition, pharmacokinetic evaluation and assessment of
other potentially effective antibiotic combinations were
beyond the scope of this study.

CONCLUSION

This study revealed mainly the chromosomally mediated
colistin resistance in P. aeruginosa. Colistin—imipenem
combination therapy showed a strong in vitro synergy and
complete in vivo effectiveness. These findings highlight
colistin—imipenem combination as a promising therapeutic
strategy  against colistin-resistant P. aeruginosa,
particularly in resource-limited settings.
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