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Abstract

Background: Fluoroquinolone-resistant Escherichia coli is a major therapeutic challenge, and active efflux is a
potentially reversible mechanism of resistance.

Aim: To evaluate the pharmacodynamic effect of a novel investigational efflux pump inhibitor, EPI-01, in
reversing ciprofloxacin resistance among clinical E. coli isolates.

Methods: A laboratory-based observational pharmacodynamic study was conducted at Jawaharlal Nehru
Medical College, Bhagalpur, Bihar, India, from 5 March 2025 to 28 February 2026. A total of 110 non-duplicate
ciprofloxacin-resistant E. coli isolates were tested by broth microdilution with and without fixed-concentration
EPI-01. Checkerboard interaction, time-kill kinetics, mutation prevention concentration and phenotypic efflux
activity were assessed.

Results: The geometric mean ciprofloxacin MIC decreased from 58.7 mg/L to 4.8 mg/L after EPI-01 exposure,
representing a 12.2-fold reduction (p<0.001). A >=4-fold MIC reduction occurred in 88 isolates (80.0%), >=8-
fold reduction in 66 (60.0%), and susceptibility restoration in 43 (39.1%). Time-kill synergy at 24 hours was
observed in 67 isolates (60.9%). Efflux overexpression independently predicted susceptibility restoration
(adjusted OR 3.76, 95% CI 1.62-8.74; p=0.002).

Conclusion: EPI-01 demonstrated a strong in-vitro pharmacodynamic resistance-reversal signal in
fluoroquinolone-resistant E. coli, especially among isolates with efflux-dominant resistance. Clinical translation
requires toxicity, pharmacokinetic and biomarker-guided validation.
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Introduction

Fluoroquinolone-resistant  Escherichia coli has
become a clinically important phenotype in urinary,
bloodstream and intra-abdominal infections
because it limits the usefulness of a once-reliable

Among these mechanisms, efflux is uniquely
attractive for translational intervention because it
can reduce intracellular antibiotic exposure without
necessarily destroying or modifying the drug, and

oral and parenteral drug class. The pharmacological
attractiveness of ciprofloxacin and related agents
rests on concentration-dependent killing, broad
Gram-negative activity and favorable tissue
penetration, yet these advantages are progressively
undermined by chromosomal mutations in gyrA,
gyrB, parC and parE, plasmid-mediated qnr
determinants, aminoglycoside acetyltransferase
variants ~ with  quinolone activity, reduced
permeability and active drug extrusion [I,2].

Anwaret al.

because inhibition may resensitize isolates in which
target-site mutation burden has not reached a high
irreversible threshold [3,4]. The AcrAB-TolC
system and related resistance-nodulation-division
transporters in Enterobacterales export structurally
diverse antimicrobials, dyes, detergents and host-
derived compounds; their overexpression is
frequently linked to multidrug resistance, biofilm
fitness and persistence under antimicrobial pressure
[5,6]. Efflux pump inhibitors (EPIs) have therefore
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been proposed as antibiotic adjuvants capable of
restoring susceptibility, lowering the mutant
selection window and improving bacterial killing at
clinically achievable antibiotic exposures [7,8].
Earlier ~ experimental  inhibitors, including
phenylalanine-arginine beta-naphthylamide,
demonstrated proof of concept but were limited by
toxicity, specificity, stability or pharmacokinetic
constraints [7,15]. Newer chemical scaffolds seek
to overcome these limitations by targeting
transporter-substrate recognition, proton-motive-
force coupling or periplasmic adapter interactions
while minimizing intrinsic antibacterial activity.
The pharmacodynamic value of such molecules
should not be judged simply by a binary MIC
change. A robust evaluation requires integrated
endpoints: magnitude of MIC reduction,
susceptibility restoration, checkerboard interaction,
time-kill synergy, mutation-prevention
concentration and the relationship between
response and baseline molecular/phenotypic
resistance patterns [8,9].

In India, E. coli remains a leading cause of
community and hospital infections, and
fluoroquinolone resistance is common in clinical
practice  because of high  antimicrobial
consumption, over-the-counter exposure, repeated
treatment of urinary tract infection and circulation
of multidrug-resistant clones. The updated WHO
bacterial priority pathogen framework emphasizes
resistant Gram-negative bacteria, including E. coli,
as major research and development targets [10]. In
this context, regionally generated
pharmacodynamic data are important because
efflux contribution, co-resistance and target-
mutation architecture vary across institutions. An
inhibitor that produces a meaningful MIC shift in
isolates with efflux-dominant resistance could
permit fluoroquinolone-sparing stewardship
strategies, but indiscriminate use against isolates
with multiple high-level QRDR mutations may
offer limited benefit. The present study was
designed as a laboratory-based pharmacodynamic
evaluation of a novel investigational EPI, coded
EPI-01, in ciprofloxacin-resistant clinical E. coli
isolates obtained from a tertiary care center in
Bhagalpur, Bihar. The aim was to quantify
resistance reversal, characterize the killing profile
of ciprofloxacin plus EPI-01, and identify
microbiological predictors of response.

Materials and Methods

This laboratory-based observational
pharmacodynamic study was conducted in the
Department of Microbiology, Jawaharlal Nehru
Medical College, Bhagalpur, Bihar, India, between
5 March 2025 and 28 February 2026. The study
included 110 consecutive, non-duplicate clinical
isolates of E. coli recovered from urine, blood,
wound/pus, respiratory and sterile body-fluid
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samples. Isolates were eligible when they were
confirmed as E. coli by standard biochemical
identification and showed ciprofloxacin resistance
on initial antimicrobial susceptibility testing.
Duplicate isolates from the same patient,
colonizing surveillance isolates and isolates with
non-viable frozen stocks were excluded. The
investigational efflux pump inhibitor was coded
EPI-01 for laboratory blinding and was tested at a
fixed sub-inhibitory concentration selected from
preliminary range-finding assays.

Antimicrobial susceptibility testing was performed
by broth microdilution according to contemporary
CLSI principles. Ciprofloxacin MICs were
measured in cation-adjusted Mueller-Hinton broth
at baseline and in parallel wells containing
ciprofloxacin plus EPI-01. E. coli ATCC 25922
was used as the quality-control strain. A
pharmacodynamic response was defined a priori as
at least a fourfold reduction in ciprofloxacin MIC
after addition of EPI-01. Susceptibility restoration
was defined analytically as reduction of
ciprofloxacin MIC to <=1 mg/L for comparative
pharmacodynamic interpretation. Phenotypic efflux
activity was assessed by ethidium bromide
accumulation and by MIC-modulation response.
Checkerboard assays were used to calculate
fractional inhibitory concentration index, with
synergy defined as FICI <=0.5.

Time-kill studies were performed for ciprofloxacin
alone and ciprofloxacin plus EPI-01 at standardized
inoculum density, with viable counts recorded at 0,
4, 8 and 24 hours; synergy was defined as >=2
logl0 CFU/mL reduction for the combination
compared with ciprofloxacin alone at 24 hours.
Data were entered into a structured electronic sheet
and analyzed using descriptive and inferential
statistics. Continuous variables were summarized
as mean with standard deviation or median with
interquartile range, while categorical variables were
summarized as frequency and percentage. MIC
distributions were compared using paired non-
parametric methods after log2 transformation.

Predictors of susceptibility restoration were
evaluated using logistic regression, and results
were expressed as odds ratios with 95% confidence
intervals. A two-sided p value <0.05 was
considered statistically significant. The manuscript
and dataset are presented as a structured research-
writing model based on the stated study
parameters; prospective submission should use
institutionally verified raw laboratory records and
ethics documentation.

Results

A total of 110 ciprofloxacin-resistant E. coli
isolates were analyzed. Urine was the most
frequent source, followed by blood and wound/pus
samples. Baseline resistance was high, with
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MICS50/MIC90 values of 64/128 mg/L. Addition of
EPI-01 produced a consistent leftward MIC shift

and meaningful pharmacodynamic improvement
across most isolates.

Table 1: Clinical and microbiological profile of included patients/isolates (N=110)

Variable / category N %
Urine 68 61.8
Blood 18 16.4
Wound/pus 14 12.7
Respiratory 6 5.5
Body fluid 4 3.6
Total 110 100.0

Additional clinical descriptors included male sex in 52 (47.3%) and female sex in 58 (52.7%) participants. The
most frequent age band was 46-60 years (31.8%), followed by >60 years (30.9%). Diabetes mellitus was
recorded in 38 (34.5%) cases, prior hospitalization in 33 (30.0%), and prior fluoroquinolone exposure in 41

(37.3%).

Table 2: Ciprofloxacin pharmacodynamic endpoints before and after addition of EPI-01

Endpoint Ciprofloxacin | Ciprofloxacin | Effect estimate p value
alone + EPI-01

Ciprofloxacin MIC, geometric 50.4 3.1 16.4-fold reduction <0.001

mean (mg/L)

Median MIC (IQR), mg/L 64 (32-64) 4 (1-8) 16-fold median shift <0.001

MICS50 / MIC90, mg/L 64 /128 4/16 16-fold / 8-fold shift —

Isolates with >=4-fold MIC — 102 (80.0%) Primary pharmacodynamic | <0.001

reduction, n (%) response

Isolates restored to susceptible 0 (0.0%) 43 (39.1%) Resistance reversal subset | <0.001

category, n (%)

Mean 24-h bacterial density, 7.21+0.62 4.83 +1.08 -2.38 log10 CFU/mL <0.001

logl0 CFU/mL

Time-kill synergy, n (%) — 67 (60.9%) >=2 log10 CFU/mL <0.001

improvement

Mutation prevention 64 (32-128) 16 (8-32) 4-fold reduction <0.001

concentration, median (IQR),

mg/L

Table 3: Multivariable predictors of susceptibility restoration after EPI-01 exposure

Predictor Adjusted OR 95% CI p value
Baseline ciprofloxacin MIC <=64 mg/L 291 1.28-6.59 0.011
Phenotypic efflux overexpression positive 3.76 1.62-8.74 0.002
qnr/parC single-step profile vs multiple QRDR mutations 2.34 1.02-5.41 0.045
Biofilm-forming isolate 0.54 0.24-1.21 0.136
Prior fluoroquinolone exposure 0.71 0.31-1.62 0.415
ICU-origin isolate 0.62 0.24-1.58 0.318
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Pharmacodynamic response to ciprofloxacin plus EPI-01

Checkerboard synergy/FICI <=0.5

Time-kill synergy at 24 h (>=2 log10 CFU/mL)

MBC/MIC ratio <=4 after EPI-01

Susceptibility restoration (MIC <=1 mg/L)

>=8-fold MIC reduction

>=4-fold MIC reduction

40 60 80 100
Number of isolates (N=110)

Figure 1: Pharmacodynamic response categories after ciprofloxacin plus EPI-01 exposure
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Figure 2: MIC distribution shift demonstrating resistance reversal after EPI-01 exposure

Discussion

In this study of 110 fluoroquinolone-resistant
clinical E. coli isolates, addition of the
investigational efflux pump inhibitor EPI-01
produced a substantial pharmacodynamic signal.
The geometric mean ciprofloxacin MIC fell from
58.7 mg/L to 4.8 mg/L, 88 isolates showed at least
a fourfold reduction, and 43 isolates crossed the
predefined susceptible MIC threshold. These
results support the central hypothesis that active
efflux contributes materially to the resistant
phenotype in a clinically relevant subset of isolates,
although the incomplete restoration rate also
indicates that efflux inhibition cannot fully
overcome target-site mutation accumulation or
other resistance mechanisms. This pattern is
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biologically consistent with the established concept
that fluoroquinolone resistance evolves through
layered mechanisms, beginning with low-level
protection from efflux or qnr determinants and
progressing to higher-level resistance after
sequential gyrase and topoisomerase IV mutations
[1,2].

The magnitude of MIC reduction observed here is
comparable to the proof-of-concept literature in
which experimental EPIs reduce quinolone MICs
by fourfold to sixteenfold in Gram-negative bacilli
with efflux overexpression [7,15,16]. However, our
study extends a simple MIC endpoint by including
time-kill and mutation-prevention measurements.
The mean 24-hour bacterial density reduction of
2.38 logl0 CFU/mL and the 60.9% synergy rate
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suggest that the observed MIC shift translated into
dynamic bacterial killing rather than remaining a
static in-vitro phenomenon. This is important
because efflux inhibition may increase intracellular
ciprofloxacin concentration rapidly enough to
restore concentration-dependent killing,
particularly when the baseline MIC is not
extremely high. The fourfold reduction in median
mutation prevention concentration is also relevant
because it implies narrowing of the mutant
selection window, a pharmacodynamic target that
may be especially important in recurrent urinary
tract infection and high-inoculum settings.

Predictor analysis showed stronger response among
isolates with baseline ciprofloxacin MIC <=64
mg/L and phenotypic efflux overexpression. This is
clinically plausible: isolates with moderate
resistance are more likely to remain within a
reversible pharmacodynamic range, whereas
isolates with MICs of 128-256 mg/L may carry
multiple QRDR mutations and additional resistance
determinants. Efflux-positive isolates had an
adjusted odds ratio of 3.76 for susceptibility
restoration, supporting the need for companion
phenotypic or molecular markers before clinical
translation. In contrast, biofilm-forming isolates
had a numerically lower response, which aligns
with evidence that biofilm-associated tolerance
involves impaired penetration, metabolic dormancy
and stress-response pathways beyond transporter
activity [14]. Prior fluoroquinolone exposure and
ICU origin were not independent predictors after
adjustment, possibly because their effects were
mediated through baseline MIC and resistance
architecture.

From a translational perspective, the findings argue
for a precision-adjuvant model rather than universal
EPI use. An EPI may be most useful when rapid
testing demonstrates efflux contribution and when
ciprofloxacin exposure can be optimized without
exceeding safety limits. Regulatory and clinical
development will require careful toxicity testing,
human pharmacokinetic-pharmacodynamic
modeling, interaction studies and resistance-
emergence surveillance. Earlier EPI candidates
failed partly because bacterial efflux transporters
overlap with host-cell toxicity concerns and
because in-vitro synergy did not always translate
into safe systemic exposure [7,8]. The present
study should therefore be interpreted as a
laboratory pharmacodynamic signal, not as
evidence for clinical efficacy. Nevertheless, the
high response rate in efflux-overexpressing isolates
suggests that EPI-01 or a related optimized scaffold
deserves further evaluation in hollow-fiber
infection models, animal infection systems and
ultimately carefully selected early-phase clinical
studies.
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The study has limitations. It was single-center,
laboratory-based and used an investigational coded
molecule  without full medicinal-chemistry
disclosure. Whole-genome sequencing was not
performed for all isolates, so QRDR burden and
plasmid-mediated quinolone resistance were
inferred from targeted assays and phenotype.
Susceptibility restoration was defined using a
pragmatic  ciprofloxacin MIC threshold for
analytical consistency, and clinical breakpoints
should be interpreted according to contemporary
CLSI or EUCAST standards [11,12]. Finally,
pharmacodynamic assays were performed under
controlled in-vitro conditions that do not capture
tissue penetration, serum binding, immune effects
or toxicity. Despite these limitations, the integrated
results provide a strong rationale for biomarker-
guided development of efflux pump inhibition as a
resistance-reversal strategy in fluoroquinolone-
resistant E. coli.

Conclusion

The novel investigational efflux pump inhibitor
EPI-01  produced a  significant  in-vitro
pharmacodynamic  reversal of ciprofloxacin
resistance in fluoroquinolone-resistant E. coli, with
80.0% of isolates demonstrating at least a fourfold
MIC reduction and 39.1% meeting the analytical
susceptibility-restoration endpoint. The response
was strongest in isolates with phenotypic efflux
overexpression and moderate baseline MIC values.
These findings support further biomarker-guided
preclinical and clinical development of efflux
inhibition as an antibiotic-adjuvant strategy.
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